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1. Introduetion

The Image Range Simulator (IRS) was developed as a tool for the Auto-

nomous Land Vehicle (ALV) project. Ideally, algorithms for processing visual

and range images would be developed from real-world data captured by the ALV.

However, maintaining an ALV is both expensive and time consuming. Further-

more, changes in weather and the movement of the sun make it very difficult to

reproduce conditions exactly for testing purposes., A robot arm carrying a range

scanner and video camera that traverses scale model environments has been used

to provide an efficient and relatively inexpensive testing ground for navigation

programs [Dementhon 1987]. IRS is a computer simulation program that goes

beyond mechanical modelling and provides a software testbed for autonomous

navigation algorithms by simulating the movement of an ALV and constructing

the video and range images that would be in the ALV's field of view as the vehi-

cle moves. The program is based on an image flow simulator described in [Sinha

19841.

An overview of IRS is given in Section 2 along with the results from a typi-

cal simulation run. Section 3 is a users' manual for those who wish to use IRS

without extensive modifications. Some details of the program's internal code are

described in Section 4 as an aid for future hackers.

2. Program Overview

The simulation process in IRS has four major components. First a synthetic

world must be specified and a model created. After this initializing step a loop is



begun consisting of: 1) creating visual and range images based on the ALV's

current location, 2) applying navigation algorithms to determine where the ALV

is to move to next. and 3) calculating and then applying a transformation matrix

that "moves" the ALV to its next location.

The simulator can model spheres, parallelepipeds, planar surfaces, cones, and

cylinders. They can be arbitrarily translated and rotated and may be positioned

so that an object is partially or wholly inside of another object (an important

property when constructing complex scenes from these basic building blocks).

From the user's perspective, the world that the ALV will drive through is

specified by a list of objects. Each object consists of a shape (i.e. sphere, cone,

etc.) and parameters describing its size, location, and orientation. Inside the

simulator, each object consists of an array of surface control points. On a cone,

for example, the control points are the tip of the cone and several equally spaced

points on the rim of the cone's base. The centroid of an object is initially placed

at the origin of the coordinate system and the locations of its surface points are

set according to its shape and size. A transformation matrix is calculated that

"moves" the object from the origin to its location and orientation in the world.

The object is then positioned by multiplying its control points by this matrix.

After each object has been positioned a visual image is calculated based on a

perspective projection in which the focal point is at the origin of the coordinate

system and the image plane is placed in front of it at z = focal length. The focal

length and the field of view are parameters that the user provides at the start of

the program. These parameters, and all other input to the program, can either
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be read from a file or entered interactively in response to prompts.

The visual image is created by breaking an object's surface into triangles.

This triangulation obviously decreases the accuracy of the range image for curved

surfaces but any desired level of accuracy can be achieved by increasing the

number of control points.

An intensity value is calculated for the center of each triangle and all points

within the triangle are assumed to have the same intensity. This assumption

leads to artifacts in the visual image. Section 4.5 discusses how to remedy this.

The gray levels can be created with the light source at any position. Surface

reflectance is assumed to be Lambertian and all objects have the same albedo (it

would be a simple extension to add varying albedos). No compensation is made

for reduction in intensity due to increased distance from the light source.

The vertices of each triangle are projected into the image plane and pixels

within the projected triangle are all given the same gray level. At first, pixels

were assigned z values based on simple interpolation of the z values of the three

projected vertices. However, linear interpolation between rows of an image was

found to be too inaccurate. Instead, pixels on the edge of the triangle in each

row of the image are projected back out to the object and their actual z values

are calculated. Within a row, linear z interpolation between the two edge pixels

is usually sufficient. Hidden surfaces are removed by comparing z values at each

pixel and choosing the surface that has the minimum value.
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From the visual image and the corresponding z values we can create a

"equirectangular" range image whose pixels are spaced at equal linear intervals

on the image plane. However, the ERIM range scanner produces images that are

at equal angular intervals on the image plane, so the range image is resampled to

accurately simulate the ALV's range scanning process. Interpolation of the range

image is done using an intentionally crude algorithm to introduce noise into the

system (triangulating and digitizing the image of the objects has already intro-

duced some noise). The final "equiangular" range image has all of the properties

of an image produced by an ERIM scanner mounted on an ALV including the

same field of view, eight bit range values, and 64 foot ambiguity intervals.

Once the range image is created, the program's modularity allows the use of

any navigation algorithms to determine to where the ALV should move. In the

program's current configuration the range derivative algorithm, described in

[Veatch 1987], is applied to the equiangular range image and the resultant binary

obstacle image is mapped from spherical coordinates into the Cartesian xz ground

plane. The ground plane map initially has four types of pixels: 1) traversable ter-

rain, 2) obstacles or unnavigable terrain, 3) areas whose traversability is unknown

because they are hidden by an obstacle (i.e. shadow regions), and 4) areas whose

traversability is unknown because they are outside of the field of view of the

simulated range sensor. The path planner will treat the ALV as if it were the

size of a single pixel so a boundary the width of the ALV's radius is grown

around all obstacle and shadow pixels.
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Each pixel in a ground plane map corresponds to one square foot and the

entire map covers approximately 65,000 square feet. The vehicle is always at the

center of the current map. In addition to the regions seen in the most recent

range image, the current map also contains information gathered from previous

images and projected into the current coordinate system's ground plane.

At the start of the simulation the program requests the coordinates of the

ultimate goal for the ALV. A straight line from the current location to this goal

is plotted and a move along it is calculated. The endpoint of the move is passed

to the path planner which tries to find a path through the ground map from the

current location to the endpoiit. The path planner was developed by Kambham-

pati and Davis and is described in [Kambhampati 1986]. It uses a hierarchical

algorithm based on a quadtree division of the ground map. The planner 'assumes

that the vehicle can only travel through pixels that are marked as traversable.

[Purl 1987] describes au advdaced version of this planner Lhat determines when

the vehicle should try to move to a different vantage point so as to see if shadow

regions ,'re actually traversable. This can significantly improve the vehicle's path

when tall obstacles obscure large regions.

If the planner fails to find a path to the first endpoint a set of heuristics are

used in sequence to select alternate subgoal locations. Subgoals are passed, one

at a time, to the path planner until one is found that can be reached. If all of

the heuristics are exhausted without a reachable subgoal being found, the pro-

gram notifies the user and gracefully terminates.
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Once the endpoint of the next move is found a transformation matrix is cal-

culated that will place the origin of the coordinate system at this new location.

This matrix, when applied to each object's control points, will result in the next

visual and range images being what the ALV would see if it were driven to the

endpoint. The matrix is constructed so that the vehicle will be facing the ulti-

mate goal location (other constraints on what direction the vehicle should be fac-

ing or how long each move should be are adjustable parameters in the program).

If the move's endpoint is the same as the goal location the program terminates.

Otherwise the transformation matrix is applied, the new visual image is found

and the program begins another pass at moving the simulated vehicle toward its

goal.

A typical trip by the ALV through synthesized terrain is illustrated in Fig-

ures 1-9. The visual images at the start of each move are shown in Figure 1.

The equirectangular range image at the start of the trip is given in Figure 2. It

corresponds to the visual image labelled Time 0 in Figure 1. A montageRof the

equiangular range images is presented in Figure 3. The four scenes in the mon-

tage, in order from top to bottom, are from Times 0, 1, 2, and 3. Figure 4 shows

the obstacle pixels found in each equiangular range image. These pixels are

mapped into the ground plane in Figures 6-9. The solid black regions in the

ground maps are obstacles. White areas are navigable terrain. Horizontal stripes

are shadow regions while vertical stripes delimit the grown boundaries surround-

ing obstacles and shadows. Regions outside of the range scanner's field of view

are gray. A key to these markings is provided in Figure 5.



3. User's Manual

This section describes the details necessary to use IRS in its current format.

IRS has its origin in three programs written for unrelated projects: 1) an image

flow simulator called IFS [Sinha 1984]; 2) a collection of algorithms for detecting

obstacles in range image [Veatch 1987]; and 3) a quadtree path planning program

[Kambhampati 1986]. These programs were linked with the minimum number of

alterations. As a result, the user has to contend with several parameters that

must be properly set but which have no obvious meaning in the current version

of IRS.

The world coordinate system used in IRS is shown in Figure 10. The user is

standing at the origin of the system and looking at the image plane on the Grin-

nell display. The positive x axis is therefore on the left side of the screen from

the user's viewpoint. The image plane is centered on the z axis at z = focal

length. If the size of the image plane is given as L then the upper left corner of

the image plane will be at (L /2, L /2, focal-length) and the lower right corner of

the image plane will be at (-L /2, -L /2, focal_length). The term "image plane"

is used loosely here to mean the square portion of the infinite image plane that is

within the user's field of view. Figure 10 also shows how a world point P is pro-

jected onto the image plane at point p. The focal lergth and the size of the

image plane are parameters that the user is prompted for by the program.

IRS has four basic object shapes: cone, cylinder, parallelepiped, sphere. In

the following section, an annotated transcript of a typical IRS run is given which

includes examples of each object type. Before reading the transcript, several
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conventions should be understood:

1) For each object, a location is given by the user. This is the location of the

object's centroid for cylinders, parallelepipeds, and spheres. The location of

a cone is specified by giving the location of the center of the cone's base.

2) IRS is also capable of drawing rectangular planar patches. Whenever a uspr

requests that IRS create a parallelepiped, the program asks, "Do you want

to treat the cube as a planar surface?". If the user replies yes, the program

creates a parallelepiped in which only the bottom face of the parallelepiped

is actually used in the scene. Note that the location the user gives is still

the centroid of the full parallelepiped. See line 104 in the transcript for an

example of a rectangular planar patch.

3) IRS has a menu which includes an object shape called "surface". This shape

is allegedly an arbitrary second order polynomial restricted to an area near

the center of the field of view. This is a questionable feature. The original

IFS authors gave an example of a "surface" that was simply a planar patch.

Recent experiments with full second order surfaces have resulted in objects

that appear to be incorrectly drawn. The user is advised to use the planar

surface option of a "cube" shape and avoid "surface".

4) At any prompt that requires a "yes" or "no" answer, the user can use "y"

or "n". In fact, any string that begins with "y" or "n" will be accepted.

5) IRS expects all size and location values to be in floating point format. How-

ever, as the transcript shows, small integer values are read correctly. Rota-

....... . . . ., ,mmmu mll mmm m mm m m m 
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tion values, on the other hand, must be in integer format.

6) Th, command line for IRS contains either three or four arguments, i.e. "IRS

cameraparameters scene-parameters curve-file debug_flag". The first two

arguments are filenames that contain information used by the program when

it is not in interactive mode. IRS can be run with varying degrees of

interaction. The transcript shows the full interactive mode. However, if at

line 35, the user answered "no" to the question, "Do you wish to set pro-

gram parameters interactively?", then camera_p arameters must be a file that

contains the replies that are given in lines 6-48 (each reply must be on a

separate line in the file). Similarly, if the question on line 50, "Do you want

to create the scene's objects interactively?", is answered affirmatively then

all of th replies from lines 54-525 must be on separate lines in

sceneparameters.

If the program does not use these files, there must still be a string in their

place on the command line. However, unused files are not opened so any

string can be written on the command line.

Curvefile is a leftover from IFS and is never used by IRS so any string can

be used for it. If a fourth argument is present and its first character is "d"

then certain debugging information is printed at run-time. This is another

leftover that is of little use to IRS users.

...g-1nmwm~~ ie~ IH inlg



The following is the transcript of an IRS run. This run produced the images

shown in Figures 1-9 of Section 2. The numbered lines are from the actual tran-

script. Comments about the transcript begin with "-=->". The user responses

are underlined.

1 1 C: IRS viewing.iarameters obiect.parameters dummy.file
In the following demonstration, the three parameters files will

not be used but, as explained earlier, they must still be given
on the command line.

2 Image Range Simulator [version 1.01
3 Do you need help? n

If you answer yes, a short description of the coordinate system
and the image plane is printed. The last sentence in the description
refers to "velocities". This is leftover from the image flow program
and is no longer pertinent.

4 Do you want to set program parameters interactively?
5

4f you answer no, then the viewing parameters file is read for all
of the answers from lines 6-48. All of the questions are still printed
on the screen but the answers are not echoed.

6 Do you want debugging statements executed?
7

=-> Another leftover from IFS. Just say no.
8 Do you want objects to have independent motion?

IFS allegedly had the capacity to give each object independent
motion. This code is still in the program but it isn't well-tested.
It probably does not work.

10
11 Setting up the Grinnell display window parameters -
12 Enter Grinnell window size(integer): 2M

The square field of view on the image plane is projected into a
square area on the Grinnell. The value entered here determines the
size of the Grinnell picture (in this case, 255 pixels X 255 pixels).

13 Enter the coordinates of the lower left hand corner
14 of the Grinnell window to be used.
15 Column value = M
16 Row value = Q

These coordinates dictate where on the Grinnell screen the image
will appear. Note that (column=0, row=0) is the lower left corner of

10



the Grinnell screen (IRS and IFS were written before the DAP package
standardized the coordinate system to have its origin in the upper
left corner of the screen).

17 Grinnell opened.
18 Grinnell cleared.
19
20 Setting up the observer's camera parameters -
21
22
23 Enter focal length of camera unit(typically 1): .Z2

The focal length is the z coordinate of the focal plane.
See Figure 10.

24
25
26 Enter image plane size(typically 1): 1.0
27
28 Are you are producing a stereo image?
29 Your reply must be either yes or no
30 M
--- > A leftover from IFS. You must answer no.

31
32 Set algorithm type -
33 Options:
34 0: Fast algorithm, light source fixed at origin.
35 1: Light source position variable
36 Choice: 0

If the user replies "1", IRS will ask the position of the light
source. In addition, whenever the current visual image is
displayed on the Grinnell, a prompt will ask if the light
position should be changed.

37
38 Set the viewer motion parameters -
39 Translational velocities in units/time step
40 Vx = Q
41 Vy = 0
42 Vz = Q
43
44 Rotational velocities in radians/time step
45 Ox = Q
46 Oy = Q
47 Oz = 0
48 Specify maximum simulation time steps: Q

The translational velocities, rotational velocities, and
time steps are all leftovers from IFS. Just answer 0.

49
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50 Do you want to create the scene's objects interactively?
51 your reply must be either yes or no
52 ye=
53
54 Set up the scene -
55 Menu:
56 Choose objects in scene(up to 5 of any one type)
57 0 -- > to terminate object creation loop
58 1--> Cone
59 2 -- > Cylinder
60 3 -- > Parallelepiped
61 4 -- Sphere
62 5--> Surface
63 6 -- > Help function
64 Choice of object number: I
65
66 Parallelepiped is located (0,0,0),(length,0,0)
67 (0,0,breadth),(0,height,0) .......
--- > Lines 66 and 67 make no sense at all. They are printed whenever

the user chooses shape 3. Ignore them.

68 Length of parallelepiped(in x) =22
69
70 Breadth of parallelepiped(in z) = 4
71
72 Height of parallelepiped(in y)
73
74 Do you wish to treat cube as a planar surface? Your reply must be either
yes or no
75 no
76 Euler angle of parallelepiped (in integer degrees).

77 Rotation about x(horizontal) axis = Q
78 y(vertical) axis = 0
79 z(horizontal) axis = Q

> Rotations are done first about the x axis, then the y axis, and
finally about the z axis.

80
81 Where would you like to place the parallelepiped?
82 Enter the x-coordinate of the parallelepiped origin 230
83 Enter the y-coordinate of the parallelepiped origin -31
84 Enter the z-coordinate of the parallelepiped origin 420
85
86
87 You have the option of seeing the scene from the
88 observer's point of view or from another point in space
89
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90 Will you see observer's view? Your reply must be either yes or no
91 yes
- > IRS was written to model the movement of an ALV that is always

at the origin of the current coordinate system so this question is always
answered affirmatively. If the user replies "no", the program
will prompt for the new point of view. Keep in mind that changing
the visual image's viewpoint will have the same effect on the
range image.

92 Rectangular parallelepiped drawn
93
94 Delete object from scene?
95 no

If you do not like the image on the Grinnell, you can delete the
object you just created.

96 Choose objects in scene(up to 5 of any one type)
97 0 -- > to terminate object creation loop
98 1 -- > Cone
99 2 -- > Cylinder
100 3--> Parallelepiped
101 4 -- > Sphere
102 5 -- > Surface
103 6 -- > Help function
104 Choice of object number: 3
105
106 Parallelepiped is located (0,0,0),(length,0,0)
107 (0,0,breadth),(0,height,O) .......
108 Length of parallelepiped(in x) = 160
109
110 Breadth of parallelepiped(in z) = 1300

: 111

112 Height of parallelepiped(in y) - 2
113
114 Do you wish to treat cube as a planar surface? Your reply must be either
yes or no
115 yes
--- > This is an example of using a cube to create a planar patch.

116 Euler angle of parallelepiped (in integer degrees).
117 Rotation about x(horizontal) axis = Q
118 y(vertical) axis = Q
119 z(horizontal) axis = Q
120
121 Where would you like to place the parallelepiped?
122 Enter the x-coordinate of the parallelepiped origin 0
123 Enter the y-coordinate of the parallelepiped origin -37.0
124 Enter the z-coordinate of the parallelepiped origin 0

13



125
126
127 You have the option of seeing the scene from the
128 observer's point of view or from another point in space
129
130 Will you see observer's view? Your reply must be either yes or no

131 yes
132 Planar surface drawn

133
134 Delete object from scene?
135 no
136 Choose objects in scene(up to 5 of any one type)
137 0 -- > to terminate object creation loop
138 1 -- > Cone
139 2 -- > Cylinder
140 3--> Parallelepiped
141 4--> Sphere
142 5--> Surface
143 6 -- > Help function
144 Choice of object number: 3
145
146 Parallelepiped is located (0,0,0),(length,o,o)
147 (0,0,breadth),(O,height,0) .......
148 Length of parallelepiped(in x) = 2&
149
150 Breadth of parallelepiped(in z) = 10
151
152 Height of parallelepiped(in y) = 1A
153
154 Do you wish to treat cube as a planar surface? Your reply must be either
yes or no
155 no
156 Euler angle of parallelepiped (in integer degrees).
157 Rotation about x (horizontal) axis =
158 y(vertical) axis = 0
159 z(horizontal) axis =

160
161 Where would you like to place the parallelepiped?

162 Enter the x-coordinate of the parallelepiped origin -90.
163 Enter the y-coordinate of the parallelepiped origin -2u
164 Enter the z-coordinate of the parallelepiped origin 123
165
166
167 You have the option of seeing the scene from the
168 observer's point of view or from another point in space

14



169

170 Will you see observer's view? Your reply must be either yes or no
171 yes
172 Rectangular parallelepiped drawn
173
174 Delete object from scene?
175 no
176 Choose objects in scene(up to 5 of any one type)
177 0 -- > to terminate object creation loop

178 1--> Cone
170 2 - > Cylinder
180 3 -- > Parallelepiped
181 4--> Sphere
182 5--> Surface
183 6 -- > Help function
184 Choice of object number: a
185
186 Parallelepiped is located (0,0,0),(length,0,0)
187 (0,0,breadth),(O,height,0) .......
188 Length of parallelepiped(in x) = 9
189
190 Breadth of parallelepiped(in z) =
191
192 Height of parallelepiped(in y) = 9
193
194 Do you wish to treat cube as a planar surface? Your reply must be either
yes or no
195 no
196 Euler angle of parallelepiped (in integer degrees).
197 Rotation about x(horizontal) axis = Q
198 y(vertical) axis = Q
199 z(horizontal) axis = 0
200
201 Where would you like to place the parallelepiped?
202 Enter the x-coordinate of the parallelepiped origin -72.5
203 Enter the y-coordinate of the parallelepiped origin -29.0
204 Enter the z-coordinate of the parallelepiped origin 12
205
206
207 You have the option of seeing the scene from the
208 observer's point of view or from another point in space
209
210 Will you see observer's view? Your reply must be either yes or no
211 yes
212 Rectangular parallelepiped drawn
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213
214 Delete object from scene?
215 no
216 Choose objects in scene(up to 5 of any one type)
217 0 -- > to terminate object creation loop

218 1 -> Cone
219 2--> Cylinder
220 3 - > Parallelepiped
221 4 -- > Sphere
222 5 -- > Surface
223 6 -- > Help function
224 Choice of object number: 2
225
226 Cylinder is drawn from +length/2 to -length/2
227 Length of cylinder = ID
228
229 Radius of cylinder = 1.5
230 Euler angle of cylinder (in integer degrees).
231 Rotation about x(horizontal) axis 90
232 y (vertical) axis 0
233 z (horizontal) axis 0
234
235 Where would you like to place the cylinder?
236 Enter the x-coordinate of the cylinder origin -98.0
237 Enter the y-coordinate of the cylinder origin -33.5
238 Enter the z-coordinate of the cylinder origin 120
239
240
241 You have the option of seeing the scene from the
242 observer's point of view or from another point in space
243
244 Will you see observer's view? Your reply must be either yes or no
245 y=
246 Cylinder drawn
247
248 Delete object from scene?
249 n
250 Choose objects in scene(up to 5 of any one type)
251 0 -- > to terminate object creation loop
252 1 -- > Cone
253 2 -- > Cylinder
254 3 -- > Parallelepiped
255 4 -- > Sphere
256 5--> Surface
257 6 -- > Help function
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258 Choice of object number: 2
259
260 Cylinder is drawn from +length/2 to -length/2
261 Length of cylinder = 7
262
263 Radius of cylinder = 1.
264 Euler angle of cylinder (in integer degrees).
265 Rotation about x(horizontal) axis = 90
266 y (vertical) axis = 0
267 z (horizontal) axis -
268
269 Where would you like to place the cylinder?
270 Enter the x-coordinate of the cylinder origin -71.0
271 Enter the y-coordinate of the cylinder origin -33.5
272 Enter the z-coordinate of the cylinder origin 120
273
274
275 You h-ve the option of seeing the scene from the
-76 oLzcrver's point of view or from another point in space
277
278 Will you see observer's view? Your reply must be either yes or no
279 yes
280 Cylinder drawn
281
282 Delete object from scene?
283 no
284 Choose objects in scene(up to 5 of any one type)
285 0 -- > to terminate object creation loop
286 1--> Cone
287 2 -- > Cylinder
288 3--> Parallelepiped
289 4--> Sphere
290 5 -- > Surface
291 6 -- > Help function
292 Choice of object number: 1
293
294 Cone origin is at center of base
295 Height of cone = 9
296
297 Radius of cone = 7
298 Euler angle of cone (in integer degrees).
299 Rotation about x (horizontal) axis =
300 y (vertical) axis =
301 z(horizontal) axis = 0

The rotation of a cone is slightly different than that of other
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objects. All other objects are rotated about their centroids, which
is fairly intuitive. A cone, however, has its origin in the center
of its base. Rotation is done about axes whose origin is
at the center of the base of the cone.

302
303 Where would you like to place the cone?
304 Enter the x-coordinate of the cone origin f
305 Enter the y-coordinate of the cone origin -36
306 Enter the z-coordinate of the cone origin 120
307
308
309 You have the option of seeing the scene from the
310 observer's point of view or from another point in space
311
312 Will you see observer's view? Your reply must be either yes or no
313 yes
314
315
316 *****Warning: Unstable solution in find-z at row,col = (154, 127)

An unstable numerical solution has been detected while projecting
a control point onto the image plane. The solution is still
usually adequate. The location given is the row and column in the
original range image where the problem occurred (note that
the row and column in this error message is based on (0,0) being in
in the upper left corner. For more details see Section 4.6.

317
318
319 *****Warning: Unstable solution in find_z at row,col = (161, 127)
320
321
322 *****Warning: Unstable solution in findz at row,col = (161, 127)
323 Cone drawn
324
325 Delete object from scene?
326 no
327 Choose objects in scene(up to 5 of any one type)
328 0 -- > to terminate object creation loop
329 1 -- > Cone
330 2--> Cylinder
331 3--> Parallelepiped
332 4--> Sphere
333 5--> Surface
334 6 -- > Help function
335 Choice of object number: 1,
336
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337 Cone origin is at center of base
338 Height of cone = 8
339
340 Radius of cone = 7.
341 Euler angle of cone (in integer degrees).
342 Rotation about x(horizontal) axis -- M
343 y (vertical) axis = Q
344 z (horizontal) axis = 0
345
346 Where would you like to place the cone?
347 Enter the x-coordinate of the cone origin 50
348 Enter the y-coordinate of the cone origin -28
340 Enter the z-coordinate of the cone origin 70
350
351
352 You have the option of seeing the scene from the
353 observer's point of view or from another point in space
354
355 Will you see observer's view? Your reply must be either yes or no
356 yes
357
358
359 *****Warning: Unstable solution in findz at row,col = (190, 40)

360
361
362 *****Warning: Unstable solution in findz at row,col = (181, 30)
363
364
365 *****Warning: Unstable solution in find_z at row,col = (181, 30)
366 Cone drawn
367
368 Delete object from scene?
369 no
370 Choose objects in scene(up to 5 of any one type)
371 0 -- > to terminate object creation loop
372 1 -- > Cone
373 2--> Cylinder
374 3--> Parallelepiped
375 4--> Sphere
376 5 -- > Surface
377 6 -- > Help function

378 Choice of object number: 4
379
380 Center of sphere is at origin
381 Radius of sphere = 25
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382 Euler angle of sphere (in integer degrees).
383 Rotation about x (horizontal) axis = 0
384 y (vertical) axis = 0
385 z (horizontal) axis =
386
387 Where would you like to place the sphere?
388 Enter the x-coordinate of the sphere origin 115
389 Enter the y-coordinate of the sphere origin -366
390 Enter the z-coordinate of the sphere origin 5
391
392
393 You have the option of seeing the scene from the
394 observer's point of view or from another point in space
395
396 Will you see observer's view? Your reply must be either yes or no

397 yes
398 Sphere drawn
399
400 Delete object from scene?
401 no
402 Choose objects in scene(up to 5 of any one type)
403 0 -- > to terminate object creation loop
404 1 -- > Cone
405 2--> Cylinder
406 3 -- > Parallelepiped
407 4--> Sphere
408 5 -- > Surface
409 6 -- > Help function
410 Choice of object number: 3
411
412 Parallelepiped is located (0,0,0),(length,0,0)
413 (0,0,breadth),(0,height,0) .......
414 Length of parallelepiped(in x) = 20
415
416 Breadth of parallelepiped(in z) = 20
417
418 Height of parallelepiped(in y)
419
420 Do you wish to treat cube as a planar surface? Your reply must be either
yes or no
421 Do
422 Euler angle of parallelepiped (in integer degrees).
423 Rotation about x (horizontal) axis =5

424 y (vertical) axis 0
425 z(horizontal) axis
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426
427 Where would you like to place the parallelepiped?
428 Enter the x-coordinate of the parallelepiped origin 270
429 Enter the y-coordinate of the parallelepiped origin -36
430 Enter the z-coordinate of the parallelepiped origin 520
431
432
433
434 You have the option of seeing the scene from the
435 observer's point of view or from another point in space
436
437 Will you see observer's view? Your reply must be either yes or no

438 your reply must be either yes or no
439 yes
440 Inaccurate estimate for z along edge at row= 120, col=- 191
441 Rectangular parallelepiped drawn
442
443 Delete object from scene?
444 no
445 Choose objects in scene(up to 5 of any one type)
446 0--> to terminate object creation loop
447 1 -- > Cone
448 2 -- > Cylinder
449 3--> Parallelepiped
450 4 -- > Sphere
451 5 -- > Surface
452 6 -- > Help function
453 Choice of object number: 2
454
455 Cylinder is drawn from +length/2 to -length/2
456 Length of cylinder =
457
458 Radius of cylinder =
459 Euler angle of cylinder (in integer degrees).
460 Rotation about x(horizontal) axis = 0
461 y(vertical) axis =
462 z(horizontal) axis =
463
464 Where would you like to place the cylinder?
465 Enter the x-coordinate of the cylinder origin 25
466 Enter the y-coordinate of the cylinder origin -29
467 Enter the z-coordinate of the cylinder origin 700
468
469
470 You have the option of seeing the scene from the
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471 observer's point of view or from another point in space
472
473 Will you see observer's view? Your reply must be either yes or no
474 yes

475 Cylinder drawn
476
477 Delete object from scene?
478 no
479 Choose objects in scene(up to 5 of any one type)
480 0 -- > to terminate object creation loop
481 1 --- Cone
482 2--> Cylinder
483 3 -- Parallelepiped
484 4 -- > Sphere
485 5--> Surface
486 6 -- > Help function
487 Choice of object number: 2
488
489 Cylinder is drawn from +length/2 to -length/2
490 Length of cylinder 15
491
492 Radius of cylinder -
493 Euler angle of cylinder (in integer degrees).
494 Rotation about x(horizontal) axis = Q
495 y (vertical) axis = 0

496 z(horizontal) axis = 0
497
498 Where would you like to place the cylinder?
499 Enter the x-coordinate of the cylinder origin 350
500 Enter the y-coordinate of the cylinder origin -29
501 Enter the z-coordinate of the cylinder origin 700
502
503
504 You have the option of seeing the scene from the
505 observer's point of view or from another point in space
506
507 Will you see observer's view? Your reply must be either yes or no
508 yes
509 Cylinder drawn
510
511 Delete object from scene?
512 n
513 Choose objects in scene(up to 5 of any one type)
514 0 -- > to terminate object creation loop
515 1 -- Cone
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516 2 --- > Cylinder
517 3--> Parallelepiped
518 4--> Sphere
519 5--> Surface
520 6 -- > Help function
521 Choice of object number: 0
522
523 Would you like to define feature points on the image?
524 Your reply must be either yes or no
525 n
---- > "Feature points" were used in IFS. They basically allow the user

to draw features on an object. They have not been tested with
IRS but are available for the adventurous. See [Sinha 1984]
for a full description of feature points.

526
527 Equiangular and flatworld frame values are being initialized with standard
values

---- > These values were set to model an ERIM range scanner and to
meet the requirements of the path planner. Section 4.2 tells how
to alter them.

528 Vel: x = 0.000000 y= 0.000000 z= 0.000000
529 Vel: x= 0.000000 y= 0.000000 z= 0.000000
530 Vel: x= 0.000000 y= 0.000000 z= 0.000000
531 Cumulative Transformation Matrix
532 1.000000 0.000000 0.000000 0.000000
533 0.000000 1.000000 0.000000 0.000000
534 0.000000 0.000000 1.000000 0.000000
535 0.000000 0.000000 0.000000 1.000000
536 Instantaneous OMTM Transform
537 1.000000 0.000000 0.000000 0.000000
538 0.000000 1.000000 0.000000 0.000000
539 0.000000 0.000000 1.000000 0.000000
540 0.000000 0.000000 0.000000 1.000000
541

The program has completed the object formation stage and is
about to draw the world as the ALV will see it before the
ALV moves anywhere. Every time the world is drawn, the
transformation matrices shown in lines 531-535 and 536-540
are printed. The Cumulative matrix is a leftover from IFS.
In IRS, the Cumulative matrix and the Instantaneous matrix
have the same value. Section 4.3 discusses these matrices
in more detail. They currently are equal to the identity
matrix because the ALV has not yet moved.
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The velocities on lines 528-530 are also IFS leftovers.
They are always zero.

542
543 *****Warning: Unstable solution in find_z at row,col = (154, 127)
544
545
546 *****Warning: Unstable solution in findz at row,col = (161, 127)
547
548
549 *****Warning: Unstable solution in findz at row,col = (161, 127)
550 Cone drawn
551
552
553 *****Warning: Unstable solution in findz at row,col = (190, 40)
554
555
556 *****Warning: Unstable solution in findz at row,col = (181, 30)
557
558
559 *****Warning: Unstable solution in findz at row,col = (181, 30)
560 Cone drawn
561 Cylinder drawn
562 Cy!inder drawn
563 Cylinder drawn
564 Cylinder drawn
565 Rectangular parallelepiped drawn
566 Planar surface drawn
567 Rectangular parallelepiped drawn
568 Rectangular parallelepiped drawn
569 Inaccurate estimate for z along edge at row= 120, col= 191
570 Rectangular parallelepiped drawn
571 Sphere drawn
572
573 Save final visual scene from this pass?
574 yes

> IRS allows the user to save a variety of images during the
simulation. Whenever the user answers affirmatively, a filename is
requested. The image is saved in cvl picture file format in the
directory that the user is currently in.

575
576 Enter the filename in which to save: visual.timeO
577 ***Warning: negative range(=-44) at r =135, c =66 in saverange()
578 ***Warning: negative range(=-44) at r =135, c =67 in saverange 0

IRS has a bug in it. When triangles are projected onto the image
plane, round-off will sometimes leave a pixel without any value.

24

= , i I I



When modelling an ERIM scanner, however, this bug

is actually a feature since it emulates a problem that the scanner

has with producing actual range images. This is why it was left

in IRS. If your obstacle algorithms cannot handle a few gross

position errors, the algorithms will not work on real range data.

579
580 Save the range image?
581 Your reply must be either yes or no
582
583
584 Enter filename in which to save range image: ranze.eauianular.timeO

585
586 What are the x (+x to the left) and z coordinates of the goal (floating

point)?
587 30 .0

--- > This is the ultimate location that the ALV is trying to reach.

588
589 Do you wish to save equiangular range? Your reply must be either yes or

no
590 yes
591 then enter filename: ranae.timeQ
592
593 Shall all thresholding be done using automatic cutoffs?

594 Your reply must be either yes or no

595 yht
These are the thresholds used by the obstacle detection algorithms.

t Appendix C explains how to change the automatic cutoff values.

If you don't want to use automatic levels, the program allows

you to pause and threshold the images manually before continuing.
Appendix C contains an example of this.

596

597 Do you wish to save obstacle array? no

The obstacle array contains a binary image in which non-zero pixels

are obstacles. The array was produced by running the obstacle

detection algorithms on the equiangular range image.

Figure 4 shows a montage of four obstacle images (these images,
of course, were made in an earlier run in which the user

answered "yes" to the prompt on line 597).

598
599 Do you wish to save flatw after integrate? yes

600 then enter filename: fiatworld.time0
"flatw" is short for "flat world". This is another name for

the ground plane map that is described in Section 2. It is the

projection of the equiangular range image onto the Cartesian xz

plane. As described in Section 2, the projection has four pixel
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types: traversable, obstacles, hidden, and out-of-view.
601
602 Do you wish to save depth after integrate? Your reply must be either yes
or no
603 no
-- > "depth" is an image that contains the z value for each pixel in

flatw.
604
605 Do you wish to save flatw after grow? y=
606 then enter filename: grown.flatworld.time0

"flatw after grow" is the flatw image with the addition of a
boundary grown around each obstacle and hidden pixel as
described in Section 2.

607 Shall the binary map for the path planning routine be placed in
608 the file <binarymap>? (y/n) Your reply must be either yes or no
609 yes
---> A negative response would cause IRS to prompt the user to name

the file that the map should be placed in. Appendix A contains
a complete explanation of what this map looks like and how to
use it for path planning.

610 The binary map for the path planner is in the file <binarymap>
611 The start-node is (128, 127) and the goalnode is (104, 182)
612 Type <control-z> to put this process to sleep and to allow
613 you to run the Puri Path Planning routine.
614 After the path planner is done and you have restarted this
615 program, type <yes> to continue program
616 .z
=--> If the operating system does not allow you to suspend a program

by
typing <control-z> or some other signal, then IRS will
have to be modified to permit this interruption.

617 Stopped
618 2 C: run.path.planner

> "run.path.planner" is a shell file that runs the path planning
routine described in Appendix A. The transcript of the routine is
not included here because it is quite lengthy and uninformative.
It is anticipated that future users will probably use some
other method for path planning.

619
620 3 C: 'I
621 IRS viewing.parameters object.parameters dummy.file
622 y=
623
624 Did path planner find a path? y=
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625
626 Next Transformation Matrix: 0.9203 0.0000 0.3911 0.0000

627 0.0000 1.0000 0.0000 0.0000
628 -0.3911 0.0000 0.9203 0.0000
629 -2.3008 0.0000 -240.0223 1.0000
630
631 Goal Coordinate After Transform= (0.00, 0.00, 521.55)
--- > This is the location of the ALV's ultimate goal in the

new world coordinate system. See Section 4.3 for details.
632 Vel: x= 0.000000 y= 0.000000 z- 0.000000
633 Ve: x-- 0.000000 y= 0.000000 z= 0.000000
634 Vel: x= 0.000000 y= 0.000000 z= 0.000000
635 Cumulative Transformation Matrix
636 0.920331 0.000000 0.391141 0.000000
637 0.000000 1.000000 0.000000 0.000000
638 -0.391141 0.000000 0.920331 0.000000
639 -2.300827 0.000000 -240.022304 1.000000

640 Instantaneous OMTM Transform
641 0.920331 0.000000 0.391141 0.000000
642 0.000000 1.000000 0.000000 0.000000
643 -0.391141 0.000000 0.920331 0.000000
644 -2.300827 0.000000 -240.022304 1.000000

645 Cone drawn
646 Cone drawn
647 Cylinder drawn
648 Cylinder drawn
649 Cylinder drawn
650 Cylinder drawn
651 Rectangular parallelepiped drawn
652 Planar surface drawn
653 Rectangular parallelepiped drawn
654 Rectangular parallelepiped drawn
655 Rectangular parallelepiped drawn
656 Inaccurate estimate for z along edge at row= 120, col= 89
657 Inaccurate estimate for z along edge at row= 115, col= 88
658 Inaccurate estimate for z along edge at row= 107, col= 85
659 Inaccurate estimate for z along edge at row= 110, col= 83
660 Sphere drawn
661
662 Save final visual scene from this pass?

This is the start of the second cycle of the run (i.e. Time 1).
It proceeds exactly the same as the Time 0 cycle except that the
final goal is not requested again. If the next move would place
the ALV at the ultimate goal location, the program terminates.
This is described in more detail in Section 4.3.
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4. A Hacker's Guide to IRS

IFS has about 10,000 lines of C source code. It is expected that all but the

most casual users will need to modify the program in some way to meet their

particular needs. This section provides the user with some insight into the

program's structure as well as directions for modifying certain functions of the

program. Earlier sections have described what IRS does; this section describes

what functions and files in the source code actually perform specific tasks.

4.1. Program Structure

IRS has been previously described as being the result of combining two

parts: an image flow simulator called IFS and a collection of range image naviga-

tion programs. The functions navigateo and frameinitializeO contain the range

navigation routines while all of the other code called by main() comes from IFS.

A rough outline of IRS's structure is:

main(){
[initialize visual camera parameters];
c_sceneo; /* create objects */
frameinitializeO; /* initialize the "frame" variable (more on this later) */
while (not done)
{

c-processo; /* Apply transformation matrix to control points and
form visual and equirectangular range images */

navigate(){
makeequiangularo; /* form ERIM range image */
detect_obstaclesO; /* find obstacles in range image */
makeflatO; /* form ground map */
find.patho; /* find a path through ground map */
make_newtransform(; /* calculate matrix for moving ALV */

}
/* end while-loop */
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I /* end maino */

The two parts of IRS have very different flavors to their programming style.

In particular, IFS extensively uses global variables while the range navigation

functions do not. The global variables, compile-time constants, and common

data structure declarations for IFS routines are kept in the file prog.h. Constants

and common data structure declarations for the range navigation routines are

kept in irs.h. Constants, data structures, and basic system #include files that

are needed by all IRS functions are in prog.irs.h.

A few files require prog.irs.h, irs.h, and prog.h. Whenever this is necessary,

prog.h must come before irs.h, and irs.prog.h is not explicitly included because it

will be added recursively by prog.h (comments in the irs.h file explain this in

more detail).

Experienced C programmers will notice that global variables in IRS are

created in a way that violates how C is suppose to work. In theory, only one file

should contain the global variables' definitions and all other files that use the glo-

bal variables should have only external declarations. In practice, prog.h (which

contains only definitions) is #include'd in each of the files that need to access its

variables. This should result in each file having variables that are global to the

individual files but not global to the other files. IRS, as it is currently written,

runs correctly when compiled with the standard cc compiler supplied with BSD

4.2 and 4.3. To make IRS conform to standard C, one should simply copy the

global variable definitions into a file and replace the definitions in prog.h with
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"extern" declarations.

The IFS code and the range navigation code also differ in their internal

world coordinate systems. The user has to know the IFS coordinate system

(shown in Figure 10) because it is the system used to specify where objects are

located and the location. of the ALV's ultimate goal. However, if one wishes to

understand the range navigation code it is necessary to realize that much of it is

based on the range scanner coordinate system shown in Figure 11. In this sys-

tem, the positive y axis is pointing down from the camera/range scanner toward

the ground and the positive x axis is in the opposite direction of IFS's x axis.

Section 3 in [Veatch 19871 gives a complete description of the range scanner coor-

dinate system and how it is related to the equiangular range image array.

4.2. Changing Image Parameters

All of the parameters for the visual scene in IRS are initialized at the start

of each run by the user. The annotated run shown in Section 3 shows how this is

done and describes how the parameters can be placed in a file for reuse. The

prompts for these visual parameters are given in mainO, c-algorithm(, and

c_.sceneo. The parameters' values are stored in global variables defined in

prog.h.

The range navigation portion of IRS avoids storing parameters in global

variables by keeping many of them in a variable called "frame". Frame contains

the parameters for three images: the equirectangular range image, the equiangular

range imagP. nd the flat-world image (or ground map). Frame is initializeo by
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the function frame-initialize(). These values were not expected to change fre-

quently so they are kept as compile-time constants in the init_frame.c file

(framejinitialize 0 is also in this file). If an application requires that they be

changed frequently, it would be a trivial matter to have frame_initializeO prompt

the user instead of using constants. The data structure (called frame-data) of

the frame variable is declared in prog.irs.h.

Although the fields of framedata are explained in prog.irs.h, the flat-world

parameters need further explanation. The variable "flatw" is conceptually a map

that the simulated ALV uses to drive through its world. To simplify navigation,

the map is two-dimensional (i.e. if the range image contains a pixel corresponding

to some (xy,z) that is determined to be an obstacle then the pixel in flatw

corresponding to (xz) is marked as an obstacle). Some confusion may occur

because flatw is, in practice, a two-dimensional array of unsigned chars in which

the upper left corner is the address [0,0. The ALV navigates in a coordinate sys-

tem whose origin is always located at [rowo, colol in the current flatw (rowO and

colO are stored in the frame variable). Conversion from some (x,z) in range

scanner world coordinates to an array address is done by:

row = rowO - (z * zratio)

column = colO + (x * xratio)

As these equations suggest, zratio tells the program how many pixels there are in

the flatw array per unit of distance in the world along the z axis while x ratio

gives the same information along the x axis. There is a separate ratio for the

two axes to allow users to choose independently how coarsely they wish to m3del
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the world. zratio and xratio are fields in the frame variable.

As a side note, distances in IRS are often given in "range units". This term

comes from the ERIM range scanner that is being modelled by IRS. In a range

image produced by an ERIM scanner, one unit is equal to three inches. Of

course, in the simulator, this correspondence to the real world is arbitrary.

4.3. Navigation and Path Planning Algorithms

IRS was primarily written to test low-level obstacle detection algorithms. It

is anticipated that future researchers are likely to want to refine the higher level

navigation algorithms . From the following description of the current^ process, it

should be relatively simple to substitute improved algorithms in the appropriate

functions.

The first time navigate( is called, it prompts the user to enter the location

of the ultimate goal for the simulated ALV (which is stored in the variable

"goal"). The goal is passed to find.path() where an initial subgoal is calculated.

This subgoal is on the straight line from the ALV current's location to the ulti-

mate goal. The distance along this straight line that the ALV will travel in a sin-

gle move is determined by the compile-time constant Max_Move. Max_Move is

defined in the file path.c. If the initial subgoal is located on a pixel in flatw that

is not open (i.e. it's an obstacle or not in view), then the subgoal and flatw are

passed to goto_vertexO where the subgoal is moved to a nearby open pixel (the

heuristics used by go to_vertexO are described in the source code comments in

path.c).
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Once an open pixei is selected, the path planner described in Appendix B is

applied to the subgoal. If the planner finds a path then findpath0 terminates.

Otherwise, crossobstacleO generates a new subgoal that is designed to avoid the

unreachable old subgoal. The user is warned that certain pathological patterns in

the flatw map could lead to an infinite loop between the path planner and

cross obstacleO.

The subgoal found by find-path 0 is kept in navigateo in the variable called

"move". The function goal-reached 0 is called by navigateo to test whether

"move" is within some small distance of the ultimate goal. If it is, a message is

printed for the user and the program terminates. If not, then the next step is to

calculate a transformation matrix that moves the ALV to "move". More exactly,

a transformation matrix (named "omtm") is calculated that will translate the

current coordinate system to a new one whose origin is located at "move". The

matrix also rotates the coordinates so that the new z axis is pointed at the ulti-

mate goal location. The function makenew_transform 0 calculates omtm. It

also applies omtm to the variable "goal" so that the variable always contains the

ultimate goal in terms of the current coordinate system. The function prints the

values of omtm and the new goal. Once make_new_transform 0 is done, navi-

gate() terminates and omtm is applied to each object's control points by

c_processo. This is the beginning of the next pass of the simulator.

Note that omtm is the local parameter name for the global variable

OBSV_MOTION_TMAT. Each time cprocess( is called, it prints

OBSV_MOTION_T_MAT and CURROMTMPROD. The latter matrix was
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used by IFS but now it simply has the same value as OBSV_MOTION_T_MAT

so printing both of them is redundant. These matrices are in the IFS world coor-

dinate system not the range scanner system.

4.4. Default Values in Images

Several images in IRS are initialized to a particular value that is used later

in the program to indicate that a pixel has not yet been assigned a meaningful

value. Most of these conventions are discussed in comments in the source code

but they are collected here for convenience. In general, images that are global

variables are assumed to be initialized to zero. Local images whose first dimen-

sion are pointers that are calloc'd or malloc'd are also assumed to be zero. These

two assumptions are consistent with standard C conventions.

In refreshbuffero, the global array "pic" has all of its entries set to the con-

stant BLACK. Pic is the array that holds the gray level values of the current

image. BLACK was defined to be 0 in prog.h so this is of interest only if a user

wishes BLACK to have another value. Also in refreshbuffero, the global array

"zbuffer", which holds the z value for obstacle pixels in pie, has every entry ini-

tialized to the constant INFINITY. This initialization is used later in cwo func-

tions: I) when a 3D point is being projected onto the image plane in colorinO, the

point is assumed to be visible only if its z value is less than the z buffer value at

the corresponding pixel (which is why zbuffer must be initialized to a large

value); and 2) when save_rangeimage( calculates a scene's range image using

zbuffer, the function knows that a range cannot be calculated wherever zbuffer
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has a value of INFINITY.

An ERIM laser range scanner has a field of view that, when projected into a

flat ground plane, is a trapezoid. IRS assumes that within this trapezoid, every

pixel in the ground plane map is navigable unless it is explicitly identified as an

obstacle or within the shadow of an obstacle. This assumption is implemented in

initvalues0 where the ground map "flatw" is initialized to have a trapezoid of

navigable pixels and all other pixels are marked as being out of range of tile

range scanner. The array "emptyflatw" is initialized with the same trapezoid

pattern so that it can be used in subsequent calls of navigateo to re-initialize

flatw without redoing the calculations done by init_valueso. The source code

comments in nitvalueso discuss the small difference between the first initializa-

tion of flatw and empty-fiatw.

If more than one obstacle pixel in the range image maps into the same pixel

in flatw, the program saves the tallest obstacle (because it will cast the largest

shadow). The height (that is, the y coordinate) of an obstacle pixel is kept in the

array "depth". Recall that the range-image coordinate system has its origin at

the location of the range scanner and the positive y axis points down toward the

ground so that the tallest obstacle is the one with the smallest value in the depth

array. In the function makeflato, all of depth's entries are initialized to the

constant HUGE (HUGE is defined in math.h). This initialization ensures that

obstacles mapped into flatw will always have a smaller value.
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4.5. Creating the Visual Image

If the user desires more realistic visual images, it will be necessary to rewrite

the functions that assign intensity levels to the array "pic". The process by

which pic is assigned values begins whenever drawscene() is invoked. The global

array "scene" holds each object that the user has created. For each object in

scene, drawscene() calls the appropriate drawing function, i.e. drawcubeo,

drawcone0, drawsphere(, etc. Each of these drawing functions systematically

sends groups of three control points to clip_ andcolor() until the entire surface of

the object has been drawn. If any of the control points are behind the image

plane, clip and color 0 calculates a new point so that the three points sent by

clip-andcolor() to colorin 0 are in front of the image plane. Worldto_.screen() is

called at the start of colorin() to do two things: 1) project the three world coordi-

nates into the image plane (actually, the image plane coordinates are not saved;

instead, they are immediately converted into integer row and column values

which are saved in the array "ip") and 2) calculate the gray level that will be

assigned to all of the pixels within the triangle defined by the three projected

points. The gray level is ultimately calculated in the function shade() by assum-

ing Lambertian reflection at the center of the triangle without including the effect

of diminishing brightness dre to increased distance from the light source. This

value is assigned to the "color" field in each of the three array points stored in

ip. It would be relatively simple to calculate the intensity at each of the three

points and interpolate those values in colorin() in the same way that the z value

for each point in a projected triangle is interpolated from the z values of the
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three vertices in ip.

4.6. Miscellaneous Issues

When calculating the transformation matrix in make_transformO, the

assumption is made that the ALV is driving to a flat location that will be at the

same depth as the current location (i.e. y = scannerheight, where

scannerheight is a constant in irs.h). If the simulated ground is not going to

satisfy this assumption, the function will have to be modified.

When the ALV moves from one location to the next, the old ground map

(which is kept in the array oldflat) is transformed in integrateQ onto the current

flatw. The old x and z coordinates are known from the location of the pixel in

old_flatw. The y coordinate for obstacles is kept in the depth array. However.

the depth array does not have the values for hidden pixels and open (i.e. navig-

able) pixels. Integrate() assumes that the y coordinate for these pixels is equal to

scannerheight. If one wishes to remove this simplification, it will be necessary

to modify make_flat() so that the function saves the depth of all pixels in

"depth" instead of just calculating it for obstacle pixels.

The numerical stability of projections into the image plane is checked in two

functions, colorin() and find_z 0 . Both functions are in the file colorin.c. The

meaning of a warning is best understood by examining the source code and com-

ments at the point in the file where the message is produced.

Once the "move" variable has been calculated, it is compared to the ulti-

mate goal location, as described in Section 4.3. If the distance from "move" to
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the goal is small, the program stops without ever calculating the last transforma-

tion matrix that would actually drive the ALV to the "move" location. If the

user wants the ALV to take this last step and produce the appropriate range and

visual images, IRS will have to be modified in two places. First, in navigate),

delete the else in the code

if (goal-reached(goal, move))
{ *not doneflag = FALSE;

printf (' n\n *** GOAL REACHED ****\n\n");
}

else
make_new. transform (move, omtm, &goal, inv..omtm);

so that make_newtransform 0 is always called. The function main() should be

modified by adding a call to c-process() after the while (not-done) {...} loop.
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APPENDIX A

Cross-Reference of Function Names

This is a complete listing of the functions in IRS, sorted alphabetically. The

page and line numbers refer to source code listing printed 6/2/87. Due to pecu-

liarities in the cross- referencer, some functions actually begin on the page after

the one listed. All function names are truncated to 16 characters.

FUNCTION FILE PAGE LINE

add-shadow flat.c 94 332
affine mat-trans.c 130 68
allocate-space navigate.fun.c 164 23
angle-imit deriv.c 68 92
assign_curveTM curvexc 53 152
c...algorithm main.c 116 192
c-contour c-contour.c 13 232
cjlightsource c-contour.c 8 9
c...process c-contour.c 14 253
c-scene c_contourxc 9 28
clip colorin.c 24 127
clip..andcolor newclip.c 173 39
colorin colorinxc 27 160
cone conexc 37 3
copy...char..pic navigate.fun.c 169 262
copy...float-pic navigate.fun.c 170 281
copycylstruct misc.c 155 168
copymat mat-trans.c 140 230
copystruct misc.c 154 158
copytobuff Grinnell.c 104 40
copyvec mat-trans.c 141 240
create..object..te mat-trans.c 143 271
create_obsv-moti mat-trans.c 142 247
create_surface_t surfacexc 217 71
createmat2 misc.c 151 48
createmat3 misc.c 149 6
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crossobstacle path.c 187 235

cuboid cube.c 42 26

cylinder cyl.c 62 3

denyv~mit deriv.c 69 138

detect obstacles obst.c 177 16

develop mat...rafls.c 127 7

divisible mat...rans.c 132 131

dotprod colorin.c 26 142

draw2line drawline.c 75 26

draw2line2 drawline.c 77 87

draw3line drawline.c 74 6

drawaxes misc.c 150 17

drawcone cone.c 40 107

drawcube cube.c 46 154

drawcurve curve.c 80 379

drawcyl cyl.c 65 104

drawfpts curve.c so 359

drawobjects misc.c 152 100

drawscene c-contour.c 17 376

drawsphere sphere.c 212 120

drawsurf surf ace.c 219 111

file -initjeatpt curve.c 51 81

fnd .z colorin.c 34 492

find_enc~point newclip.c 175 115

find..grad grad.c go 129

find-minus minus.c 146 109

find..path path.c 183 23

find...heta theta.c 223 130

frame-initialize init..rame.c 110 31

funct surface.c 216 64

getline mat...trans.c 131 118

go -to -ertex pat h-c 185 147

goal-reached path.c 189 294

ground path.c 190 323

help main.c 118 235

helpcreate c-contour.c 19 432

init-cone cone.c 38 24

init-.cube cube.c 43 44

init..curve curve.c 49 4

init..cyl cyl.c 63 23

init-Grinnell Grinnell.c 102 3

initobserver..mo init.c 108 96

init...prev - eatpt curve.c 57 283

init.sphere sphere.c 210 22

init_...urface surface.c 215 24
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init_values navigate.fun.c 165 104
initialize init.c 106 5
integrate map.c 121 20
interpolate equixc 83 219
is in view-cone colorin.c 25 135
list-.~parameters equixc 85 262
main mainxc 112 5
make..binarymap path.c 193 452
make...equiangular equixc 86 291
make-flat flat.c 90 190
make-...ew-transfo map.c 124 155
make-..template path.c 192 400
makeiden mattrans.c 133 143
matmult mattjrans.c 138 202
navigate navigate.c 157 20
open_cvi_read read..cvl.c 198 63
or-images obst.c 180 130
polaroid mat...trans.c 129 47
print mat-trans.c 128 26
print char_iage navigatexc 161 204
print-float-to-c navigate.c 163 289
printint-to-cha navigate.c 160 167
printjintptr-to_ navigate.c 159 127
printparamete,-s equixc 84 239
printjrangeimag saverange.c 202 92
printmat mat-trans.c 139 216
putgraylevel shadexc 207 68
putone drawlinexc 76 74
read-cvl read-cvl.c 197 18
readreply mainc 119 273
refreshbuffer main.c 117 218
removeambiguity navigate.fun-c 171 308
rotate-cone conexc 39 68
rotate-cube cube.c 45 111
rotate-curve curve.c 58 332
rotate..cyl cyl.c 84 66
rotate_.scene c-..contour.c 16 349
rotatesphere spherexc 211 73
rotate_s urf surface.c 218 82
save range-image saverange.c 200 21
savescene ccontour.c 18 401
shade shadexc 204 3
sortony colorinxc 23 77
sphere spherexc 209 3
start-cvl-read navigate.c 162 239
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surface surface.c 214 4
swap colorin.c 22 61
tballjInItjeatp curve.c 55 212
thetajnit deriv.c 70 170
threshold obst.c 178 58
toGrinnell Grinnellec 103 24
trackball-init curve.c 52 130
trans mat - trans.c 137 189
vecmag shadexc 206 59
world_to_s5creen colorin.c 21 13
write_ cvi write -cvl.c 226 14
write.cv1 16 path.c 195 509
x rot mat-trans.c 136 178
y rot rnat-trans.c 134 156
zrot mat-trans.c 135 167
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APPENDIX B

Path Planner Primer

These are directions for using the Puri/Kambhampati path planner
program on the ALV Vax.

1. Make sure you have write permission for files /a/puri/qtrees/pathcoors
and /a/puri/qtrees/pathength. You will need execute permission
for files in /a/puri/bin and /a/puri/qtrees. For some weird reason
you also need to add the following file to your home directory,

/pro/umips/grinnell.l. The contents of this file should be copied
from /a/puri/pro/umips/grinnell.l. You also need read permission for
files in /a/puri/pro/umips.

2. Create a binary file in the following format. If your image has n rows
and m columns then the file should contain n lines. On each line it
will have m numbers. Each number will be 4095 or 4096. The numbers
should be separated by a blank. 4095 = 0 (= accessible pixel) and
4096 = 1 (= obstacle pixel).

The file should be in order from top of image to bottom and left to right
(ie: raster scan order). For the sake of discussion, let's call this
file "inputfile". Since the image is going to be placed into a
quadtree it must be square (ie: m = n) and n must be a power of 2.

(IRS creates this type of a file and puts it into a file
called "binarymap".)

3. The following pipeline transforms inputfile into a quadtree suitable
for use by a lisp path planning program. The quadtree output is kept
in a file that I will call "_mapin". Note: _mapin MUST BE in the
directory /a/puri/qtrees so do not choose a name that will trash
an existing file of Puri's.

/a/puri/bin/makpic width height < input-file I /a/puri/bin/r2q
/a/puri/bin/distransb width I/a/puri/qtrees/qset width >
/a/puri/qtrees/_mapin

Width and height are the number of columns and rows in the input image.

4. cd /a/puri/pro; mdlisp

5. You are now in maryland franz lisp. Type "(goto-fig 'path)".
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This command loads many files and takes some time to perform.
Do not type the double quotation marks in the last sentence or in
the tollowing directions. They are only there to delimit the answers
that you are supposed to enter. Do type the single quotation mark!
Now type "(setup-qtree-in-lisp)".
You will be asked for a filename, type "_mapin".

6. In a while the program will finish the last command and respond with
the usual prompt "2-". Type "(trunc 35)", wait for the next prompt
then type "(start)". The "(trunc #)" command tells the path planner to
first find a coarse resolution path .and then go back and resolve the
details. The larger the #, the coarser the initial path. 25 or 35 are
usually good values for this parameter (what's actually happening is that
any node in the quadtree that has less than # nodes beneath it will be
treated as a leaf node on the fir;t pass of the planner planner).

7. The program will prompt you for the start point. This is the coordinate
of the pixel in the image where the path will begin. The coordinate
system has its origin at (xy) = (0,0) in the lower-left corner of
the image. Starting from the origin, x = column and y = row.
The next prompt will be for the goal point. This should be answered
similarly to the start point prompt.

8. The program then plans a path and places a list of the path's pixels
in the file "/a/puri/qtrees/pathcoors". If you are planning multiple
paths you must save the contents of ".../pathcoors" before running the
program a second time. The listing is actually the path in reverse since
it starts with the node just before the goal node and ends with the node
that comes just after the start node.

9. The program at this point will also prompt you for a filename to
store path information in. You must give it a name. Let's call this
"_file2". "_file2" will be placed in the directory /a/puri/qtrees
so DO NOT CHOOSE A NAME THAT WILL TRASH AN
EXISTING FILE OF PUR'S!
"_file2" contains data that you do not need unless you wish to print
the path on the imagen. How one actually does this is beyond
the scope of this direction sheet (i.e.: I don't know how to do it yet)
but I think you can type "cprintpic" from the appropriate directory of
Puri's and follow the prompts from there. Good' luck.

10. You can now leave lisp by typing "bye". Or, you can suspend lisp
by the usual "control-z". If you suspend lisp then the next time
you start it up again you should not type "(gotojfig 'path)".
This will save a little time. Warning: using control-z may or
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may not work. It is not a fully explored option.

11. While you are in mdlisp, if you make a mistake and wind up in error
mode (indicated by a prompt that looks like "#<#>") type the control
key and the !etter "d" s;multan-ously to
return to run mode (indicated by the prompt "#").
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APPENDIX C

Thresholding Range Images

The range derivative algorithms used by IRS to detect obstacles depend on

the user to set effective threshold levels. After the range derivatives have been

found, detect_obstacles 0 calls thresholdO to crente a binary image. The first

time threshold() is called, it asks if the user wants to use the autoinatic cutoff

values for all thresholding (see line 593 of the transcript in Section 3). If the user

answers "yes", then the threshold levels set in detect-obstacles( will always be

used in thresholdQ. If the user answers "no", then each time ani image is ready

to be tliresholded, the program will ask the user if the automatic cutoff level

should be used for that particular image. If the user answers "no" for that image,

then the program places the image in a file and lets the user threshold it them-

selves. The following transcript gives examples of these options. The numbered

lines are from the actual transcript. Comments about the transcript begin with

"-.>". The user responses are underlined.

593 Shall all thresholding be done using automatic cutoffs?
594 Your reply must be either yes or no
595 no
596
597 Use automatic threshold level(= 3) for theta derivatives?
598 no
---> The number in parenthesis is the threshold level that will be

used if the user replies affirmatively.
599
600 You must suspend the program and threshold image in <temp.thresh>
file
601 Type "yes" when thresholding is finished
602 -z
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If the operating system does not allow you to suspend a program
by typing <control-z> or some other signal, then IRS will
have to be modified to permit this interruption.

603 Stopped

604 2 C: man.thresh temD.thresh temp.thresh
--- > "man.thresh" is a local thresholding program. Any thresholding

program could be used but the resultant binary image must
be placed in the file "temp.thresh" before IRS is restarted.

605 Give integer threshold level:
606 Z
607 3 C: g
-- => Restarting IRS.

608 IRS irs.parms d d
609 yes
610
611 Use automatic threshold level(= 4) for phi derivatives?
612 yes
613
614 Use automatic threshold level(= 3) for minus derivatives?
615 no
616
617 You must suspend the program and threshold image in <temp.thresh>
file
618 Type "yes" when thresholding is finished
619 ^.

620 Stopped
621 4 C: thresh temp.threshtemp.thresh
622 Give integer threshold level:
623 12
624 5 C:fZ
625 IRS irs.parms d d
626 yes
627
628 Do you wish to save obstacle array? ves

If the user knows a priori what the correct thresholding cutoffs will be, then

the automatic values in detectobstacles() can be set to them. Currently these

values are compile-time constants but it would be trivial to alter

detectobstaclesO or thresholdo to allow the cutoffs to be entered at run-time.
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Figure 1: Visual Images from ALV Simulator



Figure 2: Original Range Image from Time 0 of Simulator



Figure 3: Montage of Original Range Images from ALV Simulator

Figure 4: Montage of Thresholded Obstacles
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Figure 5: Key for Ground Plane Mlaps



Figure 6: Ground Plane M.,,ap from Time 0
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Figure 7: Ground Plane Map from Time 1
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Figure 0: Ground Plane Map from Time 3



p* // z

(L/2.L4f) 
11, 0 1

/"I;a !lllll#1111111111ll ll

(oo,f)

(-L/2,-L/2,0
I 4- field of ulew

Figure 10: IRS World Coordinate System
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