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ABSTRACT

This thesis provides a new specification development process for Ground
Combat Vehicles (GCVs). The most recent development programs for such a
vehicle class failed due to extensive cost overruns. The author uses agent-based
simulation to model and study the impacts of CGV capabilities in a most likely
combat scenario according to the current threat assessment of the U.S.
government. The most advanced modern weapon systems are used as a
baseline performance and extensive research is done to determine the state-of-
the-art technologies available. These experimental technologies are then
transferred to feasible ranges for specified performance factors for GCVs, such
as engagement range, weapon'’s lethality, armor, and mobility. Nearly orthogonal
and space-filling designs are used to efficiently construct a response surface
consisting of defined measures of effectiveness (MOEs) for GCVs. For each
MOE, a meta-model is fitted that includes the most significant factors,
interactions, and non-linarites. These models are then combined to find the most
“robust” solution since a model will never exactly depict the real situation and a
GCV will not be deployed in a scenario exactly like the one used in the study.
The results of the meta-models will be used by the Department of Systems
Engineering at the Naval Postgraduate School to create a “dashboard” for

visualization of the tradeoff effects between performance factors.
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EXECUTIVE SUMMARY

Since the cancelation of the Future Combat Systems (FCS) program in 2009,

there has been increasing criticism of the follow-on Ground Combat Vehicle

(GCV) project and the observed difficulties in many ground combat system

acquisition efforts conducted internationally. The question arises as to whether

there is a better way to determine the specifications for such a system, and, if so,

how these specifications can be adapted when changes become necessary. The

purpose of this thesis is to provide decision makers with additional information to

enable them to reduce the cost and time of such an acquisition project while

enhancing the overall performance of the end system. The author suggests that

the following analysis be conducted before the specifications of a GCV are fixed

and whenever these specifications are changed:

1.

Perform an analysis to determine the scenarios in which the new
system will most likely be deployed, and what measurements of
effectiveness (MOES) it must achieve. Critical thresholds and the
weighting of the MOEs must be defined for this analysis.

Use these scenarios to set up a combat simulation. It is important
to study the GCV in context with already existing combat systems
as there are interactions between the different systems. The study
detailed in this thesis uses Map Aware Non-Uniform Automata-V
(MANA-V) as it is an agent-based simulation which not only models
human behavior, but also is capable of replicating numerous
scenarios in a reasonable amount of time. MANA-V has a steep
learning curve as well as a capacity for data farming, and most
important, it is designed to get quick insights and identify major
dependencies. The drawback of MANA-V is that the physical
resolution is low.

Define the ranges of the possible specification parameters
according to subject matter experts, battlefield experiences, field
studies, and literature research; and combine them into a design of
experiment (DOE). This study uses a Nearly Orthogonal Latin
Hypercube (NOLH) design. The advantage is that NOLHs allow you
to efficiently explore the whole range of the 14 input parameters
with only 65 data points in a reasonable timeframe.

Run the simulation with a calculated number of replications to
achieve the desired resolution. Here, a casualty rate of +1 per
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battle is the desired resolution. This leads to 460 replications per
design point to achieve a statistical power of 0.9. After the
experiments are conducted, collect the output data on the MOEs.

Analyze the data with different statistical tools to identify the most
influential factors on MOE performance. The tools used in this
study are regression models and partition trees. The regression
models are divided into main effect models and models which allow
for interactions between the factors as well as non-linearities. The
analysis is done for each MOE separately.

Select the best models during the analysis process to create a
meta-model for each MOE which describes how the MOE changes
with changes of the input factors. For example, if a factor such as
armor is changed, how does it affect the expected casualties of the
GCV and the whole deployed force?

Conduct an analysis of the meta-models to find the most important
factors for each MOE, their interactions, and the tradeoffs between
them. The variability of the result must also be considered because
a higher uncertainty of the results reduces its benefit. A
specification process must aim for a “robust” solution since the
scenarios will not be the actual deployment, and the simulation
does not fully represent the real situation. Insights for specifications,
tactics, and the necessary force structure must be identified.

It is planned that the results of the meta-models developed in this

research will be the input to create a “dashboard” for visualization of the tradeoff

effects between factors.

Major Conclusions:

The approach detailed in thesis is feasible for land-based systems.
The most influential factors for each MOE can be identified and
explained. The approach cannot guarantee an optimal solution, but
it can give additional insights and direct research for the
specification finding.

Interactions and non-linearities are influential and must be
considered to estimate the performance of the GCV for a given
scenario.

Survivability of the GCV is a result of different factors which all
interact and can therefore be difficult to predict with conventional
methods.
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INTRODUCTION

The “Future Combat Systems” (FCS), a family of 18 manned and
unmanned networked ground combat vehicles and one of the most ambitious
programs for army modernization ever, failed in 2009 after the U.S. Army spent
$19.9 billion in development and research (Billion Lexington institute, 2012). No
system was built for this money. The official reason for this failure was that the
FCS could not deal with the evolving threat of improvised explosive devices (IED)
in lIrag and Afghanistan as these combat systems were designed as light-
armored, highly mobile platforms. FCS’s major advantage was superior
situational awareness which would enable it to destroy the enemy before he ever
could get within reach of his target. This was simply not possible with IEDs and
an adapting enemy. As one involved soldier said, "Of course, the problem with
this approach is that if you're hit, you die" (GlobalSecurity, 2012).

The army took the lessons learned in the follow-up program, the “Ground
Combat Vehicle” (GCV) (Erwin, 2011), which is a program consisting of only one
vehicle, an infantry carrier for a full squad of nine soldiers and the crew. Two
major development contracts were issued to BAE Systems and General
Dynamics Land Systems after the program had been revised in July 2011. The
specifications for the GCV for survivability led to a behemoth vehicle (72 tons for
an infantry carrier in the BAE prototype version), which would almost certainly
be difficult to deploy, costly to maintain, and unaffordable given the fact that
weight is one of the major cost factors for estimating the price of a combat
vehicle (Feickert, 2013). So, it is not surprising that the Cost Assessment and
Program Evaluation (CAPE) organization estimated the price per vehicle to be
$16 to $17 million rather than the desired $13 million (in FY2011 constant
dollars). While the weight of the General Dynamics prototype is not yet known
officially, a working paper for the Congress issued in November 2012 lists the

GCV of Dynamics Systems at 64 tons in a basic version, with a potential maximal



weight of 74 tons. The maximum weight for the BAE system is stated at 84 tons
(Feickert, 2013).

The historical development of U.S. armored vehicles is shown in Figure 1.
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Figure 1. Evolution of armored vehicles in the U. S. Army (Cost, weight, and
protection). The colored sectors show the relative protection levels of
equivalent steel rolled homogeneous armor provided by the vehicles’
base armor. Relative top and bottom protection levels are not shown
in this figure. All vehicles except the Ground Combat Vehicle (GCV)

have minimal protection in these areas. The GCV specification
requires increased protection for top and bottom. Vehicle icons are
shown to scale. None of the active protection systems proposed for
the GCV will provide protection against kinetic-energy rounds
(From Kempinski & Murphy, 2012).

Another key consideration for a heavyweight vehicle is that its tactical
mobility is constricted due the maximum weight class of bridges and the damage
done to roads. This is a major concern, especially in less developed countries
and in urban terrain, exactly the environment that is considered to be the most
likely area of operation in the future. A National Security official stated in a
Congressional paper dealing with the GCV, “[a] large vehicle is not only difficult

to transport to the theater and consumes more fuel, it also damages roads and
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bridges and has trouble traversing narrow urban streets, creating problems in
peacekeeping and counterinsurgency” (Kempinski & Murphy, 2012). These facts,
together with expected cuts in the defense budget, led to the conclusion that
changes in the specification of the GCV or even a reset of the whole program are

necessary.

In a time when an ever-faster changing security environment drives an
even faster adapting threat for deployed forces, it is most likely that changes will
occur in every major defense acquisition project. As the current specification
process is not designed to react quickly to new requirements, it leads to the
impression that there are basic flaws in the acquisition process of military ground
systems. From the experiences of the author in the German Army and the
literature research for this thesis, it has become clear that the acquisition process
is not only a problem for the U.S. forces, but an international one. Therefore, the

guestion arises: What can be changed to make the specification process better?

Currently, specifications are drawn from experience obtained in actual
battles and exercises, then set by subject matter experts, and approved by a
program manager (U.S. Department of Defense, 2003). In the case of the current
GCV, the U.S. Army set 744 specifications in its request for proposal (RFP),
where they defined protection against specified threats, the number of soldiers
and equipment to be transported, and so on (Kempinski & Murphy, 2012).

Farther along in the acquisition process, the specifications are assessed
by simulations dealing with potential future scenarios and field tests. These
specifications are aggregated into parameters like lethality, maneuverability, or
sustainability. If a parameter specification is not met, changes may be brought
into the program with corresponding delays and cost increases. After the next
validation, it may be seen that these changes caused problems in other
requirements. For example, if survivability is a major concern, then usually more
armor is added. It is easy to see that “hardening” the system increases
survivability; however, maneuverability will decrease as a heavier system is

slower and might even no longer meet the requirements for cost or air transport.
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Less maneuverability might also decrease survivability again. Even if all the
specifications and changes are decided by the most experienced subject matter
experts, it can be seen that the number of specifications is just too high to keep
all interactions in mind, and with hundreds of specifications it is just not possible
to define the whole system such that a contractor will build a vehicle with the
desired overall performance. For example, on their defencetalk homepage BAE
stated, “Unfortunately, the Pentagon didn’t specify a weight limit in its Request for
Proposal (RFP), so the GCV came out a bit on the heavy side” (BAE Systems
Releases, 2012).

This is not a new problem as, for example, German “tank” development in
World War Il showed the same pattern. To make tanks more survivable the
Germans developed the “TIGER” model which had heavy armor, but it could not
uphold previous maneuverability. As German scientists and military leaders
recognized the weaknesses of the “TIGERS” they developed a more balanced
one—the “PANTHERS” series—which is recognized as the best performing tank
of the war, even with less armor (The Armed Forces Military Museum, 2013). To

deal with this development pattern a better approach must be developed.

If one analyzes the problem framework, he will find that what a system has
to achieve is not a certain speed or armor class, but certain measures of
effectiveness (MOEs)—such as the probability of mission success and expected

loss rate under most likely conditions.

For this reason, the specification process of a weapons system must do

the following:
o Define major characteristics of the system.
o Define the most likely scenarios where the system will have
to perform.
. Define measures of effectiveness.

The mission-based approach is especially important as the available force
structure in a scenario heavily influences the performance requirements of a

system. For example, if an analyst would use a battle between an enemy and a
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homogeneous main battle tank force he would find that an increase in the
weapon range would give the tank force a huge advantage in performance
according to MOEs such as lethality and survivability. But, what if the scenario
includes long-range artillery weapons or the terrain would only allow medium
combat at small distances? Here, the benefit of an increased weapon range
would be severely reduced. So, it is critical to define the most likely scenarios as

well as possible stressing scenarios first.

After the above three steps are performed, the combat system should be
modeled with a reasonable range of the “normal” specification parameters.
These ranges are then used as input parameters to perform combat simulations
within an adequate modeling environment. A sophisticated design of experiments
(DOE) can be used to efficiently explore the different combinations of parameter

values and their expected variance (Kleijnen, Sanchez, Lucas, & Cioppa, 2005).

Once the experimental data is obtained, statistical regression can be used
to identify the most important input parameters in regard to the MOEs and their
interactions. This “response surface” is usable to create a meta-model in which
the tradeoffs between the specification parameters can be visualized. A “meta-
model” is defined in this thesis as an abstract relationship between the MOE and
the input parameters for the combat simulation in the form of a regression model.
The results can be applied by engineers to design the physical specifications of a

system, such as speed, armor, sensors, and so on.

The end state of this process is that decision makers can immediately see
what a change in one specification means for the envisioned project and
therefore helps them to find the right decision without getting surprised.

So, the described process can be applied at the following points:
) When designing the specifications for a new system.

) Whenever changes must be introduced into the program, program
managers can immediately visualize tradeoffs and therefore decide
which factors changes must be made while still achieving all MOEs.



A. OBJECTIVE STATEMENT

Future ground combat systems will have to fulfill complex missions in a
variety of different scenarios throughout the full spectrum of modern warfare,
including asymmetric scenarios. This fact makes it especially difficult to find the
right mix of capabilities as the next mission and the corresponding circumstances
(like enemy, terrain, climate, and so on) remain uncertain. Therefore, for future
weapon specification processes, the question is not to get it right, but much more
to get it close and robust enough. This research provides data, results, and

insights for an alternative, more flexible approach to the specification process.

B. RESEARCH QUESTIONS

The thesis research is guided by following questions:

) Which factors contribute most to defined MOEs in a given
scenario?

o Must interactions be considered in the specification process?

o Must non-linearities be considered in the specification process?

o Which factors other than armor are major contributors to ground

combat vehicles survivability and are they quantifiable?

o Can the specification process for ground combat systems be
improved and made more flexible with the new approach?



BENEFITS OF THE STUDY

The desired benefits of the whole project include the following:

Improvement in finding and altering the process for specifications of
GCVs.

Instantaneous visualization of how changes in one specification
requirement influence other requirements.

Provision for more fact-based discussion in development and
change of specification requirements—especially important for joint
and multinational projects.

Provision for non-trained personal to visualize tradeoffs between
specification factors and the impact of design changes.

Improvements to the specification process that reduce costs and
raise the level of performance and robustness for future ground
combat systems.

Enlargements that could be taken to create a “dashboard” for
defining the requirements of whole task forces and force structures.

METHODOLOGY

The thesis divides the research into seven phases (see Figure 2).

Define the MOEs for future ground combat systems and their
critical thresholds.

Program realistic scenarios in the MANA-V environment in which
current systems have to operate as a reference for the performance
of future systems.

Use DOE and data farming techniques to create ranges in the
specification parameters of future systems.

Run simulations according to the design and collect output data.

Analyze the results to identify the most influential factors and their
interactions according to the MOEs and the scenarios.

Use regression techniques to create meta-models.

Analyze the meta-models and find the most important factors for
achieving the MOEs and tradeoffs between them.
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Figure 2. Graphical process structure of the research thesis.

The results will then be given to the Systems Engineering Department for
further use in the creation of the first land combat system “dashboard.”

E. PREVIOUS RESEARCH

A similar approach has been used for the design of Navy ships at the
Naval Postgraduate School (NPS) in cooperation between the Operations
Research Department and the Systems Engineering Department. The feasibility
of this specifications approach for surface vessels had been demonstrated by
three theses in the Systems Engineering Department, the results of which were
combined into the first version of a visualization tool called a “dashboard.” Welch
(2011) and Fox (2011) did the basic work with single surface warship scenarios,
which then were combined by Bahlman (2012). They developed a prototype of
the so-called “dashboard” with the goal of enabling users to visualize the
tradeoffs of the specification factors in terms of feasibility. They implemented



engineering design knowledge for constructing ships with the requirements for
fulfilling the defined scenario MOEs (Fox, 2011; Welch, 2011; Bahlman, 2012).

The conducted theses showed that the approach itself was beneficial for
constructing better ships and allowing decision makers to visualize the tradeoffs
between design factors. The major differences between these theses and the
current study occur in the more complex environment for land systems, the more
complex approach to considering force structure interactions, and the focus on a
combat scenario. The current study also differs in testing for interactions between

the input parameters and for non-linearities.
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.  SELECTION OF THE INPUT PARAMETER RANGES

As this study deals with specifications of future ground combat systems

and uses DOE techniques, two questions must be answered:

o What are the input parameters that most influence the performance
of the GCV according to the MOES?
. What are reasonable ranges for each of these parameters

according to possible future technology developments?
The next chapter answers both of these questions. Note that whenever
future technology or new untested compositions of mature technologies are used
there is a probability the actual performance of the subsystem may be worse

than its approximate performance in previous tests outside the vehicle.

1. Selection of Input Parameters

The answer to the first question has two aspects. It is not only what
influences the performance of the system in the scenario, but also whether these
parameters can be changed in the MANA software used in this research. When
factors cannot be set directly, it is often possible in MANA to adjust the scenario

in an indirect way.

For selecting possible input parameters, extensive literature research and
the author's own experience as a subject matter expert for armored land warfare
are used. However, a more comprehensive way would be to employ a systems
engineering design process that would provide both, functional system
architecture and physical system architecture. The functional architecture links
the top level system functions to lower level functions and desired capabilities as
well as to appropriate metrics, specifically measures of performance (MOP). A
recent capstone project, conducted by a group of U.S. Army civilian master’'s
students in the Systems Engineering department, developed a functional
architecture for the GCV as part of a mixed maneuver company of tanks and
GCVs (Vehicle Survivability Team & Cohort 311-114G, 2013). Their very
detailed list of system functions are easily translated into possible model
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parameters (see Appendix A). A more narrowly list is used in this thesis because
it focuses on the main factors and because of the restrictions in MANA
(MclIntosh, 2007). The list is divided into three major performance characteristics

of ground combat systems and supplemental factors:

a. Lethality

J Sensor field-of-view

o Sensor range

. Sensor quality

. Main and secondary weapon range

. Main and secondary weapon precision
. Main and secondary weapon penetration/effects
o Communication/Information/Networks
b. Mobility

. Speed on different surfaces

. Acceleration

C. Protection/Survivability

. Long range engagement

. Concealment

. Avoid being hit: "Soft and Hard Kill” Systems

° Armor
d. Other
. Robotics

A comparison of the given list with the list in Appendix A shows that
MANA forced the author to reduce the considered input parameters, but this
approach provides clear relationships between the major contributing factors.
Further studies and other software may be used to consider the basic factors in

more detail.
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2. Selection of Parameter Ranges

To make a good estimate of what will be possible in the future, the author
chose to use the advertised benefits of new technologies for GCV by the most
important producers of land combat systems. From the experience of the author,
the suggested performance of these technologies is nearly always overestimated
as the companies have interests in selling their products, or the performance is
reduced by additional restrictions imposed when a subsystem is integrated into
the combat vehicle. Therefore, it is possible to design the upper bounds of the
input parameter by using the official stated performance parameter of the new
technologies. It is the author's hope that this literature review will be a very
helpful overview for future research in the specification process. The websites of
the following contractors have been used as a base, and follow-on research has
been conducted in various Internet sources: Rheinmetall, BAE, General
Dynamics, SAIC, Textron Systems, Nexter, Renault, Uralvagonzavod (Defense
Update, 2013).

a. Lethality
Sensor Field-of-View

For the modeling restriction some agents have been modeled with
360 degree sensors. In reality, many systems are not deployed in urban terrain
due their lack of overview and their blind spots—which have proven a major

disadvantage in urban and close range combat.

Modern developments for GCVs are now able to address this
capability gap and provide an armored vehicle, such as theT90MS and the Israeli
infantry carrier “NAMER,” with “see-through armor” optics providing the crew with
a 360 degree view around the vehicle. This capability is provided by electro-
optical observation and sighting systems. Drawbacks of the systems are that the
optics are vulnerable to enemy fire and are often not capable of thermal or night
vision. Both of these issues can be addressed and are said to be solved by the
producer. Another unsolved aspect is that the crew of a combat vehicle is still

13



human and, especially if the tendency to reduce the crew to only two people is
applied, has limited information processing power. It will be difficult to handle all
the additional information of a 360 degree view together with the view of the
already established main sights and the normal workload like communications,
navigating the vehicle, loading the appropriate ammunition, engaging the correct
target, and so on. Therefore, the crew-size must be considered while equipping a
vehicle with sensors. Crew size will influence the volume to be armored and
workload to be done. That a 360 degree field-of-view is feasible can be seen in
current aircraft where a similar workload must be processed. Most current
developments for the GCV use 360 degree field-of-view and a three-man crew
design (Defense Update, 2010).

Sensor Range and Quality

As technology in the electro-optical area is fast developing, nearly
every year new and more sensitive sensors become available. With new image
detecting software, identification and classification of unknown contacts can be
improved or automated. As vehicle-based sensors advance, data networks also
enable other solutions with external sensors for GCVs (Night Vision and
Electronic Sensor Directorate NVSED, 2013).

Another enabler for battlefield reconnaissance is the use of
unmanned aerial vehicles (UAVs) based on ground combat vehicles. The FCS is
designed for using UAV technology and embeds it in a network structure for real
time targeting information. In the given scenario there is already a UAV “RAVEN”
agent modeled so the effect of a vehicle-based UAV will be diminished even
when additional UAVs could provide more information. The author chose to
model the effect of close range UAVs on a vehicle by simply increasing the
sensor capabilities of the vehicle agents. Additional studies could be conducted
to look at the effect of micro UAV swarms on the MOEs by actually modeling
each UAV (GlobalSecurity, 2013).
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A relatively new improvement to the surveillance capabilities of
ground combat systems is the use of unattended ground sensors. Here, many
automated sensors are distributed in a certain area by hand or by artillery. These
sensors transmit detections to the base station, which is in the ground vehicle,
and provides for an accurate picture of the battlefield in areas beyond the reach

of even the most sophisticated GCV sensors (Textron Defense Systems, 2013).

Further improvements for surveillance can also be achieved by
using the benefits of network centric warfare (NCW); NCW is the combination of
ISR, command and control, and effectors in one information space. The idea is
that every participant of the network has access to all information which is
relevant for his mission. The U.S. forces use the approach of a Global
Information Grid, which means that dispersed patrticipants all over the world have
access to one combined information pool. Of course, there are still many
criticisms, uncertainties, misunderstandings, and developments that will occur
until such a project can be successful, but right now most Western nations have
their own version of NCW under development. In the existing force structure the
beginning of this concept is being realized. For example, a targeting process for
a detected air defense system in Operation Desert Storm took days. In Operation
Iraqi Freedom it was a question of minutes due to better information networks.
Therefore, the author chooses to implement such a “global” information system in
the agent-based model described in this thesis. The effects can be increased
from the current state until every Blue agent has access to all information about
Blue and Red forces instantaneously (Alberts, 1999; Wilson, 2007).

Main and Secondary Weapon Ranges, Precision, Penetration

Capabilities

A High Energy Laser (HEL) can be used in the future as the main
or secondary weapon system, as well as an air-defense counter rocket, and anti-
artillery defense system. New developments are reaching the point where the
HEL weapon combined with a corresponding sensor system (mostly radar) is

small enough to be installed on ground combat vehicles. The question will be
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how well they can perform under combat conditions which include all kinds of

weather disturbances and electronic interference.

In their use as main weapons, the HEL has the potential to
accomplish a nearly 100% hit probability as all the dispersion effects for ballistic
projectiles no longer apply. The author is able to judge this from his own
experience as he used laser range finders on main battle tanks for 10 years, and
the difference is only the intensity of the laser beam used. The problem is that an
HEL needs a lot of energy, and the penetration capability decreases very quickly
with increasing distance. As there is no solution approximated for this problem its
use as a main weapon system is not examined in this study. The use of HEL as a
defense weapon against rockets, airplanes, and indirect fire shells as well as
blinding sensors is realistic in the near future. For example, Rheinmetall will start
integrating such systems in ground vehicles in 2013 (T. Eshel, 2012a; Defense
Update, 2011; N. Eshel, 2011).

Rail guns are considered to be a promising new gun family for
naval ships, and in the near future minimization efforts could make a vehicle
equipped with a rail gun possible. Today, rail guns struggle with the same
difficulties as laser weapons in regard to the power supply and the size of such a
weapon. The advantage of the rail gun lies in the higher start velocity achievable
(up to 10000m/sec), and therefore it has a nearly straight trajectory which
dramatically increases the hit probability. Additionally, the ammunition can be
made very small, which would enable a greater amount to be carried on a
combat vehicle. Furthermore, the penetration capability is much greater than for
conventional guns. Especially the penetration capability is an advantage of the
rail gun compared to a laser weapon at long ranges. Furthermore, the
survivability of a combat vehicle could be increased when equipped with laser

weapons as no explosive devices must be stored onboard.

“A prototype developed by General Atomics Electromagnetics
system (GA-EMS) group for the Office of Naval Research has successfully

performed initial firings at the Naval Surface Warfare Center in Dahlgren, VA and
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at the Army Dugway Proving Ground in Utah. The gun is designed to deliver
significantly higher muzzle energies than ever demonstrated in a tactical relevant
configuration. The full scale ‘Blitzer EM Rail Gun System is currently undergoing
a series of full energy tests and evaluation by the Navy” (General Atomics &
Affiliated Companies, 2012a).

As with the HEL, a use for ground combat vehicles within the next
couple of years is not yet being considered as the problems with their size for
electric support and the gun itself are not solved. In contrast to the laser systems,
rail guns already raise some theoretical considerations related to their
implementation in a ground vehicle. For example, BAE pointed out that their new
hybrid propulsion system would produce enough electricity to add laser or rail
gun weapons to the GCV. Although this statement seems questionable, rail guns
will be used in the near future as main weapons onboard U.S. ships. So, even
though they are not a realistic option until the next decade, the theoretical
implications of such a weapon system will be modeled as an upper bound for
main weapon performance (T. Eshel, 2012b; General Atomics & Affiliated
Companies, 2012b).

Another issue to be addressed is the addition of secondary weapon
systems like a mortar, automatic grenade launchers, or heavy machine guns.
The modeled agents already have a variety of secondary weapons. The benefit
of such weapons is using the higher firing rates and the greater effect of indirect
fire against covered targets. As MANA does not distinguish between cover from
indirect or direct fire, the benefits of these weapons cannot be exactly modeled in
contrast to direct fire guns. An indirect approach to the issue is to adjust the hit
and Kkill properties for covered targets. As the scenario used in this thesis
assumes air superiority for the Blue forces, advanced secondary air defense
weapons are not considered, and the absence of enemy air assets would make
no difference in the results.

One of the lessons of asymmetric warfare is the need for non-lethal

weapons or weapons which are able to destroy certain enemy assets without
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causing collateral damage. This field is the classical area of electromagnetic
warfare (EW), which has been mainly used for disturbing an enemy’s
communication abilities. New technologies like jammers for protection against
radio controlled IEDs are just the start of a variety of energy based weapons.
Although the field is still wide open for new ideas, there is at least one already
under development and field testing: microwave weapons. The potential for this
kind of weapon is that it has the capability to destroy electronic devices without
destroying the environment. Besides this capability, microwave weapons can
also cause pain in humans without actually inflicting long-term damage. The
aerial deny system of Raytheon or the missiles tests with Counter-electronics
High-powered Microwave Advanced Missile Project (CHAMP) of the Air Force
are examples of such weapon systems. For the given scenario the traditional
effect of EW on communications is modeled, as no other non-lethal weapon is

needed. EW defense is also not part of the model.

It is unusual to find communications and information management
under lethality. The author decided to summarize them under lethality to
emphasize the influence of communication and data exchange for fire
coordination, targeting information, and allocation, as well as processing this
information for the crews of combat systems. New software systems, human
factors-oriented design, and advanced data exchange rates increase situational
awareness, help to avoid fratricide, accelerate target detection and engagement,
and ultimately increase the lethality of the system and the whole deployed force,

so that the “combined arms” concept can be utilized (Hudson, 2012; Axe, 2012).

“To date, however, the networks have not been able to provide the
necessary information in a complete and timely manner. The existing Blue Force
Tracking and Force XXI Battle Command Brigade and Below systems have
worked to some extent but are not sufficient to allow complete reliance on them”
(Kempinski & Murphy, 2012). With advanced technologies it might be able to
achieve the desired effects of superior situational awareness, and so they will be
modeled in MANA.
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b. Mobility
Speed on Different Surfaces /Acceleration

New kinds of engine systems, especially electric systems, offer new
possibilities. Hydraulic electric propulsion is advertised as one of the most
beneficial new developments for future GCVs, and it is planned to be used by the
BAE contractor. Not only the reliability of the drive line system can be increased
through the reduction of moving parts; there are also possible alternatives in the
location of the engine and the power supply. One advantage for an infantry
carrier could be that a “dual sponson engine design clears more space in the
fighting compartment, while minimizing the volume under armor, thus saving
weight of about three tons. It also enables a two-seat crew compartment, for
driver and commander seated side-by side” (Ahearn, 2012). So carrying capacity
could increase or more armor protection could be achieved with the same weight

as the volume under the armor is reduced.

Hydraulic electric propulsion is said to save 10 to 20 % of fuel for
the same vehicle, and much more important it is able to provide the necessary
torque immediately so the acceleration of vehicles is faster. As beneficial as
these advantages are, the most significant benefit is its design which generates
much more electrical energy. Electric energy is considered as a main “bottle
neck” for future weapons and protection systems for ground combat vehicles.
Last but not least, range and speed could also be increased by this technology
as electric propulsion is advertised as more energy efficient and able to produce
a higher torque than combustion engines (Ahearn, 2012; T. Eshel, 2012c).

C. Protection/Survivability

The protection or survivability of a ground vehicle is not only
dependent on the size and the structure of its armor. Many other factors also
contribute to the overall protection of a system. The different layers of protection

are shown in Figure 3.
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Figure 3. Scheme of the different phases which comprise the protection of a
vehicle: “Survivability onion.” (From Kempinski & Murphy, 2012)

The first zone shown in Figure 3 is a preemptive kill zone. If long-
range systems are able to kill the enemy before it gets within reach this adds up
to the increased survivability of the considered vehicle. This can be
accomplished by adding a long range, mostly indirect weapon and the
corresponding sensor base on the protected GCV or by implementing the force
structure with such long-range weapons. The latter is called a “system of
systems” consideration and can lead to the examination of the right force mix for
a mission. In current deployments the availability of long-range indirect fire
support is a tactical consideration. The model takes that fact into account in
providing indirect fire through M109 A6 Paladins and adding an organic, indirect
fire weapon on the GCV (Rheinmetall Defence, 2013a).
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Avoid Being Detected/Concealment

New technologies promise to drastically improve the concealment
and stealth capabilities of ground combat systems. The most often used
detection sensors in ground combat during day and night time are thermal based
as armored vehicles and humans produce a lot of heat. Therefore, there are
systems under development to reduce the thermal signature of combat vehicles.
An example is the ADAPTIV system of the BAE systems. ADAPTIV works by
using lightweight hexagonal pixels which are electrically powered by the base
vehicle. “The pixels are individually heated and cooled using commercially

available semi-conducting technology”(BAE Systems, 2013).

Once installed the system promises to provide combat vehicles with

the following improvements:

o The ability to blend into natural surroundings;

o The ability to mimic natural objects and other vehicles;
. A significantly reduced detection range; and

o Friend — Foe identification

The capability of the ADAPTIV system on thermal sight detection systems is
shown in Figure 4.

Figure 4. The picture at left shows a vehicle with no ADAPTIV system; the
middle picture shows the effect of the concealment through ADAPTIV;
and the right picture shows the capability of the ADAPTIV system for
deception as it simulates the signature of a car.
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This technology alone cannot provide total cover from detection as
there are unresolved issues with heated exhaust gases, noise, dust, or simply
detection through normal vision at daytime and light intensifier at night. If only the
heat signature can be diminished it already provides huge advantages in
detection ranges at night, and there are also new developments to further
conceal ground combat vehicles in the other areas. A combination of the
ADAPTIV system with an electric engine to reduce the noise and common

camouflage seems to be an excellent mix to avoid detection.
Avoid Being Hit: “Soft and Hard Kill” Systems

Another contributor for survivability is “hard Kill” protection
systems. These systems detect and destroy incoming projectiles of all kinds.
One possible system is an HEL weapon. Another major development tree is APS
(Active Protection System). For example, the Israeli NAMER infantry carrier is
designed to use the integrated Iron Fist Active Protection System currently under
development. The different processing steps conducted by a “hard kill” system

are shown in Figure 5.
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Figure 5. Sequence of events and minimum required distance for a generic
hard-kill Active Protection System (From Haug & Wagner, 2013).

The

conducted tests against projectiles fired from ranges fewer than 20 meters, as
shown in Figure 6. Their system uses sensors “mounted on the protected
platform, to detect potential threats, measure distance and trajectory, providing
the fire control system with data for calculation of engagement plans. When a
threat is identified as imminent, an explosive projectile interceptor is launched
toward it” (Rheinmetall Defence, 2013b). It is likely that future combat vehicles
will be equipped with such systems. They are similar to reactive armor, but are
more capable and drastically reduce the threat of hitting bystanders. Interaction

with each other and similar systems like radar and jammers are still not well

German Rheinmetall Defence Company successfully
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known. There is a possibility that they interfere with each other and so decrease
the protection effect (Kempinski & Murphy, 2012; Rheinmetall Defence, 2013b;
Defense Update, 2009; Pressebox, 2011; General Dynamics Armament and
Technical Products, 2013).
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Figure 6. German ADS system with incoming missile and ranges for detection
(dark grey) and destruction (light grey).

As the effectiveness of such protection systems is difficult to model
in MANA, the author chooses to decrease the hit probability of enemy anti-tank

weapon systems on the GCVs modeled.

Nearly as important as the “hard kill” are the “soft kill” systems.
“Soft kill” systems are designed to prevent incoming missiles from hitting the
target without destroying the missile. In this class, there are already a high
number of systems operating on modern ground combat vehicles. The most
common ones are launchers for fog grenades, which conceal the vehicle from
incoming missiles or flare systems and jammers, which are able to mislead
advanced intelligence projectiles. Here, a steady progress has been achieved.
For example, Rheinmetall developed the Rosy L—Rapid Obscuring System
which is able to conceal even a driving vehicle with sustained fog. As MANA is
able to give each system a certain concealment rate, the current concealment of
the existing vehicles will be increased in the used DOE (Rheinmetall Defence,
2013c).
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Armor

New developments for armor must be examined as it is the most

well-known contributor to survivability.

“There are two general classes of armor: passive and reactive.
Passive systems work by stopping the projectile through the material properties
of the armor components alone. Reactive systems work by inducing an explosion
or other response in the armor to reduce the lethality of the projectile by
disruption or deflection. Types of passive armor include bulk armor, modular
armor, slat armor, and hull shaping. Types of reactive armor include explosive

reactive armor and electromagnetic armor” (Kempinski & Murphy, 2012).

For passive armor the use of new materials, especially composite
material, decreases the penetration possibilities of existing weapons. For
example, CPS Technologies, a producer of advanced Metal Matrix Composites
(MMC), is unveiling armor grade materials enabling armor designers to produce
ballistic and blast mitigating materials with greater strength at lower specific
weights (T. Eshel, 2012d).

The effects of enhanced armor against different kinds of weapons
cannot be predicted before extensive tests are conducted, but it is reasonable to
assume an improved weight/protection ratio by at least 20%. It must be realized
that the use of advanced passive and active armor will increase the cost of a
GCV drastically and adding armor can also influence many other performance
factors. “Ceramic armor materials can halve the weight per unit of protected area
of armor compared with the same metric for steel, but they cost 4 to 12 times as
much to achieve that benefit” (Kempinski & Murphy, 2012). Increased costs are
the reason why most modern GCV try to implement modular armor packages in
their development program to adjust the armor according to the threat
environment (T. Eshel, 2012d).
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There are additional ways to increase the survivability of the crew
and the system. Most of the systems are designed to minimize the damage when
the armor is penetrated, while others dealing with a special non ballistic threat
and, again, another kind to further enhance lethality or survivability. Some

examples are:

. Nuclear, Biological, Chemical (NBC) protection capability

. Fire suppression systems

. Ammunition compartment separated from the crew

. Seats Designed to Absorb Impact of IED/mines

o Remotely controlled turret

. Hunter/killer combat techniques

o Advanced training simulator

J Tactical doctrine

. Evasive maneuver to avoid engagement or to avoid getting hit

There is no question that the items listed are important; all are
contents of a balanced system design for combat vehicles and all exist for
current combat vehicles. Improvements in these areas will further enhance the
mentioned effects and therefore increase the MANA model parameter like firing

rate, armor, detection rate and hit probability.
Robotics

The implementation of an autonomous robotic system could
influence the current face of the battlefield in many different ways. The possible

benefits of such as system include the following:

) Casualty reduction;

) Improved mission effectiveness--robots for reconnaissance,
convoy, support, force protection free soldiers for higher-level
tasks;

) Improved situational awareness from unmanned air and ground

vehicle scouts;

o Seamless integration of manned and unmanned assets into the
battle team; and
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. Reduced logistics workload, increased focus on mission.

The current systems under development have the potential to
totally change the force structure. So could it be possible to use many fewer
performing robot systems, instead of fewer higher performing manned systems,
to achieve the same goals more efficiently. As the scope of this thesis is to help
increase the performance of ground systems in a joint and combined
environment this aspect will be left to further studies. The MANA scenario used
works with a fixed number of systems and will not be able to determine a tradeoff
between numbers and quality (General Dynamics Land Systems, 2013).
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. MANA YV AS COMBAT SIMULATION SOFTWARE

A. WHY MANA V

One important decision of research involving combat simulation is to
choose the right simulation software. For this thesis, the author chose Map-
Aware Non-Uniform Automata-Vector (MANA-V). MANA-V is a time-step,
stochastic modeling environment developed by the Defence Technology Agency
(DTA) of New Zealand, and it has been chosen for several reasons.

First, MANA-V is a complex adaptive system intended to mimic real-world
factors of combat. It is a low resolution model regarding physical aspects of
modeling combat events like shooting, armor penetration, probability of hitting,
and so on. Many real-world factors are accumulated into a single value. For
example, if a tank is being shot at with a particular weapon the resulting damage
depends on the armor thickness at the impact area, the angle the projectile has,
the range from which it is fired, the kind of projectile, and so on. MANA simplifies
these circumstances in a single range-dependent kill probability. As this can be
seen as disadvantageous at first glance, it keeps high transparency in the model.
Therefore, MANA is an excellent choice if the purpose of the model is not to get
an optimal attack strategy for a certain weapon system, but to look for the most
influential factors or interactions on defined MOEs, which is the case in this
thesis. Another advantage resulting from the low resolution is that it allows
running multiple replications due to lower computational times and therefore
enables the analyst to use design of experiment and data farming techniques in

an effective way (Mclntosh, 2007).

Second, MANA is an agent-based simulation, which allows the agents to
react on their own sensor inputs. It is not necessary to prescript the behavior of
the agents which allows for a great variance in outcomes comparable to real
human behavior. This enables the analyst to find and study unlikely outcomes
and draw conclusions from these outcomes. To do this, the seed which
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represents the random values used by the software, has to be stored, and an
interesting run can then be repeated by the analyst. The author found that the
seed for the command line runs on the cluster computer used was not identical to
the seed used at the graphical user interface (GUI). Thanks to the advice of Ms.
Mary McDonald and Mr. Mcintosh of the New Zealand developer team this “bug”

could be fixed during the study.

A third advantage of MANA is that it provides an easy-t