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Abstract

Predicting the Terminal Ballistics of Kinetic Energy Rods Using Artificial Neural
Networks

John Robert Auten Sr.

The U.S. Army requires the evaluation of new weapon and vehicle systems through

the use of experimental testing and Modeling & Simulation (M&S). Traditional M&S has

worked well over the years but can be a lengthy process and often cannot provide quick

results for studies involving new threats encountered in theater. So, there is increased focus

on rapid M&S efforts that can provide accurate and fast results.

Accurately modeling the penetration and residual properties of a ballistic threat as it

progresses through a target is an extremely important part of determining the effectiveness

of the threat against that target.

This dissertation presents research on the application of Artificial Neural Networks

(ANNs) to the prediction of the terminal ballistics of Kinetic Energy Projectiles (KEPs).

By shifting the computational complexity of the problem to the fitting (regression) phase

of the methodology, performance during analyses are improved when compared to other

terminal ballistic models for KEPs. Another improvement in performance can be realized

by removing the need for input preparation by a Subject Matter Expert (SME) prior to

using the methodology for an analysis.

This research shows that ANNs can be used to model the terminal ballistics of KEPs and

that they are capable of being used for single element and multiple element targets. It is also

shown that the runtimes of an ANN are drastically faster than the current state-of-the-art

model.
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Chapter 1

Introduction

1.1 Background

When a U.S. Soldier takes a weapon system into the field for the first time, that Soldier

needs to know that the weapon system will perform as expected. In order to ensure that the

U.S. Department of Defense (DoD) acquires systems that are safe, effective, and perform as

expected; they test the system and use modeling and simulation to augment the results from

the tests. The U.S. DoD requires that Acquisition Category (ACAT) I systems undergo

Live-Fire Test & Evaluation (LFT&E) [1] to determine the Vulnerability/Lethality (V/L) of

that system. V/L simulation models are validated to those live-fire tests and then accredited

so that they can be used for future studies involving that system.

V/L simulation models are used to analyze the vulnerability of military systems against

the lethality of weapons systems. These models provide information that is critical to

protecting the lives of U.S. soldiers.. V/L model results are used as inputs in force-on-force

models [2, 3]. U.S. Army force-on-force simulation models are used to simulate battlefield

scenarios that provide the U.S. Army with situational outcomes for planning purposes and

information that is used for making decisions about procurement in the acquisition life

cycle.

Both force-on-force and V/L models contain ballistics sub-models of varying types and

levels of fidelity. Ballistics is the science of mechanics that deals with the flight, behavior,

and effects of projectiles, bombs, rockets, or shells [4]. The projectile, or the projectiles



2

generated from a bomb or rocket warhead, could be further defined as fragments, Shaped

Charged Jets (SCJs), Explosively Formed Penetrators (EFPs), or Kinetic Energy Projectiles

(KEPs).

The field of ballistics is divided into several sub-fields: interior, intermediate, exterior,

and terminal. Interior ballistics is the study of the propulsion of a projectile from the

moment that the charge is ignited until the moment that it leaves the muzzle. Intermediate,

also known as transitional ballistics, is the study of a projectile’s behavior after it leaves

the muzzle until the moment that the pressure behind the projectile is equalized. Exterior

ballistics is the study of a projectile’s flight after the propulsive forces are no longer acting

on it. Terminal ballistics is the study of the impact of a projectile and another object [5,6].

There are simulation models used for all four of the sub-fields of ballistics, and they all vary

in their levels of fidelity.

Force-on-force and V/L models are primarily concerned with modeling exterior and ter-

minal ballistics. Terminal ballistics models are used to determine if a threat has perforated

a particular target and what the residual capability of that threat is after perforation. It

is the first step in determining the damage due to a target and threat interaction, and has

an impact on all of the results that are based on that damage outcome. Force-on-force and

V/L models typically use lower fidelity models because of the large scope of what they are

modeling. V/L models are used for full vehicles against thousands of impacts by threats,

so if the terminal ballistics model used is high fidelity, then typically it will take too long to

run. Many force-on-force models use a simple lookup value method using averaged proba-

bilities of kill for a given vehicle and threat pairing. Examples of such methods are the use

of lethal areas and Individual Unit Actions (IUAs) [7].

A lethal area is a measure of a projectile’s ability to incapacitate a target component

and can be used to generate estimates of the projectile’s ability to kill. Lethal areas take

into account the delivery accuracy of the projectile and the vulnerable areas of the target. A

vulnerable area (AV ) is the summation of the probability of killing a target over a given area

in a particular attack direction to the target. Vulnerable areas are calculated by dividing

the plane of impact in a particular direction into a grid of equally sized cells. For each cell,

a probability of kill given a hit (Pk|h) is determined. The Pk|h is multiplied by the area of
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the cell and then all the cells are summed together to generate the AV . AV s can then be

used with the target presented area (AP ) to determine the Pk|h for the target at a specific

attack aspect [8].

IUAs are calculated for a particular aspect angle by summing up the likelihood of a

given aim dispersion randomly hitting each grid cell combined with the loss-of-function

associated with that grid cell. It represents the most probable loss-of-function for the

target at that aspect angle against that particular threat [9]. When given to force-on-force

models, many different aspect angles are provided to cover the many possible angles of

attack. As with lethal areas, Pk|h is an important part in calculating IUAs, because they

are used in determining the loss-of-function values used by IUAs. In order to calculate

each Pk|h, terminal ballistics must be modeled for the determination of how far a ballistic

threat can penetrate into the interior of the target. The modeling of the terminal ballistics

in many cases is handled by empirical or semi-empirical models that have been fit using a

combination of experimental test data and Finite Element Analysis (FEA). In past efforts

it has taken too long to run a more detailed V/L model to determine the kill of a vehicle in

force-on-force models. If faster algorithms can be developed at the terminal ballistics level

of modeling then it may be possible to speed up the V/L models and allow for their use in

force-on-force models directly.

To summarize, terminal ballistics model results are rolled up into empirical models.

The terminal ballistics empirical model results are rolled up into vulnerable areas using

V/L models. The vulnerable area results are rolled up into lethal areas using effectiveness

models. Lastly, lethal areas are rolled up into a distribution of battle field scenario results

using force-on-force models. The fidelity of the inputs used in higher-level models is typically

sacrificed for the speed of calculation needed at that higher level. This may be changing

with the development of new models and methods in the U.S. Army Research Laboratory

(ARL), Survivability/Lethality Analysis Directorate (SLAD), such as System-of-Systems

Survivability Simulation (S4), MUVES-S2, and Visual Simulation Lab (VSL).

An agent-based modeling approach is used by the S4 to model the emergent behavior

of the System-of-Systems (SoS) on the battlefield. The intent is to model the survivability

of U.S. Army systems in the mission context [10]. The S4 currently uses Pk|h lookup
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tables to determine if a target vehicle has been eliminated from the battlefield. There

have been attempts in the past to provide a V/L service that can run target and threat

interactions on-the-fly when S4 needs an interactions result. The most recent plan was

to use the next generation of V/L simulation that was being developed by the U.S. ARL,

SLAD, called MUVES 3. MUVES 3 was to serve as the primary code used within the SLAD

Ballistic Vulnerability/Lethality Division (BVLD) to conduct V/L analyses. MUVES 3 was

designed to be an integrated, collaborative work environment that would provide a wide

range of metrics to support Mission-Based Test and Evaluation (MBT&E) of networked

SoS. Those metrics could be provided to force-on-force models through the use of a V/L

service. MUVES 3 was to provide robust, on-demand V/L estimates to the S4 and other

force-level models [11]. However, the MUVES 3 program was shutdown in 2013 and the

proposed solutions are to be eventually migrated to the current V/L model, MUVES-S2.

There is still a strong desire within the U.S. Army to have high fidelity results within

force-on-force models such as S4. When that direct linkage happens, it will be possible

to provide more accurate results to the force-on-force model through the V/L model, but

the speed of the V/L model and its sub-models will still be a concern. If a sub-model in

a V/L model can improve on its speed of calculation while maintaining or improving its

accuracy, then it will have a positive impact on the overall speed of the V/L model and the

performance of the combined force-on-force and V/L models that could be using it. The

aim of this research was to develop a terminal ballistics sub-model that would provide an

improvement in runtime while maintaining or improving accuracy, when compared to the

current state-of-the-art model.

In addition to enabling a linkage of force-on-force and V/L models, such a model would

also benefit the VSL tool. VSL is being developed in response to the need for a tool

that can provide a rapid analytical response to problems that arise in the battlefield and

that can support LFT&E test shot selections. The development of VSL started off as

a dissertation research project showcasing the capability of processing Computer Aided

Design (CAD) model ray-tracing and V/L analysis on Graphics Processing Unit (GPU)

cores. The dissertation project was never completed, but the research was transitioned over

to the U.S. ARL, SLAD. VSL provides real-time manipulation and display of 3-dimensional
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target CAD models, with limited V/L analysis capability. The current V/L capability of

VSL is limited to a terminal ballistic empirical model used for SCJs and a simple damage

model that calculates if a critical component has been perforated or hit [12]. An accurate

and fast terminal ballistic model for KEPs is needed by VSL and the aim of this research

was to provide a sub-model that can meet that need.

1.2 Problem Definition

Simulation modeling, V/L modeling in particular, is consistently battling with the trade-

off of speed and accuracy. Recent trends have required quick turn-around analyses to

support protecting U.S. soldiers in the battlefield, but the accuracy of the models is still

of importance. As a component of the V/L modeling process, the speed and accuracy of

terminal ballistics models are important. Two of the primary drivers of time for the models

are preparation of model inputs and model runtime. The problem is to find a model that

requires very little subject matter expertise for preparation, runs very fast, and is still

accurate. This research developed a model for predicting the terminal ballistics of KEPs

that can be used in a V/L model where speed and accuracy are both of importance.

1.3 Objectives

The objective of this research was to develop an accurate and generalized Artificial Neural

Network (ANN) based terminal ballistics model for KEPs that is usable in a V/L modeling

environment and provides improvements in speed while maintaining or improving accuracy.

1.4 Research Questions

There are numerous terminal ballistics models available to the ballistician; however, they

typically require too much time for preparation, have relatively long run times, or are not

accurate. The primary research question to be answered by this study was:
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RQ1: Can an ANN, used to model the terminal ballistics of KEPs, be developed that is

both fast, accurate, and generalized?

The question was further broken down into sub-questions that addressed components of

the primary research question:

RQ1.1: What target or threat parameters have the most influence on terminal ballistics

results?

The determination of which parameters are important to the process of penetration is

important because it will directly influence the overall design of any ANNs that will

be developed.

RQ1.2: Can an ANN be used to produce a generalized, accurate model of the terminal

ballistics of a KEP against monolithic metallic targets?

This question is important because it is the first step in developing an expanded

capability for modeling real world target and threat interactions. The modeling of

penetration through a single plate of metal armor should not pose as many problems

as a complex target will.

RQ1.3: Can the ANN from RQ1.2 be used to model the terminal ballistics of a KEP against

multi-element metallic targets?

This question gets to the determination of usability in V/L models. Real world targets

have complex armor packages made of different metals and air gaps.

RQ1.4: How does the speed (execution time and elapsed time) of an ANN based terminal

ballistics model compare to the Segletes hybrid model of the Frank-Zook and Walker-

Anderson models?

This question gets to the speed of the model and looks at two ways of measuring it.

The execution time will address the speed of the algorithm itself and the elapsed time

will address the overall speed of the models.
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RQ1.5: How does the accuracy of an ANN based terminal ballistics model compare to the

Segletes hybrid model of the Frank-Zook and Walker-Anderson models?

This question addresses the issue of accuracy of the model and how it compares to

other models currently in use.

1.5 Approach

The approach of this research was broken into four interdependent phases. The first phase

served to build a strong base of training data for use in the development of the ANN. The

following two phases were for iterative development of the ANN. The first of the two was

the simplest and the second one pushed the envelope a little farther by building on the work

from the previous phase. The last phase compared the performance of the ANN and the

best performing model that is currently used for modeling the terminal ballistics of KEPs.

Table 1.1 provides a breakdown of which research questions are answered by which phases

of this research.

Table 1.1: Phases of approach

Phase Research Questions Addressed

1 RQ1.1
2 RQ1.2
3 RQ1.3
4 RQ1.4, RQ1.5

1.5.1 Phases of Approach

1.5.1.1 Phase 1: Collect and Document Experimental Test Data

This phase consisted of collecting all currently available test data and designing and imple-

menting a method of storage. Extensible Markup Language (XML) was used to store the

terminal ballistics test data for this research [13]. XML was used due to its simplicity and

ability to be accessed using Java, since the ANN was implemented using Java.
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1.5.1.2 Phase 2: Implementation of an ANN to Model KEPs Against Mono-

lithic Metallic Armor

This phase consisted of designing and implementing an ANN that was capable of modeling

KEPs impacting monolithic armor. For this phase the ANN was limited to a single element

and only metallic materials. There are two primary types of test data for this scenario;

the first is an impact into a semi-infinite block of armor and the second is an impact into

a finite element of armor. The first type will typically contain results pertaining to depth

of penetration and possibly crater diameter and volume. The second type will typically

contain results pertaining to residual velocity, residual mass, residual length, and possibly

hole size.

1.5.1.3 Phase 3: Implementation of an ANN to Model KEPs Against Multi-

Layered Metallic Armor

This phase built on the work from the previous phase and added in the complexity of having

more than one element in the target array. As a KEP penetrates through a target array it

forms a zone of plastic deformation in front of it. As the KEP is penetrating, the material

in front of it is compressing out to a certain distance from the interface of the target and

penetrator. If the plastic zone extends across a plate boundary into another plate of a

different material, the rod will sense the resistance of current remaining material in the

plate it is in, but also the material from the other plate that is within the plastic zone

(see Figure 1.1). This adds a significant complication to modeling penetration through a

multi-element target. The method of iteratively applying the ANN designed in the previous

phase to each element was used in this research and was found to be effective.



9

Figure 1.1: Rod plastic zone entrainment in multiple elements [14]

1.5.1.4 Phase 4: Comparison of ANN Model to Segletes Hybrid Rod Model

This phase compared the speed and accuracy of the developed model to a model that is

currently in use in a V/L model. The comparison of the two models examined not only the

accuracy and run-times, but also the time required for preparation of inputs for the models.

This comparison provided a clearer understanding of how successful the development of the

ANN was.

1.5.2 Methods and Tools

Phases two and three involved an iterative approach to development; the following steps

were performed in each of those phases [15]:

1. Data Preparation

The data were prepared for use in the ANN; this included the process of omitting

correlated inputs and normalizing of the inputs and outputs.

2. Design

Using the equations for approximating the number of hidden layers and hidden nodes,

initial designs were generated.
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3. Build and Test Prototype Designs

The prototype designs were constructed using the chosen software and were prepared

for training. They were trained using k-fold cross-validation methodology. The pro-

totype design with the best k-fold cross-validation error was selected for the final

training process.

4. Train and Validate Selected Prototype

The selected prototype was trained using the methods chosen during the design step.

A cross-validation set of data was used to stop training when overfitting was identified.

5. Optimimize Prototype

If the prototype was able to converge on a solution and the error was acceptable then

testing proceeded, otherwise the design step was revisited.

6. Test Prototype

During this step the trained prototype was tested against data that was not used

for training to determine how well it interpolated and extrapolated. If the error was

found to be acceptable then the proceeded, otherwise the design step was revisited.

7. Analyze Performance

During this step the run-time and accuracy of the ANN was analyzed over the entire

data set and compared to the current state-of-the-art model (the Segletes model).

8. Document Results

After each phase the results of the design, development, and analysis of the ANN were

documented.

The implementation of the ANN was done using Java, primarily because there were

a lot of open-source libraries available for use that could be leveraged for completion of

this research. After an initial search three possible libraries were found for implementing

ANNs; the first was the Java Object Oriented Neural Engine (JOONE), the second was

Neuroph, and the third was Encog. For the implementation of a Genetic Algorithm (GA),

two possible libraries were found; the first was Java Genetic Algorithms Package (JGAP)

and the second was Java API for Genetic Algorithms (JAGA).
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1.6 Chapter Summary

In summary, this dissertation developed an ANN to model KEPs against single element

targets and multiple element targets. The first phase of this research was to collect and

prepare the data and the following two phases were to implement the ANN for single element

targets and then multiple element targets. The last phase was to compare the performance

of the ANN against the model that is the current standard for modeling KEPs, the Segletes

model.

The work performed in the first phase, to collect and prepare the data for the ANN, will

have further impact at the U.S. ARL. The database will be available to other researchers,

within the U.S. ARL, to use for their research projects.

The ANN developed in this dissertation will provide other simulation models within

the U.S. ARL with a fast running and accurate model for predicting the terminal ballistics

of KEPs. The improvements provided by using the ANN, will help enable the use of V/L

simulation models in larger force-on-force models, providing better vulnerability information

to the decision makers of the U.S. Army which is critical to the survivability of our combat

forces.

1.7 Roadmap

This paper is organized into seven chapters, this chapter being the first. The second chapter

will provide background information into all of the key areas of this research, to include:

V/L modeling, terminal ballistics, ANNs, data quality issues, analysis methods, and the like.

The third chapter will provide an overview of the software that was developed and used

for this research. The fourth chapter will outline the effort that went into working on the

experimental test data for this research. The fifth chapter will provide details on the results

from developing a Multi-Layered Perceptron (MLP) for monolithic metallic armor. The

sixth chapter will provide details on the results from applying the developed MLP against

multi-element metallic armor. The seventh and final chapter will provide a summary of the

benefits and results from this research effort.
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Chapter 2

Literature Review

2.1 Vulnerability/Lethality (V/L) Modeling

Vulnerability/Lethality (V/L) simulation models are used to analyze the vulnerability of

military systems against the lethality of weapons systems. V/L models typically consist of a

Computer Aided Design (CAD) model (an example of a CAD model is shown in Figure 2.1)

of the target system, engineering definitions for the systems and sub-systems in the target,

engineering inputs for the probability of component dysfunction given a hit (Pcd|h) for

the target critical components, methodologies for determining system capabilities after a

ballistic event, and algorithms for modeling the physical interaction of the target and the

ballistic threat. For the purposes of this study, the ballistics of the physical interaction of

the threat and the target are of interest.

The V/L taxonomy is used to rationalize the process that occurs to a system during a

ballistic impact event. There are five levels in the taxonomy and each level represents the

state of the system at discrete moments during the ballistic event. The levels are mapped

together by operators that describe the transition from one state to the next. The five levels

of the taxonomy are listed below [3]:

Level 0 Threat-Launch Initial Conditions

This describes the initial conditions of the target prior to being fired upon.
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Figure 2.1: A CAD target model [16]

Level 1 Threat-Target Interaction Initial Conditions

This describes the initial conditions of the target and the threat prior to the threat

interacting with the target.

Level 2 Target Damaged Components

This describes what components of the target have been damaged due to the interac-

tion with the threat.

Level 3 Target Measures-of-Capability

This describes the capability of the target given the damage inflicted upon the critical

components.

Level 4 Target Measures-of-Effectiveness (Utility)

This describes how the target capability effects the mission.

Figure 2.2 shows how the V/L taxonomy operators map from levels 1 through 4. Of

particular interest is the operator that maps “Level 1” to “Level 2” in the taxonomy. That

operator (O1,2) defines how the threat physically interacts with the target to generate
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Figure 2.2: V/L taxonomy (Level 1 to Level 4)

damage on the target components. In V/L simulations the interaction of the target and

threat is modeled as a shotline going through the target. Operator O1,2 can consist of one

or many shotlines depending on the threat of interest. If the threat is a fragment, it could

fracture upon impact and separate into several shotlines of smaller fragments. Another

example would be a Shaped Charged Jet (SCJ) that impacts armor and generates Behind

Armor Debris (BAD) which could be thousands of fragments with each requiring its own

shotline. A single interaction could require many shotlines to fully analyze the ballistic

event.

Imagine a main battle tank with rough dimensions of 2.4 m height, 3.7 m width, and

9.8 m length. Breaking the presented area of the side of that tank into cells that are 50 mm

x 50 mm could result in 7611 cells total. Doing the same for the front of the tank would

result in roughly 2854 total cells. Those two sets of cells are called views; averaging them

would give a rough approximation of how many cells to expect for any particular view. For

this simple example, a set of 26 views will be used. The azimuths of those views will start

at 0 ◦ and increment by 45 ◦ until 315 ◦. Each of those azimuths will be combined with

an elevation from the following, -45 ◦, 0 ◦, and 45 ◦. The remaining two views consist of

an azimuth and elevation of (0 ◦, -90 ◦) and (0 ◦, 90 ◦). Since the simulation is stochastic,

sampling is done within each cell of a view. So, in each cell the simulation could make 10

sample runs and in addition, each of those runs may need to call the penetration model

10 times. A total of 26 views with 5233 cells per view, 10 samples per cell, and 10 model

calls per sample amounts to 13 605 800 total calls to the terminal ballistics model for this
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sample scenario run [7,8]. For each shotline in an analysis, system capability is determined

based on which components are damaged. Before that determination can be made, the

model must determine if the components were hit. Determination of a hit on a component

is performed by calculating how far the threat can penetrate into the target on the shotline.

Figure 2.3: A shotline through a target [17]

An example of a shotline going through a vehicle can be seen in Figure 2.3. The

components that intersect with the shotline are considered “threatened” and are highlighted

in the figure. They are, in order from front to back; glacis armor, armor piercing round,

armor piercing round, high explosive round, firewall, engine, starter, transmission sump,

fan, and rear armor. How far along the shotline the threat can penetrate will determine

which “threatened” components are actually hit. For example, the threat may be able to

perforate everything along the shotline until it reaches the engine block, therefore everything

after the engine block would not be hit.

Terminal ballistics models, also known as penetration models, are used to determine

how far a projectile travels on a shotline. Once the distance traveled is known, the critical

components that were hit by the projectile are also known. For all of the shotlines, the

penetration model needs to accurately determine the penetration of the threat for each

impact along a shotline. Due to the large number of shotlines and the need for accuracy,

the calculation speed and accuracy of a penetration model are important.

On a particular shotline there can be many objects in the path of the projectile, so

if the projectile perforates after impacting the first object on the shotline it may impact

another object. The projectile may encounter armor plating, structural material, target

components, ammunition, or personnel and for each of them a terminal ballistics model is

applied to determine if the projectile will perforate the object or be defeated [2]. The first
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impact event will use the initial “Level 1” inputs for the terminal ballistics model, but each

time a terminal ballistics model is run for subsequent impact events along the shotline, the

results from the previous impact are used as inputs.

Some of the results from the terminal ballistics model may be used to determine the

damage on a critical component in the target. Typically the damage or dysfunction to a

critical component is determined using empirical models based on mass and velocity, hole

size (typically a function of projectile diameter), or energy deposited (a function of mass

and velocity). For each of those cases the residual parameters of the projectile after impact

are needed for determination of damage [2].

Not only is it important to be accurate in predicting perforation of components in

the target, but it is also important to be accurate in predicting the projectile’s residual

parameters since they are important to determining the damage inflicted to the target and

residual penetration capability.

2.2 Terminal Ballistics Modeling

Terminal ballistics models fall into three general categories [2]:

1. Empirical

Models that are derived from experimentation and observation rather than theory.

These models are typically simple functions that allow statistically good fits to data.

2. Analytical/Phenomenological

Analytical models are typically simple, closed-form phenomenological models. Phe-

nomenological models use basic physical principles and basic material properties to

simulate physical events. Some of these models could be considered semi-empirical

if the closed-form model by itself is inadequate to describe the phenomena without

parametric fitting.
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3. Numerical/Phenomenological

Numerical models are typically complex phenomenological models. These types of

models are usually based on numerical approximations to the partial differential equa-

tions of fluid mechanics.

Each type of model has a place in a terminal ballistics modeling “toolbox”. Which type

of model to employ usually involves a trade-off of speed and accuracy. Numerical models

are normally very accurate, but require too much time and computational power for use in

V/L analyses. They are however, sometimes used to augment experimental test data for

fitting of empirical and semi-empirical models that are used in V/L analyses [2]. Analytical

models are normally built using assumptions about the physical processes that occur during

the penetration process. The physics-based equations that form the assumptions for the

analytical model are solved for, if possible, and are modeled using numerical integration if

needed. Analytical models are much faster than numerical models but are generally harder

to design effectively and require support from Subject Matter Experts (SMEs) in order to

run them accurately [2]. Empirical models are typically the simplest and therefore fastest

of the three but are normally the least accurate when trying to interpolate or extrapolate

from the data used for fitting. These models also require SME support for any applications

outside of the initial fitting. Regardless of which model is used, each implementation of

them is typically specific to a threat and target interaction and therefore not a generalized

solution.

2.3 Kinetic Energy Projectiles

The term Kinetic Energy Projectile (KEP) is generally applied to an Armor Piercing (AP)

projectile fired from a high-velocity rifle or cannon [6]. Figure 2.4 illustrates several cat-

egories of KEP rounds; Armor Piercing Capped Ballistic Cap (APCBC), Armor Pierc-

ing Composite Rigid (APCR), Armor Piercing Composite Non-Rigid (APCNR), Armor

Piercing Discarding Sabot (APDS), and Armor Piercing Fin Stabilized Discarding Sabot

(APFSDS).
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Figure 2.4: Types of AP rounds [18]

The data used for this research consisted of various types of KEPs, but the most preva-

lent type in the database was APFSDS. This is advantageous, because most modern large

caliber Kinetic Energy (KE) rounds are APFSDS rounds. What follows is a brief overview

of the APFSDS round.

The primary parts of an APFSDS round are the penetrator, ballistic cap, sabot, and fins

(See Figure 2.5). If the round also has a tracer component then it is designated as an Armor

Piercing Fin Stabilized Discarding Sabot-Tracer (APFSDS-T) round. The penetrator core

or rod of an APFSDS round is typically made of Depleted Uranium (DU) alloy, high-

strength steel, Tungsten Carbide (WC) composite, or Tungsten Heavy Alloy (WHA) [6].

The length of the penetrator is typically less than the length of the overall round; there are

two primary reasons for the difference. First, the fins typically extend past the end of the

penetrator slightly for APFSDS rounds and a distance of about one penetrator diameter

for APFSDS-T rounds. Second, in many designs the penetrator is shorter then the tip of

the ballistic cap, this means that the cap is normally hollow. Some experts propose an

estimated working length for the penetrator equal to the round length minus two times the

penetrator diameter [19]. The ballistic cap or windscreen is typically placed on the nose

of the round to provide a more streamlined shape for better aerodynamic characteristics.

Normally the ballistic cap will have very little influence on the penetration of the projectile;

however, it could effect the penetration if a strong material is used.
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Figure 2.5: An APFSDS round [20]

The penetrator is normally much smaller than the diameter of the gun bore, so something

is needed to seal the propulsive gases behind the penetrator to propel it down the barrel.

The sabot holds the penetrator by interfacing with ribs along the length of the penetrator

and filling in the “windage” (the gap between the projectile and the barrel). The sabot is

typically composed of two or three “petals” (sections) that break away from the penetrator

after exiting the gun barrel. APFSDS rounds are fired from smoothbore guns and therefore

do not spin due to rifling like APDS rounds. APFSDS rounds use fins made from light weight

materials like aluminum or titanium to provide stabilization during flight. For penetrators

that have a high aspect ratio (length divided by diameter) there is typically a “jacket” of

a lighter material, like steel or titanium, used to help absorb some of the elastic bending

vibrations present during flight. The jacket material also helps keep the penetrator core

from fracturing during the penetration of targets with air gaps [19].

2.3.1 Kinetic Energy Projectile Penetration Process

There are some penetrator types that rely on stored chemical energy to provide the energy

required for penetration, such as SCJs and Explosively Formed Penetrators (EFPs). KEPs

do not take any stored energy with them after launch; all of their energy comes from the

KE they have from being launched from a weapon system. KE is the movement energy of

an object and can be calculated using equation 2.1.

Ek = 1/2 ·m · v2 (2.1)
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Where:

Ek is the kinetic energy (J)

m is the mass (kg)

v is the velocity (m/s)

“The penetration of armor by a KE projectile converts the projectile’s energy into plastic

work (done to the target and penetrator material), usually in a process where the projectile

is inverted and eroded away while it opens and burrows a cavity in the armor material” [6].

Figure 2.6 provides a visual example of how two different materials behave during the

penetration process. The illustration on the left is an illustration of the erosion process for

a WHA projectile and the illustration on the right is for a DU projectile. As the projectile

starts the penetration process, both the target (not illustrated) and the KEP start a plastic

deformation process. Both the target and projectile materials begin to backflow behind the

interface of the penetration. For WHA projectiles there is a larger penetration tunnel due

to the material shearing late in the backflow process. For DU projectiles the shearing of

the material happens earlier in the the backflow process and leads to two important effects.

The first is a smaller diameter penetration tunnel and the second is a “sharpening” of the

projectile throughout the penetration process. Those two effects lead to better performance

for DU than a similar mass WHA.

Figure 2.6: Example of erosion during penetration of Tungsten Heavy Alloy and Depleted
Uranium [21]
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The erosion of the rod and the target, as well as the backflow of those materials can

be seen in Figure 2.7. The figure is of a 2D image from a Eulerian ALE3D simulation

of a tungsten rod impacting an Rolled Homogeneous Armor (RHA) target (image and

information provided by Steve Schraml of the U.S. Army Research Laboratory (ARL)).

Figure 2.7: Finite element analysis of KEP

2.4 Kinetic Energy Projectile Terminal Ballistics Models

As mentioned in the previous section, there are three primary types of models that are typ-

ically used for modeling terminal ballistics. In the following sections an overview of several

models that are currently used for modeling the terminal ballistics of KEPs are provided.

Due to the need for use in V/L simulations, these models must have fast runtimes. There-

fore, no numerical/phenomenological (i.e. hydrocode, Finite Element Analysis (FEA), and

the like) models are given; all of the models provided are either empirical or analytical/phe-

nomenological.
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2.4.1 Empirical Models

2.4.1.1 Lanz-Odermatt Model

The Lanz-Odermatt model is an empirical model designed for modeling tungsten, depleted

uranium, and steel long rod penetrators. The model has 3 coefficients of fit for tungsten, 3

for depleted uranium, and 4 for steel. There are an additional 3 coefficients of fit that are

material independent. The working length (Lw) of the penetrator is calculated by converting

the mass of the nose into an equal mass cylinder and adding that length to the length of

the penetrator. For a cylindrical rod the working length of the rod is equal to the length

of the rod. The equations of the Lanz-Odermatt model are provided in equations 2.2, 2.3,

and 2.4 [22–24].
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= 1− (1− c3)− (d/dlim)− c3 − (d/dlim)2
(2.4)

Where:

a is a coefficient of fit

b0 is a coefficient of fit

b1 is a coefficient of fit

BHNP is the hardness of the penetrator (BHN)

BHNT is the hardness of the target (BHN)

c0 is a coefficient of fit

c1 is a coefficient of fit
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c2 is a coefficient of fit

c3 is a coefficient of fit

d is the thickness of the target (mm)

D is the penetrator diameter (mm)

dlim is the limit thickness of penetrator (mm)

k is a coefficient of fit

LR is the residual length (mm)

Lw is the working length (mm)

m is a coefficient of fit

n is a coefficient of fit

P is the penetration channel line of sight length (mm)

ρP is the penetrator density (kg/m3)

ρT is the target density (kg/m3)

s is a coefficient of fit

θ is the angle of obliquity (◦)

vR is the residual velocity (km/s)

vT is the impact velocity (km/s)

2.4.1.2 Konrad Frank Version of Lanz-Odermatt Model

One of the simplest empirical models used for KEPs is the Konrad Frank modified version

of the Lanz-Odermatt model [25]. The modified model equation (see 2.5) is fit to the

independent variable of vs and the dependent variable PL/L. This model is fit to penetration

data from tests into semi-infinite targets and can be used to estimate the penetration of

a KEP at a given velocity. Saucier [26] documented the process for applying this model

iteratively for multi-element targets and derived the equations for residual velocity (see 2.6)

and residual length (see 2.7).

PL
L

= a e
−
(

b
vs

)2

(2.5)
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vr = vs

[
1− (1− c)v

2
s

b2
ln

(
1− P

PL

)]−1/2

(2.6)

Lr = Ls

(
1− P

PL

)c
(2.7)

Where:

a is a coefficient of fit

b is a coefficient of fit

c is a coefficient of fit

Lr is the penetrator residual length

Ls is the penetrator striking length

P is the penetration

PL is the penetration limit

vr is the residual velocity

vs is the striking velocity

The Konrad Frank modified version of the Lanz-Odermatt model is very effective at

predicting the penetration of KEPs against semi-infinite targets. However, it does not do

as well against multi-element targets and has difficulty predicting the residual velocity and

mass after a perforation of the target [13]. The model is also not generalized, it is fit to a

specific target-threat pairing and the coefficients of fit are only good for that pairing. This

means that when a new pairing needs to be modeled, new tests need to be performed to

provide data for fitting.

2.4.2 Phenomenological Models

The phenomenological models used for KEPs are all based on a modified version of Bernoulli’s

incompressible fluid flow equation (2.8) [27].

1

2
ρp (V − U)2 =

1

2
ρt U

2 (2.8)
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Where, the density of the penetrator is represented by ρp and the density of the target

material is ρt. V is the velocity of the rear of the penetrator and U is the penetration

velocity or the velocity of the front of the penetrator. Equation (2.8) defines the balance of

forces at the penetrator-target interface and is used to determine penetration. It assumes

that the impact velocities are very high, so that the strengths of the penetrator and target

are negligible compared to the hydrodynamic or inertial forces [6].

The Bernoulli equation has been modified further and expanded over the years and as

the equations in the phenomenological models have grown more complex they have also

become more difficult to solve. This has led to the necessary use of numerical integration to

solve for the equations and an increase in time to run the models. What follows in the next

five sections is a brief history of the modification and expansion of the Bernoulli equation

for use in modeling KEPs.

2.4.2.1 Alekseevski-Tate Model

The modified Bernoulli equation was extended independently by Alekseevskii [28] and

Tate [29] to account for material strengths. The Alekseevskii-Tate model incorporates

material strength effects by adding two new terms to (2.8) and is shown in (2.9). The

first term, Y represents the strength of the penetrator material, and the second term, R

represents the strength of the target material [6].

1

2
ρp (V − U)2 + Y =

1

2
ρt U

2 +R (2.9)

The Alekseevskii-Tate model is useful for roughly approximating depth of penetration,

but it tends to under-predict penetration because it assumes a uniform resistance through

the target [13].

2.4.2.2 Frank-Zook Model

Another modification was proposed in 1991 by Frank and Zook [30] to make the resistance

of the target a function of where in the target the interface was located. This modification

allowed the target to have an initial resistance value that either increased or decreased as
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penetration proceeded into the target. As the interface approached the rear of the target,

the resistance would either approach zero or that of the initial resistance of the next target

element. The model also incorporates an equation for the penetrator strength as a function

of the ratio of current length and initial length. The new model works very well if the

elements in the target array are of significant thickness; in other words, if the plastic zone

of deformation in front of the penetrator is confined to the current element and the next

element in the array. This is because the Frank-Zook model only looks at the resistance

of the current and next elements, therefore it is incapable of accounting for any resistance

after the next element [13].

2.4.2.3 FATEPEN Model

FATEPEN is a computer code developed by Applied Research Associates, Inc. (ARA)

for multiple sequential penetration calculations of complex targets comprised of spaced

elements. As such, FATEPEN penetration calculations are focused on predicting post-

perforation penetrator mass, velocity, and angular momentum vector for use in determining

the encounter conditions for the next impact. FATEPEN is comprised of a collection of

closed-form, analytical/empirical engineering models, for ideal penetrator and target im-

pact geometries (e.g., normal, unyawed impacts by compact or elongated penetrators, thin-

plate/thick-plate penetration mechanisms, etc.) supplemented by rational transition/in-

terpolation formulas and approximations to account for non-ideal encounter geometries

(e.g., yawed penetrators and oblique impacts). Together, these models enable FATEPEN

to select and/or transition (interpolate) between the relevant ideal penetration models in

accord with changes in the penetrator due to mass loss and orientation changes between

impacts. This approach enables FATEPEN to accomplish penetration calculations for a

wide variety of penetrator shapes and materials, while the user need only input the initial

description of the penetrator. FATEPEN handles KEPs based on length to diameter ratio

of the projectile. If the ratio is large than the model uses a highly modified version of the

Alekseevskii-Tate model. If the ratio drops during the penetration process it then transi-

tions to handling the penetrator as a fragment and uses penetration equations appropriate

for that application [31,32].
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2.4.2.4 Walker-Anderson Model

In 1995, Walker and Anderson [33] proposed a modification of the Alekseevskii-Tate model

to include three primary changes: (1) the addition of a constant crater radius and zone of

plastic deformation to calculate the velocity profile of the projectile in the target, (2) the

calculation of projectile deceleration by elastic waves, and (3) the determination of shear

behavior by using the shear stress gradient in terms of gradients of the velocity field and

the velocity flow field to evaluate the velocity gradient.

2.4.2.5 Segletes Model

In 2000, Segletes [34] proposed a hybrid version of the Frank-Zook and the Walker-Anderson

models that integrated the resistance of all elements of a target array that are entrained in

the plastic zone of deformation in front of the penetrating KEP. The new model, known

as the Segletes model, was specifically designed with the intent to model multiple element

targets effectively.

The Bernoulli equation was modified to account for the plastic zone of deformation in

the KEP and in the target (see 2.10). In the equation, variables with a dot above them (such

as ṡ) represent a rate of change for that variable. A variable with a bar over them (such as

H) represent the “averaged” value of that variable across the plastic zone of deformation.

Along with the Segletes version of the Bernoulli equation, the model is based on three

simplified principles:

• The change in penetration (Ṗ ) is equal to the penetration velocity (u) (see 2.11).

• The change in length of the penetrator (L̇) is equal to the difference of the penetrator

velocity (v) and the penetration velocity (u) (see 2.12).

• The change in velocity (v̇) is equal to the fraction of penetrator strength (Y ) and

penetrator density (ρp) times the difference of the length of the penetrator (L) and

the plastic zone in the penetrator (s) (see 2.13).
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(
kp −

ṡ

2L̇

)
ρp(v − u)2 + Y − ρps

2
(v̇ + u̇) = ktρtu

2 +H +Xu
u̇

u
+Xα

α̇

α
+XR

Ṙ

R
(2.10)

Ṗ = u (2.11)

L̇ = −(v − u) (2.12)

v̇ = − Y

ρp(L− s)
(2.13)

Where:

α is the extent of target-plastic zone in multiples of crater radii

H is the target resistance

kp is the penetrator Bernoulli shape factor

kt is the target element Bernoulli shape factor

L is the length of the penetrator

ρp is the density of the penetrator

ρt is the density of the target

R is the crater radius

s is the penetrator plastic zone extent

u is the rate of penetration

v is the penetrator velocity

Y is the penetrator strength

Xu is a homogenized function for u

Xα is a homogenized function for a

XR is a homogenized function for R
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The U.S. ARL performed a study in 2012 to determine which KEP ballistics model was

the most accurate, and the Segletes model was chosen out of a total of six models that were

compared [13]. In the report from the study, the Segletes model was noted for performing

very well at predicting terminal ballistics against multi-element targets.

2.4.3 Generalization Methods for All Models

Most models are not sophisticated enough to be used for all possible pairings of threat

and target types as well as impact conditions. This usually means that an initial fitting

of the model is done to a limited set of experimental test data and that sub-models are

used to extrapolate outside of that data. In most cases the sub-models are not designed to

specifically work with a given model and therefore inefficiencies exist when they are used

together.

The base case of experimental test data typically used to fit a model is for a given

threat versus a RHA steel target of a given thickness and at various velocities (the number

of which is usually limited by funding constraints). When a terminal ballistics model is

used in V/L modeling the threat may change, as it traverses through the target, but it is

a near certainty that more than one target material will be encountered at a large range

of velocities and orientations. Fitting a model to data that covers the possible range of

materials and encounter conditions is a more robust solution to generalization than using

sub-models that are not included in the fitting process.

2.4.3.1 Yaw Impact Scaling

One of the encounter conditions that has an effect on the capability of a projectile to

penetrate a target is the yaw of the projectile at impact. Total yaw is the angle between the

longitudinal axis of a penetrator and the velocity vector of the penetrator’s center of mass.

The total yaw is composed of two orthogonal angles called pitch, measured in the vertical

plane, and yaw, measured in the horizontal plane. Total yaw is commonly called yaw, so care

must be taken when using experimental test data for measured total yaw. Yaw is largely

ignored in V/L modeling, even though it can have a drastic affect on penetration. Methods

do exist for the modeling of the effect of total yaw on penetration. One example method
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to model yaw calculates a critical yaw for the given projectile and then scales penetration

based on the ratio of current yaw and critical yaw [35]. The equations for that process are

given in (2.14), (2.15), and (2.16).

γcr = sin−1(
Dh −Dp

2Ls
) (2.14)

Dh

Dp
= 1 +

vs
3000

+
v2s

8000000
(2.15)

γα =



1 if γ < γcr

cos(
γ

γcr
) if γ ≥ γcr

0 if
γ

γcr
≥ 90◦

(2.16)

Where:

γcr is the critical yaw angle, at which yaw begins to effect penetration

Dh is the penetration hole diameter

Dp is the diameter of the penetrator

Ls is the striking length of the penetrator

vs is the striking velocity of the penetrator

γ is the total yaw of the penetrator

γα is the amount to adjust penetration by to account for total yaw

2.4.3.2 Obliquity Adjustment

Another encounter condition that has an effect on the capability of a projectile to penetrate

a target is the obliquity of the impact. Obliquity is the measure of the angle of the velocity

vector of the penetrator and the surface of the target. Obliquity is modeled by increasing

the effective thickness of the armor to account for the increased line-of-sight thickness of the

target (the concept can be seen in Figure 2.8). If the shotline is thought of as the hypotenuse
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of a right triangle, the normal thickness of the target as one of the sides of the triangle, and

the obliquity angle as the angle between the hypotenuse and the adjacent normal thickness,

then (2.17) can be used to solve for the line-of-sight thickness of the target.

Figure 2.8: Illustration of the difference between normal thickness and line-of-sight thickness

Tlos =
T

cos θ
(2.17)

Where:

Tlos is the line of sight thickness of the target

T is the normal thickness of the target

θ is the obliquity of the target

This method of modeling obliquity is limited because it assumes that the only effect

obliquity has on penetration is to increase the thickness of the target. There are other

physical phenomena involved in the process (especially at higher obliquities), such as rico-

chet and deflection.

2.4.3.3 Density Scaling

One method that is used throughout V/L analyses to force a more generalized model, is

density scaling [26]. Density scaling is the process of scaling a predicted penetration into

steel by the ratio of the target density and density of steel and is given in (2.18). Steel



32

is used as the reference material because most of the experimental test data available are

for projectiles fired into RHA (a type of steel). The effectiveness of density scaling is

questionable and although it forces a generalization for all target materials it does not

generalize for different threats.

TRHA =
ρ

ρRHA
· T (2.18)

Where:

TRHA is the equivalent thickness of a RHA target

T is the thickness of the target

ρRHA is the density of RHA

ρ is the density of the target

2.4.3.4 Mass Efficiency Scaling

Mass efficiency scaling uses the comparative penetration of a material of interest (P ) and

that of RHA (PRHA) to scale the target thickness to an equivalent thickness of RHA. Mass

efficiency is calculated using (2.19). The target thickness is multiplied by the mass efficiency

and by the density ratio of the target material (ρ) and RHA (ρRHA), resulting in an target

effective thickness [26]. The equation for target effective thickness is given in (2.20). Mass

efficiency is a more effective way of scaling from one material to another, but requires

experimental test data to fit each material type and is a function of the velocity and type

of the penetrator [36].

em =
PRHA · ρRHA

P · ρ (2.19)

Teff = em ·
ρ

ρRHA
· T (2.20)

Where:

em is the mass efficiency of the target

PRHA is the penetration depth into RHA

ρRHA is the density of RHA
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P is the penetration depth into the target

ρ is the density of of the target

Teff is the effective thickness of RHA

2.5 Artificial Neural Networks

The basis for Artificial Neural Networks (ANNs), the artificial neuron, was proposed in

1943 by McCulloch and Pitts [37]. Throughout the 1950s artificial neurons were arranged

in layers to create perceptrons which were used for pattern recognition (see Figure 2.9). The

ANN in Figure 2.9 is an example of a fully connected Multi-Layered Perceptron (MLP).

In a fully connected MLP, each layer is fully connected with its adjacent layers and there

are no recurrent connections or connections to non-adjacent layers. For a layer to be fully

connected to another layer, each node in the first layer must have a connection to every node

in the second layer [38]. Early research on perceptrons concentrated on the implementation

of Boolean logic functions, which require the decision boundaries to discriminate perfectly

between the different classes. Following the 1960s, it became generally accepted that the

strength of neural networks was in their ability to analyze and recognize complex patterns

in real-world data. Real-world data is intrinsically noisy, meaning that the decision lines are

not clear because there will be some patterns that do not fall perfectly within the decision

boundaries creating regions of overlap [15].

Figure 2.9: Example topology of a MLP
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Tarassenko lists five key attributes of neural networks in the book “A Guide to Neural

Computing Applications” [15]:

• Learning from Experience

Neural networks are particularly suited to problems whose solution is complex and

difficult to specify, but which provide an abundance of data from which a response

can be learned.

• Generalizing from Examples

A vital attribute of any practical self-learning system is the ability to interpolate from

a previous learning ‘experience’. With careful design, a neural network can be trained

to give the correct response to data that it has not previously encountered (This is

often described as the ability to generalize on test data).

• Developing Solutions Faster with less Reliance on Subject Matter Expertise

Neural networks learn by example, and as long as examples are available and an

appropriate design is adopted, effective solutions can be constructed far more quickly

than is possible using traditional approaches, which are entirely reliant on experience

in a particular field. However, neural networks are not wholly independent of domain

expertise which can be invaluable in choosing the optimal neural network design.

• Computational Efficiency

Training a neural network is computationally intensive, but the computational re-

quirements of a fully trained neural network when it is used on test data can be

modest. For very large problems, speed can be gained through parallel processing, as

neural networks are intrinsically parallel structures.

• Non-Linearity

Many other processing techniques are based on the theory of linear systems. In

contrast, neural networks can be trained to generate non-linear mappings and this

often gives them an advantage for dealing with complex, real-world problems.
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There exists a lot of publicly available data for penetration of KEPs into various ma-

terials that could be used to perform an intelligent generalized regression. However, the

determination of an equation to be used for a generalized fitting could be difficult to ascer-

tain. ANNs are a common tool for performing non-linear regression, especially when the

parametric form of the function is unknown and when the number of parameters is large [39].

A specific type of ANN called a Multi-Layered Perceptron (MLP) has been shown to be a

universal approximator, meaning it is capable of arbitrarily accurate approximation to an

arbitrary mapping, if there are enough hidden neurons in the hidden layer [40]. A MLP

should be able to accurately approximate the desired outputs, given that the appropriate

parameters are used. The parameters in question are the inputs to the model, the topology

of the MLP (to include the activation functions, number of layers, and number of neurons),

the error function, the training method, and the test data.

2.5.1 Multi-Layered Perceptron

The application of a MLP for this research was chosen based on the work of I. Gonzalez-

Carrasco, et al. [40], which found the application of MLPs to outperform Radial Basis

Function (RBF) networks, Support Vector Machines (SVMs), and Recurrent Neural Net-

works (RNNs) for predicting perforation of steel, DU, or WHA KEPs against aluminum,

steel or DU targets.

The structure of a MLP consists of a single input layer of neurons, a single output layer

of neurons, and a variable amount of hidden layers of neurons. In the example MLP shown

in Figure 2.9, there is one input layer containing two input neurons, two hidden layers with

three hidden layer neurons each, and one output layer with one output neuron. The count

of the number of layers of an MLP could have different values depending on which sources

are asked, but the prevailing definition counts all of the computational layers when counting

layers. This means that an MLP with an input layer, a hidden layer, and an output layer

is a 2-layer MLP, because the input layer does not perform computations. This paper uses

this definition when discussing the number of layers for an MLP.
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The number of neurons in the input layer is determined by the number of inputs to the

model, so for the example given there would be two inputs to the model. The number of

neurons in the output layer is determined by the number of outputs to be predicted by the

model, so for the example given there would be one output from the model.

The determination of the number of hidden layers and neurons contained in them is not

as succinctly explained. In many cases the determination of the structure of the hidden

layers is done by trial and error [41].

The number of hidden layers in a MLP affects complexity of the domain problem to be

solved. A MLP with no hidden layers can classify linearly separable input data. Increasing

to one hidden layer can create a hyperplane, two hidden layers combine hyperplanes to

form convex decision areas, and three hidden layers combine convex decision areas to form

convex decision areas that contain concave regions [42].

In general, increasing the number of hidden layers will improve the closeness-of-fit and

decreasing the number of hidden layers will improve the smoothness (extrapolation capa-

bility) of the MLP [43].

As with the number of hidden layers, there exist heuristics for selecting the number of

neurons in a hidden layer, but it is still done primarily by trail and error. In general, a

higher number of neurons will improve accuracy but also increase the training time required

for the MLP and could lead to over-fitting of the data [43,44].

2.5.2 Artificial Neural Network Characteristics

2.5.2.1 Data Requirements

Although the training data did not need to be prepared for use until the MLP was fully

designed and implemented, the collection of experimental test data was the first task per-

formed for this research. This is because the types, amount, and pedigree of experimental

test data available had implications on the design of the MLP.

An approximation of the number of training data points required for a given network

topology, or reciprocally the size limitation of a network topology due to the number of

training data points can be found in (2.21) and (2.22) [15]. In (2.21), n is the number of
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training data and W is the total number of network parameters (the network parameters

are the weights associated with the connections between the nodes in the MLP) that must

be adjusted during training.

W ≤ n ≤ 10W (2.21)

The parameter W can be obtained by using (2.22), where N is the number of layers in

the MLP topology and Li is the number of neurons in the ith layer.

W =

N−1∑
i=1

(Li + 1)Li+1 (2.22)

The effect that MLP complexity has on the amount of training data required can be

demonstrated by using (2.21) and (2.22). For example a simple 2-layer MLP with two input

neurons, two hidden neurons, and one output neuron, the recommended number of training

data fall between nine and ninety. For a more complex example, a 3-layer MLP with six

input neurons, seven hidden neurons in the first hidden layer, six hidden neurons in the

second hidden layer, and three output neurons, the recommended number of training data

fall between one hundred eighteen (118) and one thousand one hundred eighty (1180). The

more complex the MLP the more data are required for training. As Tarassenko states [15]:

Artificial Neural Network projects are data driven, therefore there is a need to

collect and analyze data as part of the design process and to train the neural

network. This task is often time-consuming and the effort, resources, and time

required are frequently underestimated.

In order to decrease the likelihood of poor predictions when extrapolating it is important

to use training data that covers the range of all possible inputs. Figure 2.10 shows an

example of what can happen if a region of the input space is omitted from the training

data. The square marks are the data points that were used for the non-linear regression, the

circular marks are the data points that were omitted, and the curved line shows the model

predictions. The model predicts the training data very well and interpolates between the

data points well, but because of the omitted data the wrong model was used for fitting, thus
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leading to poor extrapolation. The collection of experimental test data that is representative

of the large space of possible input patterns and that can be used for training, testing, and

validating the MLP, was one of the more difficult tasks involved in this research [45].

Therefore, a large part of the effort for this research was finding and documenting publicly

available experimental test data for KEPs.

Figure 2.10: Incorrect extrapolation predictions

Experimental test data is inherently noisy, but hidden assumptions in the data collection

methods or data processing methods could cause major differences in the data. As an

example, suppose there are four reports containing experimental test data, and during the

test events for all of the reports the KEP fractured into smaller pieces as it perforated the

target. In report number 1, the residual mass is reported as the weight of the largest piece.

In report number 2, the residual mass is reported as the weight of all of the pieces. In report

3, x-ray is used to approximate the length and diameter of the largest few pieces, and then

the mass is calculated using the volume and density of the rod material. In report 4, a piece

of the KEP that was embedded in the target is included in the residual mass calculation.

Four similar test events, but with four different reported results.

The example given shows how important it was to find outliers in the training data and

attempt to track down the cause of the discrepancies so that they could be fixed or omitted.
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2.5.2.2 Normalization

The selected input parameters for this model where not all the same units and in some cases

differed by several orders of magnitude in value. So to make training easier for the MLP

the data were normalized by means of a linear transformation. Bishop wrote that, “Input

normalization ensures that all of the input and target variables are of order unity, in which

case we expect that the network weights should also be of order unity” [46]. In addition,

that basic assumption allows for a simpler approach for random weight initialization prior

to training of the MLP. The data used for this research were normalized according to the

values influenced by two factors. The first factor was to provide bounds where the model

could be expected to be used for realistic KEP analysis and the second factor was due to

limitations of the data currently available. The values used for normalizing the parameter

are provided in Table 2.1

Table 2.1: Minimum and maximum bounds for normalization

Parameter
Minimum

Value
Maximum

Value
Minimum

Normalized
Maximum

Normalized

Input Values

Striking Velocity (Vs) 0.0 m/s 2000.0 m/s -1.0 1.0

Total Yaw (γ) 0.0 ◦ 20.0 ◦ -1.0 1.0

Projectile Density(ρp) 0.0 g/cm3 20.0 g/m3 -1.0 1.0

Projectile Length (l) 0.0 mm 225.0 mm -1.0 1.0

Projectile Diameter(d) 0.0 mm 15.0 mm -1.0 1.0

Projectile Hardness (BHNp) 0.0 BHN 900.0 BHN -1.0 1.0

Target Density (ρt) 0.0 g/cm3 8.0 g/m3 -1.0 1.0

Target Hardness (BHNt) 0.0 BHN 700.0 BHN -1.0 1.0

Target Thickness(T ) 0.0 mm 160.0 mm -1.0 1.0

Target Young’s Modulus(E) 0.0 GPa 500.0 GPa -1.0 1.0

Target Obliquity (θ) 0.0 ◦ 80.0 ◦ -1.0 1.0

Output Values

Perforation Outcome (P ) Non-Perf Perf -0.9 0.9

Residual Velocity (Vr) 0.0 m/s 1700.0 m/s -0.9 0.9

Residual Mass (Mr) 0.0 g 120.0 g -0.9 0.9
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2.5.2.3 Target Output Encoding

Target outputs were encoded to -0.9 and 0.9; this helps avoid saturating the sigmoid func-

tion. “If the targets were set to the asymptotes of the sigmoid it would tend to: a) drive

the weights to infinity, b) cause outlier data to produce very large gradients due to the

large weights, and c) produce binary outputs even when incorrect” [47]. Sigmoid activation

functions cannot reach the extremes of their bounds. For example the hyperbolic tangent

function will never be equal to -1.0 or 1.0, because it has asymptotes of -1.0 as x → −∞

and 1.0 as x → ∞. This makes it very hard for an MLP to learn an output value of -1.0

or 1.0. To account for that difficulty the outputs for this model were encoded as a -0.9 for

a non-perforation and 0.9 for a perforation to improve the ability of the MLP to learn the

target outputs [48].

2.5.2.4 Activation Functions

The most common type of activation function used are the sigmoidal functions because

they are differentiable throughout the domain of the function. The two most common

sigmoidal functions used are the logistic function and hyperbolic tangent function. The

logistic function varies in range from 0.0 to 1.0 and the hyperbolic tangent function varies

in range from -1.0 to 1.0 [40, 49, 50]. Since the hyperbolic tangent function ranges in value

from negative and positive values, it provides faster training than functions that are all

positive, because of better numerical conditioning [49]. Another activation function is the

linear function; it is not typically used in the hidden layers of an MLP because a linear

function of linear functions is still a linear function and therefore the model would only be

able to learn linearly separable problems. However, the linear function is still commonly

used by the output layer neurons. An example of all three activation functions is provided

in Figure 2.11.

The activation function used in the output neurons is determined by the type of outputs

desired and the type of regression being done. If the outputs for the MLP will be scalar

and not bound then linear activation functions will be needed for the output neurons [49].

If the desired output type is boolean, then a sigmoid activation function may be desired.
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Figure 2.11: Example of three activation functions

If the output is not a linear regression problem, then the activation functions used in the

hidden layers of the MLP need to be non-linear in order to be fit to a non-linear problem.

The hyperbolic-sigmoid is the preferred activation function since its mean is centered on

zero and leads to faster convergence of the network [51].

2.5.2.5 Bias Neuron

The output of a neuron is computed by multiplying the input by the corresponding weight

and passing the result through the sigmoid activation function [46]. The effect can be seen

in Figure 2.12 for weights of 0.5, 1.0, 1.5, and 2.0.

If a bias neuron is used then the computation is modified to include the addition of the

bias value before passing the value through the sigmoid function. In effect the use of a bias

neuron allows for the shifting of the output of a neuron along the x-axis and can be seen in

Figure 2.13.
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Figure 2.12: Example of how a neuron’s output is effected by weight adjustment

2.5.2.6 Generalization Techniques

As mentioned earlier, it is important to this research for any model developed to be a gener-

alized solution. If non-representative data is used to train the MLP, then poor extrapolation

could occur. Even if the data used for training the model represents the broad range of

possible conditions that the model could be asked to predict from, there is still a concern

that the model will not be effective at predicting results that are not part of the training

data.

As an example, if the MLP is not properly designed then it could over-predict the

training data and not provide a smooth fitting of the training data. Figure 2.14 shows an

example of a model that has been overfit to the training data. The diagonal line represents

a good fit to the training data points, but the curved line represents a solution that could

come from a MLP if overfitting occurs.

There are techniques available to increase the likelihood of producing a generalized

solution and reduce the risk of overfitting. One methodology that can be used is weight

decay; it penalizes large weights in the network and causes the weights in the network to

converge to smaller absolute values. Excessively large weights in the network can lead to
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Figure 2.13: Example of how a neuron’s output is effected by bias adjustment

excessive variance of the outputs from the network [49]. Another method for producing a

more generalized model is to use early stopping during the training process, by testing the

error of a validation set of data that is separate from the training group of data [40].

Figure 2.14: Example of the overfitting of data
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2.5.2.7 Early Stopping Strategies

There are three concerns that can arise while training an MLP that can be addressed using

an early stopping strategy. One such concern is when the training error begins to oscillate

around a minimum error value; this can lead to extremely long runtimes and/or a non-

convergence. Another concern is when the training error is progressing but at a very low

rate. When this occurs it can again lead to very long runtimes or a non-convergence. The

last concern is model generalization. If a model is only trained to a minimal error on a

training set, then it is less likely to perform well on new data, because it will be over-fit to

the training data. One way to address that is by stopping training when a criteria, based

on a validation set, has been met. It is possible for the error to go up in the validation set,

but then go back down to a better error later on. This is important because if the training

is stopped too soon then the global solution may not be reached. However, letting it run

too long increases the runtime.

2.5.2.8 Back-Propagation Methods

An important step in defining the MLP involves picking an appropriate learning method

for the problem class being addressed [43]. The choice of learning method will determine

how well the MLP will learn the patterns that it is being taught and includes the learning

algorithm, error function, learning rate, and other optional methodologies. The optimiza-

tion algorithms used for learning fall into two categories: direct (gradient-free) methods or

gradient methods.

Direct methods use only the function values themselves to find the optima in question.

Examples of direct methods include simulated annealing, perturbation methods, or genetic

algorithms. The advantages of direct methods are that there is no need to derive or compute

gradients and that the methods can find a global optimum. The disadvantages are that they

can take too many iterations to converge to a solution and although they can come to a

solution close to a global optimum, there is no guarantee that they will come to that exact

solution.
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Gradient methods use the gradient of the function to determine the optima in question

and can be further defined as 1st or 2nd order. Examples of gradient methods include

gradient descent, Newton method, Gauss-Newton method, and Levenberg-Marquart (LM)

method. The primary difference between a 1st order and 2nd order method is the required

number of iterations prior to convergence and speed of calculation. 1st order methods only

need to calculate the 1st derivative of a function which requires less calculation time, but

may take a less directed approach to finding the optimum. 2nd order methods require

longer to calculate 2nd derivatives or the Hessian matrix, but take a more direct approach

to finding the optimum [52]. Any of the example optimization methods can be used to find

a minimum of an error function, however a global minimum for the error function is not

guaranteed. In their paper, Danaher et al. states [53]:

Non-convergence to a global minimum is improved both by keeping the complex-

ity of the network to a minimum, using improvements on the standard back-

propagation algorithm such as the inclusion of momentum or by using a second-

order solver such as the Levenberg-Marquart algorithm with multiple random

starting values.

2.5.2.9 Global Optimization

A function can have multiple optima; Figure 2.15 shows an example function that contains

four maximums and three minimums, but there is only one global (overall) maximum and

only one global minimum. An optimization function that does not guarantee the conver-

gence to a global optima could converge to a non-optimal solution if other methods are not

used.

There are several techniques available to increase the likelihood of finding the global

minimum for the error function. One technique that can be used is the method of momen-

tum; momentum is used to resist changes to the direction of the weight changes. The main

reason for using momentum is to reduce the chance of oscillating around a minimum; how-

ever there is a slight chance that since momentum can also speed up the weight adjustments
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it may skip over a small local minimum [54]. Momentum was not originally designed for

finding global minimums and its probability of skipping a local minimum is small, so other

techniques are better suited for this purpose.

Another technique that can be used is to sample several random potential weights for the

network and start with the one that has the lowest error. The random sampling technique

in no way guarantees a global minimum, but does help the learning process by allowing the

network to start the learning process as close to a minimum solution as possible and could

start the learning process close to a global minimum [55]. A disadvantage of this method is

that since it is truly random it is not a directed approach and is therefore inefficient when

compared to directed methods.

A technique that has gained popularity is to use a hybrid approach that attempts to

utilize the benefits of direct and gradient optimization methods together. Initially a direct

approach is used to get close to a global optimum because direct approaches are traditionally

better equipped to do this than gradient methods. Direct methods, however, are typically

inefficient in converging to the specific solution, so the next step is to apply a gradient

method to assist in the convergence.

An example of this technique is the use of Genetic Algorithms (GAs); they can be used

to determine starting weights for the network prior to the learning process beginning. Like

with random sampling, using a GA does not guarantee a global minimum, but does increase

the likelihood of finding it since it is a directed method and is more efficient than random

sampling [54]. Once a criteria has been met by the GA the learning process begins using a

gradient method for the determination of the required weights to reach the global minimum

of the error function.

Genetic algorithms are global search methods that are based on principles like selection,

crossover, and mutation [56]. Genetic algorithms are good at finding the approximate global

optimum, but are inefficient at finding the exact solution. It is more efficient to get close to

the global optimum solution using a genetic algorithm and then use a local search method

such as back-propagation [57].



47

Figure 2.15: 3-Dimensional example of local and global optima [58]

2.5.2.10 Training, Validation, and Testing Sub-Data Sets

When developing a predictive model it is imperative that the model be tested with data on

which it has not been trained. For that reason, the database is divided into 2 subsets of

data, a training/validation set and a test set. From that point forward, the test set of data

is never used for training the model. After the training phase is completed the test set is

run through the model and the results are reviewed to gauge performance.

2.5.2.11 K-Fold Cross-Validation

K-fold cross-validation partitions the data into k nearly equal sized folds. There are k MLPs

that are trained on k−1 folds of the data; for each MLP a different fold is left out. The fold

that was left out during training is used to calculate the error of that MLP. The approx-

imate generalized error of that MLP topology is the average of all k MLPs and is defined

in (2.23) [59]. Using k-fold cross validation to determine the generalization error gives a

better prediction of how well a given topology will perform against new information [60].

E =
1

k

k∑
i=1

Ei (2.23)

Where:

E is the generalization error of the network topology

k is the number of folds of data
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Ei is the error of the ith network

2.5.2.12 Cost Function

The cost function of a neural network, is a function that is used to measure how well the

neural network performed with respect to a given training sample and the corresponding

expected output. The cost function plays a significant role in the back-propagation process;

it is used to calculate the error of the output layer. Two of the more common cost functions

are the L1 norm (Manhattan metric) or the L2 norm (Euclidean norm). Use of the L2 norm

leads to the Mean Squared Error (MSE) criterion and is commonly used in regression and

classification problems. However, for cases where there are outlier data the L2 norm may

over value the errors of the outlier data. For those situations, the L1 norm may be preferred

because it weights the differences of the predicted and target values proportionally to their

magnitude [40].

2.5.2.13 ANN Topology Selection

An important step when designing an MLP is to determine the architecture of the net-

work [43]. The architecture consists of the number of input layer neurons, hidden layer

neurons, output layer neurons, number of hidden layers, and the activation functions that

are used on each of the neurons. The number of input neurons is normally known during

this phase because the data and problem space will dictate the inputs needed for the topol-

ogy. The determination of the number of hidden layer neurons is normally a process of trial

and error; however an approximation can be made using (2.24) [15].

J ∼
√
IK (2.24)

Where:

J is the number of neurons in the hidden layer

I is the number of neurons in the input layer

K is the number of neurons in the output layer
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The output neurons will be governed by the desired regression outputs, however care

needs to be taken in selecting outputs that are not highly correlated. Having too many

output neurons adds to the complexity of the network, thus increasing the training data

required and the likelihood of a non-convergent network. The number of hidden layers is de-

termined by the complexity of the problem area being researched: “As the dimensionality

of the problem space increases, the number of hidden layers should increase correspond-

ingly” [43].

There is a trade-off between the smoothness and closeness-of-fit for a MLP when selecting

the number of hidden layers. If too many hidden layers are added to the topology of the

MLP there is an increased chance for over-fitting of the training data. Likewise, if too few

hidden layers are added to the topology then there is an increased chance for under-fitting

of the training data.

2.6 Applications of Artificial Neural Networks in the Field

of Ballistics

In the initial literature search eight references were found that were applications of ANNs to

terminal ballistics. Of those eight applications only two used actual experimental test data

for training the ANN; the rest used Finite Element Analysis (FEA) to generate the training

data. The two that used actual experimental test data were an application of Fragment

Simulating Projectiles (FSPs) versus Kevlar [61] and the other application was for SCJs

versus “sandwich packs” (packs of three materials layered together) [39].

KEPs are different than FSPs because the impact conditions and orientations are well

defined for KEPs. FSPs could be impacting a target in any possible orientation, but KEPs

will typically impact with their front forward and with minimal yaw. The amount of KE,

imparted on a target from a KEP, is also typically going to be larger than that for a FSP;

this is because there is typically more mass and in some cases more velocity at impact.

Kevlar behaves very differently than metal targets, so a ANN developed for Kevlar is not

likely to be usable for homogeneous metallic targets.
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SCJs are different in that they are formed by the process of detonating a high explosive

behind a liner material. Once the SCJ is formed from the liner material the velocity at

impact is generally much faster than that of a KEP (10 000 m/s for SCJs vs. 1400 m/s for

KEPs). At higher velocities the penetration process becomes more simplified in that the

material hardnesses become less important and the primary material property driving the

penetration process becomes density. The “sandwich pack” approach is limited in that the

MLP requires three layers of materials, so a scenario of one, two, or more than three layers

is not possible.

Two of the applications that utilized FEA to generate training data were an ANN

for predicting spherical fragments against carbon fiber reinforced composite [62] and an

application for KEPs against ceramic armor backed with aluminum or steel [45]. Although

they do not represent the type of impact conditions that this research is trying to solve,

they do show how effective ANNs are at predicting terminal ballistic events.

The remaining four applications are similar to the domain that this research is propos-

ing; however there are some distinct differences that make this research effort unique. As

mentioned none of the four applications utilize experimental test data for training; in ad-

dition, each may offer one of the following features but not one of them provides all fea-

tures [40,50,53,63]:

1. Prediction of penetration, residual length, residual velocity, and residual mass

2. Generalized usage for all valid homogeneous metallic target and rod materials

3. Impact conditions where obliquity and yaw are non-zero

4. A broad range of impact velocities (200 m/s ≤ vs ≤ 5000 m/s)

5. A broad range of diameters (1 mm ≤ D ≤ 30 mm)

6. A broad range of lengths (1 mm ≤ L ≤ 400 mm)

7. A broad range of length/diameter ratios (1 ≤ L/D ≤ 40)



51

The numbers provided in the list above are notional, but do give a rough idea of the

range of values desired for this research. As mentioned in previous sections, a training data

set that represents the broad spectrum of possible target/threat encounters is important to

the generalization of the MLP proposed in this research.

The four applications were trained using three types of materials for the projectile and

three for the target. Although the materials that were used are commonly used in real world

applications, they do not span the range of possible material types. The limited range of

materials used for training reduces the ability of the MLP to extrapolate and interpolate,

so generalization is reduced as well. The following list shows the range of the training data,

used in the eight references, for the characteristics of projectile material, target material,

striking velocity, projectile diameter, and projectile fineness (L/D):

• Projectile Materials: SAE 1006 Steel, Depleted Uranium, Tungsten Alloy

• Target Materials: SAE 1006 Steel, Aluminum, Depleted Uranium

• Velocities: 420 m/s ≤ vs ≤ 1200 m/s

• Diameters: 6 mm ≤ D ≤ 16 mm

• Length/Diameter Ratios: 8 ≤ L/D ≤ 16

All of the ANNs that were applied to terminal ballistics analyses were designed for use in

predictions against targets consisting of a single element of armor, except for two cases. The

first case was a MLP that was designed for the very specific case of a plate∗ of ceramic backed

by a metallic plate. Generalization to a target consisting of one plate, more than two plates,

or a different ordering of ceramic and metal plates was not addressed [45]. The second case

was a MLP designed for modeling SCJs against “sandwich packs” of three materials [39].

As mentioned earlier, generalization to one, two, or more than three dependent plates is

not addressed.

∗The term plate is used to describe a single element of armor. The term comes from the fact that in the
past a majority of armors were made from steel, or steel alloys, that are forged and not cast. The forging
process typically results in a flat “plate” of armor.
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Of particular interest from the second case is the application of the MLP iteratively for

multiple packs. For cases of more than one “sandwich pack”, the MLP is fed inputs for the

first pack and then the outputs for that pack are fed as inputs to another instance of the

MLP. This process of feeding outputs into the next network as inputs can be performed

for as many iterations as necessary. The iterative concept that they define as a “generic

cassette-network” showed promise as a potential method of implementation for the MLP

and was used in this research.

One of the applications uses an interesting approach for predicting residual values. In-

stead of using one MLP for determining perforation and residual values, the task was broken

up into a MLP for classification (perforation and non-perforation) and if perforation was

predicted, a second MLP for regression of the residual values [62]. The benefit of separat-

ing the two tasks is the reduction in complexity of the overall networks and therefore an

increase in the likelihood of faster convergence.

2.7 Deep Learning

There has been recent success with ANNs containing more than 2 hidden layers of neurons.

These types of networks are called Deep Neural Networks (DNNs) and they are capable of

learning very complex problems. The reason they are just now becoming popular is due

to recent advances in training techniques. Prior to the new training techniques, DNNs

were thought of as too difficult to train and prone to overfitting issues [64]. Many of the

early attempts at training DNNs using supervised learning and gradient descent resulted in

networks that performed worse than ANNs with one or two hidden layers [64].

In general, the new approach taken for training DNNs is to first perform “pre-training”

on each layer using unsupervised training techniques. This process is done to try and

extract useful information at each layer and to convert very specific input values into more

abstract concepts at subsequent layers [65]. After the initial “pre-training”, the network

is further trained using traditional supervised methods, such as gradient descent back-
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propagation. Several recent studies have strongly suggested that a compact DNN could

be used to represent a problem that a shallow ANN would require a very large number of

neurons to represent [65].

Given the positive results from using a MLP for this research, the benefits of using a

DNN was not investigated.

2.8 Summary

This chapter provided a brief overview of V/L modeling, KEP ballistics, terminal ballistic

models for KEPs, ANNs, and some applications of ANNs to ballistics. Of particular note

is the section on the Segletes model, which is the current standard for modeling KEPs.

The MLP developed in this research will be compared to the Segletes model to determine

performance. Also of importance is the section on applications of ANNs in ballistics, which

this research builds on. None of the applications of ANNs in ballistics utilized experimental

test data and provided enough range of target and threat materials to be generalized for

use in V/L simulation models.
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Chapter 3

Software Overview and

Implementation Details

This dissertation leveraged available software when available, but also included a lot of time

spent developing software to implement the database, Multi-Layered Perceptron (MLP),

and the data analysis tools. The following sections will briefly go over some of the software

developed and modified for this research, as well as the implemented design choices for the

MLP.

3.1 Software Overview

The software used for this research came from one open source library and four software

projects that were developed using Java. In total roughly 25 000 lines of code were developed

to support this research project.

3.1.1 Encog

The initial search to find an open source Java library, for implementing an Artificial Neural

Network (ANN), resulted in three libraries; Java Object Oriented Neural Engine (JOONE),

Neuroph, and Encog. A further search for an open-source Java library for Genetic Algorithm

(GA) implementation resulted in two libraries; Java Genetic Algorithms Package (JGAP)

and Java API for Genetic Algorithms (JAGA). A deeper look into the performance of all
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three ANN libraries discovered an article that that benchmarked the performance of all

three. The results of the benchmark were dramatically in favor of Encog. As summarized

in the article, “Encog pretty much decimated the competition here. Even when Encog is

forced to use a single thread, it beats the others by a huge mark. Encog is about 40 times

as fast as Neuroph and 17 times as fast as JOONE” [66]. The article also laid out the

features of each library, one of the features of Encog was that it could support both ANN

and GA implementations. Encog was also capable of being run multi-threaded to improve

on performance. Based on the positive reviews, excellent benchmark results, and feature

set, Encog was selected as the library for use. Below is a brief description of Encog from

the Encog website [67]:

Encog is an advanced machine learning framework that supports a variety of

advanced algorithms, as well as support classes to normalize and process data.

Machine learning algorithms such as Support Vector Machines, Artificial Neural

Networks, Bayesian Networks, Hidden Markov Models, Genetic Programming

and Genetic Algorithms are supported. Most Encog training algoritms are multi-

threaded and scale well to multicore hardware. Encog can also make use of a

GPU to further speed processing time. A GUI based workbench is also provided

to help model and train machine learning algorithms. Encog has been in active

development since 2008.

Where necessary, the code provided by Encog was extended, modified, or replaced with

code that would provide the needed capabilities for the selected MLP design considerations.

An example of this was the creation of the ImprovedStopTrainingStrategy class to incor-

porate all of the planned early stopping strategies for the MLP training process. Other

changes included the modification of three classes used for k-fold cross-validation, a class

used for handling the thread pools, a class for performing a selective pruning algorithm,

and a class used for the Scaled Conjugate Gradient (SCG) back-propagation.
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3.1.2 PenDataModel

The PenDataModel is the data model used to interface with the Penetration Database

Markup Language (PDML). Most of the code for this library is auto-generated from the

PDML schema using Java Architecture for XML Binding (JAXB). Some of the other

features that were implemented into the data model are; the ability to automatically mark

records as suspect if the parameters required for the MLP are missing, filter the database

based on passed parameters and then return an instance of the database that has been

filtered, and search the database for duplicate records.

The process used for finding duplicate records was based on a paper by Elmagarmid,

Ipeirotis, and Verykios [68]. It utilizes the Levenshtein distance (also known as edit distance)

of the attributes for two records to determine the similarity of those attributes. Each

attribute is given a score and all of the scores are averaged; a high score does not necessarily

mean that they are duplicate records but it does flag them for further scrutiny.

The PenDataModel accounts for 2572 lines of code developed and an additional 2373

lines of code generated using JAXB and the PDML schema.

3.1.3 PDMLEditor

The PDMLEditor was developed to provide a Graphical User Interface (GUI) to work with

the PDML. Once the PDML is loaded in the PDMLEditor, all of the records are populated

into a tree on the left hand side of the window. If a record is double clicked it opens up

an editor window for that record and from there changes can be made and saved for that

record. The PDMLEditor also provides some analysis capabilities by producing a matrix of

correlation plots for every attribute loaded in the program. It can also produce a correlation

matrix without the plots. It can export the data out to other formats for analysis, generate

a statistical analysis file, find duplicate records, list out all of the materials for the projectiles

and targets in the database, and can filter the database based on several input parameters.

An example of the PDMLEditor window can be seen in Figure 3.1. In total, there were

11600 lines of code developed for the PDMLEditor.
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Figure 3.1: A screen capture of the PDMLEditor window

3.1.4 BallisticsANN

The BallisticsANN was developed to enable the running of several different types of analysis;

first, a run for ANN topology selection; second, a run for ANN training; and, finally, a run

for comparison of the ANN to the Segletes model. When run for topology selection, there

are three methods that can be used; focused, growth, and pruning. When running focused,

the topologies of interest are passed to the program in an input file and each one is run to

determine the best topology for the MLP. The growth method (also called constructive)

starts with a minimal topology and then trains it until completion. When the topology

has completed training, another neuron is added and training continues. This process is

repeated until a set network size or if improvement in the network error does not meet a

set threshold [69]. The pruning takes an opposite approach from that of growth. Instead

of starting with a simple network it starts with a more complex network to begin training.

After training has completed, the neuron that is the least significant is removed from the

network and training then resumes. This is continued until as set number of neurons have

been removed or if the network error increases past a set threshold [70].
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The BallisticsANN was implemented to be multi-threaded to take advantage of the 24

cores that were present on the machine that was running it. The main class of Ballistic-

sANN is ANNPerforation and in method main() a Runnable is created and placed in the

java.awt.EventQueue using the invokeLater() method. The Runnable creates an instance

of class AnnPerforation and then calls the runModel() method. The Runnable loads the

PDML database and creates an instance of ModelSelectionRunnable and calls the execute()

method. ModelSelectionRunnable is a extension of the SwingWorker class so when it ex-

ecutes it runs in a background thread. ModelSelectionRunnable calls the runFocused()

method which sets up a CachedThreadPool ExecutorService. If the user set the thread

pool size to 0, then the pool size is determined based on the number of cores available,

otherwise it is set to the user defined value. ModelSelectionRunnable then creates a new

Runnable for each network model that is to be trained and each one is added to the queue

for the ExectorService. As a thread in the pool becomes available, one of the Runnables

will be pulled off the queue and begin processing. Each of those Runnables will set up

another thread pool for the sub runs for that model. That thread pool is handled the same

way as the first. Figure 3.2 provides a visual of how the thread pools are setup in the

BallisticsANN.

Figure 3.2: Threading of ANNPerforation Project

All of the user supplied inputs for BallisticsANN come from a properties file. Upon

starting the program, the properties file is loaded and the variables are set based on the

file’s contents. Examples of things set within the file are as follows:

Name The name of the network; this is used for saving or loading of a network.
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GUI A boolean value to turn on or off the GUI.

PDML A string representing the path to the PDML file.

Program An enumeration that sets the run as “Selection”, “Training”, or “Run”.

Sub Runs Sets the number of random sample runs to do for a particular network topology.

Training Ratio Sets the ratio for the split of training data to test data.

K Folds Sets the number of folds to use for the cross-validation.

Threads Sets the number of threads to use for the training thread pool. A value of 0, is

used to tell the system to determine the best number.

Minimum Improvement This is used to stop training if the error has not improved by

this much.

Tolerated Epochs This is used to stop training if the error hasn’t improved for this

number of epochs.

Alpha Verification This is used to stop training if the generalization error worsens by

this percent.

Maximum Iterations This stops training after this many epochs.

Seed Used to seed the random number generator.

Run Type Sets the run type to use for the network. Valid values are “FOCUSED”,

“GROWTH”, or “PRUNING”.

GA Pop This sets how large the GA population is.

GA Iter This sets how many iterations of the GA will be run.

Network This value is set as four integers separated by commas “#,#,#,#”. It sets the

input layer, hidden layer 1, hidden layer 2, and output layer neuron counts for the

network. If running “FOCUSED” this tag can be repeated for each topology to be

run.
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The BallisticsANN project accounts for 9203 total lines of code developed. Even though

the number of lines of code is less than that for PDMLEditor, the BallisticsANN is much

more complex code than any of the other projects developed for this research.

3.1.5 ANNPlotter

The final piece of software that was developed for this research was ANNPlotter. ANNPlot-

ter was designed to visually show the neurons and connections of a trained network in such

a way that one could easily see how much each neuron and connection were adding to the

network performance. Each neuron is colored based on how the average of all of its outgoing

connection weights (absolute value) compares to the other neurons in the same layer of the

network. Each connection is colored based on the value of its weight; blue for negative

and red for positive. The thickness of the connection corresponds to the magnitude of the

weight value. Figure 3.3 shows an example of a MLP that was trained for this research.

ANNPlotter was a fairly simple software project and only required 1091 lines of code to

complete.

3.2 Implementation Details

This section will outline the design details that were implemented for the MLP in the

software developed for this research. For more general information on these topics see

Chapter 2.

3.2.1 K-fold Cross-Validation

K-fold cross-validation was used for cross-validating the MLP during the selection process

based on the work of Gonzalez-Carrasco et al. [40]. Their paper further found that 10-fold

cross-validation was a better choice than 5-fold cross-validation and leave-one-out cross-

validation. Based on their finding 10-fold cross-validation was used.
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Figure 3.3: A screen capture of the ANNPlotter window

3.2.2 Splitting of the data into data sets

The data for this research was split into training, validation, and test sets so that the

selected model could be trained, validated, and assessed. Figure 3.4 provides an illustrative

view of how the data was split into the various subsets. The top row labeled “Database”

represents the entire PDML database. The second row has two sets that represent the

initial split of the database into a training/validation set and a test set. The rest of the

sectioning of the data depends on the type of run being performed.

Topology Selection Run

If the run is for topology selection then the training/validation set is split into 10 equal sized

folds of data (fourth row). A network is trained on 9 out of 10 of those folds, with the last

fold being a validation fold. In Figure 3.4 network 1 is using the first fold as the validation
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fold and folds 2 through 10 are being used for training. For network 2 fold 2 is being used

for validation and folds 1 and 3 through 10 are being used for training. The validation fold

moves to the third, then fourth, fifth, sixth, seventh, eighth, ninth, and, finally, for the last

network it will be the tenth fold.

Training Run

For a training run the training/validation set is split into two subsets, a training set and a

validation set. The validation set is used during the training process to stop training of the

MLP before overfitting can occur. Although Figure 3.4 shows the validation set as being

the same as the tenth fold of data, in reality the splitting of the training/validation set is

completely random and is not guaranteed to contain the same data as any of the 10 folds

shown.

Figure 3.4: How the data was split apart during selection and training phases
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3.2.3 Early Stopping Strategies

Early stopping was accomplished by using a combination of three methods. The first method

was to stop the training process when an epoch limit was reached. The second method was

to stop if the error was not improving by some threshold for a set number of epochs. The

final method was to stop if the generalization loss was above a set value. The selection

phase used the first and second method. The training phase used all three methods. The

generalization loss method was only used during the training phase because of the use of

k fold cross-validation during the selection phase. Since there are 10 separate networks

being trained on different subsets of the data, the average error of those 10 networks could

fluctuate frequently, making the use of the generalization loss method problematic.

Total Iterations Limit

The total iterations limit is simply a limit on the total number of epochs. If at any point

during the training of the network the number of epochs is greater than the limit, training

is stopped. If total training time was not a issue, then the total iteration limit could be

omitted as a strategy. However, rarely is there a case where small improvement in error is

worth the time invested in letting the training run longer.

The main concern that led to the use of a limit for total iterations was that the MLPs

were batch run during training and it was thought that there could be a case where the

training of one MLP might hold up the completion and saving of the other MLPs. To

reduce the risk of this happening, a bound was placed on the total iterations for training

the MLPs. In practice, the limit was set at a large enough value (100000) that it was never

actually needed.

Stagnation

The stagnation approach is used to stop the training of the MLP when the improvement

in error is smaller than some threshold for a set number of epochs. After each epoch of

training the error from the last epoch is compared with the current error and if it is worse

than the threshold, a counter is incremented. If there is an improvement in error and it

was better than the threshold, then the counter is reset to 0. If at any point the counter
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is greater than the set number of tolerated epochs then training is stopped. The typical

values used during the training of MLPs for this research, was 0.000001 for the minimum

improvement criteria and 400 for the number of tolerated epochs.

Generalization Loss

The generalization loss method was implemented based on the work of Prechelt [71]. It

is calculated by checking the current error against the best error thus far in the training

process. The mathematical equation for generalization loss is provided in (3.1). During the

training phase an early stopping criteria of 7% was used for the generalization loss method.

GL(t) = 100 ·
(
Eva(t)

Eopt(t)
− 1

)
(3.1)

Where:

Eva(t) is the validation error of epoch t

Eopt(t) is the lowest validation set error obtained in epochs up to t

GL(t) is the generalization loss at epoch t

3.2.4 Back-Propagation Method

Instead of using Levenberg-Marquart (LM) for the back-propagation algorithm, the decision

was made to use the SCG algorithm. The SCG algorithm is also a second-order solver and

was already implemented in Encog, thus requiring no extra effort to implement. In addition,

in a paper by Batra it is shown that the SCG performs comparable to the LM method in

accuracy, but “faired better in terms of speed” [72].

3.2.5 Global Optimization

Due to difficulties implementing a genetic algorithm with k-fold cross-validation, a genetic

algorithm was not used during the topology selection phase. However, during the training

phase a genetic algorithm was used because k-fold cross-validation was no longer in use.
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Genetic Algorithms

The genetic algorithm cannot be run until completion, because it is only being trained on

the training set of data. If it was optimized only to the training data there would be a risk

of over-fitting. So the genetic algorithm was run for a reduced set of epochs to allow for

starting weights that are close to local or global minimums. To increase the likelihood of

finding the global minimum, multiple instances of the MLP were created and their weights

were assigned based on the results from running a genetic algorithm. The genetic algorithm

was used to provide a starting point for the weights that had a higher probability of being

close to the global optimum solution [73]. From that starting point a back-propagation

method was used to train the MLP and modify the weights to the optimal solution. Once

each instance was finished training, the instance with the best validation error was selected

as the final MLP model.

Sub-Sampling of Network Topology

Another method used, in a attempt to train the MLP to the global optimal solution, was

to train multiple network instances of the same topology. Each instance of the network was

seeded with different starting weights and training progressed separately from any other

instances of the network topology. By training more instances of the network topology with

each one starting with different random weights, there is a better probability that at least

one of those instances will be able to train to the global optimum solution. During the

selection phase, 3 instances were created per topology and during the training phase 20

instances were created and trained. For the selection phase the network with the best error

was then selected to move forward to the training phase. For the training phase the best

network was selected to move forward to the comparison phase with the Segletes model.

3.2.6 Cost Function

The cost function used for this research is the L2 norm or Euclidean norm. The L2 norm

was found to be the best to use for this type of problem [40].

S =

n∑
i=1

(yi − f(xi))
2 (3.2)
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Where:

S is the sum of the square differences

yi is the target value

f(xi) is the estimated value

n is the total number of values

3.2.7 Topology Selection

The topology selection process used for this research involved the selection of a subset

of topologies that would would be capable of accurately representing the problem being

modeled and not lead to overfitting. The topologies that were used during the selection

process were chosen based on the approximation equations published by Tarassenko [15];

they are provided in (3.3) and (3.4). In (3.3), n is the number of training data and W is

the total number of network parameters (the network parameters are the weights associated

with the connections between the nodes in the MLP) that must be adjusted during training.

The parameter W can be obtained by using (3.4), where N is the number of layers in the

MLP topology and Li is the number of neurons in the ith layer. Prior to starting the selection

process the number of data points available for training was already known (1877), so a

matrix of scenarios of neuron counts for hidden layer 1 and hidden layer 2 was created

and a small subset of the topologies that would satisfy (3.3) and (3.4) were chosen for the

selection process.

W ≤ n ≤ 10W (3.3)

W =

N−1∑
i=1

(Li + 1)Li+1 (3.4)

Where:

W is the total number of network parameters

n is the number of training data

N is the number of layers in the ANN
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Li is the number of neurons in the ith layer

3.2.8 Data Quality and Cleaning

Typical problems with using large amounts of data include incorrect recording, incorrect

data entry, duplication, and missing parameters.

Data preparation was a large part of the effort for this research, partly because of how

important it is to have good data for any type of regression and partly because the data for

this research was in such poor condition. In order to fully understand the process used to

clean and prepare the data, one has to understand the problem itself. Hellerstein [74] lists

four typical types of errors that occur in a database: data entry errors, measurement errors,

distillation errors, and data integration errors. Data entry errors can be caused by keying,

selection, formatting, spurious data, or omission mistakes [75]. Measurement errors consist

of errors that occur during the process of measuring something that was then entered into

the database. Distillation errors come from the preprocessing of raw data before entry into

the database. For both of those errors the data was entered correctly, but the number being

entered had errors. Data integration errors come from the integration of data from various

sources or other databases when the assumptions associated with that data are not well

understood.

Oliveira, Rodrigues, and Henriques [76] break down data quality problems into what

level of information is needed to detect those problems. They break them into the following

groupings; “An Attribute Value of a Single Tuple”, “The Values of a Single Attribute”,

“The Attribute Values of a Single Tuple”, “The Attribute Values of Several Tuples”, “Rela-

tionships among Multiple Relations”, and “Multiple Data Sources”. Each one builds more

complexity onto the previous one and they can be used to detect errors in phases.

The first phase of cleaning involved checking each field value for errors. By analyzing

only the field values themselves ten data quality problems can be detected; they are provided

below [77]:

• Missing value – The field is empty and the data is missing.
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• Syntax violation – The format of the value in the field does not match that which

is defined for it.

• Outdated value – The value in the field is out of date.

• Interval violation – The value in the field is out of the defined bounds.

• Set violation – If the field is an enumerated field then the value is not a part of the

enumerated set.

• Misspelled error – There was a keying or wrong spelling entered during data entry.

• Inadequate value to the attribute context – The entry in the field should be in

another field.

• Value items beyond the attribute context – More than one entry is in the field

and part of it belongs in another field.

• Meaningless value – The entry in the field does not make sense for this field or any

other field in the record.

• Value with imprecise or doubtful meaning – Lose of precision in a field due to

abbreviations.

• Domain constraint violation – A violation of constraint related with the attribute,

inherent to the domain.

After all of the individual fields were checked for errors, the search was expanded to look

at the values for each particular attribute across all of the records. By analyzing the values

of a particular attribute across all of the records, two additional data quality problems can

be detected [77]:

• Uniqueness value violation – Two or more records representing different entities

have the same value in an attribute that is supposed to be unique.

• Synonyms existence – Arbitrary use of syntactically different values with the same

semantic meaning.
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After the attributes were checked for errors, the search was expanded to look at the

values for each attribute for each particular record. By analyzing the values of all of

the attributes across a particular record, two additional data quality problems can be de-

tected [77]:

• Semi-empty tuple – In this situation, a great number of tuple attributes are not

fulfilled. If a given threshold (user defined) is surpassed the tuple is classified as

semi-empty.

• Inconsistency among attribute values – There is a violation to an existing de-

pendence among values of the tuple attributes.

By analyzing the values of all of the attributes across all of the records, two additional

data quality problems can be detected [77]:

• Redundancy about an entity – The same entity is represented by an equal or

equivalent representation in more than one tuple.

• Inconsistency about an entity – There are inconsistencies or contradictions among

one or more attribute values of a same entity, represented in more than one tuple.

By analyzing the values of all of the attributes across all of the records and across

multiple relationships, five additional data quality problems can be detected [77]:

• Referential integrity violation – In a tuple attribute which is foreign key there is

a value that does not exist as primary key in the related relation.

• Outdated reference – In spite of referential integrity be respected, the foreign key

value of a tuple is not updated and does not correspond to the real situation.

• Syntax inconsistency – Depending on the relation, there are different representation

syntaxes among attributes whose type is the same.

• Inconsistency among related attribute values – There are inconsistencies among

attribute values from relations where a relationship exists between them.
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• Circularity among tuples in a self-relationship – It corresponds to cycle situa-

tions among two (direct circularity) or more (indirect circularity) related tuples in a

self/reflexive-relationship.

By analyzing the values of all of the attributes across all of the records, across mul-

tiple relationships, and multiple sources, eight additional data quality problems can be

detected [77]:

• Syntax inconsistency – Depending on the data source, there are different represen-

tation syntaxes among attributes whose type is the same.

• Different measure units – Depending on the data source, different measure units

are used in attributes that are related.

• Representation inconsistency – Different sets of values, from the same type or

not, are used in related attributes from distinct data sources to represent the same

situations.

• Different aggregation levels – The detail level presented in different data sources

by equivalent relations is not the same.

• Synonyms existence – Use of syntactically different values with the same semantic

meaning in related attributes from distinct data sources.

• Homonyms existence – Use of syntactically equal values but with different semantic

meaning in related attributes from distinct data sources.

• Redundancy about an entity – The same entity is represented by an equal or

equivalent representation in more than one tuple from different data sources.

• Inconsistency about an entity – There are inconsistencies or contradictions among

one or more attribute values of a same entity, represented in more than one tuple in

different data sources.
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3.2.9 Analysis Methods

The following subsections will detail the various methods used to analyze the results of the

MLP. It is important to realize that each of these methods look at different parts of the

performance of the model and that there is no single method that can determine the best

model by itself. The overall performance of the model is evaluated using a combination of

all of these methods.

Mean Squared Error

The first measure that will be used to compare the performance of the two models is the

Mean Squared Error (MSE), which is defined in (3.5).

MSE =
1

n

n∑
i=1

(Ŷi − Yi)2 (3.5)

Where:

Ŷi is a vector of n predictions

Yi is a vector of n observed values

n is the number of tested inputs with corresponding observations and predictions

Accuracy, Precision, False Positives, and False Negatives

One of the predictions that the MLP is expected to make is whether or not a perforation

occurs as a result of the ballistic interaction. That question is a classification problem and

what follows are measures that can be used to address performance of the MLP. Accuracy

(ACC) is used to measure the performance of a classifier and is defined as the number

of correctly classified items divided by the total number of items and is defined in (3.6).

The other measures are the false positive rate (FPR) provided in (3.7), the false negative

rate (FNR) provided in (3.8), the true positive rate (TPR) provided in (3.9), and the true

negative rate (TNR) provided in (3.10) [78].

ACC =
a+ d

a+ b+ c+ d
(3.6)

FPR =
b

a+ b
(3.7)
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FNR =
c

c+ d
(3.8)

TPR =
d

d+ c
(3.9)

TNR =
d

d+ c
(3.10)

MCC =
d× a− b× c√

(d+ b)(d+ c)(a+ b)(a+ c)
(3.11)

Where:

a is the number of true negatives

b is the number of false positives

c is the number of false negatives

d is the number of true positives

Table 3.1 provides a visual representation of the sets (a, b, c, d) of data. ACC is the

percent of test outcomes that were correctly predicted by the model. FPR is the percent of

non-perforation test outcomes that were incorrectly predicted by the model to be perfora-

tions. FNR is the percent of perforation test outcomes that were incorrectly predicted by

the model to be non-perforations. TPR is the percent of perforation test outcomes that were

correctly predicted by the model to be perforations. TNR is the percent of non-perforation

test outcomes that were correctly predicted by the model to be non-perforations. The pre-

vious measurements can give misleading results if the data or the model predictions are

skewed in one direction or another. The Matthews Correlation Coefficient (MCC) [79] is

generally regarded as being one of the best measures to use for describing the results from

a confusion matrix [80] and is provided in (3.11). The MCC varies from -1 (worst) to 1

(best).

Table 3.1: Confusion matrix

Model Outcome: Data

Non-Perf Perf Result

(a) (b) Non-Perf

(c) (d) Perf
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Data Point-by-Data Point Prediction Comparison

A comparison of both models for each test is performed by categorizing the outcome as one

of three choices:

MLP: This was used when the MLP performed better than the Segletes model.

Segletes: This was used when the Segletes model performed better than the MLP.

Same: This was used when both models performed the same.

A model was considered better if one of two things occurred. First, if it had predicted

the perforation correctly and the other model had not. Second, if it had a lower error,

when both models predicted perforation correctly. The models were considered to have

performed the same if one of two things occurred. First, if they both predicted perforation

incorrectly. Second, if they both predicted the same error, when both models predicted

perforation correctly.

Once each test was categorized, each category was tallied. The metric of interest was

the percent of tests that the MLP or the Segletes model performed as well or better than

the other model. So the tally for the particular model of interest is added to the tally for

the category “Same” and then divided by the total tally of all of the categories, to get the

percent of tests where that model did as well as the other model or better.

Error Analysis

The first type of error analysis performed is the Percentage Error (PE) (also written as

%Error) and it was calculated for each test using (3.12). The equation is undefined when,

O = 0. In an attempt to address this concern a few categories of outcomes were created. If

the observed outcome is a non-perforation then the values of Mr and Vr will be 0; this also

corresponds with the confusion matrix outcomes (Table 3.1) of (a) and (b). For the case

where the MLP predicted a non-perforation (case (a) from the matrix) the %Error is set

as 0% since the model was correct and there is no error in the prediction. However, if the

MLP predicted a perforation (case (b) from the matrix) then that data point is categorized

as an incorrect prediction of perforation (false positive). If nothing else was done to the

data this would skew the end results because nothing was done to address cases (c) and (d)
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from the matrix. So, for a situation where the observed value is not 0, corresponding to a

perforation, and the MLP predicted a non-perforation (case (c) from the matrix) the data

point is categorized as an incorrect prediction of non-perforation (false negative). For the

last case where both observed and predicted are perforations (case (d) from the matrix),

%Error is calculated using (3.12). The mean of all of the calculated PEs is called the Mean

Percentage Error (MPE) and is provided in (3.13).

PE = 100 ·
(
O − P
O

)
(3.12)

MPE =
100

n
·
n∑
i=1

∣∣∣∣ |Oi − Pi|Oi

∣∣∣∣ (3.13)

Where:

n is the number of data points

O is the observed value

Oi is the ith observed value

P is the predicted value

Pi is the ith predicted value

One of the problems with using the MPE is that negative errors can offset positive

errors in the result. Table 3.2 gives an example of two models, their predictions, and their

associated PEs. In this example the PEs for Model A are much larger in magnitude then

those for Model B. However if the MPE was the criteria for choosing the best model then

Model A would be the model selected since its MPE is 1.5% compared to 1.625% for Model

B.

To address the concern of the negative and positive values offsetting one another, the

absolute value of the error can be used. The Absolute Percentage Error (APE) is the result

of modifying (3.12) to use the absolute value and it is provided in (3.14). The mean of all of

the calculated APEs is called the Mean Absolute Percentage Error (MAPE) and is provided
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Table 3.2: MPE and MAPE Example

Observed
Model A

Prediction
Model B

Prediction
Model A

PE
Model B

PE

122 97.6 125.66 20% -3%
70 59.5 65.1 15% 7%
156 121.68 149.76 22% 4%
153 107.1 154.53 30% -1%
146 197.1 148.92 -35% -2%
39 41.73 39.39 -7% -1%
36 40.32 34.56 -12% 4%
67 81.07 63.65 -21% 5%

MPE 1.5% 1.625%

MAPE 20.25% 3.375%

in (3.15). For the example in Table 3.2 it is more clear looking at the MAPE that Model A

is not as good as Model B. MAPE is very popular as a measure for forecast accuracy, this

is due largely to its simplicity and ease of understanding [81].

APE = 100 ·
( |O − P |

O

)
(3.14)

MAPE =
100

n
·
n∑
i=1

∣∣∣∣ |Oi − Pi|Oi

∣∣∣∣ (3.15)

There is one very important issue that can arise from using MAPE in analysis, it is

asymmetric. For example, for cases where the observed value is low or near zero, the

percent error equations can return very large negative values if the predicted value is bigger

than the observed value. However for positive errors, it can never be larger than 100% error.

For example, imagine a case where the observed value is 0.2 g and the predicted value is

2 g, then the percent error is −900%. That error is very large even though a prediction

of residual mass of 2 g for a Kinetic Energy Projectile (KEP) is pretty good when the

observed is 0.2 g. If the values are flipped with the observed equal to 2 g and predicted

equal to 0.2 g, then the percent error is 90%. That error is not that large when compared to

the earlier example of −900%. According to Kolassa and Martin, “one important problem

that has not received adequate attention which arises when MAPE is used as the basis for
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comparing different methods or systems: using the MAPE for comparisons rewards methods

that systematically under-forecast This problem is poorly understood both among academic

forecasters and practitioners in industry” [82].

Table 3.3: MAPE and SMAPE Example

Observed
Model A

Prediction
Model B

Prediction
Model A

PE
Model B

PE
Model A

SAPE
Model B
SAPE

1 0.91 1.4 9% -40% 4.7% 16.7%
5 4.5 5.5 10% -10% 5.3% 4.8%
2 1.84 2.5 8% -25% 4.2% 11.1%
20 17.6 21 12% -5% 6.4% 2.4%
25 22.5 26.25 10% -5% 5.3% 2.4%
39 34.71 39.39 11% -1% 5.8% 0.5%
36 32.4 36.36 10% -1% 5.3% 0.5%
67 58.29 67.67 13% -1% 7% 0.5%

MAPE SMAPE
10.378% 11% 5.48% 4.86%

Figure 3.5: Scatter Plot of MAPE and SMAPE Example

The effect of asymmetry in MAPE can be seen in the example in Table 3.3. In the

example, Model A has a tendency to under predict by about 10% for all values of concern.

Model B has very large negative errors for cases where the observed value is small. For
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the case where the observed value is equal to 1, a PE of -40% appears to be very bad, but

amounts to a difference of only 0.4 from the observed value. The MAPE places too much

emphasis on low valued cases and prefers models that under predict [83, 84]. This can be

seen in the MAPE values; Model A has a value of 10.375% and Model B had a value of 11%.

If MAPE was used to select the best model then the choice would be Model A. Figure 3.5 is

a scatter plot of the observed versus predicted values for Model A and Model B. In the plot

the diagonal dashed line represents a perfect prediction, so the closer to the line the better

the performance of a model. Model A has a tendency to under predict and the magnitude

of the error gets larger as the values get larger. Model B is very close to the line for all

of the values that are plotted. The MAPE scores Model A as better because of Model B’s

large percent error for the initial small values, but looking at the plot it should be evident

that Model B is the better model.

The concern of asymmetry in MAPE has led to the development of Symmetric Mean

Absolute Percentage Error (SMAPE). The version of SMAPE provided in (3.17) has a

lower bound of 0% and an upper bound of 100%, and “offers a well designed range to

judge the level of accuracy and should be influenced less by extremes” [81]. The equation is

undefined when both O = 0 and P = 0, so for those situations the value is set to 0% since

the prediction is correct. Unlike MAPE, SMAPE is defined for cases where only O = 0 or

P = 0, and for those situations the equation sets the error percent to 100%.

SAPE = 100 · |P −O||O|+ |P | (3.16)

SMAPE =
100

n
·
n∑
i=1

|Pi −Oi|
|Oi|+ |Pi|

(3.17)

As mentioned before, the absolute value was added in to alleviate the issue of negative

values offsetting positive values in the calculation of the mean percentage error. However,

when looking only at the individual data points there is no concern of how the value will

aggregate. Removing the absolute value from the equation for the individual data points will
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allow for analysis of the type of error, over prediction or under prediction. For the purposes

of this paper, the newly modified equation is called Symmetric Percentage Error (SPE) and

is defined in (3.18).

SPE = 100 · (O − P )

|O|+ |P | (3.18)

Stochastic Dominance

Stochastic Dominance (SD) is a form of stochastic ordering. SD is used in decision analysis

to refer to situations where one prospect (a probability distribution over possible outcomes)

can be ranked as superior to another prospect. SD is based on preferences regarding out-

comes and the probability of those outcomes occurring [85, 86]. The outcomes used in this

research are bins, ordered from lowest (left) to highest (right) absolute value percent error.

The worst case bin is located on the far right and represents cases where there were false

positives or false negatives. By ordering the bins in this fashion the preferred outcomes are

farthest to the left and the least preferred outcomes are on the far right of the probability

distribution.

FX(z) =

∫ z

−∞
fX(u) du (3.19)

The first-order SD is the Cumulative Distribution Function (CDF) and can be calculated

using (3.19), defined in terms of the Probability Density Function (PDF) f . Higher-order

dominance is defined using iterated integrals of the distribution given by the recursive

sequence Ds for s = 1, 2, 3, . . . , as shown in (3.20).

D1(z) = F (x)

Ds(z) =

∫ z

−∞
Ds−1(u) du =

1

(s− 1)!

∫ z

−∞
(z − u)s−1f(u) du

(3.20)

The probability distributions being compared in this research are empirical and therefore

discrete. An equation is needed to approximate Ds for sample datasets. The SD for a sample

datasets is calculated using (3.21), where xi is the ith bin of the empirical PDF.
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Ds
n(Xk) =

1

(s− 1)!

k∑
i=1

(Xk −Xi)
s−1fi (3.21)

Higher n-order SD values are calculated by integrating the PDF f over the bins and

weighting the bin values to the left more than those to the right on the x-axis. Once the SD

values are calculated, they need to be compared to determine which prospect is dominant.

For two prospects, A and B, we say that A dominates B at order s, if Ds
A(z) is greater than

or equal to Ds
B(z) for all possible values of z (see 3.22). In other words, the graph Ds

A(z)

lies above or at the graph of Ds
B(z). For first order SD, that would mean that the CDF

graph FA(z) lies above or at the CDF graph of FB(z).

∀z,Ds
A(z)−Ds

A(z) ≥ 0 (3.22)

By definition, if a prospect dominates at a lower order, then it will also dominate at

a higher order. This research compares the performance of the models by comparing each

models first order SD. If neither model is dominate at the first order, then a comparison

at the second order is done. This can be continued to nth order, but general practice

typically does not go past third order and even the use of third order is limited (Personal

communication, Dr. Joseph Collins of U.S. Army Research Laboratory Statistics Analysis

Team, September 23, 2010). For comparing the models in this research, only first order

SD will be used. This research is concerned with obvious dominance of one model over the

other, so an ambiguous answer at the first order SD level will be recorded as such.

Stochastic Dominance Examples

SD provides a method for comparing PDFs and is especially useful when no PDF is clearly

better. Figure 3.6 provides an example of three possible PDFs for comparison. In the figure,

Option 2 starts off with a higher probability in the first bin than the other two options,

but then falls below Option 3 until the third bin. In this example, it is not clear which

option is providing the highest probability earliest in the bins or the most reward (higher

probability) for the lowest risk (earliest bins).
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Figure 3.6: Example PDFs for explanation of SD

First order SD is equivalent to the CDF of a PDF. The first order SD for all three options

is plotted in Figure 3.7 and can be used to compare the three options in the example we

are examining. In the figure, it appears that Option 2 and Option 3 are better than Option

1, but it is still not clear since at some point (bin 7) Option 1 has a higher cumulative

probability than the other two.

Figure 3.7: Example of first order SD (CDFs)

Since it is not clear which option is the best using first order SD, the next step is to use

second order SD. Figure 3.8 is a chart of second order SD for the example we are examining.

The second order SD figure confirms that Option 1 is not the best option because it never
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has a higher value than the other options. We now know that Option 2 and Option 3 are

better than Option 1, but unfortunately we still do not know if Option 2 or Option 3 is the

best option.

Figure 3.8: Example of second order SD

The final order of SD used for this example is the third order SD. Figure 3.9 is a chart

of the third order SD for this example. Finally, at the third order SD, Option 2 is equal to

or greater than the other options across all of the bins. Therefore, Option 2 has third-order

stochastic dominance over the other options.

Figure 3.9: Example of third order SD
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3.3 Summary

This chapter provided an overview of the software developed and modified for this research.

Due to the uniqueness of this research, much of the software used had to be developed; in

all there were roughly 25 000 lines of code developed for this research. That number doesn’t

even count the XML schema developed or the visual basic for applications (VBA) code used

in Excel for processing the data from the QBasic database.

Also presented in this chapter are the implemented design choices for the MLP and the

analysis methods used to compare the MLP and the Segletes model. Of particular note is

the use of SPE in the comparison of the two models; the traditional usage of PE is flawed,

in that it tends to favor models that under-predict [82].
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Chapter 4

Experimental Test Data

The most difficult and time consuming effort of this research was in the acquisition and

preparation of the experimental test data that was used to train, validate, and test the

Multi-Layered Perceptron (MLP). There simply was not enough publicly available ballistic

test data available to complete this research. Further work was needed to acquire limited

distribution experimental test data to fill in many of the data gaps. There also exists a large

amount of classified experimental test data available for future work that was not utilized

due to the risk of accidental classified data release.

This chapter will focus on the database design, data acquisition, and data preparation

performed for this research. The work detailed in this chapter was used to answer RQ1.1.

4.1 Database Design

When designing the database an attempt was made to allow for the storage of any informa-

tion that might be useful to future analyses. The database was designed using an Extensible

Markup Language (XML) schema (the schema is provided in Appendix B). The XML for-

mat that the schema defines is called the Penetration Database Markup Language (PDML).

The PDML root element is a PDML element tag, all of the Test elements fall under that

tag. Each Test element has five required and one optional sub-elements: Source, Impact,

Projectile, Target, Results, and Notes. The Notes element is used to record any qualitative
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information of interest for that particular test. The sections that follow will briefly describe

each of the sub-elements. A top level diagram of the PDML can be seen in Figure B.1 in

Appendix B.

Before discussing each of the top level elements of PDML, it is worth defining what a

Metric is in the PDML. The quantifiable data stored in the PDML is stored as a complex

data type called a Metric. A Metric has two attributes and the content of the element is

defined as a double value. The content is the value of the data it is storing (e.g. velocity,

pressure, mass, and the like). The first attribute is Units, it is used to store the units

associated with the content value. The second attribute is Pedigree, it is used to provide

information on the origination/legacy of the value that is stored. The Notes element for

the test can be used to provide further details about the pedigree. Pedigree is a string value

and is restricted to the values listed below:

• Reported

• Converted

• Estimated

• Imputed

• Surrogated

• NA

PDML allows for a Metric to be of any type of unit. However, for simplicity of imple-

mentation during this research, all units were limited to those listed below. Conversion to

values of like units was handled inside of the software developed to run the MLP. The units

used within the PDML are:

• Length – Millimeter (mm)

• Hardness – Brinell Hardness (BHN)

• Mass – Grams (g)

• Time – Seconds (s)

• Velocity – Meters per second (m/s)
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• Density – Grams per cubic centimeter (g/cm3)

• Angle – Degrees (◦)

• Pressure – Gigapascals (GPa)

4.1.1 Test

The Test element contains three attributes: ID, Type, and Suspect. The ID attribute

contains a 6-digit unique key that identifies that particular test. The Type attribute defines

the type of test using a 3-character identifier. The Suspect attribute is a boolean value that

marks that test as a valid test or one that is suspect due to missing data, corrupt data, and

the like.

The experimental test data was categorized into three main types; semi-infinite, finite,

and limit test data. Semi-infinite test data comes from a penetration test into a material

that is of such thickness that the area of plastic deformation in front of the projectile is

not expected to reach the rear face of the target. By definition if it was not a semi-infinite

target then it was considered a finite target. Finite test data comes from a test where the

target material is of a finite thickness and under certain circumstances the projectile could

perforate the target. Limit test data comes from many finite test series to determine at

what velocity perforation would occur 50% of the time; this is known as the ballistic limit

or v50. The tests were further broken down by the type of target that was used in the test.

The following are the classifications used to define a test type in the database:

SNI: Consists of a single target element, containing no air gaps, with the final element

having a semi-infinite target thickness

SNF: Consists of a single target element, containing no air gaps, with the final element

having a finite target thickness

MAI: Consists of multiple target elements, containing air gaps, with the final element

having a semi-infinite target thickness

MAF: Consists of multiple target elements, containing air gaps, with the final element

having a finite target thickness
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MNI: Consists of multiple target elements, containing no air gaps, with the final element

having a semi-infinite target thickness

MNF: Consists of multiple target elements, containing no air gaps, with the final element

having a finite target thickness

The first letter signifies if the target in that particular test had a (S)ingle armor element

or (M)ultiple. The second letter signifies if the target for that particular test had an

(A)irgap or (N)o air gap. The last letter signifies if the last target element from that test

was semi-(I)nfinite or (F)inite.

4.1.2 Source

Within the Test element there must be one and only one Source element. The Source

element is used to store information about the source of the data, it contains four attributes

and one text content. The text content is typically the authors’ names and the year of

publication, for example “Allen and Rogers (1961)”. The first attribute is BibtexRefID, it

is a 9-character alphanumeric that identifies the source using a BibTEX reference ID key.

The second attribute is TestNumber, it is a string value that can store any identifier that

the original author used to identify that test. The third attribute is Distribution, it is used

to store one of the following distribution categories:

• Unknown

• A. Approved for Public Release

• B. U.S. Government Agencies Only

• C. U.S. Government Agencies and Their Contractors

• D. DoD and DoD Contractors Only

• E. DoD Components Only

• F. Further Dissemination Only as Directed by the DoD Controlling Office or Higher

DoD Authority
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The fourth attribute is ExportControl, it is a boolean value that marks the source and

data as being export controlled or not. The Distribution and ExportControl attributes help

with the tracking of the releasability of the data used in this research.

4.1.3 Impact

Within the Test element there must be one and only one Impact element. The Impact

element is used to store data pertaining to the impact conditions of the test, it contains

four sub-elements. The sub-elements are Velocity, TotalYaw, Yaw, and Pitch. Each of those

elements are defined as a Metric data type. A diagram of the Impact element from the

PDML can be seen in Figure B.2 in Appendix B.

4.1.4 Projectile

Within the Test element there must be one and only one Projectile element. The Projec-

tile element is used to store data pertaining to the projectile used in the test, it contains

twenty four sub-elements. The sub-elements are Material, Hardness, Density, Ductility,

YoungsModulus, YieldStrength, UltimateTensileStrength, PoissonRatio, Toughness, Total-

Length, EffectiveLength, CoreLength, Core Diameter, Mass, Nose, Fineness, EffectiveFine-

ness, NoseLength1, NoseConeAngle1, NoseDiameter, NoseLength2, NoseConeAngle2, CRH,

and NoseType. The first nine elements are used to define the material mechanical properties

of the projectile. The rest are used to define the dimensions of the projectile. A diagram

of the Projectile element from the PDML can be seen in Figure B.3 in Appendix B.

4.1.5 Target

Within the Test element there must be one and only one Target element. The Target

element is used to store data pertaining to the target used in the test, it contains one

attribute and one sub-element. The attribute is Elements and it is used to define how

many elements the target contains. The Test element contains one sub-element, which is

the Element element. Target must have one Element, but it can also contain many of them

as well.
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The Element element is used to store the specifics of each element that makes up the

target, it contains two attributes and eleven sub-elements. The first attribute is Number and

it is used to store an integer representing the element’s numerical order in the target. The

second attribute is Type and it is used to record a string representing the element type (e.g.

air, metallic, ceramic, or composite). The sub-elements are Thickness, Obliquity, Mate-

rial, Hardness, Density, Ductility, YoungsModulus, YieldStrength, UltimateTensileStrength,

PoissonRatio, and Toughness.

A diagram of the Target and Element elements from the PDML can be seen in Figure B.4

in Appendix B.

4.1.6 Results

Within the Test element there must be one and only one Results element. The Results

element is used to store data pertaining to the results from the test, it contains seven sub-

elements. Those elements are Penetration, ResidualVelocity, ResidualLength, ResidualMass,

CraterDiameter, CraterVolume, and LimitVelocity. A diagram of the Results element from

the PDML can be seen in Figure B.5 in Appendix B.

4.2 Data Acquisition

The initial population of data into the database came from a Southwest Research Institute

(SwRI) report [87]. The report was digitally scanned and then processed using Optical

Character Recognition (OCR). The data from the report were cleaned and formatted into

something that was readable by a Java program. The Java program then pulled the data

into the database and wrote it out in the PDML format. The record count in the database

after the initial population of data was 2227. The age of the data is older, but since the basic

design of Kinetic Energy Projectiles (KEPs) has changed relatively little over the years and

even for the slightly different designs, the basic process of penetration is the same, the data

is still relevant.
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Through extensive searching for test data in reports and journal articles, six more

sources [88–93] of data were found and entered by hand into the database. In total, those

six documents added 371 more records to the database, bringing the total to 2598. Out of

those 2598 records, there are 421 valid SNF test records and 19 valid MNF test records.

Through discussions with other Subject Matter Experts (SMEs) it was discovered that

there was an old QBasic database of KEP data that had become unusable due to lack of

support for QBasic and lack of maintenance of the database code. An offer was made to

repair the old database in exchange for access to the data for this research and a verbal

agreement was made. The old database was developed by the Weapons Material Research

Directorate (WMRD) back in 1980s for storing data from KEP test events. The database

was spread out over 306 QBasic binary files and the data was accessed using several different

QBasic program files.

The program files were studied to determine the structure of the data in the database

files. A file was written to read all 306 files and write their data out into a CSV file.

After pulling all of the data out into CSV files, the cleaning process began. The data was

corrupted in many places and suffered from data quality issues. Once the cleaning process

was complete the data was written out into the PDML format and added to the PDML

database. There are 7967 records in the QBasic database and at this time 2672 of those were

valid. After adding those records to the PDML the total count of records in the database

came to 5270.

4.3 Data Preparation

The WMRD database contained a lot of data, but most of the data suffered from data qual-

ity errors. The effort to detect and clean the errors in the database followed the techniques

detailed in Section 3.2.8. The overall process can be broken into roughly four phases.

First Phase

The first phase of detection and cleaning focused on checking the validity of the field values

and making sure they were correct. The QBasic database was designed so that the attributes
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stored in each column of data were different depending on the target type of that record.

So, if the record was defined as a “SIN” then it was a finite single element target and the

data stored in column 22 was the “Exit Hole Length”. If the record was a “DBL” then it

was a finite double element target and the data stored in column 22 was “Plug Velocity”.

A mistake when keying the record type could cause all kinds of errors for the database. So

before any of the field values could be checked, the record type first needed to be verified. To

add even more to the complexity of the problem, many of the fields used special numbers to

signify a special condition. As an example, the residual mass field would store a numerical

value that represented the mass of the projectile after the ballistic event; if it was equal to

“111” then it meant that the data was lost during the test, if it was equal to “222” then it

meant that the data represented a fragment of the projectile, and if it was equal to “0” then

it meant that it was a partial penetration. In some cases the person entering the data may

have thought that the code for fragment was “2222” so that was entered instead of “222”.

Very rarely did every field for a particular attribute follow the coding without deviation.

That example is actually one of the more simple examples of this occurrence.

Before the fields were checked all of the records were separated out into the four types

of targets; “SIN”, “DBL”, “TRI”, and “SI”. After the data was separated, each record

was checked to see if the target type was correct. One of the main ways that this was

accomplished was by checking the hardness column for that record. For reference, Table 4.1

shows the columns in the database that are associated with hardness for at least one of

the target types. If a record was a “SIN” target type then column 29 should have a value

in it that could be a reasonable BHN value for that target material. If after checking

that value it seems to be too low, it is possible that it is a typographical error or it could

be categorized incorrectly. If upon further inspection, columns 36, 37, and 38 all contain

values more appropriate for BHN values then it is possible that the record is a “TRI”

and not a “SIN”. Sometimes cross checking several different attributes was required before

determination could be made if the target type was correct.
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Table 4.1: Database Hardness Columns

Type Column 5 Column 10 Column 15 Column 29 Column 36 Column 37 Column 38

SI Hardness Original Diameter Volume of Rise Ent Hole Length Alpha Beta Path Deviation

SIN Alpha Eta R Pen Depth Hardness # Pcs Residual Max Res Dia Eta P

DBL Alpha First Plate Hardness Second Plate Hardness Rotation Rate # of Pcs After 1st Pl # of Residual Pcs Cone Angle

TRI Alpha Eta 1 Alpha 2 Third MR 1 Hardness of Plate 1 Hardness of Plate 2 Hardness of Plate 3

Once the records were correctly classified for target type analysis was started to check

for possible outliers. Various analysis methods were used to expose outlier data and subject

that data to scrutiny. Some of those methods were; statistical analysis, clustering analysis,

pattern-based searches, and association rules [94].

Second Phase

The process of correcting errors during the first phase led to major change in the format of

the data spreadsheet. There was a lot of duplicate information in the database and many

times a correction in one place meant that it needed to be corrected in many places. This led

to the creation of a relationship based spreadsheet where the projectile material properties

and the target description information were both pulled out into their own separate tables.

Each record in those tables was given a unique key and the main data table used that key to

reference the appropriate data. This simplified the cleaning process for those two separate

tables of information dramatically. The other major modification to the data format was

to combine all of the separate data types together on one sheet. This was accomplished by

combining attributes that represented the same thing and keeping those that were unique

separate. Using the hardness example from before, instead of having seven different columns

to define up to three plates of armor hardness, they were combined into three columns. If

a record was a “SIN” target type, then the fields for the second and third plate hardness

were set to “N/A”.

After everything was combined the process of scrubbing the projectile materials and

target descriptions began. All of the projectile materials and target descriptions had a

description field and sometimes there would be information about the projectile or target

in that field. If the field contained information it was checked against the other appropriate

fields to make sure they matched. If those other fields were empty, then they were populated

with the appropriate values.
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Third Phase

Even after scrubbing the projectile and target sheets, they both had a significant amount

of fields that were empty. Through further discussions with the WMRD SMEs, it was

discovered that all of the raw data that the database was built from over the years were

contained in a large library of binders (well over several hundred). In order to try and fill in

the missing data in the database and correct some of the errors that were present, several

boxes of the binders were cataloged and scanned (see Figures 4.1, 4.2, and 4.3).

Figure 4.1: Image of first group of binders

Figure 4.2: Image of second group of binders

In total, seventy-seven binders were cataloged, of those only twenty-five were completely

checked for data; the rest were only partially completed. The process involved cross checking

any of the test numbers or test series identifiers with those in the database. Once the binder

could be linked to a series of records in the database, the field values could be checked if
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Figure 4.3: Image of third group of binders

they were present in the binder. Likewise, each binder was checked for material property

information for the projectiles and the targets. If that information was found, it then had

to be linked to a test series if possible. There were some cases were material information

was found but there was no indication which tests used that particular projectile, so it could

not be corrected in the database.

Fourth Phase

The final phase of data preparation was focused on dealing with missing data. There is

no single solution to the problem of missing data, but through a combination of intelligent

replacement and imputation methods, suitable values can be placed into the missing data

locations with minimal detrimental effect to the ability of the MLP to learn the patterns in

the data [95].

One method of intelligent replacement is accomplished by making the common assump-

tion that the diameter of the KEP does not change during penetration and by using basic

geometric equations. Equation (4.1) can be used to solve for mass (m), density (ρ), diameter

(d), and length (l) as long as only one of the parameters are missing.

m

ρ
= π(d/2)2l (4.1)

Where:

ρ is the density of the projectile
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d is the diameter of the projectile

l is the length of the projectile

m is the mass of the projectile

Likewise, in some records length or diameter will be missing and the fineness of a

projectile will be recorded. Fineness is defined in (4.2). If a record has fineness and diameter

or fineness and length, then the other value can be calculated.

f =
l

d
(4.2)

Where:

f is the fineness of the projectile

l is the length of the projectile

d is the diameter of the projectile

Another method of intelligent replacement that was used to fill missing data was to

compare similar records. For example, if one record is for a steel target with a BHN

hardness of 300 and another record is from the same test series with a steel target, but

hardness is missing. If both targets were of similar thickness, then the hardness of 300 was

used to fill in the missing value.

Surrogation was sometimes used to fill missing data when intelligent replacement could

not be used. For example if the projectile for a record was steel and the density was missing,

then the standard density of 7.85 g/cm3 was used for that missing value.

Imputation of a value using an average of similar records was sometimes used as means

to fill missing data when the other methods could not be used. Continuing the example

of the steel target that was missing a BHN hardness value, imagine if there were ten other

records that were from the same test series and they were all steel targets. If each one of

those records had BHN hardness values that ranged from 292 to 310, what value should be

used? In those types of situations an average of the similar records was used to impute a

value for the missing value.
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4.4 Parameter Selection

Once the experimental test data had been collected the next step in the process of defining

the MLP was the determination of inputs to use for the model. The number of inputs in

a MLP is limited by the number of available input parameters in the problem, but it is

possible that not all of the available input parameters should be utilized [41]. There is

often a desire to include too many inputs in the design of an MLP due to two common

misconceptions; (1) since MLPs learn, they will be able to determine what input variables

are important, and (2) like with expert systems, as much domain knowledge as possible

should be included into the system [43]. Determination of the input parameters to the

MLP is extremely important for two primary reasons. The first reason is that the required

number of data points increases with the number of input parameters. The second reason

is that including two inputs that are highly correlated introduces noise in the training data

which can lead to a loss of generalization and could cause a non-convergence of the MLP [55].

The inputs for the MLP were chosen based on discussions with KEP SMEs, limitations

in the data available, and reviewing current phenomenological models in use. The eleven

inputs that were selected for use in the MLP are:

• Striking Velocity

• Total Yaw

• Projectile Length

• Projectile Diameter

• Projectile Density

• Projectile Hardness

• Target Thickness

• Target Obliquity

• Target Hardness

• Target Density

• Target Young’s Modulus
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Three outputs were selected for the MLP: determination of perforation of the target,

residual velocity, and residual mass. These were selected because they are the three things

needed to determine if the projectile will continue into the target and for determination of

damage on components in Vulnerability/Lethality (V/L) models.

4.5 Data Analysis

Analysis of the data is important because the MLP can learn patterns in the data that may

not have been intended. As an example, early in this research there was a large percent

of data for tests that resulted in perforations (approximately 80%) and because of this

the MLP was predicting perforations at a very high rate. Once more data was added to

the training set that were from non-perforation tests the MLP was able to better predict

perforation outcomes without a bias toward perforation.

Analysis of the data is also important because we want the MLP to be trained on data

that has a range of values for each attribute and a good sampling inside of that range.

If those conditions are met, the MLP should be able to generalize over the broad set of

possible scenarios expected for an analysis.

First, a look at the entire database; after all of the data collection and data cleaning,

the PDML database contained 4854 test records. The distribution of those records is as

follows; 1463 SNI, 2758 SNF, 0 MAI, 571 MAF, 0 MNI, and 62 MNF.

Out of those 4854 records, 3034 were used with the MLP. One reason for the difference

is that some of the records in the PDML are marked as “suspect”, meaning there is concern

with the data for those records and they should not be used at this time. The other reason

for the difference is that SNI data was not needed for this analysis and therefore was not

used. The distribution of the records used with the MLP is; 0 SNI, 2455 SNF, 0 MAI, 556

MAF, 0 MNI, and 23 MNF.

Parameter Distributions

The distribution of the input and output parameters from the SNF data are provided in

Table 4.2.
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Table 4.2: Statistics for the input and output values of the ANN

Parameter Symbol Mean Std Dev Minimum Q1 Median Q3 Maximum

Input Values

Striking Velocity (m/s) Vs 1232.8 205.7 361 1106 1243 1365 1841
Total Yaw (◦) γ 1 1.2 0 0.4 0.7 1.1 16.8
Projectile Density (g/cm3) ρp 16.6 3.4 7.7 17.3 17.7 18.6 19.3
Projectile Length (mm) l 102 32 27 77.9 101.9 123 195
Projectile Diameter (mm) d 7.7 2 3.9 6.6 7.7 8.1 15
Projectile Hardness (BHN) BHNp 428.1 97.8 233.3 379.5 398 443.3 869.1
Target Density (g/cm3) ρt 7.6 1.2 2.7 7.9 7.9 7.9 7.9
Target Hardness (BHN) BHNt 323.5 91.8 107 269 302 364 555
Target Thickness (mm) T 46.6 24.7 6.3 25.4 38.1 63.5 127
Target Young’s Modulus (GPa) E 199.9 31.4 70 207 207 207 210
Target Obliquity (◦) θ 35.3 30.6 0 0 60 60 80

Output Values

Perforation (Binary) P 0.2 0.9 -0.9 -0.9 0.9 0.9 0.9
Residual Velocity (m/s) Vr 359.1 403 0 0 247 625 1609
Residual Mass (g) Mr 9.9 15.2 0 0 5.4 12.6 114.7

Ordered Scatter Plots

Ordered scatter plots are a good way to show the distribution of a particular parameter.

Figures 4.4, 4.5, 4.6, and 4.7 are ordered scatter plots of the various parameters used by the

MLP. Each plot is created by taking every value in the database for a particular parameter

and then sorting them in order. After they have been sorted, they are plotted in order

by value. This type of plot can be used to visually show the distribution of a particular

parameter. Striking velocity is shown in Figure 4.4a and the plot shows a good spread of

values for that parameter. Total yaw is shown in Figure 4.4b, it can be seen in the plot

that most of the values are below 5 ◦. Although more values above 5 ◦ would be preferable,

most realistic ballistic impacts are going to occur below 5 ◦, so the distribution is good.

The values for projectile length are shown in Figure 4.4c and although the distribution has

some very obvious discontinuities, it does cover a good range of values. The distribution

for projectile diameter shows that there may be a need to acquire more data with values

above 10 mm (see Figure 4.4d).

Figure 4.5a shows projectile density and a very clear gap in data for materials other

than steel (≈ 7.85 g/cm3), tungsten (≈ 17.0 g/cm3), and depleted uranium (≈ 19.0 g/cm3).

The values for projectile hardness (see Figure 4.5b) cover a good range, but there is a gap

between ≈ 600 BHN and ≈ 800 BHN. The distribution for target thickness (see Figure 4.5c)

is not continuous, but that is to be expected. The target plates are typically purchased in
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(a) (b)

(c) (d)

Figure 4.4: Ordered scatter plots for some input parameters of model

incremental thicknesses of 1/4 in (6.35 mm), so the values are expected to appear as a step

function. The distribution for obliquity is shown in Figure 4.5d and almost all of the values

are shown to be equal to 0 ◦ or greater than or equal to 45 ◦. Future work should try to get

more data with obliquity values that fall between 0 ◦ and 45 ◦.

Target hardness (see Figure 4.6a) has a good spread of values from ≈ 100 BHN to

≈ 550 BHN. Even though there is a good sampling of hardness values, Figure 4.6a shows

that most of the data is for steel (≈ 7.85 g/cm3) or aluminum (≈ 2.7 g/cm3) targets. This is

where the data is lacking the most; future work must try to find data for a more diverse set

of materials. If the data can not be found then attempts should be made to find funding

to perform experimental tests and gather the data. Figure 4.6c further shows the lack of

diversity for target materials; the target Young’s modulus values are for only two types of
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(c) (d)

Figure 4.5: Ordered scatter plots for some input parameters of model

materials (steel and aluminum). Even though there is a strong desire to have data that

covers more than steel and aluminum target materials, it should be noted that for a realistic

encounter the two most likely materials to be used for armor are steel and aluminum.

The final set of ordered scatter plots (Figure 4.7) show the output parameters. In

Figure 4.7a (residual velocity) and Figure 4.7b (residual mass) the tests that resulted in

non-perforations can be seen as values of 0 m/s or 0 g, respectively. The values for residual

velocity cover a good range and are distributed well. The residual mass values show a

definite tendency to values below 20 g, the reason for this is not entirely clear but could be

due to the fact that many of these tests are performed when near the ballistic limit of a

threat. It is possible that most of these tests were near the ballistic limit due to reduction

in usable rod length (and therefore mass) as opposed to reduction in usable velocity.
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(a) (b)

(c)

Figure 4.6: Ordered scatter plots for some input parameters of model

Box and Whisker Plots

In order to show all of the parameters in one set of box and whisker plots, their values

were normalized based on the values in Table 4.3. The box and whisker plots are shown

in Figure 4.8. In the plots the tails mark the maximum and minimum values, the hollow

boxes mark the 1st quartile to 3rd quartile, the line in the middle marks the median value,

and the solid square box marks the average value. The plots clearly show the lack of spread

of values for target density and target youngs modulus. Not as clear is the gap in values

for target obliquity that was shown with the ordered scatter plots.
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(a) (b)

Figure 4.7: Ordered scatter plots for some output parameters of model

4.6 Summary

The data collection and preparation process was the most difficult and time consuming part

of this research effort. The process of collecting data for this type of research is very likely

to continue long after this effort is complete. This is due in part to the gaps in the data

and the continuing push for use of new materials and new technology in KEPs.

There is a less than desirable spread of values in the data for the target and KEP

materials. There is also a lack of data with obliquities that fall between 0 ◦ and 45 ◦. Future

work should, and most likely will, attempt to fill in those gaps. However, the data are

complete enough to accomplish the desired objectives of this research.

This work was able to determine the best input parameters to use in the model through

trial and error, discussion with KEP SMEs, and by researching other models. The output

parameters were selected based on the requirements for the problem space. The determi-

nation of the input and output parameters provided an answer to RQ1.1. The selected

parameters are: Striking Velocity, Total Yaw, Projectile Length, Projectile Diameter, Pro-

jectile Density, Projectile Hardness, Target Thickness, Target Obliquity, Target Hardness,

Target Density, Target Young’s Modulus, Perforation, Residual Velocity, and Residual Mass.
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Table 4.3: The normalization values used for the parameter box and whisker plots

Parameter
Minimum

Value
Maximum

Value
Minimum

Normalized
Maximum

Normalized

Input Values

Vs 0.0 m/s 2000.0 m/s -1.0 1.0

γ 0.0 ◦ 25.0 ◦ -1.0 1.0

ρp 0.0 g/m3 20.0 g/m3 -1.0 1.0

l 0.0 mm 250.0 mm -1.0 1.0

d 0.0 mm 20.0 mm -1.0 1.0

BHNp 0.0 BHN 900.0 BHN -1.0 1.0

ρt 0.0 g/m3 20.0 g/m3 -1.0 1.0

BHNt 0.0 BHN 700.0 BHN -1.0 1.0

T 0.0 mm 250.0 mm -1.0 1.0

E 0.0 GPa 500.0 GPa -1.0 1.0

θ 0.0 ◦ 85.0 ◦ -1.0 1.0

Output Values

Vr 0.0 m/s 2000.0 m/s -1.0 1.0

Mr 0.0 g 150.0 g -1.0 1.0

Figure 4.8: Box and Whisker Plots of Normalized Model Parameters
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Chapter 5

MLP for Monolithic Metallic

Armor

The first Multi-Layered Perceptron (MLP) developed was for the simplified problem of pre-

diction of perforation against monolithic metallic armor. The next iteration of development

then added in the regression values of residual velocity and residual mass. The following

sections will provide the methodology of development, the training process results, the com-

parison against the Segletes model, and a summary. The work detailed in this chapter was

used to answer RQ1.2, RQ1.4, and RQ1.5.

5.1 Methodology

The process for developing the MLP consisted of three phases; topology selection phase,

training phase, and comparison phase. The following three sections will provide an overview

of how each of those phases were accomplished.

Topology Selection Phase

The topology selection phase was done as a focused search. That means that only the

topologies of interest were run and constructive and pruning methods were not used. The

topologies of interest were selected based on the process documented in Section 3.2.7. The

selection process started by normalizing all of the parameters being used by the MLP. After
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normalization, networks were created for each topology based on the user selected number

of subsamples. For example, if there were two topologies of interest and the user selected

to have 15 subsamples, then there would be a total of 30 networks created. All of those

created networks were then initialized with random weights. Additional networks were

created, because 10-fold cross validation was being used. For each network created because

of the subsampling number, 9 additional networks were created to make a total of 10. Each

of those 10 networks were fed different folds of the training data and the errors of those

10 networks were averaged to determine a generalization error for that network subsample.

Then the best generalization error of all of the subsamples was selected to represent the

result for that given topology. During the selection process for the final MLP design, 3

subsamples were used. Since each topology was sub-sampled 3 times the best generalization

error of those 3 networks was used for evaluation against the other topologies. The back-

propagation method used for training the networks was Scaled Conjugate Gradient (SCG).

For the early stopping strategies, a minimum improvement criteria of 0.000001 was used

with a tolerated epochs criteria of 400. The maximum number of epochs allowed was

100 000.

During the selection phase, the following steps were taken:

1. The Penetration Database Markup Language (PDML) database was loaded and the

records were prepared for use with the MLP.

2. 15% of the data was pulled aside for use as a test set of data when training was

completed.

3. The remaining 85% was split into 10 folds of data for use with the k-fold cross vali-

dation methodology.

4. 3 instances of each topology were created so that each could be trained on the folded

training data.

5. For each instance, 10 networks were created for the 10-fold cross-validation.
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6. The error for a given MLP instance was calculated by averaging the error over the 10

folds, this was done to get a better estimate of the generalization error of a particular

topology.

7. The best generalization error of the 3 instances for a topology was recorded.

8. Once all of the topologies had finished training the generalization errors were compared

to determine the topology that would provide the best generalization performance with

the lowest risk of over-fitting.

Training Phase

After a topology was chosen during the selection phase, the selected topology was used

during the training phase. As with the selection process, sub-sampling was used to increase

the chance of finding the global optimum solution. In addition to random sampling, a

genetic algorithm was also used. The genetic algorithm was run prior to training to allow

for starting weights that were close to the global minimum of the error function. To increase

the likelihood of finding the global minimum, 20 instances of the MLP were created and

their weights were assigned based on the results from running their own genetic algorithm.

After the genetic algorithm had completed, a back propagation method was used to train

the MLP and modify the weights to the optimal solution. Once each instance was finished

training, the instance with the best validation error was selected as the final MLP to use in

the comparison phase.

During the training phase, the following steps were taken:

1. The PDML database was loaded and the records were prepared for use with the MLP.

2. The same 15% of the data that was pulled aside during the selection phase, was again

pulled aside for use as a test set of data when training was completed.

3. Out of the remaining data, 10% was pulled aside for the validation set and 90% was

used for training the MLP.

4. 20 instances of the MLP were created so that each could be trained on the training

data.
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5. Prior to beginning the backpropagation training of each of the MLPs, they were all

trained using a genetic algorithm to give good starting weights.

6. During backpropagation training, the validation error was checked after each epoch

and if the error worsened by a certain percentage then training stopped and the

weights associated with the best error were used.

7. Once all of the MLPs had finished training the one with the best validation error was

selected as the best and was reported back with the correct weights for that MLP.

Comparison Phase

The comparison phase for monolithic targets consisted of simply running the MLP and the

Segletes model against the training, validation, and test sets of data. The results of both

models were written out to a file for further statistical analysis.

During the comparison phase, the following steps were taken:

1. The PDML database was loaded and the records were prepared for use with the MLP

and the Segletes model.

2. The same 15% of the data that was pulled aside during the selection and training

phases, was again pulled aside for use as a test set of data.

3. Out of the remaining data, 10% was pulled aside for the validation set and 90% was

used for the training set.

4. Each of the experimental test data in the three data sets were run with the MLP and

the Segletes model.

5. The results of both models were output to a file for analysis.

MLP Design Progression

The initial plan for implementing the MLP was to train two MLPs, one for prediction of

perforation and one for prediction of the residual values after perforation. The initial deci-

sion to do that was based on a paper by Fernndez-Fdz, Puente, and Zaera [62]. They used

an application of MLPs that broke the prediction of perforation and residual values into a
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two step process. Instead of using one MLP for determining perforation and residual val-

ues, the task was broken up into a MLP for classification (perforation and non-perforation)

and a second MLP for regression of the residual values, if perforation was predicted by the

previous MLP. The benefit of separating the two tasks is the reduction in complexity of

the overall networks and therefore an increase in the likelihood of faster convergence.

The classification MLP was developed and the results were published in [96]. While

developing the classification MLP, both the Akaike Information Criterion with Correction

(AICc) and k-fold cross validation were being used during the topology selection phase.

Those methods led to the selection of a MLP topology that was very simple in structure.

The topology that was selected for that MLP contained only four neurons in the first hidden

layer and one neuron in the second hidden layer (see Figure 5.1).
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Figure 5.1: Selected Topology for First Version of MLP

Early feedback from MLP Subject Matter Experts (SMEs), at the 2014 IEEE Sympo-

sium Series on Computational Intelligence, led to the removal of the AICc from the topology

selection process. The AICc attempts to account for complexity in the scoring by “taking

points off” for complexity. K-fold cross validation inherently accounts for overly complex

networks in the generalization error. In effect, the networks that were more complex were
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being penalized twice. The removal of the AICc led to more complex networks, but the con-

tinued use of k-fold cross validation and early stopping strategies ensured that over-fitting

was not a concern.

After training the regression MLP a problem of disconnect between the two networks was

discovered. There were some cases where the classification MLP would predict a projectile

would not perforate a target, but the regression MLP would predict residual values greater

than zero. There were other cases where the classification MLP would predict perforation,

but the regression MLP would predict residual values of zero. A decision was made to

combine both of the problems into one MLP so that the predictions could be tied together

more closely.

After the feedback from the conference and the dissconnect of the two MLP designs, the

process of redesigning the MLP was started. During the topology selection phase a total

of ninety topologies were run. The first eighty one topologies were setup with two layers

having neuron counts ranging from two to ten in both layers. The last nine topologies were

a single layer with neuron counts of two to ten. All of the topologies had three output

neurons; perforation, residual velocity, and residual mass. The selection process for this

MLP did not include the AICc; it was based only on the generalization error from k-fold

cross validation. However, for comparison the AICc scores and generalization errors will

both be provided. The AICc scores are shown in Figure 5.2a and the generalization errors

are shown in Figure 5.2b. Had the topology been selected based on the AICc scores and

not the generalization errors, then the topology that was selected would have consisted of

a single hidden layer with only two neurons.

Based on the generalization errors, the best performing topology consisted of eight

neurons in the first layer and ten neurons in the second layer (this topology can be seen in

Figure 5.3).

After the QBasic database (from the Weapons Material Research Directorate (WMRD))

was added to the PDML database there were 2068 new data points available for use in the

MLP. It was decided to perform another round of topology selection and training in order
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(a) AICc Scores

(b) Generalization Errors

Figure 5.2: Selection Phase Results

to have the best possible solution for monolithic targets. The performance of the MLP

against monolithic targets was an extremely important factor in how well it would perform

against multi-element targets.

A total of 16 topologies were used during the selection process. Each of those networks

were sampled 3 times and were 10-fold cross-validated. The topology with the best 10-fold

cross-validated generalization error consisted of 11 input neurons, 16 hidden neurons in the

1st hidden layer, 16 hidden neurons in the 2nd hidden layer, and 3 output neurons in the

output layer. Each layer, except the output layer, also had a bias neuron. The selected

topology can be seen in Figure 5.4.
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Figure 5.3: Selected Topology for Second Version of MLP

5.2 Training Process Results

The MLP was able to effectively learn the training data. Based on the Symmetric Absolute

Percentage Error (SAPE), there were 4 tests in the training set that the MLP had a %Error

worse than 80% that were not false positives or false negatives. There were 1877 total tests

in the training set so they account for only 0.4% of the data in the training set. For residual

mass there were 21 tests in the training set with %Error worse than 80% that were not false

positives or false negatives. There were 1877 total tests in the training set so they account

for only 1.1% of the data in the training set. For the training set the MLP had 596 true

negatives, 153 false positives, 120 false negatives, and 1008 true positives.

No immediate patterns could be found in the tests that would lead to a conclusion that

the MLP was having difficulty learning any particular type of projectiles or targets. The

most likely cause for the false positives, false negatives, and the few tests that had higher

than 80% SAPE is that those particular tests fall very close to the ballistic limit for their

particular projectile and target pairing.
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Figure 5.4: Final Selected Topology of the MLP

5.3 Comparison to Segletes Model

In this section the results will be presented for all three sets of data (training, validation,

and test) for completeness; however, the set that is the most important to the results of the

model is the test set.
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5.3.1 Perforation Prediction Results

The MLP performed better than the Segletes model for SNF targets in all three sets of data.

Table 5.1 provides some statistics on the perforation prediction capability of the MLP and

the Segletes model; for clarity, the better values are shown in bold. The MLP performed

better for for all three of the data sets for MSE, ACC, FPR, TNR, and MCC. The MLP

performs better for FNR and TPR for the training set, but not for the validation and test

sets. The MLP had four more false negatives for the validation set and three more false

negatives for the test set, than the Segletes model. Those slightly higher counts of false

negatives led to a higher (worse) score for FNR and lower (worse) score for TPR. For all

three data sets, the MSE for the MLP was nearly half of the value that the Segletes model

had.

Table 5.1: Perforation Prediction Statistics for Monolithic Targets

Training Set

MLP Segletes
Mean Square Error (MSE) 0.4712 1.0737
Accuracy (ACC) 85.5% 66.9%
False Positive Rate (FPR) 20.4% 58.9%
False Negative Rate (FNR) 10.6% 16.0%
True Positive Rate (TPR) 89.4% 84.0%
True Negative Rate (TNR) 79.6% 41.1%
Matthews Correlation Coefficient (MCC) 0.69 0.28

Validation Set

MLP Segletes
Mean Square Error (MSE) 0.6356 1.0077
Accuracy (ACC) 80.4% 68.9%
False Positive Rate (FPR) 17.9% 53.8%
False Negative Rate (FNR) 20.6% 17.6%
True Positive Rate (TPR) 79.4% 82.4%
True Negative Rate (TNR) 82.1% 46.2%
Matthews Correlation Coefficient (MCC) 0.6 0.31

Test Set

MLP Segletes
Mean Square Error (MSE) 0.8078 1.2205
Accuracy (ACC) 75.1% 62.3%
False Positive Rate (FPR) 32.5% 64.9%
False Negative Rate (FNR) 19.5% 18.1%
True Positive Rate (TPR) 80.5% 81.9%
True Negative Rate (TNR) 67.5% 35.1%
Matthews Correlation Coefficient (MCC) 0.48 0.19
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Perforation Prediction Pie Charts

The pie charts in Figures 5.5, 5.6, and 5.7 show the distribution of classification outcomes for

the MLP and the Segletes model for the training, validation, and test sets for SNF targets

respectively. For the training set the MLP had 596 true negatives, 153 false positives, 120

false negatives, and 1008 true positives (the percentages are shown in Figure 5.5a). For

the same set of data, the Segletes model had 308 true negatives, 441 false positives, 181

false negatives, and 947 true positives (the percentages are shown in Figure 5.5b). For the

validation set the MLP had 64 true negatives, 14 false positives, 27 false negatives, and 104

true positives (the percentages are shown in Figure 5.6a). For the same set of data, the

Segletes model had 36 true negatives, 42 false positives, 23 false negatives, and 108 true

positives (the percentages are shown in Figure 5.6b). For the test set the MLP had 104 true

negatives, 50 false positives, 42 false negatives, and 173 true positives (the percentages are

shown in Figure 5.7a). For the same set of data, the Segletes model had 54 true negatives,

100 false positives, 39 false negatives, and 176 true positives (the percentages are shown in

Figure 5.7b).

5.3.2 Residual Value Estimation Results

The MLP significantly outperformed the Segletes model on prediction of residual values.

Table 5.2 lists the MSE for the MLP and the Segletes model for all three data sets. For

the test set, the MSE scores for residual velocity prediction by the MLP were roughly 70%

better than the Segletes model scores and roughly 80% better for residual mass predictions.

The Symmetric Mean Absolute Percentage Error (SMAPE) scores for the MLP were much

lower (better) than the Segletes model. The MLP had a SMAPE score of 33.4% compared

to the Segletes models score of 47.9% for residual velocity. For residual mass, the MLP had

a SMAPE score of 35.6% compared to the Segletes models score of 55.1%.

Residual Value Scatter Plots

In the scatter plots (Figures 5.8 and 5.9), observed values are along the x-axis and predicted

values are along the y-axis. If a model performed perfectly then the values would fall along

a line with slope equal to 1 and a y-intercept equal to 0. Cases of incorrect perforation
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Table 5.2: Mean square error and symmetric mean absolute percentage error statistics for
residual value predictions of monolithic targets

Training Data

MLP Segletes
MSE for Residual Velocity 0.0491 0.2271
MSE for Residual Mass 0.0244 0.1174
SMAPE for Residual Velocity 24.6% 44.6%
SMAPE for Residual Mass 26.6% 51.7%

Validation Data

MLP Segletes
MSE for Residual Velocity 0.0545 0.1993
MSE for Residual Mass 0.02 0.0986
SMAPE for Residual Velocity 28.6% 42%
SMAPE for Residual Mass 30.4% 49.2%

Test Data

MLP Segletes
MSE for Residual Velocity 0.0726 0.2339
MSE for Residual Mass 0.0232 0.113
SMAPE for Residual Velocity 33.4% 47.9%
SMAPE for Residual Mass 35.6% 55.1%

prediction (false positives) can be seen plotted on the y-axis with a value of 0 for x. Cases

of incorrect non-perforation prediction (false negatives) can be seen plotted on the x-axis

with a value of 0 for y. Both of the scatter plots show the high number of false positives for

the Segletes model. In particular, the high predicted residual velocity values for those false

positives on the y-axis (Figures 5.8) Most of the false positives and false negatives for the

MLP were very values, meaning that when the MLP was wrong about prediction, it was

not very off on the residual value predictions.

Residual Value Percent Error

The Symmetric Percentage Error (SPE) histograms can be seen in Figures 5.10 and 5.11.

The false positives show up in the -100% bin on the far left of the plot and the false negatives

show up in the 100% bin on the far right of the plot. Due to how the SPE is calculated, if the

percent error is negative then that is indicative of an over estimation of the value observed

and if the percent error is positive then that is indicative of an under estimation of the value

observed. Overall, the MLP had lower percent errors for residual velocity (Figure 5.10) than
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the Segletes model and this can be seen in the combined higher percentage of tests that had

percent errors from -10% to 0% (Bin 0%) and 0% to 10% (Bin 10%). This trend continued

in the percent errors for residual mass (Figure 5.11) as well.

Based solely on Figures 5.12 and 5.13 and their associated values, it can be determined

that the MLP is first order stochastic dominate over the Segletes model for both residual

velocity and residual mass.

Data Point-by-Data Point Prediction Comparison

When comparing data from all three sets of data for monolithic targets (SNF) the MLP far

surpassed the predictive capabilities of the Segletes model for both the classification problem

of determination of perforation and the regression problem of predicting the residual velocity

and mass. For prediction of residual velocity the MLP performed better than the Segletes

model on 1146 data points and performed the same as the Segletes model on 604 data

points. That means that the MLP performed as well or better than the Segletes model for

1750 out of 2455 data points (71%). For prediction of residual mass the MLP performed

better than the Segletes model on 1379 data points and performed the same as the Segletes

model on 604 data points. That means that the MLP performed as well or better than the

Segletes model for 1990 out of 2455 data points (81%).

The most important set of data is the test set, so the following results are for that set of

data only. The MLP still far surpassed the predictive capabilities of the Segletes model for

both the classification problem of determination of perforation and the regression problem

of predicting the residual velocity and mass when only the test set of data is compared. For

prediction of residual velocity the MLP performed better than the Segletes model on 156

data points and performed the same as the Segletes model on 96 data points. That means

that the MLP performed as well or better than the Segletes model for 252 out of 369 data

points (68%). For prediction of residual mass the MLP performed better than the Segletes

model on 184 data points and performed the same as the Segletes model on 96 data points.

That means that the MLP performed as well or better than the Segletes model for 280 out

of 369 data points (76%).
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For those data points where the Segletes model performed better, there were 12 data

points that resulted in false positives for the MLP and 26 that resulted in false negatives.

There were 117 data points (32%) that the Segletes model did better than the MLP for

predicting residual velocity. The 12 false positive predictions by the MLP accounted for

10% and the 26 false negative predictions by the MLP accounted for 22% of the tests. The

remaining 79 data points were ones that the MLP correctly predicted perforation, of those

data points the lowest error for the MLP was 2%, the highest error was -60%, and the

average error was 21%. There were 89 data points (24%) that the Segletes model did better

than the MLP for predicting residual mass. The 12 false positive predictions by the MLP

accounted for 13% and the 26 false negative predictions by the MLP accounted for 29% of

the data points. The remaining 51 data points were ones that the MLP correctly predicted

perforation, of those data points the lowest error for the MLP was 1%, the highest error

was 69%, and the average error was 27%.

5.3.3 Runtime Comparison

No attempt was made to optimize either of the models for runtime, so the runtimes are

only comparable for the currently unoptimized state of both models. The Segletes model is

a phenomenological model that is numerically integrated, so the runtimes are expected to

be longer than that seen for the MLP. In Figure 5.14 the bins are runtime in milliseconds

and the frequency is the number of runs that had runtimes that fell into that bin. As an

example, in Figure 5.14 there were 2159 out of 2159 Artificial Neural Network (ANN) runs

that took less than 0.25 ms for a value of 100% and there were 75 out of 2442 Segletes model

runs that took between 0.25 ms and 0.5 ms for a value of 3%. The average runtime for the

MLP model against SNF targets was 0.06 ms. The average runtime for the Segletes model

against SNF targets was 1.61 ms. The overall difference in runtimes between the two models

amount to only a few milliseconds, but in a Vulnerability/Lethality (V/L) simulation it can

be expected that these models will be run millions of times. Therefore, a few milliseconds

difference in runtime could become an overall difference in simulation runtime of hours.
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5.4 Summary

This chapter provided results that can be used to answer RQ1.2, RQ1.4, and RQ1.5. The

MLP was able to model the terminal ballistics of Kinetic Energy Projectiles (KEPs) and

there were no systematic difficulties with predicting any of the experimental data presented

to it. The results clearly demonstrate that a MLP (a type of ANN) can be used model

the terminal ballistics of KEPs and do so in a manner that is generalized and accurate

(RQ1.2). The MLP was more accurate than the Segletes model in predicting perforation

for SNF targets. It also had better Mean Squared Error (MSE) and SMAPE scores than

the Segletes model when predicting residual values. The MLP performed better in the data

point-by-data point comparison. It performed better in almost every measure for prediction

and it did it with a 96% decrease in average runtime. The results also demonstrate that

the MLP is faster and more accurate than the Segletes model (RQ1.3 and RQ1.4). The

MLP is far superior to the Segletes model for prediction of perforation, residual velocity,

and residual mass against monolithic metallic targets.
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(a)

(b)

Figure 5.5: Distributions of classification outcomes of the MLP and the Segletes model for
single element targets - Training Set



119

(a)

(b)

Figure 5.6: Distributions of classification outcomes of the MLP and the Segletes model for
single element targets - Validation Set
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(a)

(b)

Figure 5.7: Distributions of classification outcomes of the MLP and the Segletes model for
single element targets - Test Set
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Figure 5.8: Scatter Plot for Residual Velocity

Figure 5.9: Scatter Plot for Residual Mass
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Figure 5.10: Symmetric Percent Error for residual velocity

Figure 5.11: Symmetric Percent Error for residual mass
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Figure 5.12: First Order Stochastic Dominance - Cumulative Percent Error for Vr

Figure 5.13: First Order Stochastic Dominance - Cumulative Percent Error for Mr
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Figure 5.14: Runtimes
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Chapter 6

MLP for Multi-Layer Metallic

Armor

The Multi-Layered Perceptron (MLP) developed for monolithic metallic armor was used to

predict the ballistic results of a Kinetic Energy Projectile (KEP) against multiple element

targets by applying the MLP iteratively. This chapter will provide information on how it

was applied iteratively, the results of the iterative process, a comparison to the Segletes

model, and a summary. The work detailed in this chapter was used to answer RQ1.3,

RQ1.4, and RQ1.5.

6.1 Methodology

The process for applying the MLP against finite multiple element targets (MAF and MNF),

consisted of applying the MLP iteratively for each element. The iterative method was

performed as follows:

1. Run the MLP against the current element of the target (first element, if this is the

first iteration).

2. If the MLP predicted non-perforation then stop iterating.

3. If there are no more elements then stop iterating.
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4. Use the outputs of the MLP from the current element to determine the inputs for the

next element.

5. If the next element is air, skip that element and use the next element.

6. Start next iteration from Step 1 of this list.

Step 4 from the iterative method involves calculating the inputs for the next element

from the outputs from the previous element. The MLP was not trained to predict residual

length, however if the diameter of the projectile is assumed to stay constant an approxima-

tion can be calculated from (6.1).

l =
m

π(d2)2ρ
(6.1)

Where:

l is the length of a cylinder

m is the mass of a cylinder

d is the diameter of a cylinder

ρ is the density of a cylinder

6.2 Results

Based on the Symmetric Absolute Percentage Error (SAPE), there were 2 data points

in the multiple element targets (MAF and MNF) set where the MLP had percent errors

worse than 80%, that were not false positives or false negatives, when predicting residual

velocity. Both of those data points were negative percent errors, meaning that the MLP

overpredicted the residual velocity values for those data points. There were 579 total data

points in the multiple element target set so they account for only 0.3% of the data in that

set. For residual mass there were 5 data points in the multiple element targets set with

%Error worse than 80% that were not false positives or false negatives. There were 579

total data points in the multiple element target set so they account for only 0.9% of the
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data in the set. For the multiple element targets set the MLP had 57 true negatives, 182

false positives, 58 false negatives, and 282 true positives. The high number of false positives

shows that the MLP had a tendency to overpredict perforation.

When the MLP was trained it was trained on SNF targets that had air behind the target

element. If that target was then replicated multiple times it would consist of alternating

metallic elements and air elements. All of the MAF data that fit that criteria were defined

as a “spaced” target. Likewise, all MNF targets and any MAF target that had two metallic

elements without air between them was considered a non-spaced target. This division of

the data was done to see if the MLP performed better on multi-element targets that were

similar in makeup to the single element targets it was trained on. There were 541 “Spaced”

target data points and 38 “NonSpaced” target data points in the multiple element target

set.

The 2 data points with high %error for residual velocity and the 5 data points with high

%error for residual mass were against “Spaced” targets. The MLP had 182 over predictions

(false positives) and 58 under predictions (false negatives). All of the 182 data points with

over predictions were against “Spaced” targets and those data points amount to 34% (182

out of 541) of all of the “Spaced” target data points. Of the 58 data points with under

predictions, 34 were against “Spaced” targets and those data points amount to 6% (34

out of 541) of all of the “Spaced” target data points. The remaining 24 data points were

“NonSpaced” targets and those data points amount to 63% (24 out of 38) of all of the

“NonSpaced” target data points.

The results for the “NonSpaced” target data points show a definite tendency to under

predict perforation for the MLP. This is most likely due to the MLP being applied in an

iterative fashion. In essence, the iterative method is assuming independence for interaction

at each element. However, they are not independent for any multiple element targets, but it

is especially true for “NonSpaced” targets. As the projectile is penetrating an element there

are effects already occurring in the elements proceeding it if the plastic zone of deformation

has reached those elements. Similarly, when a projectile first strikes a target element it

takes time for the plastic zone to form and for the materials to start flowing, but when it is

moving from one element to the next and there is no air gap between them, the materials
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are already flowing and continue to flow. Since the MLP was trained on SNF targets, it is

likely that the early process of plastic fluid flow formation was inherently learned by the

model. By applying the MLP iteratively, we are over estimating the resistance of the target

to the projectile which is leading to a high number of false negatives.

Since the MLP was trained against SNF data it is possible that it may have learned

some of the back of the element effects (i.e. spalling, plugging, and the like). What it cannot

account for is the effect of the air gap on degradation of the projectile. This should lead

to an over-prediction of residual velocity for spaced targets. The results for the “Spaced”

target data points show a definite tendency to over predict perforation for the MLP. This

is most likely due to the MLP not being trained on MAF targets. When a projectile exits

a target element into an air element there are forces that act upon it that degrade its

performance slightly and in some circumstances can cause the projectile to fracture. The

MLP would have no way of predicting those cases since it was never trained on data that

contained those cases.

6.3 Comparison to Segletes Model

6.3.1 Perforation Prediction Results

The MLP performed comparable to the Segletes model for MAF and MNF targets (see

Table 6.1). The Mean Squared Error (MSE) for both models were very close, their scores

for ACC and MCC were also very close. The MLP had a higher FPR and the Segletes model

had a higher FNR. That generally means that when the MLP was wrong it was typically

because it predicted perforation when the data point had a result of non-perforation and that

when the Segletes model was wrong it was typically because it predicted non-perforation

when the data point had a result of perforation. Those results continued for the subset of

“Spaced” target data points, with a slight improvement for the MLP. The “NonSpaced”

target data points show where the MLP really struggled to predict perforation outcomes.

The MLP had a FNR of 70.6%. It also appears that the Segletes model performs better for

modeling “NonSpaced” targets, since the ACC was 71.1% and the MCC was 0.42 compared

to 56.4% and 0.12 for “Spaced” targets.
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Table 6.1: Perforation Prediction Statistics for Multiple Element Targets

All Multiple Element Targets

MLP Segletes
Mean Square Error (MSE) 1.343 1.3822
Accuracy (ACC) 58.5% 57.3%
False Positive Rate (FPR) 76.2% 45.2%
False Negative Rate (FNR) 17.1% 40.9%
True Positive Rate (TPR) 82.9% 59.1%
True Negative Rate (TNR) 23.8% 54.8%
Matthews Correlation Coefficient (MCC) 0.08 0.14

Spaced Targets Subset

MLP Segletes
Mean Square Error (MSE) 1.2936 1.4134
Accuracy (ACC) 60.1% 56.4%
False Positive Rate (FPR) 77.4% 46.0%
False Negative Rate (FNR) 11.1% 41.8%
True Positive Rate (TPR) 88.9% 58.2%
True Negative Rate (TNR) 22.6% 54.0%
Matthews Correlation Coefficient (MCC) 0.15 0.12

NonSpaced Targets Subset

MLP Segletes
Mean Square Error (MSE) 2.0463 0.9379
Accuracy (ACC) 36.8% 71.1%
False Positive Rate (FPR) 0.0% 0.0%
False Negative Rate (FNR) 70.6% 32.4%
True Positive Rate (TPR) 29.4% 67.6%
True Negative Rate (TNR) 100.0% 100.0%
Matthews Correlation Coefficient (MCC) 0.2 0.42

Perforation Prediction Pie Charts

The pie charts in Figures 6.1, 6.2, and 6.3 show the distribution of classification outcomes

for the MLP and the Segletes model for the set of all MAF and MNF data as well as the

two subsets of that data (Spaced and NonSpaced). For all of the multiple element target

data the MLP had 57 true negatives, 182 false positives, 58 false negatives, and 282 true

positives (the percentages are shown in Figure 6.1a). For the same set of data, the Segletes

model had 131 true negatives, 108 false positives, 139 false negatives, and 201 true positives

(the percentages are shown in Figure 6.1b). For the Spaced set, the MLP had 53 true

negatives, 182 false positives, 34 false negatives, and 272 true positives (the percentages are
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shown in Figure 6.2a). For the same set of data, the Segletes model had 127 true negatives,

108 false positives, 128 false negatives, and 178 true positives (the percentages are shown

in Figure 6.2b). For the NonSpaced set, the MLP had 4 true negatives, 0 false positives,

24 false negatives, and 10 true positives (the percentages are shown in Figure 6.3a). For

the same set of data, the Segletes model had 4 true negatives, 0 false positives, 11 false

negatives, and 23 true positives (the percentages are shown in Figure 6.3b).

6.3.2 Residual Value Estimation Results

Both models struggled to predict residual values for multiple element targets. Table 6.2 lists

the MSE for the MLP and the Segletes model for all three data sets. The MSE scores for

residual velocity prediction by the Segletes model were roughly 47% better than the MLP

scores. However, the MSE scores for residual mass prediction by the MLP were roughly

28% better than the Segletes model scores. The Symmetric Mean Absolute Percentage

Error (SMAPE) scores were nearly identical to the Segletes model. The MLP had a SMAPE

score of 51.8% compared to the Segletes models score of 49.5% for residual velocity. For

residual mass, the MLP had a SMAPE score of 58.8% compared to the Segletes models score

of 57.7%. The scores for the “Spaced” and “NonSpaced” targets are provided to further

show the difference in how the MLP performed against the two different types of targets.

Residual Value Scatter Plots

In the scatter plots (Figures 6.4, 6.5, and 6.6), observed values are along the x-axis and

predicted values are along the y-axis. If a model performed perfectly then the values would

fall perfectly along a line with slope equal to 1 and a y-intercept equal to 0. Cases of

incorrect perforation prediction (false positives) can be seen plotted on the y-axis with a

value of 0 for x. Cases of incorrect non-perforation prediction (false negatives) can be

seen plotted on the x-axis with a value of 0 for y. The tendency of the MLP to over

predict can be seen on the y-axis in Figures 6.4a and 6.4b. The MLP has 182 points on

the y-axis and 58 on the x-axis. In those same figures the incorrect predictions for the

Segletes model are shown to be more balanced; there are 108 on the y-axis and 139 on the

x-axis. For those data points where perforation was predicted correctly, the MLP tends
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Table 6.2: Mean square error and symmetric mean absolute percentage error statistics for
residual value predictions of multiple element targets

All Multiple Element Targets

MLP Segletes
MSE for Residual Velocity 0.2998 0.1587
MSE for Residual Mass 0.0886 0.1226
SMAPE for Residual Velocity 51.8% 49.5%
SMAPE for Residual Mass 58.8% 57.7%

Spaced Targets

MLP Segletes
MSE for Residual Velocity 0.2813 0.1616
MSE for Residual Mass 0.0864 0.1247
SMAPE for Residual Velocity 50.2% 50.5%
SMAPE for Residual Mass 58.3% 59.3%

NonSpaced Targets

MLP Segletes
MSE for Residual Velocity 0.5632 0.1173
MSE for Residual Mass 0.1191 0.0927
SMAPE for Residual Velocity 75.4% 34.8%
SMAPE for Residual Mass 66% 34.7%

to be better balanced between over and under estimations for residual velocity than the

Segletes model. For residual mass, the MLP performed better than the Segletes model, but

it appears to under estimate for residual masses that are large. This could be due to the

lack of large valued residual masses in the training data. Out of 1877 total data points

in the training set, 89 of them (less than 5%) contained residual masses greater than 40 g.

For “NonSpaced” targets (Figures 6.6a and 6.6b) the MLP did poorly, primarily because of

the high percentage of under predictions. For the MLP, under predictions accounted for 24

out of 38 of the data points (63%). For those data points where perforation was predicted

correctly the MLP actually performed fairly well, but with the already mentioned slight

tendency to under predict residual mass for large masses.

In order to get a better view of how well the two models performed predicting residual

values the following scatter plots (Figures 6.7a and 6.7b) were created. They are the same

as those just shown (Figures 6.4a and 6.4b), but with all cases of false positives and false

negatives removed. Looking at Figure 6.7a it becomes a little clearer that for those data



132

points where the MLP correctly predicted perforation, it has a better correlation then the

Segletes model in predicting residual velocity. In other words the errors are slightly larger

but are better centered around the true values. The Segletes model tends to slightly under-

predict at larger residual velocity values. For residual mass (Figure 6.7b) the MLP has

better prediction for residual masses less than 20 g, slightly under-predicts for values larger

than 40 g, and severely under-predicts for values larger than 100 g. It appears that for the

cases where the residual mass is greater than 100 g that there may be something wrong with

the data because both models drastically under-predict for those data points.

Residual Value Percent Error

The Symmetric Percentage Error (SPE) histograms can be seen in Figures 6.8, 6.9, and 6.10.

The false positives show up in the -100% bin on the far left of the plot and the false negatives

show up in the 100% bin on the far right of the plot. Due to how the SPE is calculated,

if the percent error is negative then that is indicative of an over estimation of the value

observed and if the percent error is positive then that is indicative of an under estimation

of the value observed. Overall, the MLP performed comparable to the Segletes model. For

residual velocity (Figure 6.8a), the Segletes model tended to under predict perforation and

under estimate residual values. The MLP tended to over predict perforation, but was fairly

balanced in the estimation of residual values. For residual mass (Figure 6.8b), again both

models performed similarly. The Segletes model did have a higher percent of false negatives

than the MLP, but the MLP had a higher percent of false positives than the Segletes model.

The “Spaced” targets and “NonSpaced” targets data are presented to again show how

the MLP performed differently for those two types of targets. The “Spaced” targets can

be seen in Figures 6.9a and 6.9b and since the “Spaced” targets accounted for most of the

multiple element targets, the results are similar to the larger data set. For the “NonSpaced”

targets there was a very high percent of false negatives, but both models performed well for

those data points with correct perforation predictions. For residual velocity (Figure 6.10a)

and residual mass (Figure 6.10b) most of the data points, where perforation was correctly

predicted, resulted in percent errors in the range of -30% to 30%.
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The cumulative distribution plots in Figure 6.11 show that the Segletes model has a

slightly better performance than the MLP for multiple element targets (MAF and MNF).

This is due in large part to the number of non-perforations that the Segletes model correctly

predicted and how many the MLP incorrectly predicted. Those cases show up as 0% error

in the plots and gives the Segletes model an immediate advantage. The performance of both

models is strikingly similar, with only a sight edge given to the Segletes model. However,

it is not definitive that the Segletes model is the better model because it is not first order

stochastic dominant. Neither model is first order stochastically dominate over the other, so

no definite claim of superiority can be made for either.

Data Point-by-Data Point Prediction Comparison

For multiple element targets (MAF and MNF) the MLP performed on par with the predic-

tive capabilities of the Segletes model for both the classification problem of determination

of perforation and the regression problem of predicting the residual velocity and mass. For

prediction of residual velocity the MLP performed better than the Segletes model on 217

data points and performed the same as the Segletes model on 195 data points. That means

that the MLP performed as well or better than the Segletes model for 412 out of 579 data

points (71%).

For prediction of residual mass the MLP performed better than the Segletes model on

252 data points and performed the same as the Segletes model on 195 data points. That

means that the MLP performed as well or better than the Segletes model for 447 out of 579

data points (77%).

Out of all of the data points where the Segletes model performed better, there were

78 data points that resulted in false positives for the MLP and 20 that resulted in false

negatives. There were 167 data points (29%) that the Segletes model did better than

the MLP for predicting residual velocity. The 78 false positive predictions by the MLP

accounted for 47% and the 20 false negative predictions by the MLP accounted for 12% of

the data points. The remaining 69 data points were ones that the MLP correctly predicted

perforation, of those data points the lowest error for the MLP was -3%, the highest error

was -91%, and the average error (SMAPE) was 29%.
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There were 132 data points (23%) that the Segletes model did better than the MLP for

predicting residual mass. The 78 false positive predictions by the MLP accounted for 59%

and the 20 false negative predictions by the MLP accounted for 15% of the data points.

The remaining 34 data points were ones that the MLP correctly predicted perforation, of

those data points the lowest error for the MLP was 1%, the highest error was -97%, and

the average error (SMAPE) was 34%.

6.3.3 Runtime Comparison

Although the MLP did not perform as well on multiple element targets as it did on single

element targets, it did manage to perform at least as well as the Segletes model for multiple

element targets. Where the true benefit of the MLP shows is in the runtimes for the multiple

element targets. As mentioned in the previous chapter, no attempt was made to optimize

either of the models for runtime, so the runtimes are only comparable for the currently

unoptimized state of both models.

In Figure 6.12 the bins are runtime in milliseconds and the percentage is the percent of

runs that had runtimes that fell into that bin. As an example, in Figure 6.12a there were

343 out of 579 MLP runs that took less than 0.25 ms for a value of 59% and there were 62

out of 2442 Segletes model runs that took between 1.75 ms and 1.0 ms for a value of 11%.

The average runtime for the MLP model against MAF and MNF targets was 1.46 ms and

the average runtime for the Segletes model was 6.78 ms. Figure 6.12b provides the MAF

and MNF runtimes averaged by the number of elements in the target. The average runtime

per target element for the MLP model against MAF and MNF targets was 0.49 ms and the

average runtime for the Segletes model was 2.26 ms.

6.4 Summary

This chapter provided results that can be used to answer RQ1.3, RQ1.4, and RQ1.5. By

applying the MLP iteratively it was possible for the MLP to model the terminal ballistics

of KEPs against multiple element targets. The model did well against targets with air gaps



135

between plates (“Spaced” targets) but did not do as well on those that had no air gaps

between plates (“NonSpaced” targets). Overall, the MLP performed well and can be used

for modeling of KEPs against multiple element targets (RQ1.3).

The MLP performed slightly better than the Segletes model at predicting perforation

of multiple element targets. The MLP predicted perforation correctly 58.5% of the time

and the Segletes model was correct 57.3% of the time. The MLP was slightly better at

predicting residual mass than the Segletes model, but the Segletes model was slightly bet-

ter at predicting residual velocity. The MLP was better at making predictions for multiple

element targets that were “Spaced”, but the Segletes model was better at making predic-

tions for “NonSpaced” targets. Overall, both models had areas of strength and weakness,

but overall they both performed about the same on multiple element targets. The MLP

performed similar to the Segletes model in accuracy (RQ1.4).

The MLP performed as well as the Segletes model at predicting perforation and residual,

but it did it with a 78% decrease in runtime. Given the similar prediction performance of

both models and the drastic reduction in runtime of the MLP, the MLP is the better model

to use for multiple element targets. The MLP was drastically faster than the Segletes model

when predicting the terminal ballistics of KEPs against multiple element targets (RQ1.5).
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(a)

(b)

Figure 6.1: Distributions of classification outcomes of the MLP and the Segletes model for
multiple element targets - All Data
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(a)

(b)

Figure 6.2: Distributions of classification outcomes of the MLP and the Segletes model for
multiple element targets - Spaced Data
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(a)

(b)

Figure 6.3: Distributions of classification outcomes of the MLP and the Segletes model for
multiple element targets - NonSpaced Data
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(a)

(b)

Figure 6.4: Scatter plots of observed vs predicted values - All Data



140

(a)

(b)

Figure 6.5: Scatter plots of observed vs predicted values - Spaced Data
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(a)

(b)

Figure 6.6: Scatter plots of observed vs predicted values - NonSpaced Data
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(a)

(b)

Figure 6.7: Scatter plots of observed vs predicted values, with false positives and false
negatives not plotted
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(a)

(b)

Figure 6.8: Histograms of percent error for MLP and the Segletes model predictions of
residual velocity and residual mass - All Data
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(a)

(b)

Figure 6.9: Histograms of percent error for MLP and the Segletes model predictions of
residual velocity and residual mass - Spaced Data
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(a)

(b)

Figure 6.10: Histograms of percent error for MLP and the Segletes model predictions of
residual velocity and residual mass - NonSpaced Data
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(a)

(b)

Figure 6.11: First order stochastic dominance plots
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(a)

(b)

Figure 6.12: Model runtimes for multiple element targets
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Chapter 7

Conclusion

At the very beginning of this research, when the use of an Artificial Neural Network (ANN)

to model the terminal ballistics of a Kinetic Energy Projectile (KEP) was being proposed,

it was not clear if it would be effective. This led to the primary research question of: RQ1:

Can an ANN, used to model the terminal ballistics of KEPs, be developed that is both fast,

accurate, and generalized?

The following section will answer RQ1, by addressing each of the subquestions that

define the primary research question. The answers to the subquestions will support the final

answer of yes, an ANN can be used to model the terminal ballistics of a KEP effectively.

7.1 Revisit of Research Questions

RQ 1.1 – What target or threat parameters have the most influence on terminal

ballistics results?

Through lengthy discussions with ballistics experts of the U.S. Army Research Laboratory

(ARL) and trial and error during the early designs for the Multi-Layered Perceptron (MLP),

11 parameters were selected for use with the MLP. What follows is a brief account of why

those parameters are important.
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Through basic physics analysis, we know that at high velocities (≈ 10 km/s) the dominate

material property for the projectile and the target is density [6]. As the velocities drop down

lower (≈ 2 km/s) other material properties begin to become important (i.e. hardness, tensile

strength, etc...). Obviously, since the importance of the material properties are dependent

on velocity, the striking velocity of the projectile was a very important parameter. The total

yaw of the projectile was an important parameter because it could be used to capture the

drop off in penetration capability as the yaw increased beyond the theoretical critical yaw

angle. The projectile length is important because it represents how much of the projectile

is available for erosion during the penetration process. The length in conjunction with the

diameter also provides information about the presented area of the projectile making contact

with the target. The target thickness in conjunction with obliquity provides information

on how much target material is available to resist the penetration of the projectile. The

Young’s Modulus provides information on the target’s ability to resist compressive forces

during the penetration process. The final list of parameters selected for use, because they

have the most influence on the terminal ballistics results, are provided below:

• Striking Velocity

• Total Yaw

• Projectile Length

• Projectile Diameter

• Projectile Density

• Projectile Hardness

• Target Thickness

• Target Obliquity

• Target Hardness

• Target Density

• Target Young’s Modulus

RQ 1.2 – Can an ANN be used to produce a generalized, accurate model of the

terminal ballistics of a KEP against monolithic metallic targets?

The implementation of an MLP (a type of ANN) for prediction of terminal ballistics of
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a KEP against monolithic metallic targets is documented in Chapter 5. In summary, the

MLP performed exceptionally well at predicting perforation, residual velocity, and residual

mass against monolithic metallic targets. The input parameters in the training data set

have a good spread over the values for where this model could be expected to be used. And

the input parameters in the test data set also have a good spread over the values for where

this model could be expected to be used, so the model has demonstrated that it is able

to generalize over all of the 11 parameters. When the MLP was compared to the Segletes

model (the current state-of-the-art model) it beat it in nearly every category. Here is a

recap of the various statistics for the two models:

• Perforation prediction statistics

– The MLP had a better Mean Squared Error (MSE) than the Segletes model,

0.8078 compared to 1.2205.

– The MLP had a better accuracy than the Segletes model, 75.1% compared to

62.3%.

– The MLP had a better false positive rate than the Segletes model, 32.5% com-

pared to 64.9%.

– The MLP had a better true negative rate than the Segletes model, 67.5% com-

pared to 35.1%.

– The MLP had a better Matthews Correlation Coefficient (MCC) than the Segletes

model, 0.48 compared to 0.19.

• Residual prediction statistics

– The MLP had a better MSE than the Segletes model for residual velocity, 0.0726

compared to 0.2339.

– The MLP had a better MSE than the Segletes model for residual mass, 0.0232

compared to 0.113.

– The MLP had a better Symmetric Mean Absolute Percentage Error (SMAPE)

than the Segletes model for residual velocity, 33.4% compared to 47.9%.

– The MLP had a better SMAPE than the Segletes model for residual mass, 35.6%

compared to 55.1%.
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The MLP was clearly the better model than the Segletes model for use against monolithic

metallic targets. The MLP is generalized and accurate, and can be used to effectively model

the terminal ballistics of a KEP against monolithic metallic targets.

RQ 1.3 – Can the ANN from RQ1.2 be used to model the terminal ballistics of

a KEP against multi-element metallic targets?

The application of the MLP from RQ 1.2 for prediction of terminal ballistics of a KEP

against multi-element metallic targets is documented in Chapter 6. When the MLP was

compared to the Segletes model (the current state-of-the-art model) for predictions against

multiple element targets, it beat it in several categories. Here is a recap of the various

statistics for the two models:

• Perforation prediction statistics

– The MLP had a better MSE than the Segletes model, 1.343 compared to 1.3822.

– The MLP had a better accuracy than the Segletes model, 58.5% compared to

57.3%.

– The MLP had a better false negative rate than the Segletes model, 17.1% com-

pared to 40.9%.

– The MLP had a better true positive rate than the Segletes model, 82.9% com-

pared to 59.1%.

• Residual prediction statistics

– The MLP had a better MSE than the Segletes model for residual mass, 0.0886

compared to 0.1226.

– The MLP had a comparable SMAPE to the Segletes model for residual velocity,

51.8% compared to 49.5%.

– The MLP had a comparable SMAPE to the Segletes model for residual mass,

58.8% compared to 57.7%.
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In summary, the MLP performed as well as (and sometimes better than) the current

state-of-the-art model at predicting perforation, residual velocity, and residual mass against

multi-element metallic targets. Therefore, the MLP can be used to model the terminal

ballistics of a KEP against multi-element metallic targets.

RQ 1.4 – How does the speed (execution time and elapsed time) of an ANN

based terminal ballistics model compare to the Segletes model?

The average runtime of the MLP for monolithic targets was 0.06 ms and for the Segletes

model the average runtime was 1.61 ms. The MLP takes on average 96% less time than

the Segletes model to calculate the results of a single element target. This also means that

the MLP is roughly 27 times faster than the Segletes model for single element targets. For

multiple element targets the average runtime per element of the MLP was 0.49 ms and for

the Segletes model it was 2.26 ms. The MLP takes on average 78% less time than the

Segletes model to calculate the results of one element of a multiple element target. This

also means that the MLP is roughly 5 times faster than the Segletes model for multiple

element targets. The difference in runtime for monolithic targets means that the MLP

finishes roughly 1.55 ms sooner than the Segletes model and for multiple element targets

the MLP finished each element roughly 1.77 ms sooner.

An example Vulnerability/Lethality (V/L) analysis will be used to demonstrate the

dramatic impact of the difference in runtimes. Imagine a main battle tank with rough

dimensions of 2.4 m height, 3.7 m width, and 9.8 m length. Breaking the presented area of

the side of that tank into cells that are 50 mm x 50 mm could result in a total of 7611 cells

total. Doing the same for the front of the tank would result in roughly 2854 total cells.

Those two sets of cells are called views; averaging them would give a rough approximation

of how many cells to expect for any particular view. Assume that in each cell the simulation

will make 10 sample runs and that each one of those runs may need to call the penetration

model 10 times. The final assumption to be made is the number of views that will be run

for the analysis; this assumption will be 109 total views. The azimuths for those view start

at 0 ◦ and increment by 30 ◦ until 330 ◦. When an analysis is requested the requirements

for the views can change based on the planned use for the results; here the assumption
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will be that the results will be used in a force on force model and some encounters could

happen at higher elevation angles and in some cases even negative angles. For that type of

requirement the following angles could be ran to meet those needs; start at -45 ◦ elevation

and increment by 15 ◦ until 75 ◦ elevation. That results in 108 total views, and with the

addition of a final view of 0 ◦ azimuth and 90 ◦ elevation, the total comes to 109 views.

The average runtime for the MLP per element of a target was 0.142 ms and for the Segletes

model it was 1.73 ms. A total of 109 views with 5232 cells per view, 10 samples per cell,

and 10 model calls per sample amounts to 57 028 800 total calls per model for this sample

scenario run. That amounts to 2.25 h total for the MLP and 27.47 h for the Segletes model.

Those totals are for just one sample run of the simulation; many times an analyst will not

catch an error in their inputs and the simulation can run for most of the required time

before a problem is noted. This leads to an analyst rerunning the analysis multiple times

so those runtime totals may be multiplied by any number of times for debugging purposes.

In the end this can amount to a savings of days for an analyst.

The other time saving benefit of the MLP is that because it is generalized it does not

require Subject Matter Expert (SME) fitting prior to an analyst using it in a V/L model

run. The only part an SME may be involved in is checking that the model is predicting

accurately for materials not seen before, which could lead to a retraining of the model

at some point. Other models in use require ballistic SMEs to fit a new KEP threat to

whatever material of is required (typically Rolled Homogeneous Armor (RHA) steel) and

then for other materials the thicknesses are scaled based on density. The time required for

SME work on input files for V/L analyses can vary from days to weeks, but a fair assumption

is typically 2 to 3 weeks. That can add a significant amount of time to the completion of a

V/L analysis.

In summary, the MLP execution time is extremely fast, performing 27 times faster than

the Segletes model for single element targets and 5 times faster than the Segletes model

for multiple element targets. The elapsed time for the MLP is also faster than the Segletes

model because it requires less fitting by SMEs prior to use.
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RQ 1.5 – How does the accuracy of an ANN based terminal ballistics model

compare to the Segletes model?

For monolithic targets (SNF) the MLP far surpassed the predictive capabilities of the

Segletes model for both the classification problem of determination of perforation and the

regression problem of predicting the residual velocity and mass. For perforation prediction

the MLP had better scores than the Segletes model for MSE, ACC, FPR, TNR, and MCC.

For both residual velocity and residual mass the MLP had better MSE scores than the

Segletes model. The MSE scores for the MLP were 0.0726 for Vr and 0.0232 for Mr. For

the Segletes model they were 0.2339 for Vr and 0.113 for Mr. For both residual velocity and

residual mass the MLP had better SMAPE scores than the Segletes model. The SMAPE

scores for the MLP were 33.4% for Vr and 35.6% for Mr. For the Segletes model they were

47.9% for Vr and 55.1% for Mr. In test by test comparison the MLP was as good or better

than the Segletes model for 68% of the tests for residual velocity and 76% of the tests for

residual mass. The MLP was also first order stochastic dominate to the Segletes model for

both residual velocity and mass.

The results for multiple element targets (MAF and MNF) were a little more ambiguous

than those for single element targets. The MLP had a better MSE for perforation prediction

and residual mass, but not residual velocity. The MLP had a better ACC score and TPR

score, but not FPR, FNR, TNR, or MCC. The SMAPE scores for the MLP were nearly

identical to that of the Segletes model. The SMAPE scores for the MLP were 51.8% for Vr

and 58.8% for Mr. For the Segletes model they were 49.5% for Vr and 57.7% for Mr. For

residual velocity, the MLP had more spread in the distribution of percent errors, but they

were more balanced than the Segletes model. The Segletes model tended to under predict

both perforations and residual estimates. The MLP was unbalanced in the prediction

of perforation though, there were more false positives than false negatives. For residual

mass, both models were skewed to negative percent errors (over predictions) and performed

similarly.
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Even though the Segletes model performed better in some areas (such as MSE scores)

for multiple element targets, there were areas were the MLP also performed better (such

as test-by-test comparison). Overall, the errors that the MLP had were comparable to

the Segletes model and are acceptable because of the planned use for the MLP and the

drastically better runtimes provided by using it.

In summary, the accuracy of the MLP is significantly superior to the Segletes model for

single element targets and is similar to the Segletes model for multiple element targets.

7.2 Summary of Contributions

7.2.1 Publications

There were a total of four papers written and accepted for publication during the span of

time of this research project:

• “Predicting the Terminal Ballistics of Kinetic Energy Projectiles Using Artificial Neu-

ral Networks”, Journal of Information Systems Applied Research, Volume 7, Issue 1,

February 2014. [97]

The first publication was originally published and presented at the 2013 Conference on

Information Systems Applied Research (CONISAR) and was selected for subsequent

inclusion in the above journal. At the time of the conference, this research was in the

first phase of the approach (see Section 1.5) and was focused on dealing with data.

The key topic of the conference was “Big Data”, so the conference presented a great

opportunity to publish the current work related to data and to get good feedback on

how to handle the data issues that were present at that time.

• “Predicting the Perforation of Kinetic Energy Projectiles using Artificial Neural Net-

works”, 2014 IEEE Symposium on Computational Intelligence for Engineering Solu-

tions (CIES 2014), Volume 1, 2014. [96]

The second publication was written for the 2014 IEEE Symposium on Computational

Intelligence for Engineering Solutions (CIES). At the time of that conference, the

research was in the very beginning of the second phase of the approach (see Sec-
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tion 1.5) and there were many questions about how to properly set up the MLP.

This conference presented a great opportunity to get feedback from experts in the

field of computational intelligence, as well as present the current progress of the MLP

implementation. A paper was also written for a doctoral consortium at that confer-

ence. Participation in the consortium proved valuable because some feedback from

attendees led to important changes in the approach of topology selection.

• “Comparing the Prediction Capabilities of an Artificial Neural Network vs a Phe-

nomenological Model for Predicting the Terminal Ballistics of Kinetic Energy Pro-

jectiles”, Proceedings of the Conference on Information Systems Applied Research

(CONISAR), 2015. [98]

The third paper was presented at the 2015 Conference on Information Systems Applied

Research (CONISAR). That conference was selected because it posed an opportunity

to present the results from comparing the MLP to the Segletes model and to get

feedback from some of the same people that had seen the early research publication

from that conference in 2013.

• “Comparing the Iterative Application of an Artificial Neural Network vs. a Phe-

nomenological Model for Predicting the Terminal Ballistics of Kinetic Energy Pro-

jectiles Against Multiple Element Targets”, Submitted for publication to 2017 IEEE

Computing Conference. [99]

The fourth paper was submitted and accepted (acceptance notification received on

October 3, 2016) to the 2017 IEEE Computing Conference. The conference is an

international conference and has an “Intelligent Systems” track; the conference will

provide a great venue to present the final results of this research.

In addition to the aforementioned publications, this research was also presented at two

events. The first was at the Towson University Computer Sciences Department 30th An-

niversary celebration. The second was at the 21st Annual United States Military Academy
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and U.S. Army Research Laboratory Symposium (AUTS). The presentation at the AUTS

was a great opportunity to present this research to military and ballistics SMEs providing

information about this research and receiving valuable feedback for experts in the field.

7.2.2 Impact

The work to collect and clean the terminal ballistics data for KEPs is of such importance

that there are already opportunities being presented to receive funding to complete the

cleaning and preparation of the QBasic database for inclusion in the Penetration Database

Markup Language (PDML) database. The PDML database will be able to serve as a

foundation for many other research projects in the U.S. ARL.

The results from this research can provide programs like MUVES-S2, Visual Simulation

Lab (VSL), and System-of-Systems Survivability Simulation (S4) with an accurate and fast

model for modeling KEPs. In particular, the MLP should allow VSL to model KEPs in

real-time as a vehicle geometry is rotated on the screen. With the MLP VSL will be able

to provide real-time information on vulnerability of a vehicle to KEPs. The benefit to

MUVES-S2 will be faster overall runtimes, but the bigger impact will be in the end-to-end

analysis time. There is a lot of time spent preparing inputs for KEP models and the use

of the MLP will drastically reduce the time spent waiting on inputs from SMEs. All of

those improvements enable the use of MUVES-S2 in larger force-on-force models such as

S4, providing better vulnerability information to the decision makers of the U.S. Army

which is critical to the survivability of our combat forces.

7.3 Discussion of Limitations

The MLP was only trained on SNF targets, which had air behind the only target element.

So the effect of the plasticly deformed volume in the target reaching the back of the target

element should be inherently modeled. This leads to a couple of limitations for the MLP.

The first limitation is that the MLP does not know how the KEP will behave when impacting

another target element after leaving an air gap. The second limitation is that the MLP also

does not know how to handle two target elements that do not have an air gap between
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them. Those limitations were known while doing this research, but it was of interest to

understand how the MLP would perform against those types of targets anyway. Given

those limitations, the iterative approach still performed well.

The MLP is limited to use with KEPs that are static and solid. So specialized KEP

designs such as telescoping and segmented Kinetic Energy (KE) rods were not tested and

the performance of the MLP for those designs is unknown. As with any empirical model

great care should be taken when attempting to use data that falls outside of the bounds of

the data used for training. A lot of effort went into making sure the MLP did not overfit

the data, but extrapolating outside of the bounds of the data could lead to unforeseen

results. Nose shape was not used in the MLP in any other way than to add an approximate

equivalent mass cylinder to the length of the KEPs. So any effects that would occur from

interaction of the nose of the projectile and the target at higher obliquities is likely not

captured. Pitch and yaw were not recorded in all of the experimental test data used so

total yaw was used instead. That means that for any interactions that had pitch or yaw

that would “turn” the projectile into the target at obliquity is also not captured. Any

experimental tests that resulted in ricochet or severe shattering of the projectile were not

included in the test data because there were not enough of them to properly represent the

phenomena.

Even though the data used in this research was sufficient for answering the research

questions, there were still gaps in the data. Another limitation of the MLP is the need for

more data and data with a broader range of values. The MLP is highly dependent on good

data and the database was lacking data for target materials other than steel and aluminum

as well as for projectile materials other than steel, tungsten, and depleted uranium.

7.4 Future Work

As noted earlier, the MLP is limited by the fact that it was only trained on SNF data. More

research can be done to improve the performance of the MLP for multiple element target

data by leveraging the work by Gruss and Hirsch [39]. They have an approach that may

allow for the MLP to be trained on SNF, MNF, and MAF data. In addition to that approach,
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future work may involve designing the MLP as a Recurrent Neural Network (RNN) so that

later elements in the target can feedback into the calculation of earlier elements. Another

potential design would allow for more input parameters, where the additional parameters

would be the additional elements in the target. Work will need to be done to determine the

best approach to ensure good fitment to the data.

Future work will need to be done to further develop the ballistics database to cover a

broader scope of values for the MLP’s parameters. By doing that the MLP will be able to

generalize better over the full range of possible input values. The data for this research was

unclassified, since it was being used for dissertation research. The results have shown that

a MLP can be used to model KEPs, so further work can now be done at the U.S. ARL

using classified test data

Many scientists and analysts like to be able to see an easy to understand equation when

using models, so it is possible that a move from using an ANN to the use of symbolic

regression using genetic programming may provide value in future research.
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[350] P. Lay and S. Lüttringhaus-Kappel, “Transforming xml schemas into java swing guis.”

GI Jahrestagung (1), vol. 50, pp. 271–276, 2004.

[351] P. Leahy, G. Kiely, and G. Corcoran, “Structural optimisation and input selection of

an artificial neural network for river level prediction,” Journal of Hydrology, vol. 355,

no. 1, pp. 192–201, 2008.

[352] B. Leavy, C. Krauthauser, J. Houskamp, and J. LaSalvia, “Fundamental Investiga-

tion of High-Velocity Impact of Ductile Projectiles on Confined Ceramic Targets,” in

Proceedings of the 25th Army Science Conference, Orlando, FL, November 2006.

[353] Y. LeCun, L. Bottou, G. Orr, and K. Müller, “Efficient Backprop,” in Neural

Networks—Tricks of the Trade, ser. Lecture Notes in Computer Science, G. Orr

and K. Mller, Eds. Springer, 1998, vol. 1524, pp. 5–50. [Online]. Available:

http://citeseer.ist.psu.edu/lecun98efficient.html

[354] Y. LeCun, Y. Bengio, and G. Hinton, “Deep learning,” Nature, vol. 521, no. 7553, pp.

436–444, 2015.

[355] H. Ledbetter and R. P. Reed, “Elastic properties of metals and alloys, i. iron, nickel,

and iron-nickel alloys,” Journal of Physical and Chemical Reference Data, vol. 2, no. 3,

pp. 531–618, 1973.

http://citeseer.ist.psu.edu/lecun98efficient.html


209

[356] H. K. Lee, “Model selection for neural network classification,” Journal of classification,

vol. 18, no. 2, pp. 227–243, 2001.

[357] M. Lee, “Analysis of Jacketed Rod Penetration,” International Journal of Impact

Engineering, vol. 24, pp. 891–905, 2000.

[358] M. Lee and S. J. Bless, “A discreet impact model for effect of yaw angle on penetration

by rod projectiles,” in The tenth American Physical Society topical conference on shock

compression of condensed matter, vol. 429, no. 1. AIP Publishing, 1998, pp. 929–932.

[359] M. Lee and M. J. Normandia, “Successive Impact of Segmented Rods at High–

Velocity,” Korean Society of Mechanical Engineers International Journal, vol. 13, no. 4,

pp. 312–320, 1999.

[360] W. Lee, H.-J. Lee, and H. Shin, “Ricochet of a Tungsten Heavy Alloy Long-Rod Pro-

jectile from Deformable Steel Plates,” Journal of Physics D: Applied Physics, vol. 35,

pp. 2676–2686, 2002.

[361] J.-F. Legendre, M. Giraud, and M. Henner, “Ram-Accelerator: A New Hypervelocity

Launcher for Ballistic Studies,” International Journal of Impact Engineering, vol. 23,

pp. 533–545, 1999.

[362] P. Lehmann, V. Schirm, H. Peter, and J. Wey, “Rail Launchers to Reach Hyperve-

locity,” International Journal of Impact Engineering, vol. 17, pp. 509–515, 1995.

[363] H. F. Lehr, E. Wollman, and G. Koerber, “Experiments with Jacketed Rods of High

Fineness Ratios,” International Journal of Impact Engineering, vol. 15, pp. 517–526,

1995.

[364] H. F. Lehr, E. Wollmann, W. Lanz, and K. Sterzelmeier, “On the Behavior of Long-

Rod Penetrators Undergoing Lateral Accelerations,” in Proceedings 19th International

Symposium of Ballistics 7–11 May 2001, 2001, pp. 1141–1150.

[365] F. Leisch, L. C. Jain, K. Hornik et al., “Cross-validation with active pattern selection

for neural-network classifiers,” IEEE Transactions on Neural Networks, vol. 9, no. 1,

pp. 35–41, 1998.



210

[366] A. Lendasse, V. Wertz, and M. Verleysen, “Model selection with cross-validations

and bootstraps - application to time series prediction with RBFN models,” in Artificial

Neural Networks and Neural Information Processing ICANN/ICONIP 2003. Springer,

2003, pp. 573–580.

[367] W. Leonard and L. Magness, “The terminal ballistic performance of microstructural

oriented tungsten heavy alloy penetrators,” Army Research Laboratory, Technical Re-

port ARL-TR-881, October 1995.

[368] W. Leonard, “The Effect of Nose Shape on Depleted Uranium (DU) Long-Rod Pene-

trators,” U.S. Army Research Laboratory, Technical Report ARL-TR-1505, September

1997.

[369] P. Leray, P. Gallinari, P. Gallinari, and P. Gallinari, “Feature Selection with Neural

Networks,” Behaviormetrika, vol. 26, no. 1, pp. 145–166, 1999.

[370] E. Lidén, J. Ottoson, and L. Holmberg, “WHA Long Rods Penetrating Stationary

and Moving Oblique Steel Plates,” in Proceedings of the 16th International Symposium

on Ballistics, 1996.

[371] R. L. Lindsey, “Function Prediction Using Recurrent Neural Networks,” Ph.D. dis-

sertation, Air Force Institute of Technology, December 1991.

[372] Y. Ling, T. Mullen, and X. Lin, “Analysis of optimal thread pool size,” ACM SIGOPS

Operating Systems Review, vol. 34, no. 2, pp. 42–55, 2000.

[373] P. G. J. Lisboa, Ed., Neural Networks: Current Applications. London: Chapman &

Hall, 1992.

[374] R. J. A. Little and D. B. Rubin, Statistical Analysis with Missing Data. Wiley, 1987.

[375] R. J. Little and N. Zhang, “Subsample ignorable likelihood for regression analysis with

missing data,” Journal of the Royal Statistical Society: Series C (Applied Statistics),

vol. 60, no. 4, pp. 591–605, 2011.



211

[376] R. J. A. Little, “A Test of Missing Completely at Random for Multivariate Data with

Missing Values,” journal of the American Statistical Association, vol. 83, no. 404, pp.

1198–1202, December 1988.

[377] R. J. A. Little and D. B. Rubin, Statistical Analysis with Missing Data. New York,

NY, USA: John Wiley & Sons, Inc., 1986.

[378] D. L. Littlefield, C. E. Anderson Jr., Y. Partom, and S. Bless, “The Penetration of

Steel Targets Finite in Radial Extent,” International Journal of Impact Engineering,

vol. 19, no. 1, pp. 49–62, 1997.

[379] D. L. Littlefield and W. Reinecke, “Penetration mechanics of extending hemicylindri-

cal rods,” in Proceedings of the 19th International Symposium of Ballistics, E. Baker

and D. Templeton, Eds., vol. 2. Lancaster, PA.: DEStech Publications, September

2001, pp. 1522–1532.

[380] Y. Liu, J. Cheng, C. Yan, X. Wu, and F. Chen, “Research on the matthews cor-

relation coefficients metrics of personalized recommendation algorithm evaluation,”

International Journal of Hybrid Information Technology, vol. 8, no. 1, pp. 163–172,

2015.

[381] Y. Liu, “Neural network model selection using asymptotic jackknife estimator and

cross-validation method,” in Advances in Neural Information Processing Systems, 1992,

pp. 599–606.

[382] ——, “Create stable neural networks by cross-validation,” in Neural Networks, 2006.

IJCNN’06. International Joint Conference on. IEEE, 2006, pp. 3925–3928.

[383] A. Loureiro, L. Torgo, and C. Soares, “Outlier detection using Clustering methods: A

data cleaning Application,” in Proceedings of KDNet Symposium on Knowledge-based

systems for the Public Sector, 2004.

[384] V. K. Luk and A. J. Piekutowski, “An Analytical Model on Penetration of Eroding

Long Rods into Metallic Targets,” International Journal of Impact Engineering, vol. 11,

no. 3, pp. 323–340, 1991.



212

[385] P. Lundberg, L. Westerling, and B. Lundberg, “Influence of Scale on the Penetration

of Tungsten Rods into Steel-Backed Alumina Targets,” International Journal of Impact

Engineering, vol. 18, no. 4, pp. 403–416, 1996.

[386] Luttwak, “Oblique and Yawed Rod Penetration,” in Proceedings 5th International

Symposium on Behaviour of Dense Media under High Dynamic Pressures 23–27 June

2003, 2003.

[387] G. Luttwak, “Yawed Rod Penetration,” in Proceedings of 20th International Sympo-

sium of Ballistics, 2002.

[388] N. J. Lynch, “Constant Kinetic Energy Impacts of Scale Size KE Projectiles at Or-

dance and Hypervelocity,” International Journal of Impact Engineering, vol. 23, pp.

573–584, 1999.

[389] N. J. Lynch, R. Subramanian, C. Brissenden, and P. Shears, “Terminal Ballistic

Performance of Novel KE Projectiles,” in Proceedings 15th International Symposium of

Ballistics 21–24 May 1995, 1995, pp. 35–42.

[390] N. J. Lynch, R. Subramanian, S. Brown, and J. Alston, “The Influence of Penetrator

Geometry and Impact Velocity on the Formation of Crater Volume in Semi-Infinite

Targets,” in Proceedings 19th International Symposium of Ballistics 7–11 May 2001,

2001.

[391] C. MacLeod and G. M. Maxwell, “Incremental evolution in anns: Neural nets which

grow,” Artificial Intelligence Review, vol. 16, no. 3, pp. 201–224, 2001.

[392] V. Madhu, T. Balakrishna Bhat, and N. K. Gupta, “Normal and Oblique Impacts

of Hard Projectile on Single and Layered Plates-An Experimental Study,” Defense

Science Journal, vol. 53, no. 2, pp. 147–156, April 2003.

[393] V. Madhu, K. Ramanjaneyulu, T. Balakrishna Bhat, and N. K. Gupta, “An Exper-

imental Study of Penetration Resistance of Ceramic Armour Subjected to Projectile

Impact,” International Journal of Impact Engineering, vol. 32, pp. 337–350, 2005.



213

[394] L. Magness and W. Leonard, “Scaling Issues for Kinetic Energy Penetrators,” in

Proceedings of the 14th International Symposium on Ballistics, 1993.

[395] L. Magness, “Antiarmor Kinetic Energy Penetrators,” in Advanced Ballistics Science

and Engineering, B. Burns, Ed. U.S. Army Research Laboratory, November 2008,

no. ARL-SR-168, special report Lethality. Antiarmor Kinetic Energy Projectiles, pp.

386–416.

[396] L. S. Magness and T. Farrand, “Deformation Behavior and Its Relationship to the

Penetration Performance of High-Density KE Penetrator Materials,” in Army Science

Conference Proceedings, vol. 2, June 1990, pp. 465–479.

[397] L. Magness and D. Scheffler, “The influence of penetrator material and projectile nose

shape on the onset of penetrator deformation and erosion,” in Proceedings of the second

Australian Conference on Applied Mechanics, 1999.

[398] O. Maimon and L. Rokach, Eds., The Data Mining and Knowledge Discovery Hand-

book. Springer, 2005.

[399] J. I. Maletic and A. Marcus, “Data cleansing: Beyond integrity analysis.” in IQ.

Citeseer, 2000, pp. 200–209.

[400] ——, “Data Cleansing - A Prelude to Knowledge Discovery,” in The Data Mining

and Knowledge Discovery Handbook, O. Maimon and L. Rokach, Eds. Springer, 2005,

pp. 21–36.

[401] R. S. Mariano, “Testing forecast accuracy,” A companion to economic forecasting, pp.

284–298, 2002.

[402] M. K. Markey, G. D. Tourassi, M. Margolis, and D. M. DeLong, “Impact of missing

data in evaluating artifical neural networks trained on complete data,” Computers in

Biology and Medicine, vol. 36, pp. 516–525, 2006.

[403] Massachusetts Institute of Technology Lexington Lincoln Laboratory, “DARPA Neu-

ral Network Study,” U.S. Defense Advanced Research Projects Agency/Tactical Tech-

nology Office (DARPA/TTO), Technical Report ESD-TR-88-311, March 1989.



214

[404] M. Matteucci and D. Spadoni, “Evolutionary Learning of Rich Neural Networks in

the Bayesian Model Selection Framework,” International Journal of Applied Math and

Computer Science, vol. 14, no. 3, pp. 423–440, 2004.

[405] W. S. McCulloch and W. Pitts, “A Logical Calculus of the Ideas Immanent in Nervous

Activity,” Bulletin of Mathematical Biology, vol. 5, pp. 115–133, 1943.

[406] M. McDermeit, R. Funk, and M. Dennis, “Data Cleaning and Replacement of Missing

Values.”

[407] J. R. McDonnell and D. Waagen, “Determining Neural Network Connectivity Us-

ing Evolutionary Programming,” in Conference Record of The Twenty-Sixth Asilomar

Conference on Signals, Systems and Computers, vol. 2, October 1992, pp. 786–790.

[408] ——, “Determining Neural Network Hidden Layer Size Using Evolutionary Program-

ming,” in World Congress on Neural Networks: 1993 International Neural Network

Society Annual Meeting, vol. 3, 1993, pp. 564–567.

[409] M. R. McHenry, Y. Choo, and D. L. Orphal, “Numerical Simulations of Low L/D

Rod Aluminum Into Aluminum Impacts Compared to the Tate Cratering Model,”

International Journal of Impact Engineering, vol. 23, pp. 621–628, 1999.

[410] M. McInerney and A. P. Dhawan, “Use of genetic algorithms with backpropagation in

training of feedforward neural networks,” in IEEE International Conference on Neural

Networks, vol. 1. IEEE, 1993, pp. 203–208.

[411] Y. Me-Bar, “A Method for Scaling Ballistic Penetration Phenomena,” International

Journal of Impact Engineering, vol. 19, no. 9–10, pp. 821–829, 1997.

[412] J. J. Misey, “Analysis of Long Rod Penetration at Hypervelocity Impact,” Ballistic

Research Laboratory, Technical Report BRL-R-1982, April 1977.

[413] N. Mohamad, F. Zaini, A. Johari, I. Yassin, and A. Zabidi, “Comparison between

levenberg-marquardt and scaled conjugate gradient training algorithms for breast can-

cer diagnosis using mlp,” in Signal Processing and Its Applications (CSPA), 2010 6th

International Colloquium on. IEEE, 2010, pp. 1–7.



215

[414] S. A. Mojarad, S. S. Dlay, W. L. Woo, and G. Sherbet, “Breast Cancer prediction

and cross validation using multilayer perceptron neural networks,” in Communication

Systems Networks and Digital Signal Processing (CSNDSP), 2010 7th International

Symposium on. IEEE, 2010, pp. 760–764.

[415] M. F. Møller, “Exact calculation of the product of the hessian matrix of feed-forward

network error functions and a vector in 0 (n) time,” DAIMI Report Series, vol. 22, no.

432, 1993.

[416] D. J. Montana and L. Davis, “Training feedforward neural networks using

genetic algorithms,” in Proceedings of the 11th international joint conference

on Artificial intelligence - Volume 1, ser. IJCAI’89. San Francisco, CA,

USA: Morgan Kaufmann Publishers Inc., 1989, pp. 762–767. [Online]. Available:

http://dl.acm.org/citation.cfm?id=1623755.1623876

[417] B. L. Morris and C. E. Anderson Jr., “The Ballistic Performance of Confined Ceramic

Tiles,” in Proceedings of the 1991 TACOM Combat Vehicle Survivability Symposium,

1991, pp. 235–244.

[418] R. W. Morrison and K. A. De Jong, “Measurement of population diversity,” in Arti-

ficial Evolution. Springer, 2002, pp. 31–41.

[419] S. Moulsdale, “MUVES-S2 Study: Comparison of Vulnerability Results When Vary-

ing Grid Cells Size and Number of Views,” U.S. Army Research Laboratory, Technical

Report ARL-TR-5835, June 2012.

[420] R. Muldoon, “MTL Armor Data Base Program,” U.S. Army Materials Technology

Laboratory, Tech. Rep., 1991.

[421] H. Müller and J.-C. Freytag, Problems, methods, and challenges in comprehensive

data cleansing. Professoren des Inst. Für Informatik, 2005.

[422] N. Murata, S. Yoshizawa, and S.-i. Amari, “Network information criterion-

determining the number of hidden units for an artificial neural network model,” IEEE

Transactions on Neural Networks, vol. 5, no. 6, pp. 865–872, 1994.

http://dl.acm.org/citation.cfm?id=1623755.1623876


216

[423] K. A. Myers, “Lethal Area Description,” Ballistic Research Laboratories, Technical

Note BRL-TN-1510, July 1963.

[424] N. M. Nawi, N. A. Hamid, R. Ransing, R. Ghazali, and M. N. M. Salleh, “Enhanc-

ing back propagation neural network algorithm with adaptive gain on classification

problems,” networks, vol. 4, no. 2, 2011.

[425] J. Nazari and O. K. Ersoy, “Implementation of Back-Propagation Neural Networks

with MatLab,” Purdue University Electrical and Computer Engineering, Technical

Report TR-RR 92-39, 1992.

[426] M. Neale, S. Boker, G. Xie, and H. Maes, “Mx: Statistical modeling . richmond, va:

Department of psychiatry,” Virginia Institute for Psychiatric and Behavior Genetics,

Virginia Commonwealth University, 2003.

[427] P. E. Nebolsine, N. D. Humer, N. F. Harmon, and J. R. Baker, “Statistical Analysis

of NRL 1964-1969 Hypervelocity Rod-Plate Impact Data and Comparison to Recent

Data,” International Journal of Impact Engineering, vol. 23, pp. 639–649, 1999.

[428] V. F. Nesterenko, S. S. Indrakanti, S. Brar, and G. YaBei, “Long Rod Penetration

Test of Hot Isostatically Pressed Ti-Based Targets,” in American Institute of Physics

Conference Proceedings, vol. 505, 2000, pp. 419–422.

[429] P. H. Netherwood Jr., “Rate of Penetration Measurements,” Ballistic Research Lab-

oratory, Memorandum Report ARBRL-MR-02978, December 1979.

[430] M. J. Normandia, “Eroded Length Model for Yawed Penetrators Impacting Finite

Thickness Targets at Normal and Oblique Incidence,” International Journal of Impact

Engineering, vol. 23, pp. 663–674, 1999.

[431] D. Norris, W. McMaster, and M. Wilkins, “Long-rod projectiles against oblique

targets: analysis and design recommendations,” California Univ., Livermore (USA).

Lawrence Livermore Lab., Tech. Rep., 1976.



217

[432] R. K. Nowicki, B. Nowak, J. T. Starczewski, K. Cpalka et al., “The learning of

neuro-fuzzy approximator with fuzzy rough sets in case of missing features,” in Neural

Networks (IJCNN), 2014 International Joint Conference on. IEEE, 2014, pp. 3759–

3766.

[433] G. Ochoa, I. Harvey, and H. Buxton, “Optimal Mutation Rates and Selection Pressure

in Genetic Algorithms.” in GECCO. Citeseer, 2000, pp. 315–322.

[434] W. Odermatt. (2014) Long rod penetrators - perforation equation. [Online].

Available: http://www.longrods.ch/perfeq.php

[435] P. Oliveira, F. Rodrigues, and H. Pedro, “A formal definition of data quality prob-

lems,” in Proceedings of International Conference on Information Quality, 2005.

[436] ——, “A taxonomy of data quality problems,” in Proceedings of 2nd International

Workshop on Data and Information Quality, 2005.

[437] T. Onoda, “Neural network information criterion for the optimal number of hidden

units,” in Neural Networks, 1995. Proceedings., IEEE International Conference on,

vol. 1. IEEE, 1995, pp. 275–280.

[438] D. L. Orphal and C. E. Anderson Jr., “The Dependence of Penetration Velocity on

Impact Velocity,” International Journal of Impact Engineering, vol. 33, pp. 564–554,

2006.

[439] D. L. Orphal and R. R. Franzen, “Penetration Mechanics and Performance of Seg-

mented Rods Against Metal Targets,” International Journal of Impact Engineering,

vol. 10, no. 1–4, pp. 427–438, 1990.

[440] ——, “Penetration of Confined Silicon Carbide Targets by Tungsten Long Rods at

Impacts Velocities from 1.5 to 4.6 km/s,” International Journal of Impact Engineering,

vol. 19, no. 1, pp. 1–13, 1997.

http://www.longrods.ch/perfeq.php


218

[441] D. L. Orphal, R. R. Franzen, A. C. Charters, T. L. Menna, and A. J. Piekutowski,

“Penetrations of Confined Boron Carbide Targets by Tungsten Long Rods at Impact

Velocities From 1.5 to 5.0 km/s,” International Journal of Impact Engineering, vol. 19,

no. 1, pp. 15–29, 1997.

[442] D. L. Orphal, R. R. Franzen, A. J. Piekutowski, and M. J. Forrestal, “Penetration

of Confined Aluminum Nitrade Targets by Tungsten Long Rods at 1.5–4.5 km/s,”

International Journal of Impact Engineering, vol. 18, no. 4, pp. 355–368, 1996.

[443] D. Orphal, C. Anderson, R. Franzen, J. Walker, P. Schneidewind, and M. Majerus,

“Impact and penetration by l/d 1 projectiles,” International Journal of Impact Engi-

neering, vol. 14, no. 1-4, pp. 551–560, 1993.

[444] J. W. Osborne and A. Overbay, Best practices in data cleaning. Sage, 2012.

[445] G. Panchal, A. Ganatra, Y.P.Kosta, and D. Panchal, “Article: Searching Most Effi-

cient Neural Network Architecture Using Akaike’s Information Criterion (AIC),” In-

ternational Journal of Computer Applications, vol. 1, no. 5, pp. 41–44, February 2010,

Published By Foundation of Computer Science.

[446] R. Parekh, J. Yang, and V. Honavar, “Constructive neural-network learning algo-

rithms for pattern classification,” Neural Networks, IEEE Transactions on, vol. 11,

no. 2, pp. 436–451, 2000.

[447] L. E. Parker, “Notes on multilayer, feedforward neural networks,” 2007. [Online].

Available: http://web.eecs.utk.edu

[448] Y. Partom, “On the Hydrodynamic Limit of Long Rod Penetration,” International

Journal of Impact Engineering, vol. 20, pp. 617–625, 1997.

[449] D. V. Patil and R. S. Bichkar, “Multiple Imputation of Missing Data with Genetic

Algorithm based Techniques,” International Journal of Computer Applications, vol. 2,

pp. 74–79, 2010.

http://web.eecs.utk.edu


219

[450] C. C. Peck, A. P. Dhawan, and C. M. Meyer, “Genetic algorithm based input se-

lection for a neural network function approximator with applications to ssme health

monitoring,” in Neural Networks, 1993., IEEE International Conference on. IEEE,

1993, pp. 1115–1122.

[451] B. A. Pedersen, S. J. Bless, and J. U. Cazamias, “Hypervelocity Jacketed Penetra-

tors,” International Journal of Impact Engineering, vol. 26, pp. 603–611, 2001.

[452] H. Peng, H. Yan, and W. Zhang, “The connection between cross-validation and akaike

information criterion in a semiparametric family,” Journal of Nonparametric Statistics,

vol. 25, no. 2, pp. 475–485, 2013.

[453] K. Pepperdine, “Tuning the Size of Your Thread Pool,” 2013. [Online]. Available:

http://www.infoq.com

[454] E. Perez, “Experimental and Theoretical Study on the Penetration of Semi-Infinite

Metal Targets by Great-Length Metal Projectiles with a Velocity Higher than

2000 m/s,” Science et Techniques de l’Armement, vol. 56, pp. 1–155, 1982.

[455] S. Perez, “Apply genetic algorithm to the learning phase of a neural network,” 2008.

[Online]. Available: http://www.ics.uci.edu/∼dramanan/teaching/ics273a winter08/

projects/sperez1 GANN.pdf

[456] G. J. J. M. Peskes and W. Lanz, “Evaluation of Replica Scale Jacketed Penetrators

for Tank Ammunition,” in Proceedings 19th International Symposium of Ballistics 7–11

May 2001, I. R. Crewther, Ed., vol. 3, May 2001, pp. 1223–1229.

[457] E. Pesonen, M. Eskelinen, and M. Juhola, “Treatment of missing data values in a

neural network based decision support system for acute abdominal pain,” Artificial

Intelligence in Medicine, vol. 13, no. 3, pp. 139–146, 1998.

http://www.infoq.com
http://www.ics.uci.edu/~dramanan/teaching/ics273a_winter08/projects/sperez1_GANN.pdf
http://www.ics.uci.edu/~dramanan/teaching/ics273a_winter08/projects/sperez1_GANN.pdf


220
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Appendix B

Penetration Database Markup

Language

B.1 PDML Schema

1 <?xml ve r s i on=” 1 .0 ” encoding=”UTF−8”?>
2 <xsd : schema xmlns : xsd=”http ://www.w3 . org /2001/XMLSchema” xmlns : jxb=”http :// java .

sun . com/xml/ns/ jaxb” jxb : v e r s i on=” 2 .0 ”>

3 <xsd : annotat ion>

4 <xsd : documentation>

5 Description : Generated for PDML

6 Owner: John R Auten Sr .

7 Date : 2013−07−01
8 Current Version : 0.11

9

10 Version : 0.11

11 −Changed reported boolean to a ENUM

12 Version : 0.10

13 −Added element for ogive nose CRH value

14 Version : 0.9

15 −Added releasabi l i ty information for source data

16 Version : 0.8

17 −Added extensive nose characterization elements

18 Version : 0.7

19 −Added UTS as a element and made units an optional attribute

20 Version : 0.6

21 −Removed required value for velocity since limit velocity test do not need i t

22 Version : 0.5

23 −Added three new test types : SNL, MNL, MAL

24 Version : 0.4

25 −Added suspect attribute to test

26 Version : 0.3

27 −Corrected elements and attribute types

28 Version : 0.2

29 −Corrected elements and attribute requirement status

30 Version : 0.1

31 −In i t i a l version

32

33 References :
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34 RefID0087

35 </xsd : documentation>

36 </xsd : annotat ion>

37 <xsd : element name=”PDML”>

38 <xsd : annotat ion>

39 <xsd : documentation>Penetration Database Markup Language</xsd : documentation>

40 </xsd : annotat ion>

41 <xsd : complexType>

42 <xsd : sequence>

43 <xsd : element name=”Test ” minOccurs=”1” maxOccurs=”unbounded”>

44 <xsd : annotat ion>

45 <xsd : documentation>This element represents a ba l l i s t i c test event .</xsd :

documentation>

46 </xsd : annotat ion>

47 <xsd : complexType>

48 <xsd : sequence>

49 <xsd : element name=”Source ” minOccurs=”1” maxOccurs=”1”>

50 <xsd : annotat ion>

51 <xsd : documentation>This element represents the source for the test event

data .</xsd : documentation>

52 </xsd : annotat ion>

53 <xsd : complexType>

54 <xsd : s impleContent>

55 <xsd : ex tens i on base=”xsd : s t r i n g ”>

56 <xsd : a t t r i b u t e name=”BibtexRefID” type=”xsd : s t r i n g ” use=” requ i r ed ”>

57 <xsd : annotat ion>

58 <xsd : documentation>RefID used in Bibtex to reference this source .</

xsd : documentation>

59 </xsd : annotat ion>

60 </xsd : a t t r i b u t e>

61 <xsd : a t t r i b u t e name=”TestNumber” type=”xsd : s t r i n g ” use=” opt i ona l ”>

62 <xsd : annotat ion>

63 <xsd : documentation>Test number used in the source document.</xsd :

documentation>

64 </xsd : annotat ion>

65 </xsd : a t t r i b u t e>

66 <xsd : a t t r i b u t e name=”D i s t r i bu t i on ” use=” requ i r ed ”>

67 <xsd : annotat ion>

68 <xsd : documentation>What i s the releasabi l i ty (Public , Limited , etc

. . . ) ?</xsd : documentation>

69 </xsd : annotat ion>

70 <xsd : simpleType>

71 <xsd : r e s t r i c t i o n base=”xsd : s t r i n g ”>

72 <xsd : enumeration value=”Unknown” />

73 <xsd : enumeration value=”A. Approved f o r Publ ic Re lease ” />

74 <xsd : enumeration value=”B. U. S . Government Agencies Only” />

75 <xsd : enumeration value=”C. U. S . Government Agencies and Their

Contractors ” />

76 <xsd : enumeration value=”D. DoD and DoD Contractors Only” />

77 <xsd : enumeration value=”E. DoD Components Only” />

78 <xsd : enumeration value=”F . Further Disseminat ion Only as Directed

by the DoD Cont ro l l i ng O f f i c e or Higher DoD Authority ” />

79 </xsd : r e s t r i c t i o n>

80 </xsd : simpleType>

81 </xsd : a t t r i b u t e>

82 <xsd : a t t r i b u t e name=”ExportControl ” type=”xsd : boolean ” use=” requ i r ed ”>

83 <xsd : annotat ion>

84 <xsd : documentation>Is the document export controlled?</xsd :

documentation>

85 </xsd : annotat ion>

86 </xsd : a t t r i b u t e>

87 </xsd : ex tens i on>

88 </xsd : s impleContent>

89 </xsd : complexType>
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90 </xsd : element>

91 <xsd : element name=”Impact” minOccurs=”1” maxOccurs=”1”>

92 <xsd : annotat ion>

93 <xsd : documentation>This element defines the conditions at impact .</xsd :

documentation>

94 </xsd : annotat ion>

95 <xsd : complexType>

96 <xsd : sequence>

97 <xsd : element name=”Ve loc i ty ” minOccurs=”0” maxOccurs=”1” type=”Metric ”>

98 <xsd : annotat ion>

99 <xsd : documentation>Striking velocity of projecti le .</xsd :

documentation>

100 </xsd : annotat ion>

101 </xsd : element>

102 <xsd : element name=”TotalYaw” minOccurs=”0” maxOccurs=”1” type=”Metric ”>

103 <xsd : annotat ion>

104 <xsd : documentation>Yaw of projecti le at impact .</xsd : documentation>

105 </xsd : annotat ion>

106 </xsd : element>

107 <xsd : element name=”Yaw” minOccurs=”0” maxOccurs=”1” type=”Metric ”>

108 <xsd : annotat ion>

109 <xsd : documentation>Yaw of projecti le .</xsd : documentation>

110 </xsd : annotat ion>

111 </xsd : element>

112 <xsd : element name=”Pitch ” minOccurs=”0” maxOccurs=”1” type=”Metric ”>

113 <xsd : annotat ion>

114 <xsd : documentation>Pitch of projecti le .</xsd : documentation>

115 </xsd : annotat ion>

116 </xsd : element>

117 </xsd : sequence>

118 </xsd : complexType>

119 </xsd : element>

120 <xsd : element name=” P r o j e c t i l e ” minOccurs=”1” maxOccurs=”1”>

121 <xsd : annotat ion>

122 <xsd : documentation>This element defines the properties of the projecti le

in this test event .</xsd : documentation>

123 </xsd : annotat ion>

124 <xsd : complexType>

125 <xsd : complexContent>

126 <xsd : ex tens i on base=”Mate r i a lP rope r t i e s ”>

127 <xsd : sequence>

128 <xsd : element name=”TotalLength” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

129 <xsd : element name=”Ef f e c t i veLength ” minOccurs=”0” maxOccurs=”1” type=

”Metric ” />

130 <xsd : element name=”CoreLength” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

131 <xsd : element name=”CoreDiameter” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

132 <xsd : element name=”Mass” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

133 <xsd : element name=”Nose” minOccurs=”0” maxOccurs=”1” type=”xsd : s t r i n g

” />

134 <xsd : element name=”Fineness ” minOccurs=”0” maxOccurs=”1” type=”Metric

” />

135 <xsd : element name=” E f f e c t i v eF i n en e s s ” minOccurs=”0” maxOccurs=”1”

type=”Metric ” />

136 <xsd : element name=”NoseLength1” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

137 <xsd : element name=”NoseConeAngle1” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

138 <xsd : element name=”NoseDiameter” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

139 <xsd : element name=”NoseLength2” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />
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140 <xsd : element name=”NoseConeAngle2” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

141 <xsd : element name=”CRH” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

142 <xsd : element name=”NoseType” minOccurs=”0” maxOccurs=”1”>

143 <xsd : simpleType>

144 <xsd : r e s t r i c t i o n base=”xsd : s t r i n g ”>

145 <xsd : enumeration value=”Flat ” />

146 <xsd : enumeration value=”Conica l ” />

147 <xsd : enumeration value=”Bi−Conic” />

148 <xsd : enumeration value=”Frustrum” />

149 <xsd : enumeration value=”Blunt” />

150 <xsd : enumeration value=”Ogive” />

151 <xsd : enumeration value=”Hemispher ica l ” />

152 </xsd : r e s t r i c t i o n>

153 </xsd : simpleType>

154 </xsd : element>

155 </xsd : sequence>

156 </xsd : ex tens i on>

157 </xsd : complexContent>

158 </xsd : complexType>

159 </xsd : element>

160 <xsd : element name=”Target ” minOccurs=”1” maxOccurs=”1”>

161 <xsd : annotat ion>

162 <xsd : documentation>This element defines the target array .</xsd :

documentation>

163 </xsd : annotat ion>

164 <xsd : complexType>

165 <xsd : sequence>

166 <xsd : element name=”Element” minOccurs=”1” maxOccurs=”unbounded”>

167 <xsd : annotat ion>

168 <xsd : documentation>Defines the individual elements in the target

array .</xsd : documentation>

169 </xsd : annotat ion>

170 <xsd : complexType>

171 <xsd : complexContent>

172 <xsd : ex tens i on base=”Mate r i a lP rope r t i e s ”>

173 <xsd : sequence>

174 <xsd : element name=”Thickness ” minOccurs=”1” maxOccurs=”1” type=”

Metric ” />

175 <xsd : element name=”Obl iqu i ty ” minOccurs=”1” maxOccurs=”1” type=”

Metric ” />

176 </xsd : sequence>

177 <xsd : a t t r i b u t e name=”Number” type=”xsd : i n t ” use=” requ i r ed ”>

178 <xsd : annotat ion>

179 <xsd : documentation>Which element in the array i s this ( starts at

1 and goes up)?</xsd : documentation>

180 </xsd : annotat ion>

181 </xsd : a t t r i b u t e>

182 <xsd : a t t r i b u t e name=”Type” type=”xsd : s t r i n g ” use=” requ i r ed ”>

183 <xsd : annotat ion>

184 <xsd : documentation>What type of material i s this element (Ceramic

, Metallic , Composite)?</xsd : documentation>

185 </xsd : annotat ion>

186 </xsd : a t t r i b u t e>

187 </xsd : ex tens i on>

188 </xsd : complexContent>

189 </xsd : complexType>

190 </xsd : element>

191 </xsd : sequence>

192 <xsd : a t t r i b u t e name=”Elements” type=”xsd : i n t ” use=” requ i r ed ”>

193 <xsd : annotat ion>

194 <xsd : documentation>How many elements are in this target array?</xsd :

documentation>

195 </xsd : annotat ion>
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196 </xsd : a t t r i b u t e>

197 </xsd : complexType>

198 </xsd : element>

199 <xsd : element name=”Resu l t s ” minOccurs=”1” maxOccurs=”1”>

200 <xsd : annotat ion>

201 <xsd : documentation>This element defines the results from the test event .

</xsd : documentation>

202 </xsd : annotat ion>

203 <xsd : complexType>

204 <xsd : sequence>

205 <xsd : element name=”Penetrat ion ” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

206 <xsd : annotat ion>

207 <xsd : documentation>Defines the total penetration of the projecti le

through the entire target array .</xsd : documentation>

208 </xsd : annotat ion>

209 </xsd : element>

210 <xsd : element name=”Res idua lVe loc i ty ” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

211 <xsd : annotat ion>

212 <xsd : documentation>Defines the f ina l residual velocity of the

projecti le after perforating the entire target array .</xsd :

documentation>

213 </xsd : annotat ion>

214 </xsd : element>

215 <xsd : element name=”ResidualLength ” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

216 <xsd : annotat ion>

217 <xsd : documentation>Defines the f ina l residual length of the

projecti le after perforating the entire target array .</xsd :

documentation>

218 </xsd : annotat ion>

219 </xsd : element>

220 <xsd : element name=”ResidualMass ” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

221 <xsd : annotat ion>

222 <xsd : documentation>Defines the f ina l residual mass of the projecti le

after perforating the entire target array .</xsd : documentation>

223 </xsd : annotat ion>

224 </xsd : element>

225 <xsd : element name=”CraterDiameter ” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

226 <xsd : annotat ion>

227 <xsd : documentation>Defines the diameter of the crater in the target

after penetration of the projecti le .</xsd : documentation>

228 </xsd : annotat ion>

229 </xsd : element>

230 <xsd : element name=”CraterVolume” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

231 <xsd : annotat ion>

232 <xsd : documentation>Defines the volume of the crater in the target

after penetration of the projecti le .</xsd : documentation>

233 </xsd : annotat ion>

234 </xsd : element>

235 <xsd : element name=”Limi tVe loc i ty ” minOccurs=”0” maxOccurs=”1” type=”

Metric ”>

236 <xsd : annotat ion>

237 <xsd : documentation>Defines the limit velocity of the projecti le

against the target .</xsd : documentation>

238 </xsd : annotat ion>

239 </xsd : element>

240 </xsd : sequence>

241 </xsd : complexType>

242 </xsd : element>



254

243 <xsd : element name=”Notes” minOccurs=”0” maxOccurs=”1” type=”xsd : s t r i n g ”>

244 <xsd : annotat ion>

245 <xsd : documentation>Use this element to document any important notes

about this test event data .</xsd : documentation>

246 </xsd : annotat ion>

247 </xsd : element>

248 </xsd : sequence>

249 <xsd : a t t r i b u t e name=”ID” type=”xsd : s t r i n g ” use=” requ i r ed ”>

250 <xsd : annotat ion>

251 <xsd : documentation>This i s the ident i f ier for this Test .</xsd :

documentation>

252 </xsd : annotat ion>

253 </xsd : a t t r i b u t e>

254 <xsd : a t t r i b u t e name=”Type” use=” requ i r ed ”>

255 <xsd : annotat ion>

256 <xsd : documentation>This defines the type of test that this i s .</xsd :

documentation>

257 </xsd : annotat ion>

258 <xsd : simpleType>

259 <xsd : r e s t r i c t i o n base=”xsd : s t r i n g ”>

260 <xsd : enumeration value=”SNI” />

261 <xsd : enumeration value=”SNF” />

262 <xsd : enumeration value=”MAI” />

263 <xsd : enumeration value=”MAF” />

264 <xsd : enumeration value=”MNI” />

265 <xsd : enumeration value=”MNF” />

266 <xsd : enumeration value=”SNL” />

267 <xsd : enumeration value=”MNL” />

268 <xsd : enumeration value=”MAL” />

269 </xsd : r e s t r i c t i o n>

270 </xsd : simpleType>

271 </xsd : a t t r i b u t e>

272 <xsd : a t t r i b u t e name=”Suspect ” type=”xsd : boolean ” use=” requ i r ed ”>

273 <xsd : annotat ion>

274 <xsd : documentation>This i s used to mark the test as a suspect .</xsd :

documentation>

275 </xsd : annotat ion>

276 </xsd : a t t r i b u t e>

277 </xsd : complexType>

278 </xsd : element>

279 </xsd : sequence>

280 </xsd : complexType>

281 </xsd : element>

282 <!−− Parent complexTypes −−>
283 <xsd : complexType name=”Mate r i a lP rope r t i e s ”>

284 <xsd : sequence>

285 <xsd : element name=”Mater ia l ” minOccurs=”1” maxOccurs=”1” type=”xsd : s t r i n g ” />

286 <xsd : element name=”Hardness ” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

287 <xsd : element name=”Density ” minOccurs=”1” maxOccurs=”1” type=”Metric ” />

288 <xsd : element name=”Duc t i l i t y ” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

289 <xsd : element name=”YoungsModulus” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

290 <xsd : element name=”Yie ldStrength ” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

291 <xsd : element name=”Ult imateTens i l eSt rength ” minOccurs=”0” maxOccurs=”1” type=”

Metric ” />

292 <xsd : element name=”PoissonRat io ” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

293 <xsd : element name=”Toughness” minOccurs=”0” maxOccurs=”1” type=”Metric ” />

294 </xsd : sequence>

295 </xsd : complexType>

296 <xsd : complexType name=”Metric ”>

297 <xsd : s impleContent>

298 <xsd : ex tens i on base=”xsd : double ”>

299 <xsd : a t t r i b u t e name=”Units ” type=”xsd : s t r i n g ” use=” opt i ona l ”>

300 <xsd : annotat ion>

301 <xsd : documentation>Units of measure for metric .</xsd : documentation>
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302 </xsd : annotat ion>

303 </xsd : a t t r i b u t e>

304 <xsd : a t t r i b u t e name=”Pedigree ” use=” requ i r ed ”>

305 <xsd : annotat ion>

306 <xsd : documentation>What i s the pedigree of the data metric (As Reported ,

Unit Conversion , etc . . . ) ?</xsd : documentation>

307 </xsd : annotat ion>

308 <xsd : simpleType>

309 <xsd : r e s t r i c t i o n base=”xsd : s t r i n g ”>

310 <xsd : enumeration value=”Reported” />

311 <xsd : enumeration value=”Converted” />

312 <xsd : enumeration value=”Estimated” />

313 <xsd : enumeration value=”Imputed” />

314 <xsd : enumeration value=”Surrogated ” />

315 <xsd : enumeration value=”NA” />

316 </xsd : r e s t r i c t i o n>

317 </xsd : simpleType>

318 </xsd : a t t r i b u t e>

319 </xsd : ex tens i on>

320 </xsd : s impleContent>

321 </xsd : complexType>

322 </xsd : schema>
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B.2 PDML Design Diagrams

Figure B.1: A top level diagram of the PDML
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Figure B.2: A diagram of the Impact element from the PDML
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Figure B.3: A diagram of the Projectile element from the PDML
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Figure B.4: A diagram of the Target element from the PDML



260

Figure B.5: A diagram of the Results element from the PDML
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