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ABSTRACT

Many researchers are attenpting to quantify or
understand the value of information, especially for the
Arny as it enters its transfornmation. Informati on can be
deconposed into various qualities. Three of these
qualities, tineliness, accuracy, and conpleteness, formthe
basis for this thesis. This thesis uses a sinulation
framewor k developed by the author to analyze the three
conponents of information |I|isted above. The scenario
selected is a typical vignette of an bjective Force
conpany-si zed el enent conducting offensive operations
against threat elenents. Know edge of the threat was
conprom sed by the presence of decoy elenents as well as
previously damaged or Kkilled systens (BDA). In this
scenario the fires are initiated from standoff ranges. The
initial and running assessnents of the threat conposition
are made based on the information provided by sensors on
board the unit’s organic unnanned aerial vehicles (UAVS).
Analysis of the sinulation results helps in understanding
how conponents of information quality affect the overall
effectiveness of the force as reflected in an efficiency
nmeasure. Additionally, critical thresholds for tineliness,
accuracy, and conpl eteness of information are pinpointed to

i nform Obj ective Force deci sion makers.
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EXECUTI VE SUMVARY

The US Arny and its Training and Doctrine Command have
taken on the responsibility for determining how to trade
heavy caliber weapons and heavy arnor for lighter, nore
agil e, and i nf or mat i on- dependent fighting syst ens.
Understanding the inpact of how information enables the
future Objective Force is critical in this high-risk
endeavor. A comon criticism of information-based warfare

is, “You can’t know an eneny to death.”

There is a difference between the value and the
gquality of information. Value is subjective and depends on
the decision naker as well as his information needs.
Battl e command analysis focuses on information value to
different levels of information users. Information quality

is nore objective and is the focus of this research.

Information quality is defined by its tineliness,
accuracy and conpleteness.!? The overarching problem
examined by this research is determning the relative
i nfluence these conponents of information quality have on

conbat out cones.

The nethodol ogy used to explore this problem consists
of two major pieces. The first step is the devel opnent of
a simulation framework that nodels an Objective Force unit
engaged in conbat operations. A Mounted Conbat System
(MCS) Conpany, one of the Unit of Action (UA) sub-elenents,
is the subject of the sinmulation tool. The MCS Conpany is
optim zed for extended line of sight (LOS) with beyond |ine
of sight (BLOS) fires, and enpl oys chem cal energy (CE) and

1 Perry, p. 30
XV



kinetic energy (KE) munitions to engage at standoff.2 |Its
mssion in the sinulation nodel is to identify and
elimnate eneny targets dispersed throughout an objective
area using organic fires at standoff ranges. The future
threat, recognizing its overmatch by Cbjective Force units,
will use adaptive tactics, deception, and physical decoys
to their own advantage. The sinulation tool mrrors this
operational environment with its ability to nodel decoys,
stationary and noving live targets, and battlefield clutter
in the form of battle damaged vehicles. The sinulation
al so nodels the three organi c Unmanned Aerial Vehicles (UAV
CL Il) that are used to provide the BDA and target |ocation
dat a.

The second step is performng statistical analysis on
t he simul ation out put . Thi s facilitates maki ng
observati ons about i nformation quality conponent
rel ati onships and how they inpact force effectiveness as
reflected in an efficiency neasure. A 3% full factorial
designed experinment is used to structure the sinulation
responses by | ooki ng at tineliness, accur acy, and
conpl eteness each at three levels. The response for each
design point of the experinent is the nunber of rounds
required to elimnate a pre-determ ned percentage of eneny
targets. Anal ysis of variance, polynom al regression and
data correlation are used to make broad observations about

t he dynamics of these information quality conponents.

The results of this study show that tineliness,
accuracy, and conpleteness are significant in influencing

the neasure of effectiveness, but there is a difference in

2 TRADOC Panphl et 525-3-90/ 0%0O, p. 3-23
XVi



their relative inportance with regard to how much of the
variability in the response each conponent can explain. In
this scenario, the conpleteness factor explains 31% of the
variability while accuracy and tineliness explain 23% and
12% respectively. Conpl et eness stands out with respect to

the inmportance of a single factor.

Addi tionally, some conponents produce accel erated
changes in the MOE conpared to the degree of change in the
|l evel of the factor. Increasing the tineliness factor
| evel from nmedium to high results in trenmendous
i nprovenents in efficiency while a change from nmedium to
low results in only a small decrease in efficiency.
However, increasing the conpleteness factor Ilevel from
medium to high results in a mld increase in efficiency
while a change from nmedium to Jlow results in a

significantly |large decrease in efficiency.

Finally, there is a synergistic effect when the
conbination of tinmeliness and accuracy are held at their
high |evels. Three of the top five sinulation run
responses occur when this is the case. Ti mel i ness and
accuracy conbine in a way that is resilient to the effect
of conpl et eness.

These dynamcs are certainly scenario specific, but
this study denonstrates that they do exist and provides a
nmet hodol ogy and framework with which to discover them
This information in the hands of a concept devel oper all ows
him to nake w se choices in determ ning what technol ogies
and tactics are needed to inprove the success of wunits

optim zed for specific nissions.

XVi i
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. 1 NTRODUCTI ON

A BACKGROUND

The U.S. Arny’s new (bjective Force design calls for a
new paradigm in fighting our future battles. oj ective

Force units are anticipated to have the capability to “see
first, understand first, act first and finish decisively.”3
The key to making this concept a reality is an overwhel m ng
situational understanding largely made possible by the
ability to obtain, process and rapidly nove an abundance of

information on the future battl efi el d.

The traditional elenments of conbat power include
Maneuver, Firepower, Protection and Leadership resulting in
the fornmula: CP=M-F+P+L. According to Arnmy concept
devel opers, however, it is envisioned that in Objective
Force units a “situational understanding derived fromreal-
tinme, accurate | nf or mati on rai ses conbat power
exponential | y: CP=( MrF+P+L)'nformtion »4

One exanple of the inpact of information, consistent
with the idea expressed in the above formula, is an
observation by VADMret.) Cebr owski in Transformation

Trends: “The air force says that a target once requiring
1,000 bonbs to destroy now requires only one. That
magni tude of change is owed alnost entirely to information

t echnol ogy and processes.”?®

3 TRADOC Panphl et 525-3-90/ %0, p. 4-3
4 TRADOC Panphl et 525-3-90/0&0, p. 3-1
5 Cebrowski, p. 2



B. PROBLEM

In this day and age there is a |ot of enphasis on the
merits of information, and nmuch effort is going into how it
can be obtained nore quickly, conpletely and accurately.
However, *“little has been done to establish a clear
relationship between information and the outcone of
mlitary operations.”6 The first step in attenpting to
discern what this relationship |ooks like is defining what
is nmeant by the terminformation.

According to Dr. Walter L. Perry in his article,
“Know edge and Conbat Qutcones,” information has two main
attributes: value and quality.’” Information has value if it
infornms the commander and answers questions posed by his
intelligence requirenments such as Priority Intelligence
Requirements (PIR) or Commanders Critical | nformati on
Requirenents (CCR). In other words, valuable information
is relevant to the situation at hand.

The quality of information, however, depends on its
accuracy, timeliness and conpl et eness. 8 Val uabl e
information may not always be of high quality. On the
ot her hand, information could have high quality but have no
relevance to the situation at hand, and therefore have

little to no val ue.

The purpose of this thesis is to investigate the
i mpact of information on Cbjective Force operations. The
focus will be on information quality, as defined by Perry

above, and the goal is to draw sone broad concl usi ons about

6 Darilek, p. 2
7 Perry, p. 30
8 Perry, p. 30



how the individual conponents of information quality can

i nfl uence conbat out cones.

A specific analysis of information tineliness,
accuracy, and conpleteness and their inpact on a conbat
scenario does not yet exist. These three terns were
discussed in a Joint Battle Damage Assessnent Joint
Feasibility Study Report in Septenber 2000.° However, in
this report they were used as neasures of effectiveness to
evaluate nobile target vs. fixed target battle danage
assessnment (BDA) processes, not inputs to the problem
C. METHODCOL OGY

Under the Objective Force concept, the Unit of Action
(UA) takes on a role simlar to that of the traditional
maneuver brigade. There are many critical tasks that nust
be done with a high level of precision by the UA such as
firing and maneuvering under contact, delivering fires at
standoff, and assuring nmobility near the objective.10 An
additional critical task is tracking and evaluating Battle
Damage Assessnment (BDA). Accurate BDA facilitates at |east
two things: (1) decisive action by the comander so he
knows when he can transition to subsequent actions and
mai ntain pressure on the eneny, and (2) ef ficient

expenditure of limted nunitions.11

For this thesis, a sinulation nodel called the Munted
Conmbat System Killing Machine (MCSKM was devel oped. The
sinmulation treats BDA, target type and target |ocation as

the types of information under observation. Wth a focus

9 Joint Battle Danmge Assessment Feasibility Report, p. 2-3
10 TRADOC Panphl et 525-3-90/ O8O0, p. 4-4
11 TRADOC Panphl et 525-3-90/ 080, p. 4-13
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on efficient expenditure of nunitions, the nodel neasures
the inpact of this information gain on the results of a

speci fic scenario.

A Mounted Conbat System (MCS) Conpany, one of the UA
sub-elenments, is the subject of the simulation. It is
optim zed for extended line of sight (LOS) with beyond |ine
of sight (BLOS) fires, and enpl oys chem cal energy (CE) and
kinetic energy (KE) nmunitions to engage at standoff.12 |ts
mssion in the sinulation nodel is to identify and
elimnate targets dispersed throughout an objective area
using organic fires at standoff ranges. The MCS Conpany
has a total of 10 MCS weapon platforns avail able to engage
targets as shown in figure 1 below This unit also has
three organi c Unmanned Aerial Vehicles (UAV CL I1) that are
part of its table of organization and equipnent (TOE) as
shown in figure 2 bel ow These UAVs are used to provide
the BDA and target |ocation data.

12 TRADOC Panphl et 525-3-90/ 080, p. 3-23
4
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Figure 1. MCS Conpany Equi prent
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Mounted Combat System Company

Mounted Combat System Company X 2

| 37 TOE Personnel
mcSs

10 Mounted Combat Systems (MCS)
| 1 Cc2v
.o cee 3 ARV-RSTAs (6 Ton Variant)
1 FTTS-U (C2)
CoHQ mes 3 UAV CL Il L/C Units
3 UAV CL Il Aerial Vehicles

MCS Co HQ MCS Pitx 3

F
Mcs | cav| |T mMes ARV-
T RSTA
S
[J 9 TOE Personnel
©2) 3 MCS
1 ARV-RSTAs
10 TOE Personnel

1 C2v

1 MCS

1 FTTS-U (C2)

3 UAV CL IIL/C Units

3 UAV CL Il Aerial Vehicles
Figure 2. MCS Conpany Organi zati on
The conmponent s of tinmeliness, accuracy and

conpl eteness of the information captured on the ground are
varied and the resulting inmpact on the nunber of munitions
it takes to elimnate a certain percentage of the live
targets is neasured. Listed below are the definitions of
these information quality conmponents and how they are
represented in the MCSKM

1. Timeliness

Tinmeliness reflects the relationship between the age

of an information item and the tasks or mssions it nust

6



support.13 In the MCSKM the tineliness factor represents
the amount of tine it takes from the detection of a target
to the inpact of a round on the target. The processes
i mbedded in this factor are the UAV data transm ssion tine,
man/ machi ne i mage processing tine, firing decision tinme and
the round time of flight. Essentially this is the tine it
takes for raw data to Dbecone actionable information
conbined with the time to conplete the resulting action.
2. Accuracy

Accuracy is a measure of how faithfully the itens of
information represent the realities they describe. |In the
MCSKM accuracy is represented by the conditional
probability of classification given that one of the three

battlefield entities is present. This is the probability
that a live target, dead target or decoy wll be classified
as such given that it was detected. In the MCSKM if an
entity is present in the area being searched it wll be

detected with a probability of 1.0 for the sake of
sinplicity. Therefore, accuracy is purely a function of
the quality of the classification process.

3. Conpl et eness

Compl eteness describes the level to which all the
relevant itenms of information are available including
entities (such as targets), attributes (such as novenent)
and the relationships between them1?> In the MCSKM the
anount of area on the ground a UAV can observe and eval uate
for the presence of targets in a given unit of tine
represents conpl eteness of information.

13 Alberts, p. 85
14 Al berts, p. 84
15 Alberts, p. 84
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1. MODEL DEVELOPMENT

A SCENARI O

The objective area for the MCSKM scenario is an 8
kilometer by 8 kiloneter box of primarily open, rolling
terrain. The MCS Conpany is located in an attack by fire
position and, wth standoff range firing capability,
destroys targets in the targeted area of interest (TAI) in
support of a followon assault by an adjacent infantry

conpany.

& km
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S

s ©
21N s [ S 5
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s

Fi gure 3. Scenari o Environnent
Targets are random y and uni formy di sper sed
t hroughout the objective area. There are 50 total targets
9



and they are broken down into three types wth the

following distribution: 36 live, 7 dead and 7 decoy. Hal f

of the live targets are specified as novers and will nove
randomy wuntil killed by a munition fired from an MCS
weapon platform Stationary targets represent systens

conducting a static defense, conmand posts, air defense
assets, or other fixed sites. Dead targets are systens
that are previously damaged or Kkilled. Decoys are non-
nmoving entities that have no mlitary significance but can
be mstaken for wvalid, live targets. See table 1 for

target summary:

Tabl e 1. D stribution of Target Types
Target Types Number
Live (moving) 18
Live (stationary) 18
Dead 7
Decoy 7

Three organic UAVs fly in a random pattern and report
perceived target immgery to the analysts in the comuand
post . This target imagery serves as the sole basis for
target location and target type. Wth this information a
decision wll be mde to fire or not fire at a target.
There are no other reconnai ssance assets in the area of
i nfluence except what gets transmtted via the UAVs.

If a target is perceived as live then a decision to
fire at that target is nade. The end state is achieved
when 80% of the live targets are destroyed. It is
inmportant to note that the values chosen for this scenario
are easily nodified by the user in order to explore other

scenari os.

10



B. GENERAL MODEL

The Mounted Conbat System Killing Machine (MCSKM is a
di screte-event sinulation witten in the JAVA progranm ng
| anguage. The MCSKM i npl enments the sinulation tool Sinkit,
a di screte-event simul ation package devel oped and
mai nt ai ned by Research Assistant Professor Arnold H Buss
of the Naval Postgraduate School. The objective of the
MCSKM is to provide a framework to explore the information
quality conponents of tineliness, accuracy and conpl et eness
and how these factors influence the nunber of munitions

required to kill a certain percentage of the targets.
Table 2 Dbelow shows all of the available paraneter
adj ustnents that can be nmade by the user. Experinentation

was done with all of these settings in determning the
right mx for the final experinent. These excursions wll
be discussed in Chapter |W. For the analysis in this
t hesi s, the bold settings remained fixed while the
remai ning settings were varied in the experinment described

in Chapter 111.

11



Tabl e 2. MCSKM Avai | abl e Adj ust abl e Paraneters

Simulation Factors Description Good Value Medium Value Low Value
BSEaDIIIT e Rtaree e z;c;l;a;\/?lhty of detecting a target (live, dead or 1.0
probability of false detection frobability of detecting a live target when no 0.0
argets of any type are present (type |l error)
probability of determination probability of determining what a target is once
> (perceived | actual) detected
S p(live | live) 0.8 0.6 0.4
5 p(dead | live) 0.1 0.2 0.3
] p(decoy | live) 0.1 0.2 0.3
< p(iive | dead) 0.1 0.2 0.3
p(dead | dead) 0.8 0.6 0.4
p(decoy | dead) 0.1 0.2 0.3
p(live | decoy) 0.1 0.2 0.3
p(dead | decoy) 0.1 0.2 0.3
p(decoy | decoy) 0.8 0.6 0.6
o process = UAV glimpse trasmission time +
© 3 processing time man/machine image processing time + 10 sec 30 sec 60 sec
E p firing decision time + round time of flight
= UAV transmission interval seconds between UAV transmissions 5
2 How many simultaneous randomly searching
o Number of UAVs UAVs in the air - should be three based on the 3
k) Nov 02 FCS 0&0O
%_ e how much area a UAV can see in a singe 400 200 100
g glimpse (single dimension of box in meters)
o UAV speed km/hr 120 60 30

| bold = held fixed in simulation

The MCSKM is conprised of two basic processes: a UAV
process and a shooting process. Both of these processes
will be explained in detail in the next section. I n
general, a UAV process is instantiated (i.e., created in
the software) for each UAV represented in the nodel. In
this nodel there are three UAV processes in place. There
is only one shooting process in place and it “listens” to
each UAV process in order to track individual UAV novenents
and | ocations. Figure 4 below displays this |istening

rel ati onship.
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UAV UAV UAV
Process Process Process

Shooting
Process

Fi gure 4. MCSKM Li st eni ng Schene

Whil e each UAV process controls the UAV novenent, the
shooting process does all of the real work in the nodel.
The shooting process manages all target novenents, target
classifications, target state changes, firing delays and
kill adjudications.

C. | NI TI ALl ZATI ON

At the beginning of each run of the MCSKM all targets
are given an exact grid |location based on the 8 kiloneters
by 8 kilonmeters objective area. These locations are
random wuniformy distributed and given in terns of neters.
For exanple, the lower l|eft corner of the objective area
would be grid location (0.0, 0.0) and a target that is 5
kilometers to the right of the origin and 3 kiloneters up
woul d be at grid location (5000, 3000). For the 50% of the

live targets that are designated as novers, they are
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assigned an initial random azimth [0,27] to begin novenent

as wel | .

The UAV | ocations are represented differently fromthe
targets. Based on the size of the box representing how
much area a UAV can see in a single glinpse, the objective
area is divided up into grids of the sane dinmension. For
exanple, if the box size representing how nmuch a UAV can
monitor on the ground is 400 neters by 400 neters for a
given run, then the objective area is divided into a 20 by
20 grid system (8000n 400m = 20, the nunber of grids on
each axis). Mowvenent will be described |ater, but each UAV
will have a random starting location in one of these grids
for each run of the MCSKM Figure 5 below denonstrates
starting |ocations of (5, 5), (10, 15) and (18, 10) for the
t hree UAVS as an exanpl e.

8 km
/\
— —
20
15 N
8km 10 .
5 =
5 10 15 20
Fi gure 5. UAV Starting Locations in Al
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D. UAV PROCESS

Movenent of a single UAV is sinulated by “looking” at
one particular grid square for the anmpbunt of tinme it would
take the UAV to nove across the grid square in a linear
fashion at a fixed speed. For exanple, if UAV speed = 120
kmh and the grid square is 400m x 400m then the tine in
grid = (400m /(120 kmh) = 12 seconds. The choice to nove
from one grid square to another instead of tracing out a
preci se path along exact coordinates was nmade for the sake
of sinplicity in progranmng. To travel 400min 12 seconds
wth a sensor sweep width of 400mis roughly equivalent to
occupying a 400m by 400m grid square for 12 seconds.
Al though sone precision is lost in the case of a diagona
nove, it is not a great concern in light of the fact that
t he UAV novenent is already abstracted.

After this tinme has passed the UAV “noves” to an
adj acent grid square in a random rmanner. The UAV can nove
into any one of the eight adjacent grid squares but it
cannot renmin stationary. If the UAV is on the border of
the Al it is not allowed to nove in any direction that
woul d take it outside of the Al. The footprint of what the
UAV can see (have the potential to detect and classify) on

the ground is represented by the size of the grid square.

This is the part of the nodel where conpl eteness plays
its role. The size of the grid square and the speed of the
UAV, in conjunction with each other, control the anmount of
informati on avail able per period of tine. Wth 12 seconds
time on station for any size grid square, the conpl eteness
levels are determned by the following paranmeter value
conbi nati ons:

15



Tabl e 3. Conpl et eness Level s

High Medium Low
UAV Speed | 120 km/h | 60 km/h | 30 km/h
Grid Size 400m 200m 100m

Figure 6 below is an event graph of the UAV Process.
The RUN event initializes the UAV in a random starting
| ocation and schedules the first arrival in a grid square.
Upon arrival, the “UAV Depart Gid” is scheduled for when
the time in the grid wll have elapsed and a “Determ ne
Targets” is scheduled inmmediately which is the UAV s first
attenpt to detect and classify any targets present. The
UAV process only signals for the “Determ ne Targets” event
to happen; the actual work of this event is done in the
shooting process and wll be explained |Iater. After
arrival in the grid and taking an initial glinpse, the UAV

will continue to attenpt to determine targets by taking a
glinpse at 5-second intervals until its time in the grid
has expired. Once the time is up it will nove to another

grid in the manner expl ai ned above.
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UAYV Process

(SimTime < ArriveTime + T,)

UAV
Arrive
in Grid

Determine
Targets

{GridI = random grid {ArriveTime = SimTime}
Gridj = random grid} {GridI +=1, -=1, or same

Gridj +=1, -=1, or same}

Parameters State Variables
t, — time in grid gridl — grid number in X orientation
t, — time between glimpses grid] — grid number in Y orientation

arriveTime — time of arrival in grid

Fi gure 6. UAV Process Event G aph

E. SHOOTI NG PROCESS

The Shooting Process is initiated by any UAV
Process’s call for a “Determ ne Targets” event. The nodel
contains variables for the probability of false detection
(type Il error), the probability of detection, and the
condi ti onal probability of classification gi ven a
detection. However, the probability of false detection was
fixed at 0.0 and the probability of detection was fixed at
1.0 for the sake of sinplicity in this inplenentation of

the MCSKM The reasoning for these choices is explained in

chapter 1V. Therefore, if a target is present it wll be
detected. Once detection occurs, the UAV will classify the
t ar get based on t he condi ti onal probability of

17



classification paraneter setting. If a target is detected

and classified as live, then a decision to fire is nade.

The inpact of the round will be delayed by a nunber of
seconds based on the processing time paraneter. Thi s
simulates the tinme it takes for raw data to becone
actionable information and then be acted upon. Once a
target is identified as live and has a round fired at it,
that target is not eligible for detection again until that
round has | anded. This prevents nultiple rounds being fired
at the same live target in a single grid square. Si nce
half of the live targets are noving, there is always a
chance that the original target may not be in the sanme grid
when the round nakes i npact.

This process keeps iterating until a specified target
attrition level is achieved. This level is variable in the
MCSKM but for this analysis the attrition level is 80% of
the instantiated |ive targets as requested by the scenario

under observation. The inplications of changing this
threshold are discussed in chapter IV The sinulation
termnates once that attrition level is net. The neasure

of effectiveness for a given run is the nunber of munitions

required to reach the specified level of attrition.

Figure 7 below is an event graph of the Shooting
Pr ocess. Since this is where the bulk of the simulation

t akes place, each event will be discussed in detail.
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Shooting Process

(target is perceived live in grid 1,J)

UAV, Target UAV, Target

Fire At

(target hit in grid L] was live)

Determine Assess

Target
Gl
(UAV) Target) Damage State
(UAYV,

Target) (Target)

{update target moves, {munitions++}
determine candidate list,
s {update target moves, {set targetType(dead),
ID any target perceived live} determine candidate list, set targetMoving(false),
check for original target, liveTargets--}

check if target was live}

Parameters State Variables

t, — time to process data munitions — number of MCS munitions fired

p, — p(perceived|actual) liveTargets — number of live targets remaining
Figure 7. Shooti ng Process Event G aph

1. “Determ ne Targets” Event

The “Determ ne Targets” event in the Shooting Process
is scheduled by the “Determine Targets” event in the UAV
Process. The Shooting Process knows when to conduct this
event because it “listens” to the UAV Processes. The UAV
Process passes its grid location so that the Shooting
Process knows where to | ook for targets.

a. Target Movenent

Since sonme of the live targets are novers, their
| ocations are updated first. Moving targets nove at a
fixed speed for a fixed duration in a |linear fashion before
they stop and change direction. The speed and nove
duration are both variable but in this analysis they are
held constant at 27 kmh and 80 seconds respectively. At
the end of a target’s nove, a new azimuth is generated
randomy and the target comrences its novenent. Azi mut hs
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that will lead a target out of the objective area by the
end of its nove segnent are not allowed. Figure 8 bel ow

shows one possibility for three consecutive target noves.

I 18O
STie
O _ Eg
600m el
Fi gure 8. Target Movenent Exanpl e

b. Target Cassification

Once target location adjustnents are nade for the
novers, the list of Target objects is iterated through to

determine which targets are in the current grid of

interest. Targets that are located in the grid are pulled
from the nmaster target Ilist and added to a separate
candidate |ist. The candidate list is then iterated

through and each target is classified as live, dead or a
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decoy based on t he condi ti onal probability of

cl assification.

This is the part of the nobdel where accuracy
plays its role. The probability of classification given a
detection directly affects the quality of a target
cl assification. The accuracy l|levels are determ ned by the

followng sets of paraneter settings provided by the

sponsor:
Tabl e 4. Accuracy Levels
probability of classification (perceived | actual) | High Medium Low
o [pdive |live) 0.8 0.6 0.4
E p(dead | live) 0.1 0.2 0.3
p(decoy | live) 0.1 0.2 0.3
o |p(live | dead) 0.1 0.2 0.3
& |p(dead | dead) 0.8 0.6 0.4
A Ip(decoy | dead) 0.1 0.2 03
> p(live | decoy) 0.1 0.2 0.3
9 |p(dead | decoy) 0.1 0.2 0.3
0O |p(decoy | decoy) 0.8 0.6 0.6
For exanple, if the current target wunder

evaluation is actually dead and the p(target is perceived
livel|target is actually dead) = .2, then there is a 20%
chance that this target wll be msclassified as |Iive.
Targets that are classified as dead or decoy are returned
to the master target |Iist. However, any target that is
classified as live is sent to the “Fire At Target” event as
one of the paraneters. The other paraneter sent to the
“Fire At Target” event is the |ocation of the UAV when this
target was detected and cl assifi ed.
c. Target Managenent

Once a target is perceived (or classified) as

live it does not go back into the nmaster target list until
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later in the process. The reason for this is because the
same UAV wll make nultiple glinpses in the sane grid
before it noves to the next grid. If it has the
opportunity to reclassify the sanme target again as live on
a subsequent glinpse, then another nunition gets called in
on the sanme target and the overall nunber of rounds to kil
the targets at the end of the sinulation becones abnormally
hi gh. Wen the “Determne Targets” event iterates through
the master target list, if a target is identified as |ive
it will not be available for detection and classification
again until after the round designated for it has | anded.
2. “Fire At Target” Event

The “Fire At Target” event is sinple in what it does,
but it is synbolically very inportant. This event does not
take place until after the processing tinme, which started
at detection, has el apsed. Since sone of the live targets
are novers, there is always a chance that the original
target that pronpted the firing of a round nay not be in
the grid when the round | ands.

This is the part of the nodel where tineliness plays
its role. The actual values used for the |evel of
timeliness in the nodel conme from a normaml distribution

with paraneters listed in the follow ng table

Tabl e 5. Ti nel i ness Level s

High Medium Low
mean 10 sec 30 sec 60 sec
std dev 1 sec 3 sec 6 sec

The paraneters passed in from the “Determ ne Targets”

event, the target and UAV location, are sinply carried
22



along and passed on to the next event. The “Fire At
Target” event does not do anything with these paraneters.
The purpose of this event is to record the expenditure of a
munition and i mredi ately schedul e an “Assess Target Danage”
event. Technically there would be a tinme of flight for the
round that would take place after the firing event.
However, that tinme 1is accounted for as one of the
conponents of the aggregated total processing tinme |eading
up to the “Fire At Target” event. Therefore the “Assess
Target Danage” event is imrediately scheduled with a del ay
of 0.0 seconds.
3. “Assess Target Damage” Event

At this point the munition that was scheduled to be
fired (when a target was perceived live back in the
“Determne Targets” event) is now about to |[|and. The
target that was passed in to this event as a paraneter from
the “Fire At Target” event is now placed back in the naster
target |ist.

a. Tar get Movenent

As in the “Determne Targets” event, noving
target locations nust be updated. This happens right
before the strike of the round and right after the target
triggering the firing event is placed back in the nmaster
target list. This gives the target that has been held out
of the list a chance to update its location before the
round selects a target.

b. Target Sel ection

The UAV paraneter that gets passed in to this
event contains the grid location of the UAV when the

original target was detected and classified. The target
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list is iterated through and a new candidate list is built
consisting of targets that are currently located in the
grid. The candidate list is then iterated through in order
to find the original target. If the original target is
found then that is the target the round hits. If the
original target is not found, but there are other targets
in the candidate list, then a target is randomy chosen
fromthe list to be hit by the round. Once a target is
taken from the candidate list to be hit by the round, all
other targets are returned to the master target |Iist. | f
no targets are in the candidate list, then the round
becones wast ed.

There are a few inportant notes regarding the
accuracy of the rmunition. As depicted in figure 9, it is
envisioned that Objective Force units conducting beyond
line of sight (BLOS) fire mssions will be utilizing an
ext ended-range precision-guided nunition effective out to
12 kiloneters.1® Since the MCS Conpany in the sinulation
nodel is conducting BLOS fire mssions at nmaxi mum ranges
from 8-12 kilometers, when a round is fired into a grid it
will kill any target in that grid with a probability of
1.0. This seens consistent with the technical vision for
BLOS nmunition capability in the Qbjective Force.

16 National Defense Industrial Association 2001 Minitions Executive
Summ t 10-12.
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“One Shot. “Pracision Paint

....At Least One Kill" Target Defeat”
NLOS 4-50KM BLOS 2-12km LOS 0-4Km
Fi gure 9. oj ective Force Fire M ssions

As a convention in the MCSKM the BLOS round wil|

al ways seek first the target it was ained at and kill it if
present . However, if the original target is not in the
grid the round will randomy choose another target in the
same grid and kill it.

If the target chosen by the round is actually
al ready dead or a decoy, even though it was perceived |ive,
that target is sinply returned to the master target |Iist
and available for detection again. |If the target chosen by
the round is actually live, then that target is passed as a
paranmeter to the “Change Target State” event with a del ay
of 0.0 seconds.

4. “Change Target State” Event

The “Change Target State” event nmkes sonme changes to
the Target object that is passed in. First it changes the
target state from live to dead. Then, in case the target
was a nover, it ensures that the noving attribute is set to
fal se. Finally, the nunber of l|ive targets remaining is
decreased by one. It is at this event that the MCSKM
termnates once the pre-established threshold for the

nunber of killed targets is net.
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5. MCE Expl anati on

Wen it comes to resource allocation, there is a
t ensi on between effectiveness and efficiency.1” The m ssion
must get acconplished so effectiveness is of primry
i nport ance. However, if there are multiple ways of
acconplishing the mssion, the nost efficient one wth
regards to expenditure of resources is preferred.

By design, the MCSKM w | eventually acconplish the
m ssi on. Since all targets are at standoff ranges, there
is no threat of return fire. If the nodel runs |Iong
enough, no matter how bad the information quality is, the
MCS Conpany wll eventually get the eneny down to the
desired attrition |evel. Therefore, the question becones
how efficiently this can be done. That is why the nunber
of munitions fired is the chosen neasure of effectiveness
(MXE) to determne the relative inportance of information
tinmeliness, accuracy, and conpl eteness for this sinmulation.

17 FM 6-0, p. 2-26
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[11. SIMJLATI ON RESULTS AND ANALYSI S

A EXPERI MENTAL DESI GN

The experinmental design inplenmented for analysis of
the Munted Conbat System Killing Machine (MCSKM is a 3K
factorial design, with k set at 3, neaning there are 3
factors under observation each at three levels.18 |In this
case, the three factors are tineliness, accuracy and
conpl et eness. The levels for each factor are represented
by coded variables as such: high =1, nedium= 0, low = -1
Wth three factors at three levels each, there are a tota
of 27 design points. The following table displays the
conpl ete design

Tabl e 6. 3% Factorial Experimental Design

Design Point| Completeness level | Accuracy level | Timeliness level

Ol |N|O|O|BRWIN|—~

N
S

AN EN AN EN EN EN EN EN EN [=][=][=][=][=][=][=] [=] [=] =Y SV I\ JE\ Jiy JIN JEN JY JIN

AN EN EN [=] =] [=] =N N N LN LN EN =] (=] [=] F=Y =Y =N AN AN EN I=] =] (=] =Y =Y =

ENI=1ENEN =1 ENEN =] ENEN (=] ENEN [=]1 BN EN (=1 N EN (=] ESN BN (=] =N N [=] B=N

18 Mont gonery, p. 281
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The tables below show specifically what values are
used for each of the three factors and their three | evels:
Tabl e 7. Actual Val ues for Tineliness
High(+1) [ Medium(0) | Low(-1)
mean 10 sec 30 sec 60 sec
std dev 1 sec 3 sec 6 sec
Tabl e 8. Actual Val ues for Conpl et eness
High(+1) | Medium(0) | Low(-1)
UAV Speed [ 120 km/h 60 km/h 30 km/h
Grid Size 400m 200m 100m
Tabl e 9. Actual Val ues for Accuracy
probability of classification (perceived | actual) | High(+1) Medium(0) Low(-1)
o [P(live | live) 0.8 0.6 0.4
5 p(dead | live) 0.1 0.2 0.3
p(decoy | live) 0.1 0.2 0.3
< |p(live | dead) 0.1 0.2 0.3
® [p(dead | dead) 0.8 0.6 0.4
O Ip(decoy | dead) 0.1 0.2 0.3
2 [p(live | decoy) 0.1 0.2 0.3
9 |p(dead | decoy) 0.1 0.2 0.3
0O |p(decoy | decoy) 0.8 0.6 0.6
B. EXPERI MENT RESULTS
For the run of the full experinent, input paraneter
values were used that correspond to the three |evels of
tinmeliness, accuracy, and conpleteness given in the tables

in groups,
the three
Each

f act or

The i ndi vi dua

as opposed to individually,

above. paraneters were changed
based on how each of
this

conbi nati on

main factors have been defined for r esear ch.

desi gn point of

The

represents a unique

settings. response for each design point
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t he nunber of rmunitions fired fromthe entire collection of
MCS weapon platforns to kill 80% of the live targets. For
each design point 100 replications of the MCSKM were run
and the nean response for each design point is listed in

the tabl e bel ow

Tabl e 10. Experi nent Summary with Means
Design Point| Completeness level | Accuracy level [ Timeliness level | Munitions

1 1 1 1 71.23
2 1 1 0 81.33
3 1 1 -1 99.92
4 1 0 1 106.38
5 1 0 0 112.72
6 1 0 -1 133.88
7 1 -1 1 143.23
8 1 -1 0 156.94
9 1 -1 -1 170.57
10 0 1 1 81.6
11 0 1 0 137.01
12 0 1 -1 142.16
13 0 0 1 121.23
14 0 0 0 188.77
15 0 0 -1 204.82
16 0 -1 1 161.13
17 0 -1 0 251.8
18 0 -1 -1 248.87
19 -1 1 1 104.42
20 -1 1 0 209.87
21 -1 1 -1 201.38
22 -1 0 1 154.83
23 -1 0 0 279.99
24 -1 0 -1 284.39
25 -1 -1 1 214.07
26 -1 -1 0 382.96
27 -1 -1 -1 346.58

1. Model Verification

At a glance, the results seem to neet sonme conmon-
sense expectations. The high level settings for each of

tinmeliness, accuracy and conpl eteness produce the best MOE
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of 71.23 nmunitions. Li kewi se, the low level settings for
each of tineliness, accuracy and conpleteness produce
nearly the worst MOE of 346.58 nunitions. The table bel ow
shows the nean responses for all factor |evels, evaluated

one factor at a tine:

Tabl e 11. Mean Responses for each Factor
Timeliness | mean Accuracy| mean Completeness | mean
1 128.68 1 125.44 1 119.58
0 200.15 0 176.33 0 170.82
-1 203.62 -1 230.68 -1 242.05
Again, intuition is confirnmed by the above results.

One woul d expect the MOE to get worse as the |evel settings
for each factor vary from high to |ow According to Law
and Kelton, an indicator that a sinmulation is working
properly is that it produces reasonable output when run

under a variety of settings of the input paraneters.19

There is anple evidence to suggest that the MCSKM
wor ks properly. As described above, the results neet a
basic level of validity as far as the directional effects
one would expect to see given the different paraneter
settings. Also, a detailed trace on the execution of the
nodel was conducted by the author, stepping through the
MCSKM event by event. Al locations were plotted by hand
and state variables were tracked externally to the
si mul ati on. Finally, subject matter experts at TRAC
Monterey concurred with the results and agreed they were
consistent wth the paraneter settings chosen.

19 Law & Kelton, p. 270
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2. Det erm ni ng Factor Significance

Wth a nodel that has produced sone neani ngful output,
the task becones determning the significance of the
information quality conponents. How inportant is each
factor and how nmuch does each factor influence the nunber
of munitions fired?

a. Anal ysis of Variance

The first step in answering these questions is to
|l ook at the results of a three-factor analysis of variance
( ANOVA) . The table below (conputed in the S PLUS
statistical software package) displays tineliness, accuracy
and conpl eteness as the sources of variation along with all

possi bl e interactions:

Tabl e 12. Anal ysis of Variance for MCSKM Minitions
Fired
Degress of  Sum of Mean

Source of Variation Freedom Squares  Square F Value P Value
Completeness 2 6810180 3405090 1761.3 0.0000
Accuracy 2 4986478 2493239 1289.6 0.0000
Timeliness 2 3220931 1610465 833.0 0.0000
Completeness:Accuracy 4 374358 93589 48.4 0.0000
Completeness:Timeliness 4 1230365 307591 159.1 0.0000
Accuracy:Timeliness 4 112753 28188 14.6 0.0000
Completeness:Accuracy:Timeliness 8 56096 7012 3.6 0.0003
Residuals 2673 5167669 1933

It can be seen that all factors and interactions
are statistically significant even at the a=.001 level. In
other words, all sources of variation |isted above affect

t he nunber of nunitions fired.

b. Pol ynom al Regression
Even though all factors and interactions are
significant, there is still no indication of their relative
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inmportance in determining the nunber of nunitions fired.
In order to gain insight into this aspect of the analysis,
a conplete second order regression nmodel was fit to the
dat a. The two-way interactions are inportant in order to
gain insight about how factor conbinations perform The
squared terns are inportant to have in the nodel in order
to check for non-linear factor behavior. The val ue used
for each factor was the nunber corresponding to the |evel
setting (1, 0, -1) instead of the actual value used in the
si mul ati on. Al replications were used in building the
regressi on nodel. There are 27 design points and 100
replications for each design point for a total of 2700 data
poi nt s. The regression nodel was fit wusing Excel’s
regression feature and the results are detailed in table 13

bel ow:
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Tabl e 13. Pol ynoni al Regressi on Model of MCSKM

Res ponse
SUMMARY OUTPUT
Regression Statistics

Multiple R 0.85
R Square 0.73
Adjusted R Square 0.73
Standard Error 46.88
Observations 2700
ANOVA

df SS MS F Significance F
Regression 9 16047867.76 1783096.42 811.46 0.00
Residual 2690 5910962.58 2197.38
Total 2699  21958830.35

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 192.34 2.39 80.58 0.00 187.66 197.02
Completeness -61.24 1.10 -55.43 0.00 -63.40 -59.07
Accuracy -52.62 1.10 -47.63 0.00 -54.79 -50.46
Timeliness -37.47 1.10 -33.91 0.00 -39.64 -35.30
Completeness2 10.00 1.91 5.22 0.00 6.24 13.75
Accuracy’ 1.73 1.91 0.90 0.37 -2.03 5.48
Timeliness? -34.01 1.91 -17.77 0.00 -37.76 -30.25
Completeness:Accuracy 17.47 1.35 12.91 0.00 14.82 20.13
Completeness:Timeliness 22.96 1.35 16.97 0.00 20.30 25.61
Accuracy:Timeliness 5.12 1.35 3.78 0.00 2.46 7.77

The intercept alone represents the predicted
response when all levels are at their medium |evel (0).
The other terns in the nodel conme into play when the |eve
of a factor changes to high (+1) or low-1). Wth an R
Square value of .731, this regression nodel accounts for a
significant amount of the variation in the MCSKM out put
data. The graphs bel ow depict the relationship between the
regression nodel predictions and the actual sinulation
responses as well as denonstrate the constant variance in

t he residual s:
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Fired
Since the polynomal regression nodel captures

t he essence of

the sinulation nodel
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regression nodel to nmke sonme general observations about
the way tineliness, accuracy, and conpleteness behave in
this simulation.

Al terms in the regression nodel are significant
at the «=0.001 |level except for the [accuracy]? term Not
only is the p-value for [accuracy]? large, but the
coefficient is quite small so it has little inpact on the
response. These two things are indicators that the effect
of accuracy on the response is essentially linear according
to our coding.

However, t he effects of timeliness and
conpl eteness are not |inear. First, consider what happens
to the response when all factors are at the nedium |evel
and tineliness alone is varied. These changes are
reflected in table 14 bel ow

Tabl e 14. Changi ng Tineliness Al one from Medi um
Level
Intercept Completeness Accuracy Timeliness C> A> T CA CT AT Munitions

settings: 0 0 1 0 0 1 0 O 0 Hiah
values: 192.3 -37.5 -34 =120.8 g
settings: 0 0 0 0 0 0 0 O 0 .
values: 192.3 =192.3 | Medum
settings: 0 0 -1 0 0 1 0 O 0 Low
values: 192.3 +37.5 -34 =195.8

If tinmeliness is increased to its high |[evel
(setting of 1) the nunber of nunitions goes down by 71.5
(-37.5 — 34) nunitions. But if the level of tineliness is
decreased to its low level (setting of -1) the nunber of
munitions goes up by only 3.5 (37.5 -34). This is clearly
not |inear behavior and having the squared term in the
regression nodel captures this dynamc. The bi gger
resulting change from the nedium setting is in the
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direction of decreasing the nunber of nmunitions fired in
spite of the fact that going fromthe mddle |level to the
high level (30 sec to 10 sec) is a shorter step than going

fromthe mddle level to the low level (30 sec to 60 sec).

On the other hand, the sane procedure applied to
the conpleteness factor indicates the opposite effect.
Tabl e 15 bel ow shows what happens when conpl eteness |evels

are changed in both directions fromthe medium | evel

Tabl e 15. Changi ng Conpl et eness Al one from Medi um
Level
Intercept Completeness Accuracy Timeliness C> A’ T2 CA CT AT Munitions
settings: 1 0 0 17 0 0 0 O 0 Hiah
values: 192.3 -61.2 10.0 =141.1 9
settings: 0 0 0 0O 0 0 0 O 0 Medium
values: 192.3 =192.3
settings: -1 0 0 17 0 0 0 O 0 Low
values: 192.3 61.2 10.0 =263.5

I f conpleteness is increased to its high |evel
(setting of 1) the nunber of nmunitions goes down by 51.2
(-61.2 + 10.0) munitions. But if the |evel of conpleteness
is decreased to its low level (setting of —-1) the nunber of
munitions goes up by 71.2 (61.2 + 10.0). This is clearly
not |inear behavior. However, the bigger change from the
medi um | evel setting is in the direction of increasing the
nunber of nunitions fired in spite of the fact that going
from the mddle level to the low level 200m grid to 100m
grid) is a shorter step than going fromthe mddle level to
the high level (200mgrid to 400mgrid).

By contrast, since the [accuracy]? term
coefficient is so small (1.7), it would have little effect
on the linearity of accuracy if we applied the sane
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procedure again. The response would essentially change by
+ 52.6 rounds, the accuracy term coefficient, which is

| i near behavi or.

These findi ngs can hel p prioritize t he
expenditure of resources based on different goals. If the
intent is to guard against losing capability, the area of
i nformation conpleteness should be a maintenance priority
since this analysis suggests a small drop in this factor
| evel translates into accelerated degradation in rmunition
expenditure efficiency. However, if the intent is to
increase the current capability, the area of information
tinmeliness should be a research and developnment priority
since this analysis suggests a small increase in this
factor level translates into accelerated inprovenent in
muni ti on expenditure efficiency.

C. Correlation and R Square Contri bution

As nentioned earlier, the polynom al regression
nodel accounts for 73% of the variability in the MCSKM
out put based on the R-Square val ue. If we look at the
conponent breakdown of this 73% by how nuch each term in
the regression equation contributes, we can obtain an
indication of the relative inportance of tineliness,

accuracy, and conpl et eness.

In a designed experinment like this one, the
coefficients of the ternms in the regression nodel wll be
uncorrelated (as displayed in figure 11). Therefore, we

can actually conmpute the specific anobunt of the total R-

Square val ue for which each termis responsible. 20

20 Net er
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The first step is to conmpute the correlation of
munitions expended with every other term in the nodel.

This can be done by extracting the last row of the
correlation matrix produced by Excel:

Completeness Accuracy Timeliness c? A’ T2 CA CT AT

Munitions
Completeness 1
Accuracy 0 1
Timeliness 0 0 1
Completeness2 5E-18 -8E-18 -4E-19 1
Accuracy? -8E-18  -8E-18 -4E-19 -3E-18 1
Timeliness? -4E-19  -4E-19 -4E-19 -2E-17 -2E-17 1
Completeness:Accuracy 0 0 0 -7E-18 -7E-18 5E-19 1
Completeness:Timeliness 0 0 0 5E-19 5E-19 5E-19 0 1
Accuracy:Timeliness 0 0 0 5E-19 5E-19 5E-19 0 0 1
Munitions -0.554 _ -0.476 -0.339  0.052 0.009 -0.178 0.129 0.170 _ 0.038 1
Figure 12. Correlation Matrix of Regression Model
| nput s
The square of the correlation between Minitions
and each term in the regression nodel beconmes that terms
conmponent contribution to the total R Square. Table 16 and
figure 13 bel ow summarize this relationship:
Tabl e 16. Component Contribution to Total R-Square
Regression Input: Completeness Accuracy Timeliness c? A? T CA CT AT
Correlation with Munitions: -0.5544 -0.4764  -0.3392 0.0522 0.0090 -0.1778 0.1292 0.1697 0.0378
R-Square Contribution: 0.3074 0.2270 0.1151  0.0027 0.0001 0.0316 0.0167 0.0288 0.0014
Total R-Square: 0.7308 (sum of above row)

38



R-Square Contribution
.35
30 7
2 25 + —
3 20 +—
) A5
(14 10 - ]
.05 -
.00 =
% % A A
& S F A FE v
& & &
& & @
S P
SRR
C)O
Polynomial Regression Term
Fi gure 13. Regression Term R-Square Contri bution
Chart
Table 17 below displays the percentage of the
total R-Square for which each term is responsible. The

term that explains the nost variability in the nunber of

munitions fired is conpleteness at 42% Accuracy and
timeliness foll ow at 31% and 16% respectively.
[Tineliness]? as well as the two interactions of

conpl et eness: accuracy and conpl eteness:tineliness explain

roughly 2-4% of the variability each

Tabl e 17. Percent age of Total R-Square Contribution
Regression Input: Completeness Accuracy Timeliness c? A? T CA CT AT
R-Square Contribution: 0.3074 0.2270 0.1151 0.0027 0.0001 0.0316 0.0167 0.0288 0.0014
Percentage of Total R-Square: 42.06% 31.06% 15.75%  0.37% 0.01% 4.32% 2.28% 3.94% 0.20%
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3. Sunmary

The anal ysis above of the MCSKM out put shows severa
things. From the analysis of variance it can be seen that
the three factors of tineliness, accuracy and conpl eteness
as well as their two-way interactions are significant. In
ot her words, each factor has a unique inpact on the nunber
of munitions fired. No two factors are interchangeabl e.

Bui I ding a conplete second order regression nodel that
fits the MCSKM out put reasonably well provides a franework
to look at the relative significance of the terns used to
build the nodel. The coefficients on the squared terns
provide an indication of the linearity of the three
factors. The size of the coefficient on the squared term
provides an indication of the degree of non-linearity that
exists wth regards to that factor. The sign of the
coefficient is an indicator of which direction of travel
from the nedium setting provides the bigger change in the
nunber of nmunitions. A positive sign on the coefficient of
the squared term indicates that the nunmber of rounds
changes nore as the level of the main factor goes down. A
negative sign on the coefficient of the squared term
indicates that the nunber of rounds changes nore as the

| evel of the main factor goes up.

The regression nodel also indicates there exists a
beneficial tineliness:accuracy interaction when each of
these factors is set at its high level. Figure 14 bel ow
denonstrates that the nodel’s top three predictions al

occur when tineliness = accuracy = +1.
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A benefici al timeliness:accuracy interaction 1is

further evidenced by the fact that three of the top five
MCE val ues resulting from the actual sinulation runs (refer
back to table 10) are at design points 1, 10, and 19, where
tinmeliness and accuracy are each at their high |evel.
Therefore, while at their high levels, the interaction of
timeliness and accuracy negates the contribution of
conpl et eness.

Finally, the correlation of Minitions to the other
terms in the regression equation provides a way to get at
the conponent pieces of the total R-Square val ue. Thi s
gives a good indication of the inpact of each terms
i nfluence on the nunber of nunitions fired.
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I V. CONCLUSI ONS

A | NFORMATI ON QUALI TY COVPONENT | MPACT

The goal of this thesis was to draw sone broad

concl usions  about how the i ndividual conmponents  of
information quality can influence conbat outcones. It
turns out that information tineliness, accuracy and

conpl eteness each have a distinctive and significant inpact
on the results of a conmbat scenari o.
1. Sinmulation Results Inplications

In this scenario we were able to see that varying the
| evel s of these conmponents affect the nunber of nunitions
required to kill a given percentage of eneny targets.
Al t hough the output of the MCSKM is heavily dependent upon
the scenario, the MXE, and input data, we discovered that
that the individual effect of tineliness, accuracy and
conpl eteness may not be |inear. Knowi ng where and how to
achieve an accelerated return based on an increnental
change to any of these conponents is inportant. W al so
di scovered in this analysis that there are significant
synergistic effects that take place between informtion
conmponents. Knowi ng that the conbined effects of two of
t hese conponents can overshadow the effect of the remaining

conponent is inportant as well.

The dynamic relationship anong information quality
conponents that energed from this analysis is likely to
exist in virtually any given scenario and the particulars
of that relationship will be unique to that scenario. This
information in the hands of a concept devel oper allows him
to make wi se choices in determ ning what technol ogies and
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tactics are needed to inprove the success of units
optim zed for specific nssions.

2. | nsights Gained fromPrelimnary Experinentation

Al t hough the MCSKM has the ability to represent a w de
variety of paraneters, many were held fixed in this

anal ysi s. The fact that nmany of the paraneters were not
vari ed suggests much future work that will be addressed in
t he next section. However, below are just a few insights

gained fromtrial and error:

a. Magni fication of Small Performance Errors

Wth a probability of false detection and a
probability of detection being varied as part of the
accuracy conponent, the round counts were ranging from
approximately 300 with factors at the high levels to 14,000
with factors at the |low |evels. The UAV can make a fal se
detection at every glinpse. 1In the course of an entire run
of a scenario there are so many glinpses that even if the
probability of false detection is as small as .01 there
could be hundreds of false detections each resulting in a
wast ed round.

The probability of detection conpounded this
probl em by dragging out the sinulation. If a target was
present in the grid but not detected, the UAV would pass
over it and have to randomy conme back to it at a later
time. By the time the UAV cones back to the target it has
had nunmerous opportunities to nmake false detections,
m scl assify dead or decoy targets as live, and waste nore

rounds.

The attrition level was yet another contributor
to the problem After the majority of the live targets are
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found and killed, the UAV has to keep |ooking for the [ ast
few live targets and spends a lot of time wasting rounds in

t he nmeanti nme.

In order to keep the nunmber of nunitions at a
reasonable level, reduction of the conplexity of the
accuracy conmponent was necessary. This was achieved by
taking the effect of false targets and the probability of
detection out of the scenario. The probability of

classification alone produced nore interpretable results.

After the accuracy conmponent was brought under
control, the attrition level was less influential in high
round counts. However, keeping the attrition level at 80%
provided a stopping criteria that allowed the sinmulation to
run in a reasonable anmpbunt of time (which is inportant for
multiple runs). The scenario chosen for this analysis
suggested the 80% attrition factor.

The insight gained from all of this was that
inperfect information results in substantial inefficiencies
in destroying targets and even small performance errors
beconme magnified over the course of a | engthy engagenent.

b. Conpl et eness of Informati on Depends on Tine

Initially t he conpl et eness conponent of
information was nodeled strictly by the size of the grid
square representing the footprint of the UAV s sensor.
However, the results from these sinmulation runs did not
make nmuch intuitive sense. It becane apparent that a UAV
could look at four 100m by 100m grid squares in the sane
anmount of time it could look at one 200m by 200m grid
square. This happened because the UAV traveled at a fixed
speed and the tinme in the grid square was adjusted at each
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conpl eteness level to account for this. In other words,
for any given block of time the same anount of area on the
gr ound was potentially covered regardl ess of t he

conpl et eness setting.

As a rem nder, conpleteness describes the |evel
to which all the relevant itens of information are
avai |l abl e. Since target information was the relevant item
in this scenario, the piece of information that contained
data on the nobst nunber of targets was the nost conplete.
To nodel conpleteness nore appropriately, the levels were
redefined so that tinme in the grid square was held fixed
and the size of the grid square changed. This required UAV
speed (which was previously held constant) to vary in
conjunction with the grid size.

B. FUTURE STUDY RECOVMENDATI ONS

A nore conprehensive understanding of the inpact of
i nformati on on conbat outcones requires further research in
several areas. Some logical ways to proceed from this
research are listed bel ow.

1. Refine the Paraneters Associated with Tineliness,
Accuracy and Conpl et eness

It was difficult to cone up with just the right way to
nodel the conponents of information quality. There are
other variables that could be associated wth each
component . Choosing these variables, as well as the
appropriate levels for each, and then relating them the
proper way would inprove the quality of the response and
provide further insights into the dynamcs of how these
information quality conponents relate to each other and to

t he conmbat out cone.
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2. Apply Analysis Framework to Ot her Scenari os

The MCSKM is adaptable to explore nmany other
scenari 0s. This can be done by nodifying the objective
area size and shape, nunber of UAVs used, distributions
used for the varying paraneters, nunber and types of
targets, and input values for paraneters. Scenari os coul d
be conpared with one another to nmake observations about how
t he relationship anong tinmeliness, accuracy and
conpl eteness may differ.

3. Mul ti pl e UAV Types

Al though the MCSKM is currently capable of portraying
a variable nunber of UAvVs, they all have the sane
characteristics. Mdifying the MCSKMto allow for nultiple
types of UAVs would facilitate the exploration of a wder
variety of scenarios and provide interoperability wth
exi sting and future sensor m x optim zati on nodel s.

4. Compl enmentary Study on the Value of Information

I nformation can be broken down into two attributes:
value and quality. The focus of this thesis was on
information quality in ternms of tineliness, accuracy and
conpl et eness. A study on the value of information would
provide additional insights into how information affects
conbat outcones and, conbined with this study, provide a
nore consummate interpretation of the overall inpact of
i nformati on.

5. Spr eadsheet Version of MCSKM

Al though the MCSKM is witten in Java as a discrete-
event sinmulation, a spreadsheet inplenmentation of the basic
concepts behind the MCSKM does exist. The spreadsheet

version provides an easier and nore famliar environnment
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for anyone interested in examning the underlying
relationships in the MCSKM However, the spreadsheet
version in its current state |acks several paraneters found
in the MCSKM and is not generalized enough to nmeke it

extensi ble for other scenari os.

The Java source code for the MCSKM and the Excel file
containing the spreadsheet inplenentation discussed above
are both available by contacting MAJ Joseph Baird, United
St at es Mlitary Acadeny, Depar t ment of Mat hemat i cal
Sci ences, West Point, New York.
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