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1. Introduction

This task continues work performed under two previous tasks: DAAH01-91-D-R005 D.O. 75,
“Trainer Methodology Study” and DAAHO01-91-D-R002 D.O. 110, “BST Imagery Generation Task.”
Under those tasks software programs called PathEdit, Depth Finder, and Depth Editor were developed
for use in creating scenarios for a training device called the Basic Skills Trainer, or BST, which displays
moving targets overlaid on bitmapped terrain images. The reports for the two previous tasks are referenced
as [1], {2].

The current task has focused on development of new versions of the earlier programs, with better
realism provided by
e  Unrestricted terrain geometry in place of the flat terrain model;
e  True color terrain images, target colors independent of a terrain palette;
e  16-bit range data for target scaling and occlusion;
e  Unlimited number of target views.
The two new programs are called Range Finder and Enhanced Skills Trainer (EST). The Range
Finder program is used to create the ground model and range image for a given terrain scene. The EST
program is then used to build and run scenarios with moving targets, using the ground model as the basis

for target paths and the range image to determine occlusions.



2. The Range Finder Program

2.1 Overview

Range Finder takes as input terrain images and information about the camera used to photograph
the terrain and produces as output information about ground coordinates and per-pixel range data. This
functionality is roughly a combination of the functionality in the earlier programs Depth Finder and
Depth Editor; however whereas those programs work to varying extents with the 8-bit depth data of the
existing BST and a flat terrain model, Range Finder works with 16-bit range data and an unrestricted
ground model. The main operational steps within the program are:

1. Model setup. Here the term model refers to a single terrain photo or stereo pair of terrain photos,
together with associated ground coordinate and range information describing the scene. Camera
information required as input is considered part of this setup step. It consists of the set of seven
interior orientation (I0) parameters described in section 3.3 of [1], together with the base length
(distance between camera locations) when dealing with a stereo model. The camera calibration step
which determines the IO is either performed prior to using Range Finder; or a very simple calibration
involving computation of a single scaling parameter is performed within Range Finder.

2. Relative Orientation. When a stereo pair is being used, the next step is measuring features which
appear in both photos and computing from those measurements the relative orientation (RO) (see
section 3.4 of [1]).

3. Ground Point Determination. The user may designate any subset of the points measured on both
photos as ground points; i.e. those points which may be observed to lie on the ground. The user may
then add additional points by measuring the point on the left photo only and then specifying a range or
by editing a 3D position derived from surrounding ground points. If only a single photo is being used,
all points are measured in this way.

4. Initial Range Image from Ground Points. Once the set of ground points has been specified, an initial
range image is generated which represents the range to the ground at each pixel.

5. Final Range Image including Occluding Objects. Objects projecting above the ground are then

“painted” into the range image using tools similar to those in the Depth Editor program.

2.2 File Structure

The files used by Range Finder are described briefly here and in more detail in the sections
below. An initialization file (RNGFIND.INI) is used to hold various program settings such as the position
and size of the main window; it resides in the same directory as the program executable (RNGFIND.EXE).
Then for each model (single image or stereo pair) there are several model-specific files: the original image

file or files (BMP), the model file (MOD), the ground file ((GND), and the range file (RNG). These



files may reside in any directory, but that directory must contain all the files for a given model. Since the
image files are the initial input, one may consider their location to determine that for the other model-

specific files.
2.2.1 Initialization File

The initialization file for Range Finder is an ASCII file named RNGFIND.INI residing in the
same directory as the executable file RNGFIND.EXE. It consists of a series of lines of the form
“parameter_name = value” which store user preferences and program settings. Here is an example of the

contents of RNGFIND.INI:

3 806 708
D:\SED\terrains\univ0l.mod
D:\SED\terrains\Ruth.mod
D:\SED\terrains\Benning.mod

winrect = 53 1
recent file =
recent file
recent_file
brush size =1

eraser_size = 9

max_edge_length = 40

edge percent = 30

shade val = 0.50

gpt_incr = 0.5

point centering = on

resource_dir = d:\sed\common\bitmaps

il

The “recent_file” values are the model files (described below) most recently opened; these files
appear at the bottom of the File Menu for quick access to recently accessed models. The Range Finder
program requires several external bitmap files which are used as the symbols on the toolbar buttons; the

location of these bitmap files is specified on the “resource_dir” line.
2.2.2 Model File

The model file is an ASCII file which stores the parameters and image measurements for the
current terrain model. It contains three sections, namely parameters, left_measurements, and
right measurements. The parameters section is similar in form to the initialization file, but contains model-
specific parameters. The left and right measurement sections contain the lists of point measurements for
the left and right photos; a point measurement being given as an integer point “id” together with its image
coordinates in integer subpixel units, a subpixel being 1/256 of a pixel. The point id ties left and right
photo measurements together; i.e. left and right measurements for the same point id are measurements of
the same real-world object or feature visible in both photos. The id also ties the point to its coordinates in

the ground file if the point is a ground point. Here is an example of the contents of a model file:

[parameters]
left_image = univO0l.bmp



right image = univ02.bmp

base length = 7.315200

io = 375.500 255.761 0.0004600 0.0004600
lens = 0.00350000 =-0.00026000 0.00001600

[measurements left]
100 80128 84352
101 98944 40704
102 126319 67390
103 122112 41984
104 154195 84706
105 130160 106242

[measurements_right]
100 73472 85888
101 104960 42624
102 130560 69120
103 128128 43776
104 147712 85504

2.2.3 Ground File

The ground file is a binary file which stores the coordinates of ground points in model coordinates,
which are 3D coordinates in meters relative to the left camera, where the x-coordinate increases to the right,
the y-coordinate increases downward, and the z-coordinate increases as one moves away from the camera.
The file format is very simple: an 8-byte header followed by a sequence of 16-byte ground point records.
The header consists of four bytes with value 0 followed by a 4-byte integer giving the count of ground
points which follow. Each ground point record consists of four 4-byte integers: the point id followed by x,

y, and z-coordinates given in centimeters.
2.2.4 Range File

The range file, also referred to as a range image, contains the 16-bit-per-pixel range information.
It has the same resolution as the original terrain image, and contains no header or scanline padding. Thus
the size; of the file in bytes is simply 2*xres*yres, where the original terrain image has resolution xres
x yres. Ranges are stored in row-major order starting from the top of the image; i.e. the range for the
top-left pixel is first, followed by the remainder of the top row left-to-right, then the second row from the
top, and so on. A range R is stored in the file as a 16-bit unsigned integer I using the following scheme: If
R is less than 2000 (meters), then I =10 * R (i.e. | is the range in tenths of a meter). IfR is greater than or
equal to 2000 but less than 47535, then I =R + 18000. All ranges greater than 47535 are represented by 1=
65535. This scheme allows I to represent large ranges (up to 47535 meters at one-meter resolution) while

maintaining good resolution at the smaller ranges (one-tenth meter resolution below 2000 meters).



2.3 Concepts and Math Model

2.3.1 Coordinate Systems
The coordinate systems used in Range Finder are the same as in the earlier program called

Depth Finder, so some of the following discussion is a synopsis of material from the earlier report [1].

Coordinates within the original image files are called image or pixel coordinates. The 3D coordinate

system oriented about the camera, having the camera center of projection at the origin, x-axis to the right,

y-axis down, and positive z-axis forward along the line of sight of the camera, is called the camera

coordinate system. Units in this coordinate system are meters. Let (x., v, z.) denote the camera

coordinates of a physical location in the scene. The line joining this point and the origin passes through the

plane z. =lat(x’,y’, 1), where

x’ X/ Z¢
y' = ye/zc

Coordinates (x’, y') are called virtual photo coordinates or simply photo coordinates. We can think of

these coordinates as measuring where a ray of light coming from an object into the camera intersects an
imaginary glass pane placed one meter in front of (the center of projection of) the camera. Virtual photo

coordinates are related to image coordinates (x”, y*’) through the interior orientation (I0), which is the

result of a camera calibration procedure described in [1], [2]. The interior orientation parameters are scale
parameters c, and c,, translation parameters x,” and y,”, and lens distortion parameters ki, k;, and k3.

The equations relating virtual photo to image coordinates are

= o (x” - %”) (1 + kir + kor? + ksr®)

w
|

y'o= cy(y” - yo") (1 + kir + kor® + ksr®)
where r = (x” - x,”)% + (y” - yo”)?

As discussed briefly in section 2.1 above, the 10 parameters are computed outside Range Finder, and are
regarded as input parameters. If IO parameters are not available, the user can compute a simplified version
of the IO within Range Finder in which the scale factors are equal (c, = ¢,), ki =k, =k; =0, and (%,”,
yo” ) is assumed to lie exactly at the image center.

After specifying IO parameters, the next step when working with a stereo model is to measure a
number of corresponding points on both photos in order to compute the relative orientation (RO) of the
stereo pair. The RO consists of 6 parameters, three translation values and three angles, which specify the
relationship between the two camera coordinate systems (i.e. the change in location and orientation of the
camera in taking the two photos). The internal details of how the RO is computed are discussed in [1] and
are transparent to the user in Range Finder, so those details are omitted here. The translation between

camera positions is by design mostly a shift in the x-coordinate; and the two camera positions are referred



to as left and right. Under the conventions used here, the coordinate system used for the two-photo model

is that of the left camera, so the term model coordinates refers to left camera coordinates. Given the IO and

RO parameters and left and right image coordinates of an object or feature visible on both photos, the
model coordinates of that point may be computed by stereo reconstruction. The equations used to do this

are given in [1] and not repeated here.

2.3.2 Ground Triangulation
The procedure discussed so far produces model coordinates for points measured on both photos;

the model coordinates are real-world 3D coordinates in meters. The user designates certain of these points
as being ground points; i.e. points which the user visually determines to be on the ground surface. Range
Finder places a symbol on the screen over each measured point, and indicates by the symbol color which
points are designated as ground points. The ground points form the basis of a triangulated surface; i.e. a
surface approximating the ground as a collection of a triangles using the ground points as vertices. At
present there is no option to store ground point coordinates in an external coordinate system separate from
the model (left-camera based) coordinate system. The use of an external coordinate system based on
ground control points may be added in a future version of the software to accommodate the import of GPS
or previously collected digital terrain elevation data.

Recalling the description of the camera coordinate system, and assuming the left photo was taken
with the camera oriented approximately horizontally, the x- and z-coordinates of ground points may be
regarded as planar (horizontal) coordinates and the y-coordinate as the vertical coordinate (elevation). We
make the assumption that no two ground points have the same (x, z) coordinates so that there are no
perfectly vertical faces in the triangulation. The “top view” display in the software shows the triangulation
as seen looking down the y-axis, so that only the (x, z) coordinates of ground points are apparent, with x
increasing to the right on the screen and z increasing toward the top of the screen.

After designating certain of the points measured on both photos as ground points, the user may
add additional ground points and edit existing ground point coordinates to further specify the ground
surface. The software allows points to be added by measuring on the left photo only and specifying a range
either by manual keyin or by specifying that the new point lie on the existing triangle on which it falls. It
also allows a new ground point to be added on an existing triangle using the top view window. Adding a
ground point on an existing triangle does not add any additional undulations to the ground surface; however
once a point is added in this manner, its coordinates may be edited (by keyin or interactive adjustment).
This allows the user to add features such as ditches or small hills which were not represented in the first
pass, but for which elevations can estimated visually. Also, a ground model may be created from a single
terrain image (as opposed to a stereo pair) by placing all the ground points using the options just described.

In the remainder of this subsection, we sketch the method used within the software to compute the
triangulation. The reader may omit this material without loss of continuity. The triangulation computed is

known as the Delaunay triangulation. Computing the triangulation amounts to constructing the lists of



edges and triangular faces using the ground points as vertices. The construction is done entirely in the (x,
z)-plane, ignoring the y-coordinate.

The mathematical definition of the Delaunay triangulation is as follows. Let py, pa, .., paben
points in the plane, and assume a nondegeneracy condition that no four of the points lie on a common
circle. For each point p; define its Voronoi region V; as the set of all points in the plane closer to p; than to
any of the other points p;. Now define edges between pairs of points by the rule that p;p; is an edge if and
only if the corresponding regions V; and V; intersect. It can be proved that these edges form a
triangulation; i.e. that they are nonintersecting except at the vertices p; and that they partition the convex
hull of the n points into triangles. The triangulation determined in this manner is the Delaunay
triangulation. It possesses the following additional properties,which are used in the construction:

@) if p; is the closest vertex to p; then p;p; is an edge;
(ii) if pip;p« is a triangle then ‘the interior of their circumcircle contains no other vertex.
For proofs of all of these assertions see [3].

The construction now proceeds as follows. The data structure for the triangulation consists of the
vertex list (the input points), and the edge and triangle lists to be constructed. The data structure for an
edge contains references to its two vertices and to its left and right faces, each of which is either an entry in
the triangle list or a special marker indicating the edge is on the boundary of the convex hull of the vertices,
which means there is no triangle to that side of the edge. Starting with the first vertex p;, its nearest
neighbor p; is found. By property (i) above, p;p; is an edge, which becomes the first edge in the list. As
each new edge is added to the list, we examine in turn the left and right sides of the edge to fill in the
references to its two faces. If there is at least one vertex to a given side (half-plane) of the edge, then the
edge has triangular face on that side. The third vertex of the triangle is found using property (ii) above.
Once the vertex is found, the triangle is added to the triangle list and becomes one of the face references for
the current edge. Each of the two other edges of the triangle is added to the edge list, if not already there,
to become the new current edge in a succeeding iteration. The algorithm stops when there are no new

edges to be examined.

2.3.3 Constructing the Range Image
Once a set of ground points sufficiently modeling the elevation contours has been determined, it is

time to begin constructing the range image. Range Finder treats the operations of measuring points and
editing range data as separate modes of the program, and changes the menus and toolbar when switching
between the two modes. Details of the operation of each mode are described in the following section, but a
conceptual overview is included here. Although it is possible to switch back and forth between the two
modes, inconsistencies in the range data can result, and things work smoother when the ground model is
completed first, and then the range image constructed without going back and changing the ground model.
The range editing mode resembles a “paint” program, in which regions of the image are selected, and then

range values are painted into the current selection.




If a range image for the current model has previously been saved, the process starts with that range
image; otherwise a range image is initialized with constant value of the maximum representable range,
which is 47535 meters. That value may be left in the final results for the portion of the image representing
sky or distant hills on the horizon. The first step for the user is to then fill in the remainder of the image
with ground ranges. A menu command (“Set Ground Ranges”) allows any given selected region to be
filled with ranges taken from the ground model. When this command is executed, each triangle whose
projection to image coordinates intersects the selected region is scan converted to generate a range for each
pixel. The algorithm to do this keeps track of those pixels which have already been assigned a range in this
manner, so that if the pixel is revisited in scan-converting another triangle the pixel is assigned the new
range only if it is smaller than the previously assigned range. In this way each pixel is assigned the range
of the closest triangle overlapping that pixel.

After the ground ranges have been set, the user paints in ranges for objects above the ground,

using tools discussed in more detail in following section.

2.4 Program Operation

2.4.1 Creating or Selecting a Model

On startup Range Finder reads its initialization file RNGFIND.INI, which contains the names of
the most recently opened model (MOD) files. These files are listed at the bottom of the File menu, and the
most recent one, if one exists, is opened. If this is the not e
the model the user wants, then the user needs to select New Model

another model file from the list or select one using the

S

D:\S‘;Etterralns\

Open command on the File menu or create a new model
using the New Model command on the File menu. The
New Model dialog box is shown in Figure 1. Because the
image file or files must exist prior to setting up the model
depending on it, its location will determine the directory
for the model. Thus the easiest way to fill in the New
Model dialog box is to start by hitting the Browse button
beside the Left Image field and traverse to the image file
for the left photo. Selecting that image file will fill in the
top three fields in a manner similar to that shown in Figure
1. The model name defaults to the base name of the image

file but may be changed if desired. For a stereo model, the

right image and base length (distance between camera
positions) in meters must be entered. The left and right Figure 1: New Model Dialog Box
image files must reside in the same directory. Hit the OK

button to proceed to the IO initialization which uses the dialog box shown in Figure 2. When first



displayed the IO parameter fields are fillled with their
most recent previous values, and the “Use Given 10”
option is set. The user may edit the values and press okay
to accept the displayed values, or select the “Compute
Photo Scale” option. The latter option fills the IO
parameter fields with values for a simple scaling
transformation for which the translation parameters (x,",
Yo )'are half the image size, the x and y scale factors are : [0.000000000
equal (c, = c,) and set to a default value, and the lens .000000000
distortion parameters k; , k, , and ks are zero. After the

OK button is hit, a second dialog box comes up (See

Figure 3), which is used to correct the common scale
factor. The user is directed to measure a distance on the Figure 2: New Model 10 Dialog Box
(left) image using the mouse. This means to place the

mouse cursor over one end of an object whose size is known or can be estimated, press and hold the left
mouse button down to drag a line to the other end of the object, and release the mouse button. The
software then fills a field showing the object size in pixels.
The user must fill in two other fields to tell the software the
size of the object in meters and its range in meters. Hitting
OK after this sequence will change the common scale
factor (cy and c,) to a value computed from these inputs.
There is also an “Edit I0” command under the Dialogs
menu which allows the user to change the IO parameters
after having created the model. The Edit IO dialog box

also has a button labeled “Compute Photo Scale” which

performs the same function as selecting that option on the Figure 3: Compute Photo Scale Dialog
New Model IO dialog box.

2.4.2 Measuring Points
Once a model has been created and the IO parameters entered, the next step is to measure points

for RO, in the case of a stereo model, or to head straight into measuring ground points in the case of the
single-photo model. By measuring a point we mean specifying pixel coordinates for a point by clicking the
mouse with the cursor over the desired location in the image. Figure 4 shows the Range Finder main
window as it appears in measurement mode with both left and right photos displayed along with the Point
List dialog box. There is a menu item under Dialogs to control display of the point list; it is also displayed
when the user selects the Measure Point command on the menu or toolbar. The point list dialog lists all
points which have been measured on one or both photos, as well as the active point, which may not yet

have been measured. The active point is the highlighted point in the list, whose id is shown in the field

10




Measured

Figure 4: Range Finder Main Window in Measurement Mode

near the top of the dialog, and is the point currently being measured. Measured points are indicated by a
cross symbol in the image windows, with the active point being indicated by a diagonal rather than vertical
cross. The active point may be changed in several ways: (1) selecting a row in the point list or control
point list, (2) keying in a new point id and hitting the apply button, (3) hitting the plus button, or (4) using
the grab point command. The plus button causes the point id of the active point to increment to the next
larger integer; it is convenient for measuring several points with sequential point ids. The grab point
command is activated under the Commands menu or on the toolbar; once activated if the left mouse button
is hit with the cursor near a measured point, the closest such point becomes active. If Active Point
Centering (under the Options menu) is turned on, then each time a previously measured point becomes
active the image or images on which it is measured scroll so as to center the measured point in the display
window. Once a point is active and the Measure Point command is active, hitting the left mouse button
with the mouse cursor in the image display window causes the current mouse cursor position to be
interpreted as the point’s measurement. If it was previously measured, that measurement is updated. The
coordinates are displayed in the point list. Typically in measuring a point the user will want to scroll the
image or images to the area of interest, then use the Zoom In command to allow precise positioning of the
mouse cursor.

Once at least 6 points have been measured on both photos, the software will attempt to compute
relative orientation. The underlying mathematics of this operation are given in [1], and those details not
needed to use the software are omitted here. The results of the relative orientation computation are a set of
6 parameters consisting of 3 rotation angles (about each axis) and 3 translation components (along each

axis), which represent the position and orientation of one camera relative to the other. With these

11




parameters and a measurement on each photo of a common physical point, the software can compute the
model coordinates of that point. A pulldown field on the point list dialog allows the user to switch from
pixel coordinates to model coordinates, and the software automatically attempts to compute RO when the
user takes this action. There is also a menu item to compute RO. The RO computation also takes place
each time the user “withholds” or “reinstates” a point from the list of points used in the computation, or
deletes a point. Points currently withheld are indicated in the point list by a “W” to the right of the point’s
model coordinates. The pulldown field at the upper right of the point list dialog indicates the action taken
when a given point is selected by clicking on it. The default action is “Activate,” meaning make the point
the active point. The other two options are Withhold/Reinstate, meaning toggle the withhold state of the
point, and Delete, meaning delete the point’s measurement(s) on whichever photos it has been measured
on.

The user should examine the z component of the model coordinafes, which represents range, on
the point list to determine if the RO computation is resulting in reasonable range values. Suspect points
may be withheld if the computation fails. After good RO results are obtained, additional points may be
measured on both photos to serve as ground points. If these adversely affect the RO results, the points may

be withheld (but may still be designated as ground points as described in the next section).

2.4.3 Specifying the Ground Model

Once the RO is satisfactory and enough points have been measured on both photos, it is time to
specify the ground points which are to be triangulated into a ground model. At this point the user does not
really need to display both photos and may wish to use the Left Only option under the view menu so that
only the left photo is displayed. The actions for specifying the ground model are (i) designating which of
the points having model coordinates are to be considered ground points, (ii) placing additional ground
points, and (iii) editing ground coordinates.

The first step is to designate which of the points previously measured on both photos represent
features deemed to lie on the ground, using the Designate Ground Points command. When this command is
in effect (indicated by a check beside the menu item), the user clicks the mouse near a point symbol to
toggle its ground status. Initially all the measured points are indicated with red symbols meaning they are
not ground points; ground points are indicated by green symbols. Also ground points are indicated by a
“G” to the right of their coordinates on the point list.

Once some ground points exist, the user may display the ground triangulation over the image
display using the Show Triangulation item under the Modes menu. Also a separate window showing the
triangulation looking down the y-axis may be displayed using the Show Top View item under the View
menu. The triangulation is automatically updated internally as ground points are added or changed, but at
present the displays do not always update to show the new triangulation, so the user may need to use the
Repaint menu item or toolbar button.

There are several ways to place additional ground points. First, a point measured on the left photo

only may be converted to a ground point by specifying its range. This is accomplished by making it the
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active point, typing a range (in meters) into the keyin field at the bottom of the main program window, and
hitting the Apply button beside that field. This automatically converts it to a ground point. Second, a new
point may be simultaneously measured on the left photo and its range specified using the Place Ground
Point command. When this command is in effect and the mouse is clicked over the left photo within the
area which has been triangulated, a point measurement is taken and a range determined by placing the point
on the triangular face containing it. The third method of added a ground point is to click the mouse within
a triangle in the top view window, with the Measure Point command active. The new point’s x and z
coordinates are determined by the cursor position, and its y coordinate is determined by the triangle in
which it falls. In all of these commands it is important to make sure the correct point id is active (as
indicated in the field at the top of the Point List dialog and on the Edit Ground Point dialog).

Any of the ground
points, those with model Edit Ground Point
coordinates from RO as well as
the others, can have their

ground coordinates edited using

the Edit Ground Point dialog
shown in Figure 5. The full list

Figure 5: Edit Ground Point dialog box

of ground points/coordinates

can be displayed on the point list dialog by setting the pulldown field for Ground Coordinates. When the
field is set for Model Coordinates the list shows only coordinates generated from the RO parameters. It is
possible for a point to have different coordinates under those two listings. The coordinates listed under

Ground Coordinates are the ones saved in the GND file.

2.4.4 Creating the Range Image

An overview of the process of creating the range image is given in section 2.3.3 above. As
discussed there, this part of the software operates as a separate mode, with its own menus and toolbar
buttons. To enter this mode, select Edit Range Data under the Modes menu. To return to the mode where
points are measured, select Measure Points under the Modes menu.

When editing the range image, only the left photo is shown. The view menu has options to
display the image only, the range data only, or to overlay the range data over the image data. The general
procedure for most operations is to “select” a region of the image and then apply the operation (usually
assigning a range value) to this selection. The currently selected region is shown using a special color
called the selection color, which the user can change (Set Selection Color under the Dialogs menu). The
selection color is stored in the Range Finder initialization file for use in future sessions.

The toolbar as it appears in range edit mode is shown in Figure 6. The leftmost six buttons on the
toolbar correspond to the first six items under the Select menu: Mark Pixels, Erase, Mark Line, Mark
Rectangle, Fill Region, and Mark Edge. These are used in the manner of painting tools to draw pixels into,

or erase them from, the current selection. The next four buttons are used to control the thickness of lines
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drawn or erased (Mark Pixels, Mark Line

and Erase commands). The next four

buttons are used to control the portion of

Figure 6: Toolbar for Range Editing

the image visible in the window. The

leftmost of these is used to center a given point in the window; when this command is active and the mouse
is clicked within the image area, that location is shifted to the window center. The next two buttons are
used to zoom in or out, maintaining the current location at the centér of the window. The next button is
used to return to the default view position and one-to-one zoom. The rightmost button on the toolbar is
used to clear the current selection; i.e. return to the state where no pixels are selected.

The first step in creating the range image is to select the whole area below the horizon (perhaps
using the rectangle tool) and then apply the Set Ground Ranges command (under the Process menu). As
discussed in section 2.3.3 this scan converts the ground triangles into pixel-by-pixel range values. After
applying this command, the user must assign ranges only to occluding objects above the ground. The
object is selected, either by direct painting or using one of the additional tools described below. A range is
then entered into the keyin field at the bottom of the window and assigned to the selected pixels by hitting
the Apply button. The information in the other readouts at the bottom of the window may be useful in
determining ranges. The first two readouts show the x and y pixel coordinates of the current mouse
position, the next readout shows the range to the ground at the current mouse position, and the fourth
readout shows the current range for that pixel within the range image. If the object currently being
assigned a range extends to the ground, the range to apply can be obtained using the Get Range From
Selection item under the Select menu. That command finds the range currently assigned to the bottommaost
pixel of the current selection, and fills that range into the keyin field. If that appears to be the correct range
to apply, the user can hit the Apply button. Note that hitting the Apply button both applies the range to the
selected pixels and clears the selection.

To avoid the need to reselect complex objects, a system of storing and retrieving selections is
available under the File menu. The menu items Read Selection File and Write Selection File are fairly self-
explanatory; a compact file format using run-length encoding is used to store the selected region. The user
is allowed to store the file in any convenient directory. When retrieving a selection with the read
command, the selection from the file is merged with any currently selected pixels. Thus if a large object
has been stored in several parts, the parts can be retrieved one by one to form a selection of the whole
object.

The first three items under the Process menu (Define ROI, Collect Sample Statistics, and Select by
RGB) are all essentially part of a single command used to select objects which can be isolated from their
surroundings by color values. Here are the steps to follow:

1. Select some representative pixels, using whatever paint tools are appropriate.
2. Choose the Collect Sample Statistics menu item. This command examines color values for the

currently selected pixels and saves the information internally.
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(9]

Select a larger, containing region and then choose the Select ROI menu item. The ROI (region of
interest) is the set of pixels which will be examined in the final step to determine which pixels belong
to the object. Thus it should include all pixels of the object, but should be fairly closely cropped
around the object to prevent unwanted pixels from being included.

4. Choose the Select by RGB
menu item. This will bring
up the dialog box shown in
Figure 7. The ranges for
red, green, and blue are

those which were collected

in step 2. Hitting the Apply

button causes pixels in the Figure 7: Select by RGB dialog box

ROI with color values

within the specified ranges to be selected. The ranges can be manually adjusted if this is helpful in

getting the proper pixels selected.

Another tool which can be used to aid in selecting complex shapes is the Mark Edge command.

When this command is active, and the user clicks the mouse in the image window, the program determines
if the cursor location is on an edge
(where color values change rapidly) and
if so attempts to follow the edge for a
given number of pixels. If an edge is

found the pixels along the edge are

selected. Two parameters can be

adjusted on the Edge Options dialog box
shown in Figure 8. The top scrollbar Figure 8: Edge Options dialog box

controls the maximum number of pixels

along the edge to follow and select in one activation of the command (i.e. after each mouse click). The
bottom scrollbar controls a threshold parameter which the user can adjust within the range 1 — 99; this
parameter is a percentage of the image pixels to be regarded as edge pixels which can be followed. Thus
smaller values restrict the edge follower to very well-defined edges and larger values allow it to pick up
more poorly-defined edges (and in the process possibly pick up false edges). The two settings for the Edge

Follower are stored in the Range Finder initialization file.
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3. The Enhanced Skills Trainer Program

3.1 Overview and File Structure

Once a terrain model has been set up using Range Finder, scenarios are built and run using the

Enhanced Skills Trainer (EST) program. The term scenario refers to the combination of a terrain model

and a set of targets following prescribed paths over the terrain. EST contains two major submodules, a
path editing module used to build scenarios and a runtime module used to run them in full screen mode as
needed for display during training. The latter module has not yet been integrated to communicate with a
hardware training device, but some work in that direction has been done. The intention is to expand the full
screen portion of the software to incorporate communication with the training device, display of additional
status icons, scoring, and other user interaction needed to make the software operational as a trainer.
Exiting full screen (or training) mode would take the user back to a windowed environment to review

results, change scenarios, or, as in the current software, to edit paths and create new scenarios.

3.1.1 Initialization File
As with Range Finder, whose initialization file RNGFIND.INI was described earlier, the EST

program reads an initialization file named EST.INI at startup. Here is an example of the contents of that
file:

winrect = 10 10 873 688

full screen = 640 480 16 100 60 440 360

image dir = \sed\terrains

target dir = \bst\targets

path dir =

resource dir = d:\sed\common\bitmaps

As with Range Finder, “resource_dir” specifies the location of bitmap files used as toolbar symbols.

Some of the bitmap files are used by both Range Finder and EST.

3.1.2 Data File
The EST data file is an ASCII text file named EST.DAT which resides in the same directory as

the the EST executable file EST.EXE. It lists the available terrains, targets, and scenarios and lists the

paths making up each scenario. Here is an example of the contents of EST.DAT:

[TERRAINS]

UNIVO1 u0l_ 375.500 255.761 0.0004600 0.0004600 0.0035000 -0.0002600 0.0000160
RUTH rut_  2048.000 256.000 0.0003000 0.0003000 0.0000000 0.0000000 0.0000000
BENNING ben_ 2048.000 256.000 0.0005435 0.0005435 0.0000000 0.0000000 0.0000000
[TARGETS]

BMP2 0.05000

BTR60 0.04500

T72 0.04800

T80 0.05200
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[SCENARIOS]

>FIELD UNIVO1l 4000
0200 T80
0201 T72
0202 T80

>RANGE1 RUTH 24000
0101 BMP2
0102 T72

>bennl BENNING 24000
0100 BMP2

Interpretation of the file contents is given in the following sections.

3.1.3 Terrain, Range, and Ground Files

Each line in the terrains section of the EST data file corresponds to an available terrain for which
there should be a terrain image file (BMP), a range image file (RNG), and a ground file (GND). All three
of these files have the same base name, which is given in the first field of the line in the EST data file. The
current software requires this base name be no longer than eight characters. The three files must reside
together in the directory specified in EST.INI as the value of image_dir, which defaults to ..\terrains.
The second field in a terrain line of EST.DAT is the terrain id, which is a four character abbreviation of the
terrain name used in constructing path file names. The remaining seven fields of each terrain line contain

the seven IO parameters described in section 2.3.1 in the following order: c,, ¢y, X0, yo”, k1, k2, and ks.

3.1.4 Target Files
At present the same format is used for the target files as used in the BST Path Editor program. A

target file consists of a concatenation of bitmap files representing the various angular views of the target.
The name of this concatenated file is the name of the target type followed by the extension IND. For
example the name of the file for the T72 tank is T72.IND. The available target files are listed in the reside
in the directory specified in EST.INI as the value of target dir, which defaults to ..\targets. The first
field in each line in the targets section of EST.DAT is the target name; the second field is a scale factor

specifying the number of meters representing by each pixel in the target bitmap files.

3.1.5 Scenarios and Path Files

The scenarios section of EST.DAT lists the available scenarios, using the “greater than” symbol
(>) to indicate the start of each scenario. That symbol must be the first non-whitespace symbol on a line,
and is followed on the same line by the scenario name, the terrain name, and the number of frames
(sixtieths of a second). Following that line are separate lines for each target appearing in the scenario;
each of those lines contains a path id and a target type. The path id is a four character identifier used as
part of the path filename, specifically the path file name is the 8.3 character sequence consisting of the
terrain id followed by the path id followed by the extension .PTH. In the example given, the first path file
of the first scenario listed would be named U01_0200.PTH. The path files reside in the directory specified

in EST.INI as the value of path_dir, if one is specified, and otherwise in the same directory as the image
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files. A path file is an ASCII file specifying a series of path vertices, one to a line. The format of each line
of the path file is

X y z view num frame ct

where the first three fields are decimal values of the ground coordinates of the vertex (in meters) and the
last two fields are integer values for the view number of the target to be used between this vertex and the
next and the number of frames (sixtieths of a second) alloted to the segment between this vertex and the
next. The fields must be separated by at least one space character, but are otherwise unrestricted in width

and spacing.

3.1.6 Target Path Concepts
At present, target paths in EST always lie on the ground; the basic structure of the program allows

for flying targets, but there is no convenient way yet to construct paths for flying targets or to handle
continuously changing target views to simulate helicopter rotors as in the existing BST. Target paths are
based on the ground model constructed for the terrain in Range Finder. As indicated by the format of
path files described in the previous section, a path is determined by a sequence of vertices given in ground
coordinates. Within EST source code, these vertices are called primary vertices and the portion of the path
joining consecutive primary vertices is called a path segment. In EST a path segment is not necessarily a
straight line as it is in the BST Path Editor, because the two vertices may lie on different faces of the
ground triangulation. This is handled in EST by constructing a straight line segment in the xz plane joining
the (x, z)-coordinates of the two primary vertices, finding all intersections of this line segment with edges
of the triangulation (when viewed as triangles in the xz plane), and placing intermediate vertices at these
intersections. The path segment then consists of the line segments along the actual elevated triangles
joining these intermediate vertices. When editing paths in EST the user moves the locations of the
primary vertices only; the locations of the intermediate vertices are recomputed each time this happens.

A primary vertex is classified as a static vertex if it the following primary vertex is at the same
location. Static vertices are used to cause a target to sit at a given location and possibly change views while
there. A scenario has a total frame count set by the user which determines how long the scenario runs.

The next to last vertex in each path is always a static vertex used to consume the remaining frames of the
total frame count not used up by the earlier path segments.

The existing BST system associates with each path a sequence of events, which record changes to

the status of a target as it moves along the path. The functionality for dealing with events has been copied
from the BST Path Editor into the EST program without change, using the same file format and user
interface. Because that portion of the program has already been documented in the earlier report and also
because this functionality is likely to undergo significant change in future software, no further discussion of

events is included here.
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3.2 Program Operation

3.2.1 Initial Windows

As mentioned carlier, EST operates in two modes, path edit mode and full screen mode. The
program always starts in path edit mode, and an item on the “Run” menu allows the switch to full screen

mode. In full screen mode there are no window borders, menus, etc present; a message on the screen tells

the uscr to hit the escape key to exit full screen mode. Figure 9 shows the initial program windows
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Figure 9: Initial EST Windows

displayed by EST at startup. On the left is the main program window, which serves to display the terrain
image and overlaid targets and active target path. It also has the main program menu at the top and some
readouts and controls at the bottom. Closing this window exits the program. On the right is the “Edit
Scenario” dialog box. On startup the main window will be blank, indicating no terrain file or scenario has
been loaded; this will also be reflected by the top two fields of the Edit Scenario dialog box being blank.
A terrain may be loaded by selecting from the drop-down terrain list, or a scenario loaded by selecting from
the drop-down scenario list. Loading an existing scenario automatically loads its associated terrain. To
create a new scenario, first select a terrain, then hit the button labeled “new” next to the scenario field.
Further discussion of the edit scenario dialog box is given in the next section. We now briefly
describe the controls at the bottom of the main program window. At the left are readout fields for pixel
coordinates and range; these readouts update as the mouse cursor moves over the terrain image displayed
above. The range displayed is the value stored in the range image at the indicated pixel. The controls to

the right of the readouts are the current frame scrollbar and associated go, pause, and reset buttons, and
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timer readout. These control and display information about the scenario timeline. Whenever a scenario is
loaded within EST, the user can run or pause the scenario, using the go and pause buttons or corresponding
options on the run menu. The reset button returns the scenario to the initial frame. The scrollbar extents
correspond to the length of the scenario, so that dragging the scrollbar button to the left or right end of the
scrollbar takes the user to the initial or final frame of the scenario. The timer readout shows the current

position along the timeline in tenths of a second.

3.2.2 Editing a Scenario
Once a scenario has been loaded, the targets for that scenario are listed on the Edit Scenario dialog

box (see Figure 9). Each line in the target list shows a path id and a target name. The target highlighted in
the target list is called the active target. If the “Draw Active Path” option is turned on (Options menu), then
the path of the active target is drawn in red in the main display window.

The buttons to the right of the target list on the Edit Scenario dialog are:

(1) Edit Path This button closes the edit scenario dialog box and brings up a dialog box for
editing the path of the active target.

(2) Edit Evts This button closes the edit scenario dialog box and brings up a dialog box for
editing the events along the path of the active target.

(3) New This button adds a new target to the scenario. A dialog box comes up allowing
the user to select the target type and to select either an existing path for the new
target or to create a new path. If the user chooses to create a new path the user
will be taken directly into the edit path dialog box.

(4) Delete This button removes the active target from the scenario. This action does not
delete the target bitmap or other files associated with the target; it just deletes
the entry for the target in the scenario description file.

(5) Modify This button brings up a dialog allowing the user to change the target type for
the active target.

The Edit Scenario dialog also has a readout showing the total number of frames for the scenario
and button for modifying this number. Hitting the button brings up the dialog which shows the total frame
count broken down into two components: “Frames with Movement” and “Trailing static frames.” The first
of these indicates the length of the movement portion of the longest path currently in the scenario. The
remaining frames may be viewed as the pool of frames on which the user can draw in order to add further
movement to the longest path. Adjusting the total frame count by keying in a new number effectively
adjusts this second number (trailing static frames).

Hitting the Save Changes button at the button of the Edit Scenario dialog causes the EST.DAT file

which contains the information for all scenarios to be rewritten.
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3.2.3 Editing a Path

The Edit Path dialog is shown in Figure 10.

Several user actions cause this dialog box to come Edit Vertices for Path 0101

up: hitting the edit path button on either the edit & = .
fram Y lew frame ct

scenario dialog box or the edit events dialog box, 0 56 206 45 207
selecting edit path on the file menu, or choosing to 207 265 186 46 94
' 301 334 181 4B 123

create a new path when adding a new target to a i 424 et 171 3 252
, , . 676 464 178 1 222
scenario. The upper part of the dialog box lists the 898 738 188 29 497

. . . 926 188 29 22605
primary vertices of the path with fields labeled

frame, x, y, view, and frame ct; these fields hold

the starting frame number for the vertex, x and y

pixel coordinates, view number (1-48), and frame

count. The frame count for a vertex represents the

number of frames used in moving from the given
vertex to the next primary vertex, except for the last
vertex where it represents the number of frames for

which the target remains at the last vertex location

: Save Chénges I . Save As . ]

Figure 10: Edit Path Dialog Box

while the scenario runs to completion. Thus the

values in the frame ct column add up to the total
frames for the scenario. As the path is edited, the
last vertex frame count is adjusted to maintain that sum, so the last frame count may be regarded as a
reserve which the user is drawing down. If the user edits the path in such a way as to cause this reserve to
run out, so that the number of frames of movement exceeds the scenario total frames, then the scenario total
frames value is increased and a warning message box appears to tell the user that this has happened. In this
situation closing the edit path dialog box without saving the results will cause the scenario total frames to
be reset to its previous value.

The active target path is displayed in both the main program window and the Top View window,
with small boxes indicating the vertices. When the Edit Path dialog is displayed the primary vertices are
highlighted (drawn in yellow rather than red) to indicate which ones they are and that they can be edited.
The vertex corresponding to the highlighted row in the vertex list is called the active vertex. A vertex may
be made active by selecting it in the vertex list, by moving the mouse cursor near one of the primary
vertices in the main window, or by selecting it in the Top View window when the Place Vertex command is
active. Making a vertex active causes the scenarjo to move to the starting frame number for that vertex
(and pauses the scenario at that point if it was running). Information about the active vertex and the
associated path segment is displayed in the fields below the vertex list, and most of the editing options
available to the user apply to this vertex or segment. The user may view and edit the vertex location in

either ground or pixel coordinates on the Edit Path dialog. The user may edit the ground speed there as
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well by entering a value (in meters/sec) and hitting the apply button. When a stationary vertex becomes
active, the ground speed field changes to a frame count field, allowing the user to enter the number of
frames at which the target is stationary at that location. The view number for a vertex may be changed
using the up/down arrows or computed based on the direction of the path segment using the compute
button. These changes take place immediately and the display of the target updates to reflect the change.

The active vertex may be moved interactively with the mouse in either the main window or the
Top View window, in the standard manner of drag/drop mouse operations using the left mouse button.
When this is done with a vertex where one or more stationary vertices are located, the whole set of vertices
at that location move together. Frame counts are adjusted for the preceding and/or following segments so
as to maintain the ground speeds along those segments at their previous values. This means that moving a
vertex typically draws down or adds to the frame count for the last vertex. Other editing operations such as
changing a ground speed or in some cases adding or deleting a vertex have this effect as well.

New vertices may be inserted into the path using the Add Vertex button. The new vertex goes
after the active vertex and becomes the new active vertex. The user has the choice of adding the new
vertex at the same location or at a new location. In the first case, the previously active vertex becomes a
stationary vertex. In the second case the new
vertex is added at the halfway point along the i Top View
active segment, or if it is being added at the I
end of the path, at a location to the right of the
last vertex. The active vertex may be deleted
using the Delete Vertex button; the path is
altered to join the preceding and following
vertices.

The Top View window is shown in
Figure 11. The two leftmost toolbar buttons of
the Top View window correspond to the
commands Place Vertex and Center Point.
When one or the other of these commands is
active the toolbar button is depressed and a
mouse button click in the Top View window is
regarded as input to the corresponding
command. For the Place Vertex command, the

user clicks the mouse button near one of the

highlighted vertices and holds the mouse

button down while dragging the vertex to a

new location. Vertices can only be placed

within the triangulated region. The (x, z) Figure 11: Top View Window
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coordinates of the vertex are determined by the cursor location in the Top View window and the y
coordinate (elevation) by the triangle in which the vertex falls. If the Center Point command is active when
the user clicks inside the Top View window, the location of the mouse click is translated so as to move that
location to the center of the window. Since the Zoom In command zooms the window about its center, the
Center Point command should be applied first to view a specific location in more detail.

When the path has been edited as desired, the user may save the changes to the current path file
(PTH) using the save button. The path may be saved to a new file based on a new path id using the “save

as” button.
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