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Abstract 

This report covers the Smart Weapon Encounter Model (SWEM) 
developed to support the Tank Extended Range Munition (TERM) 
science and technology objective (STO) III G.3. The report decribes the 
model's algorithm, input, and output. SWEM uses solid geometry and 
statistical methods to calculate the probability that a target will fall 
within the field of view (FOV) of a sensor mounted on a smart weapon. 
When the target passes into the FOV of the sensor, an encounter is said 
to have occurred. SWEM calculates the probability of such encounters 
for a given sensor on a weapon traveling along a specific trajectory. The 
probability is determined by repeating a series of calculations in which 
the target's location or movements are randomly varied from calculation 
to calculation. Only the probability of encounter is determined. 
SWEM does not calculate the probability that the sensor system will be 
able to detect an encountered target against its background environment. 
Neither does it determine the probability that the weapon will be able to 
maneuver to a target once it is detected. However, SWEM does 
calculate the first necessary step in a series of steps leading to target 
interception. 
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SMART WEAPONS ENCOUNTER MODEL 

1. INTRODUCTION 

The Smart Weapons Encounter Model (SWEM) calculates the probability that a sensor 
mounted on a projectile will encounter a target. The encounter occurs when the field of view 
(FOV) of the sensor moves over a target. In SWEM, a sensor's FOV is represented by a 
cone traveling in three-dimensional (3-D) space. SWEM calculates the probability of such 
an encounter occurring for a given set of sensors on a weapon traveling along a specific 
trajectory. The probability is determined by repeating a series of calculations in which the 
target's location or movements are randomly varied from calculation to calculation. The 
range of the random variation is determined by the performance characteristics of the 
projectiles, the sensors, and the target vehicle. 

SWEM calculates only the probability of encounter. An encounter must occur before a 
target can be detected or the weapon can maneuver to the target. SWEM does not calculate 
the°probability that the sensor system will able to detect a target against the background 
environment. Neither will SWEM determine if a weapon will be able to maneuver to a target 
that has been detected. However, SWEM does calculate the first necessary step in the 
process of intercepting a target. 

SWEM was developed to support the Tank Extended Range Munition (TERM) science 
and technology objective (STO) III G.3. In the TERM concept, a smart projectile is fired 
from the main armament of existing tanks. After launch, the TERM projectile follows a 
ballistic trajectory or maneuvers along a predetermined path while its sensors look for a 
target. If a target is encountered and detected, the projectile autonomously maneuvers to 
intercept it. 

TERM can operate beyond line of sight of the firing tank. Information from land-based 
scouts, helicopters, or unmanned aerial vehicles (UAVs) is used to locate targets. The 
information is used to calculate an aim point for the TERM projectile. The TERM projectile 
flies to the aim point and attempts to detect a target along the way. If a target is detected, the 
TERM projectile attempts to maneuver to intercept it. 

The accuracy of the scout's target observations, the time required to relay information 
to the firing tank, and the delivery accuracy of the TERM round determine how close the 
round will pass to the target. How close the projectile comes to the target during the search 
phase is an important factor in determining the probability of encounter. The maximum 
range of the sensors and the size of their FOVs are also important factors in determining the 
probability of encounter. In addition, the path flown by the projectile while it tries to detect 
the target will influence the probability of encounter. SWEM considers all these factors in its 
calculations. 



2. THE GEOMETRY OF A SENSOR ENCOUNTER 

As stated in Section 1, the view of a sensor mounted on a smart weapon can be 
modeled as a cone moving in 3-D space. In SWEM, the FOV cross section is assumed to be 
elliptical and is defined by two viewing angles and the distance from the sensor. The length 
of the FOV is determined by the maximum range of the sensor. Figure 1 shows the FOV of a 
sensor in projectile coordinates (XP, YP, ZP). 

+  ZP 

Figure 1. Sensor FOV. 

In Figure 1, the sensor is mounted in the nose of the projectile and is aligned with the 
long axis. The projectile is flying horizontally to the right. The Y-axis is aligned with the 
center of the sensor's FOV. The positive Z direction is defined as "up." The X-axis is 
normal to the Y-Z plain. Theta (0) is the sensor viewing half angle in azimuth. Phi (<|>) is 
the sensor viewing half angle in elevation. The equation for the surface of the FOV is as 
follows: 

XP target ZP target -=V 
YPtarget

2-tan(6)2        YP 2.tan(* )2 
Ratio 

Eq. 1 

In Equation 1, XPtarget, YPtarget, and ZPtarget define the location of a target. For targets inside 
the FOV, VRatio is less than 1. For target points outside the FOV, VRatio is greater than 1. If 
VRatio is equal to 1, the target is exactly on the surface that defines the boundary of the FOV. 

Target points behind the projectile, as well as those in front, will produce VRati0s less 
than 1. Only forward-looking sensors are considered in the SWEM code, however. Because 
only forward-looking sensors are investigated, the target points that have a VRatio less than 1 
and are behind the projectile are ignored. 



The other factor that must be considered in determining which points are within the 
FOV of the sensor is the sensor's maximum range. The distance from the sensor to any 
target point around it is calculated as follows: 

D Range" l^XP target +  YP target +  ZP target) Eq.2 

If the distance to a target DRange is less than the maximum range of a sensor and the VRa,io of 
the target point is < 1, then the target is encountered by the sensor. For the coordinate system 
aligned and moving with the projectile, Equations 1 and 2 define an encounter with a target. 

It is possible to define the movement of the targets in terms of the coordinate system 
shown in Figure 1 where the projectile is stationary. It is easier, however, to transform 
Equations 1 and 2 to a coordinate system where the projectile moves relative to the earth. 
Figure 2 shows the projectile in such a coordinate system. 

Figure 2. TERM Projectile in the Trajectory Coordinate System. 

The coordinate system shown in Figure 2 is called the "trajectory coordinate system" 
and has its origin at the position of the firing tank. In the trajectory coordinate system, the 
Z-axis is aligned with local vertical. Positive Y is in the down-range direction. The Y-Z 
plane contains the velocity vector of the projectile at launch. Positive X is in the cross-range 
direction and to the right. The X-axis is normal to the Y-Z plane. 

The position of the projectile in this trajectory coordinate system is given as XmUn, 
Ymun, and Zmun- Euler angles are used to specify the orientation of the projectile in the 
trajectory coordinate system. The yaw angle sigma (a) is measured from the Y-Z plane to 
the long axis of the projectile. The pitch angle beta (ß) is measured from the X-Y plane to 
the long axis of the projectile. The roll angle is not used because the projectile is not 
assumed to roll in flight. 



Transforming from the projectile coordinate system to the trajectory coordinate system 
involves a translation and two rotations. The Euler angle convention that is used is defined 
in Methods of Analytical Dynamics (Meirovitch 1970). The transformation using the Euler 
angles is defined as three successive rotations. The first rotation is in yaw about the Z-axis. 
The second rotation is in pitch about the X-axis. The third rotation, not used in this code, is 
in roll about the Y-axis. 

The three Euler angles are used to define a matrix, which transforms the X, Y, and Z in 
the trajectory coordinate system into XP, YP, and ZP in the projectile coordinate system. 
The nine elements of the matrix are as follow: 

Bjpcosfe [Vcosfe 3)-sinf© jVcosf© 2)-sin(© 3) 

B jj=sW© jVcosf© 3Wcos(© jVcosf© 2Vsin(© 3) 

B13*sin(01)-sin(03) 

B2i=-cos/© jVsinf© 2) - sinf© jVcos (© 2Vcos (© 3) 

B22=-sin(© jVsinfG 3W cos (© jj-cos(© 2Vcos f© 3j 

B23=sin(0 jVcosf© 3) 

B31=sin(0 l)-sin(0 2) 

B32=-cos(© jVsinf© 2) 

B33=cos(©2) Eq>3 

In Equation 3, ©i, 02, and 03 are the yaw, pitch, and roll angles, respectively. In 
SWEM, ©i = -a, 02 = ß, and 03 = 0. Substituting for yaw, pitch, and roll angles and 
applying the matrix, the XPtarget, YPtarget, and ZPtarget can be written in terms of the projectile 
position (Xmun, Ymun, and Zmun) and the target location (Xtarget, Ytarget, Ztarget) in trajectory 
coordinates as follows: 

XPtarget=C0S("a)-Xtarget + sin(-0)-(Ytarget " Ymun) 

YPtv°^iin(-a>C0S^>{XtxgSl-
Xmun) + C0S(-^-C0S^>{Y target ~ Ymun) + sin(-a)'c0S(ß>-(Z target ~ Z mun) 

ZPtarget=sin(-(j)-sin(ß)-(x target - Xmun) - cos(-a)-sin(ß)-(Ytarget - Ymun)+ cos(ß)-(Z target - Z mun) Eq_ 4 

Substituting for XPtarget, YPtarget, and ZPtarge, in Equation 1, the Vratio can be written in 
terms Xtarget, Ytarget, Ztarget, Xmun, Ymun, Zmun, ß and a. The results of the substitution are the 
following: 



Re + R4>ÄVRatio Eq. 5 

in which 
12 

[cos(-a)-(Xtaraet - Xmun) +- sin(-o)-(Ytarset- Ymunj 
Rfl=7 

R*=7 

[[-sin(-a)-cos(ß)-(X^-Xmm) + cös(-a)-c^ 

[sin(--g)-sin(ß)-(Xtitfget-Xmun)-cos(-g)-sin(ß)-(Ytarget-Ymnn) + cos(ß)-(Ztarget-Zmun)]' 

r-sint-^-costßWX^-X^WcosC-^-cosCß^ 

The distance between the center of the sensor and the center of the target is the 
parameter calculated by Equation 2. Because Equation 2 defines the length or magnitude of 
a vector, it is not affected by rotations in the transformation. Applying the translation to 
Equation 2 gives the following: 

Range" (X target _ X mun)" + (Y target ~ Y mun) + (Z target    Z mun) J £q. 6 

Equations 5 and 6 form the basic algorithm, which is used to determine if a target is 
encountered. The algorithm determines if a target located at (Xmset Ytarget Ztarget) is within the 
FOV of the sensor. As input, the algorithm takes target location, projectile position (Xmun, 
Ymun, Zmun), the projectile orientation (ß, a), and the view angles of the sensor (9, $). The 
algorithm outputs a Boolean value (true or false) as to whether the target is within the FOV 
and therefore encountered. 

In the SWEM code, the position and orientation of the projectile are read from a 
trajectory file. Four different trajectory file formats can be used by the SWEM code. An 
example of the standard trajectory format is shown in Appendix A. The code reads the files 
and interpolates between points to produce parameters at even time steps. 

3. STATIONARY TARGETS 

The SWEM code can handle either stationary targets or moving targets. To calculate 
the probability of encounter, SWEM uses a "Monte Carlo" method. The code loops through 
the same simulation a large number of times; each pass is termed a "replication." At the start 
of each replication, a set of random number draws is performed to obtain values for parameters 
governing the motion and/or location of the target. The projectile trajectory file and sensor 
parameters remain the same in every replication. The replications that result in a target 
encounter are summed at the end of the loop and are compared to the total number of 
replications to determine the probability of encounter. 

For stationary targets, the probability of encounter depends on two types of errors: 
weapon dispersion error (WDE) and target location error (TLE). The WDE is a reflection of 
the weapon system's ability to hit the point at which it is aimed. The TLE reflects the ability 



of the system to determine the location of the target in some coordinate system common to 
both the scout vehicle and firing tank. *e> 

Both WDEs and TLEs are decomposed into range and deflection errors. Range refers 
to an error in the length of the vector connecting the target to the scout or firing tank. The 
deflection errors are measured at right angles to the range vector. In the SWEM code, these 
errors are defined via a mean and standard deviation. 

The TLE is composed of several separate errors in real systems. Self-location error 
refers to the ability of the scout vehicle and the firing tank to determine their own locations in 
space. Range error refers to the ability of the scout to determine the distance to the target. 
There are also errors in determining the heading of the scout and firing tank, called north- 
finding error. There are additional errors in finding the local direction of gravity. For the 
scout, there are additional errors in the measurement of the azimuth and elevation of the 
target relative to north and the local vertical. The self-location, range, north-finding, gravity, 
azimuth, and elevation errors are all combined into the target location range and deflection 
errors which are input to the SWEM code. Methods for combining the individual errors into 
TLEs required by SWEM are covered in the Target Location Error Methodology for the 
Tank Extended Range Munition (Wald 1997). 

A FORTRAN (Formula Translator) subroutine "rndm" is employed to make random 
draws from a statistical distribution. The subroutine was adapted from an existing code and 
reused (Wald 1999). Four random draws are performed for the delivery range error, the 
delivery deflection error, the target location range error, and the target location deflection 
error. 

The target begins at the aim point of the weapon in the trajectory coordinate system. 
Then, a randomly drawn delivery range error and a randomly drawn target location range 
error are added to the Y location of the target. The delivery deflection error and the target 
location deflection errors are added to the X location of the target. The resulting perturbed 
target position is used in the next simulation replication. The process is repeated at the start 
of each replication. 

4. MOVING TARGETS 

For moving targets, the target's path needs to be randomly varied between replications. 
The code used to calculate target paths was taken from Wald (1997). The FORTRAN code 
used is called "makpth". In makpth, the target path is composed of a number of "legs" in 
which the speed and direction of the target are constant. The code randomly varies the initial 
target location, the duration of each leg, the heading in each leg, the speed in each leg, and 
the average heading tendency for the whole path. The variation in the target path is 
determined by a set of 21 input parameters. The parameters and the input file that contains 
them are described in Section 7. 



The makpth code calculates the position of the target at any time in its own target path 
coordinates. The origin of the target path coordinate system is located at or near the starting 
point of the target. The positive X direction is east and positive Y is north. 

The problem of predicting the path of a moving target, based on observations of a 
remote scout, is shown in Figure 3 in which the scout takes two observations of the target 
tank. Linear prediction is used to estimate the future position of the target. 

Projectile 
Trajectory 

XT direction 

Aim Point 

Target Tank 

Scout    -. 
(XT„ouf YT,„ J 

;   Scout Self 
' Location Error 

Figure 3. Predicting Target Path. 

The types of errors in the two observations of the target made by the scout were 
discussed in Section 3. The scout observations have self-location range, north-finding, 
gravity, azimuth, and elevation errors. These errors all contribute to the error in estimating 
the velocity of the target. The velocity estimation errors and changes in target motion after 
the last scout observation add to the final TLE. The longer the period between the last 
observation and the arrival of the weapon at its aim point, the greater the error caused by the 
target motion. The errors associated with the firing tank are the same as in the stationary 
target case and again contribute to the total TLE. The dispersion error is unchanged by target 
motion. Wald (1997) describes in greater detail how TLE is calculated for moving targets. 

The calculations of the total TLE for a moving target and the calculation of the target 
path share some parameters. The SWEM code does not check to see that these parameters 



agree. Using the methods in Wald (1997), the user must ensure that the parameters are 
properly matched. 

The time line for a smart weapon encounter with a moving target is governed by a 
number of factors. In SWEM, the time of the first scout observation after the target path 
begins is selected by a random draw calculated by the rndm subroutine. The time between 
the two observations is an input to SWEM. The time between the second observation and the 
launch of the projectile, called the "communication, decision, and implementation time," is 
also input. The time from launch to the arrival of the projectile at the aim point is determined 
from the trajectory file. Adding the time of the first observation, the time between observa- 
tions, the "communication, decision, and implementation time," and the time of flight of the 
projectile gives the time along the target path at which the projectile arrives at its aim point in 
target path time. 

Time zero in trajectory time occurs at projectile launch. The difference between 
trajectory time and target path time is the time of the first observation plus time between 
observations plus observation, communication, decision, and implementation time. To bring 
the target path time into alignment with trajectory time, the difference is subtracted from all 
times in the target path array. After the adjustment, the target starts moving at some negative 
time before projectile launch. 

The transformation of the target path into the trajectory coordinate system is shown in 
Figure 4. The target path and trajectory coordinate system are related by the position of the 
firing tank and the position of the projectile's aim point. The firing tank's position (XTfire, 
YTfire) in the target path coordinate system is an input to SWEM. In the trajectory 
coordinate system, the firing tank is located at the origin (0,0). The position of the aim point 
is located at the end of the projectile's trajectory defined in trajectory coordinates. 

The aim point is also located on the target path defined in target path coordinates. The 
aim point's position along the target path depends on the time of arrival of the projectile at 
the aim point in target path time. Using the position of the firing tank and the aim point in 
the two coordinate systems, one can define a translation and a rotation that transform the 
target path into the trajectory coordinate system. 

Interpolation is used on the X versus time and the Y versus time arrays of the tank path 
to find the coordinates of the weapon's aim point (XTaim, YTaim). The angle between the X 
axis of the target path coordinate system and the vector connecting the aim point and firing 
tank is given by 

<J> satan 
/ YT       _ YT -    \ aim fire 

\XT aim" XT fire/ Eq.7 



Projectile 
Trajectory 

Target 

Original 
Target Path 

Figure 4. Transformation From Target Path to Trajectory Coordinates. 

The length of the vector is also calculated; it is compared to the length of the vector 
from the firing tank to the end of the trajectory in trajectory coordinates. Because the 
trajectory file and the firing tank position inputs are not coordinated, the lengths of the two 
vectors may not be equal. The direction of the vector in target path coordinates is preserved, 
but the length is adjusted to make it equal to the length of the vector in trajectory coordinates. 
The length is adjusted by moving the firing tank position to (XTAfire, YTAnre)- 

The angle, in trajectory coordinates, between the Y axis and the vector connecting the 
firing tank to the end of the trajectory is given by the following: 

\|/=atan 
■aim 

aim/ 

The angle between the target path and the trajectory X direction is the following: 

- L  * T"2 

Eq. 8 

Eq. 9 

To transform from target path coordinates into trajectory coordinates, they must be rotated 
about the Z axis by H,. The translation moves the firing tank position from XAfire, YAfire to 
0,0. The equation for the transformation is the following: 



Xtarget=(XTtarget-XTAfire)-C0S^)+(YTtarget-YTAfire)-sin^) 

Ytarget=(XT target ~ XT Afire)-sin^)+ (^target ~ ^Afire)-cos^) £q. 10 

In Equation 10, XT,arget, YT,arget are coordinates in the target path system, and Xtargeb Ytarget 
are coordinates in the trajectory system. 

5. ANIMATION OF ENCOUNTERS 

SWEM gives the user the option of viewing simple animations of the encounters 
between the weapon and the target. The animations show the encounters during each 
replication. Because the animations are computationally intensive, they greatly slow the 
calculation of the encounters and should not be used during long runs to collect statistics. 

The graphical display shows the location of the projectile, the location of the target, 
and the footprints of the sensor(s) carried by the projectile. The center of the projectile is 
displayed as a small, blue, bullet-shaped icon. The target is displayed as a small, red, tank- 
shaped icon. These icons are meant to display only position; the orientation of the icon is not 
related to the orientation of the target or projectile. 

As many as three sensors can be modeled, and the footprint of each is assigned a 
separate color. When the footprints of distinct sensors overlap, the colors are blended. For 
example, a blue footprint and a red footprint produce a purple overlap zone. Figure 5 shows 
an example of one frame of an encounter animation. 

The center of the animation display is fixed in space and is located at the aim point of 
the projectile. The size the display is fixed at 1000 by 1000 meters. The display area is 
scaled to match the number of pixels available in the PC display. The target, whether 
stationary or moving, normally stays within the display area. The projectile and sensor 
footprints start outside the display area and do not appear until they move into the area in the 
course of the trajectory. 

The footprint is displayed by applying Equations 5 and 6 to each of the pixels in the 
PC's displays. To reduce run time, only the pixels ahead of the projectile and within the 
maximum range of the sensor are verified. The footprint is animated by examining the pixels 
at every time step. As the footprint moves over pixels, they are colored. As the footprint 
moves off pixels, they return to the background color. The algorithm animates the sensor 
footprint's movement and its shape changes. 

6. ARCHITECTURE OF SWEM CODE 

Both the PC and UNIX™ versions of the SWEM code are written in C++. The PC 
version was developed from the UNIX™ version by adding a Windows -based graphical user 
interface (GUI). Since it includes the UNIX™ code, the PC version is described in this report. 

10 
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Figure 5. One Frame of the Encounter Animation. 

The code includes 15 C++ classes and a "main" distributed in 18 files. Six of the 
classes concern the geometry and animation of the encounter described in Sections 2 through 
5. These six classes contain approximately 2000 lines of code. The remaining nine classes 
comprise the GUI and contain about 4900 lines of code. 

The SWEM code has a mixed architecture. The nine classes comprising the GUI are 
written with object-oriented methods. The six classes concerning the encounter's geometry 
and animation are not written with true object-oriented methods but with more traditional 
structured coding methods. 

Figure 6 is flow chart showing the code's basic architecture in terms of traditional 
structured coding methods. The code consists of the GUI and three nested "for" loops. The 
GUI manages the user's input to the code. The outermost loop controls the statistical 
replications of the encounter simulations. The middle loop increments the time steps during 
an encounter. The innermost loop is actually two nested loops, one marching in X and the 
other marching in Y. The two loops increment through all the pixel locations during each 
time step to display the sensor's footprint. 

11 
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Figure 6. Flow Chart for the SWEM Code. 

7. USER INPUT AND GRAPHICAL USER INTERFACE 

User input to the SWEM code is done using the GUI and two standard input files. One 
of files contains the trajectory data for the projectile. The other file contains the data used by 
the "makpth" code to create the target path. The GUI uses five separate windows to input the 
data describing the weapon, the sensors, and the location of either stationary or moving 
targets. 

SWEM can read the trajectory files in four different formats. Three of the formats are 
associated with specific TERM designs and are not covered in this report. An example of the 
fourth, or generic weapon format is given in Appendix A. The generic weapon file contains 
nine columns of data. The first column contains the trajectory time; the time in this column 
does not need to be evenly spaced. The second, third, and fourth columns contain the x, y, 
and z components of the projectile's location measured in meters. In the data format, X is in 
the down-range direction, Y is in the cross-range direction, and Z is in the local vertical 
direction. The fifth, sixth, and seventh columns contain the x, y, and z components of the 
projectile's velocity in meters per second. The last two columns contain the projectile's pitch 
and yaw angles in radians. The nine columns are separated by commas to ease importation 
into spreadsheets and plotting software. 

12 



An example of the input file for the makpth code is given in Appendix B. The first 
number in the file is the minimum duration of the target path. The first number on the second 
line is the mean of the X starting positions for the target. The second number is the standard 
deviation of the X starting positions. The third and fourth numbers are, respectively, the mean 
of the Y starting position and the standard deviation of the Y starting position. The first and 
second numbers on the third line are the mean and standard deviation of the target speed. The 
third and fourth numbers are the minimum and maximum target speed. The first and second 
numbers on the fourth line are the mean and standard deviation of the leg duration. The last 
two numbers are the minimum and maximum leg durations. The first number on the fifth line 
is the standard deviation for the target path angle; the mean is assumed to be 0 radians or east. 
The last two numbers are the minimum and maximum path angles in radians. The number on 
the sixth line indicates the tendency of the target path to return to its initial easterly direction. 
The value should be between 0 and 1. Entering a valueof 0 produces no tendency to return to 
an easterly heading, whereas entering a 1 produces a strong tendency to do so. 

Once the target path is calculated for a distribution about an easterly compass heading 
via the methods given, it is rotated as a whole through some angle picked from a random 
distribution. The first number on the seventh line determines which random number 
distribution is used to pick an overall path rotation angle. If the number is 1, a normal 
distribution is used. Otherwise, a uniform distribution is used. The second and third 
numbers are the mean and standard deviation used with the normal distribution of the 
rotation angle. The fourth and fifth numbers are the minimum and maximum rotation angles 
used with both the normal and uniform distributions. 

The main "encounter" window in the GUI is shown in Figure 7. The first window is 
used to move to other windows in the GUI and to enter some basic information about the 
simulation. The "weapon platform parameters," "sensor parameters," "moving target," and 
"stationary target windows" are all accessed from the first window. The "reset to default" 
button in the upper right-hand corner allows the user to reinitialize all the parameters to a 
default set of values for testing and debugging the program. 

fir Encounter 

Reset to Default 

Weapon Platform Parameters 

Sensor Parameters 
P Moving Target Moving Target Parameters 

r Stationary Target     . St...^     T v-# par#ric»«: 

5fl Number of Repeat   J0.08 
Calculations for 
Statistics 

DfC 

Time Step for    ^Graphics On      C Graphics Off 

Cancel Update 

Figure 7. Encounter Window. 
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The selection of a "moving target" or "stationary target" is done using radio buttons. 
With radio buttons, indicated by small circles, selecting one automatically deselects the 
other(s). The text box labeled "number of repeat calculations for statistics" determines the 
number of replipations of the simulation. The text box labeled "time step for calculations" 
sets the time in seconds between encounter checks and updates the animations. The 
"graphics on" and "graphics off radio buttons determine if the animation is displayed. If 
five or more replications are used, the "graphics off radio button should be pressed to 
prevent the run time from becoming too long. 

The buttons at the bottom indicate what to do with the parameters entered into the GUI. 
The "OK" button causes the parameters to be saved as the current working set and the 
simulation to execute. The current set of parameters is saved to a hidden file and is read the 
next time the GUI is executed. The GUI always starts with the last set of parameters entered 
into SWEM. The "update" button causes the parameters to be saved to the hidden file as the 
current working set but does not execute the actual simulation. If the "cancel" button is 
pressed, the hidden file is not written nor is the simulation executed. The parameters are 
reset to the last working set. 

When the "OK" button is pressed and the "graphics on" radio button is active, the 
animation window appears. Using the mouse to place the cursor in the animation window 
and right clicking causes another window to appear. The new window contains "begin" and 
"quit". Selecting "begin" starts the simulation and selecting "quit" aborts the simulation. 

The "weapon platform parameters" window sets the number of sensors on the weapon, 
the sensor mounting method and the trajectory that the weapon flies. Figure 8 shows an 
example of the "weapon platform parameters" window. The four radio buttons at the top 
determine which of the trajectory file formats are used to read the data. Only the "generic 
weapon" format is covered in this report. An example of the "generic weapons" format is 
given in Appendix A. The user may specify a trajectory file directly using the text box 
labeled "trajectory filename". The user can also push the "browse" button and search for the 
proper file. 

Weapons Platform Parameters 

^^SSS^SäS.    r Weapon Type 1        C Weapon Type 2 *~ Weapon Type 3 

C: \Encounter\D ataFiles\G eneticStraj-generic. txt Trajectory Flename, 
(Use compete path na-ne] 

yow.se 

2 Number ofSensor* U5ÖÖ Distance Round Travels Before Semorfc) ate Activated ; 
on the Weapon * 

f Fixed Sens« Mount       <~ Scanning Sensor Mount bcäevnr*! if-nsci* M'J'J^ rrhKtiA&i; 

OK " Cancel i 

Figure 8. Weapons Platform Parameters Windows. 
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The number of sensors carried by the weapon is specified with the text box labeled 
"number of sensors on the weapon." The text box will not accept numbers larger than 3. 
The sensors on the weapon are not active at launch. The distance the weapon travels before 
the sensors activate is entered via the text box labeled "distance round travels before 
sensor(s) are activated." The user can specify either fixed or scanning mounts for the sensors 
by using the two radio buttons at the bottom of the window. If a scanning mount is selected, 
an additional button labeled "scanning sensor mount parameters" becomes available. 

The "sensor parameters" window, accessible from the main window, allows the user to 
input the parameters describing as many as three sensors. The number of sensors specified in 
the "weapons platform parameters" window determines how many sets of text boxes are 
active in this window. Figure 9 shows the case when two sensors are specified. In this case, 
the text boxes on the top two sets are active and the lowest set is inactive. 

Sensor Parameters 

OK       j 

NOTE: All angle« ate in radians, 
. and the range is in meters. 

Cancel 

rSensor tu- 

rn. 075        ! Azimuth Angle 

10.15 Elevation Angle •0.2000007 

Squint Yaw Angle   ]3000 Max. Sensor Range 

; Squint Pitch Angle 

Sensor 82- 

,     Azimuth Angle       ' Squint Yaw Angle,   2000 * Max. Sensor Range 

0.02 ; ■: Elevation Angle    :  j-0.3999997   Squirt Pitch Angle 

-Sens:* 03- 

F Azimuth Angle 0 

JÖ Elevation Angle        [Ö" 

Squint Yaw Angle 

Squint Pitch Angle 

Max. Sensor Range 

Figure 9. Sensor Parameter Window. 

15 



The text box labeled "azimuth angle" specifies the half angle in the horizontal plane of 
the FOV when the weapon is flying level. The text box labeled "elevation angle" specifies 
the half angle of the FOV in the vertical plane. The greatest range at which a sensor can 
detect a target is specified via the text box labeled "maximum sensor range." The text boxes 
labeled "squint yaw angle" and "squint pitch angle" are used to input the angular offsets of 
the sensor axis from the long axis of the weapon. The squint yaw angle is the offset in the 
horizontal plane when the weapon is flying level. The squint pitch angle is the offset in the 
vertical plane. For sensors in scanning mounts, the squint angles are the angles at activation, 
which change as the mount moves relative to the weapon. Sensors with fixed mounts 
maintain the same offset throughout the simulation. As stated in the note at the top of the 
window, all angles are input in radians and the maximum sensor ranges are in meters. 

If the stationary target radio button is active in the main window, then the "stationary 
target parameters" window can be accessed. This window, shown in Figure 10, allows the 
user to input the parameter pertaining to the target location relative to the weapon's aim point 
as described in Section 3. The top four text boxes are used to input the TLE. There are text 
boxes for the mean and standard deviation in both range and deflection. The bottom four text 
boxes are used to input the WDE. Again, there are text boxes for the mean and standard 
deviation in both range and deflection. 

In some TERM design concepts, the weapon is not initially aimed at the point where 
the target is calculated to be but rather at some point offset from it. The middle three text 
boxes are used to input the aim point offset if one is required. The aim point offset distances, 
like all other length parameters in this window, are given in meters. 

If the "moving target" radio button is active in the main window, then the "moving 
target parameters" window can be accessed. This window, shown in Figure 11, allows the 
user to input the parameters pertaining to a moving target as described in Section 4. 

The top two text boxes allow the user to specify the starting location of the target 
relative to the firing tank; this is equivalent to specifying the firing tank's location in tank 
path coordinates. The location is given in terms of range and deflection in meters. 

The next three text boxes specify the timing of the encounter situation. The text box 
labeled "mean of randomly selected time of first observation" is used to input the mean of the 
distribution from which this time is picked. The text box labeled "standard deviation of 
randomly selected time of first observation" is used to input the required standard deviation. 
The text box labeled "time between first and second observations" allows the user to enter 
the time between the two observations of the target by the scout. The text box on the third 
row labeled "communication, decision, and implementation time" is used to enter the time 
between the second observation and the launch of the projectile. All the times in the first 
three rows are in seconds. 

The bottom three rows of text boxes are the same as the text boxes in the "stationary 
target parameters." In the moving target case, these parameters are used to displace the point 
on the target path that corresponds to projectile impact time. 
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Stationary Target Parameters 

If Sal Target location E«or,(Distance in mete«) 

I Mean of 
Range 
Error 

14.43 .Standaid 
Deviation of 
Range Error 

•1.58 

Deliberate Offsel.of Aim Pointfor Calculated Target Location 
Down Range     [5 Deflection  , 
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Deft« 
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Deflection Error 
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Difference (mj 
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Mean of     jo.23 Standard        {¥" 
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•20 

: Error? ;Raj3ge:Efot| 

' Mean of 
Deflection 
Error 
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Deviation, of'' 
Deflection Error 
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; Keep Changes & 
Eat Cancel. .'Reset Parameters 
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Figure 10. Stationary Target Parameter Window. 
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Figure 11. Moving Target Parameter Window. 
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If the "scanning sensor mount" radio button in the "scanning sensor mount parameters" 
window is active, then the "movement of gimbaled sensor mount" window can be accessed. 
This is the first window in a series of three windows used to input the movement of a 
gimbaled sensor mount. The mount movement algorithm assumes that the gimbaled mount 
moves only in yaw and starts at the yaw squint angle relative to the projectile's long axis. 
The mount can move through a series of scans. During each scan, it moves to a number of 
angular locations where it stops or dwells. At the end of the scan, the mount returns to the 
squint angle. Between dwell locations, the mount is assumed to move at a constant angular 
rate. At the end of a scan, the mount also returns to the dwell angle at the same rate. The 
dwell angular location and the length of time the mount spends at each dwell location are 
input values. 

The "movement of gimbaled sensor mount" window is shown in Figure 12. The text 
box labeled "maximum gimbal rate" is used to input the angular velocity between dwell 
locations and upon return to the yaw squint angle. The number of scans is entered via the 
other text box. 

Movement of Gimbaled Sensor Mount 

0.01 

Next> 

Max. Gimbal Rate 
(Radians per Second) 

Number o! Complete 
Side to Side Scans 

Keep Changes 
& Call Next Window 

Cancel 
Reset 
Parameter: i 
Exit 

OK Keep Changes & Return 
To Previous Window 

Figure 12. Movement of Gimbaled Sensor Mount Window. 

When the "next" button is pressed in the "movement of gimbaled sensor mount" 
window, the "movement of gimbaled sensor mount during scan number" window appears. 
An example of this window is shown in Figure 13. The number of the scan for which the 
window is currently accepting data is given by the text box labeled "movement of gimbaled 
sensor mount during scan number." The number of dwell locations during the current scan is 
input into the text box in this window. Pressing the "previous" button returns the user to the 
"movement of gimbaled sensor mount" window. Pressing the "next" button causes the 
"parameters for dwell number" window to appear. 



Movement of Gimbaled Sensor Mount During Scan Number 

Movement of Gimbaled Sensor Mount During Scan Number  Jl 

* Number of Times Sensor 
fr'Mount Stops and Dwells 
during this Scan 

Next> 

<Back 

< Previous 

Cancel 

Figure 13. Movement of Gimbaled Sensor Mount During Scan Number Window. 

The "parameters for dwell number" window is shown in Figure 14. The text box 
labeled "parameters for dwell number" indicates the current dwell number in the scan. The 
text box labeled "during scan number" indicates the current scan number. The text box 
labeled "yaw angle of mount" is used to input the location of the current dwell in radians 
from the long axis of the projectile. The text box labeled "duration of the dwell" is used to 
input the length of time (in seconds) the mount spends at the dwell angle after reaching that 
location. The amount of time it takes to move between dwell locations is determined by the 
maximum angular velocity of the mount and the angular distance between adjacent dwell 
locations. 

Parameters for Dwell Number... 

Parameters for Dwell Number   1 during Scan Number   1 

0.01 

F 
Next> 

•Yaw Angie of the Mount. 

Duration of DweJ 
(Seconds) 

Keep Changes                       < Previous 
& Call Next Window ■ 

<Back 
Reset Parameters 
i Call Previous Window 

: Cancel 

Keep Changes 
& Call Previous 
Window 

Drop Out of Scan 
Windows 

Figure 14. The Parameter of Dwell Number Window. 
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If the current scan in the "parameters for dwell number" is one, then pressing the 
"previous" button returns the user to the "movement of gimbaled sensor mount during scan 
number" window. If the current scan is not one, then pressing the "previous" button returns 
the user to the "parameters for dwell number" window for the preceding dwell. If the current 
dwell is not the last dwell in the scan, then pressing the "next" button calls a "parameters for 
dwell number" window for the next dwell. If it is the last dwell in the current scan but not 
the last dwell of the last scan, then the "next" button calls the "movement of gimbaled sensor 
mount during scan number" window. If the next dwell is the last dwell of the last scan, then 
pressing the "next" button calls the "movement of gimbaled sensor mount" window. 
Pressing the "OK" button in the "movement of gimbaled sensor mount" window ends the 
gimbaled mount input sequence. 

8. STATISTICAL RESULTS FILE 

The graphical output of the SWEM code has already been described in Section 5, so 
this section concentrates on the "encounter.txt" file that contains the statistical results after 
the program has been run. To operate properly, the SWEM code must be installed in 
a directory "C:\Encouner." The input files are located in "C:\encounter\DataFiles" and the 
output files in "C:\encounter\Output." The path to the statistical results is then in 
"C:\encounter\Output\encounter.txt." An example of the "encounter.txt" file is given in 
Appendix C. The file contains an entry for each replication and a summary of all the 
replications. If a sensor encounters a target during a particular replication, the file will list 
the duration of the encounter in seconds. The file will also contain the minimum and 
maximum range from the projectile to the target during the encounter. If no encounter 
occurs for a sensor during a replication, the file will contain a comment to that effect. 

A summary of all the replications is given at the end of the "encounter.txt" file. For 
each sensor, the percentage of the replications for which there was an encounter is listed. 
These percentage values are the probability of encounter for that particular sensor. The last 
line gives the percentage of replications for which there was an encounter by any sensor on 
the weapon. This last value is the probability of encounter for the weapon as a whole. 

9. CONCLUSIONS 

The SWEM code was developed as an analytical tool for the TERM program. The 
SWEM code has been used to help evaluate TERM design concepts and has proved to be 
very useful. While the code is written for a cannon-launched smart projectile, it is general 
enough that it could be used in the analysis of other smart weapons designs. 

The algorithm currently only considers flat terrain, but it could be extended to include 
the effects of terrain masking. The code could be modified to work with variable resolution 
terrain (Wald & Patterson 1992) or other terrain description formats. The code could also be 
adapted to simulate fragmentation weapons by representing the fragment pattern in a manner 
similar to the sensor's FOV. Neither of these extensions of the code is currently planned but 
would be relatively straightforward, given sufficient interest on the part of potential users. 

20 



REFERENCES 

Meirovitch, L. "Methods of Analytical Dynamics," page 142. McGraw Hill Book Company, 
NY, 1970. 

Wald, J.K., "Target Location Error Methodology for the Tank Extended Range Munition," 
ARL-TR-1433, U.S. Army Research laboratory, Aberdeen Proving Ground, MD 21005- 
5066, September 1997. 

Wald, J.K., private communication, 1999. 

Wald, J.K., and C.J. Patterson, "A Variable Resolution Terrain Model for Combat 
Simulation," Ballistic Research Laboratory, Aberdeen Proving Ground, MD 21005-5066, 
July 1992. 

21 



INTENTIONALLY LEFT BLANK 

22 



APPENDIX A 

TRAJECTORY DATA FILE 

23 



INTENTIONALLY LEFT BLANK 

24 



X! 
U 
4J 
-H 
&4 

p.^WK)^N003l(lNO^OIOH«!Of(DH^MnH«rl*iniflf;^ 
Mr--cNir-cNir-CN]r--HVDrHLnoLncry'*coror-rHvoo^ooror---iir)cr\ro'*rH 
JoioovDirirncNOC7ir--vD<ö<ro5HWOO^DLnmcNiocrir~Ln^oqw^r~^D 
ro^Hr-|iHrHHrHiHOOOOOOtyitr1CTlCr\<TlCri<TlOOOOCOCOOO'*r-r-r-- 

oooooooooooooooooooooooooo  ooo 

5 
(Ö 

o 
Q 

I 
N 

in^co^inonocomHmcicovD^mco^Min^oiHioro^Nr-minwm 

^'*v£)'*mcN!<HOOicor--vDiriorocNCNirHOOinoocor-r--«3roH<^roLnro 

r^inrHinoDCNvoo^r~^incnir>^o^cocNLnr~ror--0'tfcoooo<--i<-HCN 

ooooooooooooooooooooooooooooo   -oo 
OOOOOOOOOOOOO      -OOOOOO     •OOOOO-'-O'- 
00 o 0 OOOIOO 

•    .OOOOOOOOOOOIOOOOOOIOOOOOI    I    I I    1 
00 Ill Ill       I   I   I   I   I 

I   I 

^^rC«^ooinrnoqr~aieooooooooo£T\c--'oq^voo^NinooMr-HvoHC,-ro 
m(T,rooooo>r^r^r-cnvDVDU3«3iX)^o^)iHi>r--r^r-oocococricriOOrHrjoc 
mr-<Hincnr->r-rHir>    • m r- <-i in en m r-    .inehmr-r-HLnenmr--oqvo©«tfco 

cncöcctc~^vDuiin^^roMC>qTH©ocr>rocor~r~vovoLn^^rorocNO)rHO 

^^^IH^^HHH rlHHHHHH r-1Hr-1rHrHrH<-|HHrHHfH<-frH 

r-t-HrorOi-l^voiriCNHrH 
CTvVOCOCnO^rHT-li-HiHCnm 

O fr)(£>>^CNOCOVDrOtHCOP-TH 
D c0CncnCnCninC0C0C0[--O     • 

I      oirioin^    • VD r- co en    • *H 
>H o     •     •     •     'O     •     •     •     'H    I 

• OOOO   I   OOOO   I 
O    I      I      I      I I      I      I      I 

I 

or-"3'or-«tfOvo>*cnir>r-ir-LncorHcn''tfoin 
t-~ko>£)VDtntr)in"*onron<N 'Hhooo o\ 
CNn^PLni£ir-oocn   • H N ro^1 IN VD   • 00 en O 0 
 (M     •     ■     •     •    I       . oq     .     .     .     . 

HrlHHdHdH    I   CNOQINCN CM    I   Ol N m m 
      II            I      I      I      I I I      I      I      I 

±j lnlnvDtHvo^vDrHr-<Nf-CNi>moorocoHai^aitnoino^DrH«3irir-oqo 
O w ,0-)CNiocn[-^><tfr*iHOCoc--ir]'tfCN! • en co vo ■ i* OJ ^ en co U3 • n OJ • 

°l     <^So^cno^oöoörocöoöcöoör^r-[-r-r-Lnvo^vDinvovD^inLnininLOi^i£i 

N 

r-^Hcncncn^ror^miHH^cnc^rocsivo^cNrn^coiHr-r^^oi^oo^'tfro 
iDinoNn«MneooocaininnM»ioonoi/iMOH'!tinm«NffHD 
coo«3oor-p->   •inTHtnif>j-i'*cyisiioopq   • o   .i£>coocN^Lnu3ior--t--vD' 
HC0lD<*(NO'J^H>nCn t-    'IN '_ 
c\   .    .    •    •    -in or-ui<NOo-)Lnir>ff\>£>Tt<i-Hoou-)CN!<rivomom 

• in n rH en r-      rsior-Lnt>300<HCMmTH'*HLnvDr~ooooCTioo<-io5n<N 
[^HNnn^ kDt^r-OOCnrHtHrHiHH r-i        rHr-lr-lH<-li-ICNir<JCNlC<lCN) 

in^ix>nojcot--"a|rocri'*LnvDro^J,T-ii£>'*«^u3Hr~ror-oor- 
onoovDr-^r-ooinr--Lnr-roiHLno^D'*05iHroOrHCN'*r-- 

1  cM^or-^on'3|\oomtNOOomr-»H[--,,*OQCo 
j)<*f»lCOin'*CO'allD<N'*HfrIIv(N|(riM!TlNOO 
lnoino^Ht^o-^conco^O'S'^rHOcocooo   • 
1-iiniHroLnc~-rHrHi-ioqcNm'^'    • in 10 r-- r- co en <-H    •    •    • 

lOOO O I   HriHr 
.     •     •     .OOOOOOOIOOOOOO I      I      I      I 
1 O  O O    I     I      I      I      I      I      I I      I      I     I     I     I 

rH CN CO 00 CO iH 

cnooa^pr-O'tfcomcn"* 

en 
in 

HriH 
I      I      I 

<N CM  (N  05 
I      I      I      I 

I      I 

X 

o<#cnr~r-oenr-ci   -incrin^co   .oocnt-Lr>or--T-it"-CNnmr-c--r- 
r~ en    .,-H,-I   .^omoM^oiiOMtotNHi^Nro^    -in    • vo    • r-- rq r- OJ r-- 
>* H ^ U) n ID f*i "*    ' <~*    ■c0  .    .m    •    .^o\rot~o^1c^rHineop5VO-<T\nvoo«HC-^l,^ti«3HineoP5m 

co oa      OMnunDMnod      <*Lnr-coomojroLnncoc^ocNn 
lO CO        r-IH<-lr-fr-l<-li-4CNlCN        r-3 CN (N CN m        r>        m        nn^1^1^ 

r- <-i 

-H 
EH 

r^vooiHcnr-'tfiN vcoi£iro^cAr-incNii)iJ3VDLnLnLnLn^'*«a'^'*rororn 
cncncncncococococor~r^i>r^vovDvovoHocncor~iotn''tfcocNr-tocncor^ 
cor~^Ln^rocNHOc^cor~vDiri^rocNicsiLnr--oro«3aioqLnoo<-i'* 
CMLnc0rH'*r~-On^000rH'*l>Or0^DCriinOLniHVDrH>X>CN 
mOU">i-l>D>-!t--CNt~-(NC0mC0<*Cn'*CnCnOOrH 
OHHNNnn^<*lflUHDlOhM»CO     •     •     •     • 
 O H rH  H 

OOOOOOOOOOOOOOOOO 

r- CN 00 m co ro en 

iH TH H rH i-l H  TH 

25 



CN CN CT1 CN 
CN <x> oi ro 
lO ^f IM  H 
p- <Ti *H ro 
ro ro "* ■>* 
in m in in 

o o o o 
I    I    I    I 

CN CO CN r-l 00 >X> 
lOCOrlnMIO 
01 r- ^D <=f CN <* 
inDcooN in 
•<* <* <* in in in 
in in in in in • 
  o 

O O  O  O  O I 
I    I    I    I    I 

r- <X> ON 00 <# >x> vo <H <* CM CO in ON ^ 
00 r- r- r- r- IX) in ^ CN o r- in H CO 
in <X> <* CN o CO >X> <* CN o r> in ro o 
in r> o\ rd ro ^ IX) CO O CN ro r» o a\ 
in in m kO <x> <X> IX) 1X> r- t- r- in r~ r> • in in in in in in in in in in • m in 
o 

i o 
i 

o 
i 

o 
i 

o 
i 

o 
i 

o 
i 

o 
i 

o 
i 

o 
i 

o 
i 

i o 
i 

o 
i 

<X>  <tf  ON  iH  C1 
■*oinn in 
00 <x> n H CO 
O  CN  <tf  >X> l> 
CO  CO  CO CO CO 
in in in in in 

o o o o o 
i i i i i 

"* in  r- 
O "tf rO rd 
^o ro co co 
WHO'* 
co cn co oi 
m in oi in 

• • in • 
o o • o 

i i o I 
i 

rororocNCN^Tdrdo^ror^iOLn^CNHC^i>^^CN^covo(-o,Hcoix>rocNr-- - rd 
tH«3inr^c^vorocovDroot^^HcoinHcoincsic^ojo3c^^romu5rn>x)ix)^o 
LnoocN^o\ror^cjN^cocNincrirovoo^r^^incoro*Dcnror'--0'tfcooinroro 
ininvo^>x>r~r-tdcocooicAcnooHrdTHCNCNCNOroro''tf<tfinLnincN'x>o-Nt-- 
0~l  CTl  G1  <J\  CTi 01 Ol      •  ONC^CICAO^OOOOOOOOCNOOOOOOO      •  o u  o 
rH<-H<-lT-lrHT-lt-IOiHrdr-li-l<-!CNCNCNCNCNCNCNCN (N«(N(M(NlCS|tN10MOO] 

1 I CN] 
o o o o o o o 

I    I    I    I    I    I    I 
ooooooooooooo 

I    I    I    I    I    I    I    I    I    I    I    I    I 
o o o o o o o 

I    I    I    I    I    I    I 
o    • o 

I    O    I 

Cf|inc0'*C0Olin(Ilrl'aHDC0O100HN(MO)HCOO\C0«J^HMinp]C0'* 
co"*    •inou3H^D05r--cNir~-CNr~-rocorocoro'<*ojr~-CNr--CNix>HU30Ln 

• rotNCMr-H'XJOinaN'tfcoco    •oqvoHino    • o\rooocNr--H'x>oin<T\ 
CN! 

NMHMl,l^|^lnlnln^D^D^lNCoa)0^cl^otnOrlr^c^l(^^fnoo"*'*"* 
rd CN   I   CNCNCNCNCNCNCNCNCNCNi-lCNCNCNCNrotdcorororororocorororo 

I    iH <dHrd<-drdvd>-!rdrdi-l    I    r-l H id  H  <H     I    HHHHrlHHddd 
-I I      I      I      I      I      I      I      I      I      I I      I      I      I      I I      I      I      I      I      I      I      I      I      I 

<7\     - 0-\ 
<T\  •&  CO 
ro <tf CN 

•  CO     • 
in   • «J 
ciino 
rH ro H 

I    id    I 
I 

CNlOC0rd<drOCniOrOC0CNU3C0C^CTiCrir~^TH^C0HrOf0rOrHC0<tfi--l<tfr--     «CT\ 
CNCO^CNI>rOCO^Oin*d^rdVOrd^rdU3ininOv^a3CNVDC>rOr--Cri>*!>COrO 
inovx)c^r^ooo^oinTHvocNir~rocx)^c^c~oinHix)cNir--rocorocN'<a,crioo 
r- co co    • cri    'OHDCNmn^i^ininvD^o    •anooiuiOOdrlrj    • ro ro in m 

CT\ >* 
CriCTiCrimCri^OOOOOOOOOOOO'*OOOOHrHrHrHrd'*T-l<H      ■  <d 
ro ro ro   I   ro   i-a«^-*-*-*''*-*^^'*'*-'*   I   ■^^^■*-*«*'*^ji'*   I   "3< ■<# vd <* 

I    I    I        I        I    I    I    I    I    I    I    I    I    I    I    I I    I    I    I    I    I    I    I    I I    I  M<   I 

inojinHiflH^DHincoinoi^'coNWHincoc-iiiJHnr-miii^r-miocn - ■* 
CN«Jrd<doooic^cor>r^^voinin^^rocNCNrdinoo,irdcor--co<x>Ln«*cNro 
r-    • in >* ro CN o crv co    'Win^rnNHOCficoi^w    • ■*)< CN    • o cn    • r- <x> in rf ro 

CT) co co •>* 
oooooooc^cTic^o^cricriCTiaiCTiCTNC»cococoo~icocoo>icoc--o~ir--r-t~-    • r- 
oiNOOOOOffioiHc^cricricritrttyiCAcriCACrtc^HaNONHCfioiHONC^c^t^CA 
CN CN  CN  CN  CN  CN  rd  H HT-dHrdrdHHt-Hi-drdH HH r-\  r-i i-H  rd  H  0\ H 

rd 

^ioroinrot^r^rnin^cocoinr~vorHcsic^iHc^c>icNr-'X)r--csiiHro,=i,r--in - io 
vooc^HcocN^^rd^oooo^H^inrou3rocNOOrdcr>'tfinroc--r--incN'x>r~CN 
r-cocoror-cN*DO<#r-oro'x>0"icdrom    •CNro*-icordrocNairoinoor~r^roin 
 NKOlOOHHHOOOl      •      •  in CN  O-i 

incncN<x>oiro>x>oro»x)oro'X)oiro»x>o>o in co    • o r- 
HOOCM0C0t--r~Winin^(»lNNrlOHmC0NinC0H'*>O(N(NHHMl • 
MMNdHdHHHHdHHrtHHH CT\C0C0r~<X>'X>in'SJ<''tfrO ,d      -CN 

CN^voa>o^roHrorocnc»a^^cNCN^CN^rocoix>r--cor>ix>corordCN>x>CN 
ininr^wr~criNmin[~-om>Hinoi'<*m'<JcriinH'*"*idcoio<*tNOcn 
in ix)    • co o\ o    •    • 

•    • n    •    •    • CN ^f 
OldOllflhOOO 
C0cyiinCT\CTlO*X><X) 
in in   i  in in vo   i    i 
ii iii 

■ ro 
f- 

>*in[--cocrirHCNiroiniX)COCT\rdro    'VoracuHroint^cocoo) 
 <x> o    • 

kOcooCN'3<r-oiTdrom£--c\CN'3'rocoocNinr--ci<-lro    -co 
oodHHHHM«r<icsNr>i(nwri'*"*"*'*^inin»in 
lX)lDkDlX>VOlX>lX>IX)>X>VDlX>lX>lX)IX)    I    l£>lX>>X>'X>IX>VO^X>>X>invO 

I      I      I      I      I      I      I      I      I      I      I      I      I      I I      I      I      I      I      I      I      I    IX)    I 

CNro^inin^roHcoincNcorococNU>aicN'^invoi>*x>'x>^l<CNCNr--roo-i<tf -ro 
o^CNCO^oix>cNir-rocri'*OLnTHix)Hi>cNir--CNir--csir>cNir--    • vo H in o cum 
 vd      •      •      •     • <tf     • 

t^[~cococriooTHHCNCNro^^ininiX)vx)r--r--cococrio>ioocNivHCNicNro • ro 
^in^[^ooOtdcNro^in^r~cooiOrdCNro<tfin>x>[---coordinro'tfinvoroco 
cNCNCNCNicNrorororororororororo^^'^,<3''*'^t|'*"*'*ininix>ininininr~Ln 
V0U3^U3^V£)1X)IX>'X>V01X)>X)>X)|X)1X><X)>X>1X>1X)VDIX)VD1X>>X><X)1X) ID  ID lO ID in ID 

IX) 

!H^CT\COt^VDin^rOCNHroaiOOr-U5in^rOCNrHCNCTlCOr--lX)in'*rOCNJrH     ~ CTl 
Hinvomc<iincori'*t^ocoincoH^r-orniDoiH'*r-orniDtJir>]incoH(»i 
o^oinrdvorHt^CNit^roc^roco^cri^oinoininiX)i-Hr~cNr~-cNcoroco^ai 
•<*    •ininw3iDi--r~cococfi    'OOHdNroro^^    •iniX)ior--t~-oococncrioo 

oo 
r-CNr>t^r~r~r~r~r~t^[^CNcococ»cocococncococNcoc»cococococococoo-io\ 
CN CNCNCNCNCNCN05CNCN CNCNCNCNCNCNCNCNCN CNCNCNCNCNCNCNCNCNCNCN 

26 



APPENDIX B 

INPUT TO THE MAKPTH CODE 
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INPUT TO THE MAKPTH CODE 

240.0 
0.00 200.00 0.00. 200.00 

12.50 5.00 5.00 20.00 
20.00 5.00 15.00 35.00 

0.34 -0.68 0.68 
1.00 

1   1.57 0.01745    0.00 3.14 
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APPENDIX C 

STATISTICAL RESULTS 
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STATISTICAL RESULTS 

TEST RUN#1 

No Encounter by Sensor Number = 1 

No Encounter by Sensor Number = 2 

TEST RUN #2 

No Encounter by Sensor Number = 1 

No Encounter by Sensor Number = 2 

TEST RUN # 3 

Sensor Number = 1 
Duration of Encounter = 5.68 
Minimum Range during Encounter = 985.024 
Maximum Range during Encounter = 2689.84 

Sensor Number = 2 
Duration of Encounter = 5.36 
Minimum Range during Encounter = 519.186 
Maximum Range during Encounter = 1984.16 

TEST RUN #4 

No Encounter by Sensor Number = 1 

No Encounter by Sensor Number = 2 

TEST RUN # 5 

Sensor Number = 1 
Duration of Encounter = 5.04 
Minimum Range during Encounter = 1312.36 
Maximum Range during Encounter = 2981.12 

Sensor Number = 2 
Duration of Encounter = 0.64 
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Minimum Range during Encounter = 437.966 
Maximum Range during Encounter = 609.219 

TEST RUN #48 

Sensor Number = 1 
Duration of Encounter =1.12 
Minimum Range during Encounter = 2325.86 
Maximum Range during Encounter = 2694.99 

No Encounter by Sensor Number = 2 

TEST RUN # 49 

Sensor Number = 1 
Duration of Encounter = 2.64 
Minimum Range during Encounter = 2003.9 
Maximum Range during Encounter = 2880.63 

No Encounter by Sensor Number = 2 

TEST RUN #50 

Sensor Number = 1 
Duration of Encounter = 7.28 
Minimum Range during Encounter = 320.343 
Maximum Range during Encounter = 2394.7 

Sensor Number = 2 
Duration of Encounter = 3.44 
Minimum Range during Encounter = 783.011 
Maximum Range during Encounter = 1752.43 
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Final Totals 

74 % of the tests had an encounter by sensor # 1 
64 % of the tests had an encounter by sensor # 2 

82 % of the tests had an encounter by any sensor 
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