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1.0 Introduction

The University of Tulsa is fielding two teams for the 1997 Ground Robotics Competition. This report will discuss the car
being buill by Team B. The team and its car are in their second year of competition. The poal for last year's car was a
simplistic design that utilized as many off the shelf components as possible. The team members were assembled with the idea
of having them together over a span of two or three years instead of just one.

These goals were all met and this year, the team will redesign the electronics to increase durability, decrease cost, allow
for more efficent use of space, and make the car casier 10 maintain, There are five different subsytsems of the car being
considered [or redesizgn, along with two subsystems that will undergo minor changes,

2.0 The Team

The team is composed of five members, All members from the previous year’s team are returning 1o this year’s conlest.
The team’s faculty advisor is Dr. Kaveh Ashenayi, captain--and only graduate student--is Daniel Hemphill, seniors Travis
Day and Earl Hammeon, and juniors Brent Henderson and Sean McBeath round out the team. Each member was picked lor
their specific skills and their ability to function in a team setiling.

3.0 The Chasis

The car was bailt from the ground up. The chasis is constructed from hollow steel wbing 1o make the frame strong bul
relativly light with materials on hand. The frame is in the form of a rectangle 3 feet wide and 4 feet long. A tube cuts the
car in hall Tengthwise, In cach smaller rectangle, diagonal whes are welded to support the platform. An aluminum platform
in the middle portion of the frame provides the foundation for all the components. Two motor mounis are located at the
middle on each side of the car. Tire mounts arc located at each comner of the car. Four pole mounts are welded o the frame,
two are by the motor mounts, ata 90 degree angle o the frame, while the other two are mounted at the rear corners of the car
at 40 degree angles.  Steel plumbing wbes were then used 1o construct the camera mount. The results give us a roll cage
similar to a jeep, and keeps the camera very stable.

Previously the batteries were held in place using aluminum framing. This vear, the 2x4 framewaork of the plywood box
covering the platform will hold the batieries, allowing us o add a fourth battery, The glectronics will be moved out of the
computer frame they were in, and placed in a plexiglass box. The box will be smaller than last year, and will allow casier
access to the different components, Also, the plexigalass box will have a fan on it o eliminate excess heal. The plywoeod hox
will also hai';: a fan on it to prevent any heat relaled damage to the PC and/or the DC-AC inverter,

4.0 The Drive Train



This is the first part of the car being looked at for major modifications. Since the goal was 1o keep the car simple, a chain
drive and differential steering was used. From the experience at the competition, differential steering is the best choice,
considering the high speed the car runs at, The motors used on the car are 24 volt DC motors like those found on a wheel
chair. They both have clectromechanical brakes and run a1 3600 rpm with an output of 150 horsepower, These motors, when
geared down, give us the high torgue we determined necessary to handie the inclines and the sand pits present on the course.

The car is driven by two motors. Each motor is connected by chain to the pair of tires on each side. Due to the small tires
the chain sprocket on the wheel axle was only slightly smaller in radius than the tire isell. A 3 o 1 sprocket ratio was
chosen to keep the car within the speed limit, but this made us unable to manage the sandpit during last years competition.
The chain contacled the sand causing a lock-up of the right motor. Two solutions are being considered for this problem:
smaller sprockets or replacing the chain drive with a gear box,

A pear box that would reduce the motor speed to the necessary Smph would be the best choice. A motor could then be
connected dircctly to each tive or just two tres. The four tire method would also add two more batteries 0 keep the range
from being decreased, The pear boxes would eliminate the need for chains, climinating possible derailments of the chaing
and clogeing by sand, The mamn drawback o the gear box opton is cost. The extra bateries needed for the quad-drive
opton would create & premium on space.

Finding smalisr sprockets is the eption we will pursue to keep the car under budget. The drawback is finding sprockets
small enough to meet our nieeds and tough enough (o handie the stress created by the high torque.  This method would
prevent the chaing from contacting sand or derailing due to large drop offs,

3.0 The Electronics

The electronics used can beclarifed o two calegories. The [irst caegory consists of what 1s nesded o drive the motors.
The second category consisits of what is needed for control of the car. In what follows, we will briefly descnbe the conurol
circuit,

3.1.1 The Original Design

The next part of the car being considered for modification is the motor contral hardware. The concept for the design used
om the car came from Team A's cor. The orginal goal was o keep the two cars compatible so spare parts could be shared,
However, as designs for each car matured and uderwent changes this goal was not practiced. The motors we have drew
higher startup current, which in wrned required bigger relays. The use of different microprocessors also lead to the need for

changes.



5.12 The New Design

During testing and competition, current spikes caused by the motors would destroy the ransistors and optical isolators,
thus the elegtronic ¢ontrols will be given a separate current path and their pwn small fuse.

A new design is being tested 1o eliminate the ¢xpensive isolators. The 12 volt and 24 volt sources currently have separate
grounds. The first test is to see il the two grounds being connected will interfere with performance. 1 no problems arise
from this, the isolators can be removed. The current thought is to wse a 74022 input NOR) gate o protect the
micracontraller from feed back, and to drive the transisiors.

5.2 MNew Features

Two new leatures being considered are solar cells and an onboard battery charger. The power inverter used o supply the
computer with 120 VAC shuts down if its input valatage goes below 10-11 valts, The use of the solar cells may prevent this
problem, because the trickle current may be enough o augment the battery volatge enough w prevent the inverier from
shutting down during testing and the competition,

The batery charger would be capable of charging all batteries at onee. By flipping a switch and plugging in, the car can
g0 from running mode w charging mode. Cost and difficulty associated with finding the needed parts may limit or eliminate
the battery charger,

6.0 The Microcontroller
The microcontroller is based on the design used in a senior class offered at the University of Tulsa. Ti uses an 8031 Imel
microconiotler and a 64K Erasable/Programable Read Only Memory (EPROM).  The microcontroller uses RS232 serial
communications o lalk with the computer, while it uses an putpur port o send the commands w the electronics,  The
program 5 burned o an EPROM so it can be medified at any ume. The program takes an ASCIT hex code sent by the
computer and compares it to the different options until a match is found. Onee the match is found, a four bit number is sent
lo the clectronics, [f no match is found, the lsst command sent to the electronics will be repeated. The only change w the
program will be an input signal from the emergency stop, diséossed in the nest section,
7.0 The Emergency Stop
We discovered last year wt competition, our manual emergency stop (e-stop} switch was not what the judges had

intended singe it was ordered from a catolog and assembled by the team.



The RF e-stop, caused the most problems last year, We had trouble getting a long enough range from the RF e-siop, and
the car always came 1o a rolling stop. We did not think much of the rolling stop, since the car never rolled more than a foot.

Both e-stops do the same thing, They cut the 24 valt supply to the electronics and the motors. Due 1o a feature in the
motors, the car coasts for a distance before the brakes lock. Because of the incline next 1o the water on the course, something
had 1o be done, The solution was a simple one: when the vision system code is turned off, a stop command is sent 1o the
microcontroller, causing the car to immediatly stop, without coasting.  Any key pushed on the keyboard does this. The
keyboard was mounted to the rear of the car 10 serve as the e-stop.  The manual or RF e-stop would then be trigpered 1o
engaee the brakes, The rules lor this years competition have eliminated this solution.

The solution created for this year requires a small change to the e-stop wiring and the microcontroller code. When either
e-stop is activated, a 5 volt signal will be sent to the controller, causing 4 stop command 10 be sent. A stop command will
continue o be sent until the e-stop is resel. The e-stop will sl cut the 24 volt supply o the motors causing the mechanical
brakes io engage. The old RF e-stop has been replaced with a new RF system that gives us ¢lose to 130 foot range.

5.0 The Vision System

The University of Tulsa has been involved with this competition since its inception in 1993, wking first place that year.
Subsequently, all TU AUVS teams have used the same basic vision algorithm. This makes use of the knowledge that all
haundary lines are white, and that all ohstacles are either red or white. The basic algorithm 15 outlined below:

Take a video snapshol
Break the resultant bitmap into discrele regions
For each region
count red/white pixcls by comparing RGH values o color thresholds
[f this number = count threshaold
flag zone as blocked
Else
flag zone as safe
Compare resulting blocked/safe pattern with a set of rules in memory
If found a match
move accarding to matching rule
Else
move according o delaull
This algarithm is effective, but depends on noiseless input, Both the discrete color thresholds and the perleci-fit-only rule
assume zll data is undistorted. Experience shows the color viden camera is quite noisy, so particular regions might be
interpreted as blocked in one frame and safe in the next, This combined with the exact match requircment means the car is

likely to make the wrong decision, either by selecting a rule it should not have or by selecting the default when a rule should

have matched. The exact match criterion also teauires an exhaustive list of rules for effective control. Lastly, the algorithm



assumes constant lighting conditions--if a cloud blocks the sun during part of the run the computer will interpret too much of
the scene as obstructed when the sun is shining and too litde when it is covered.

The implementation imposed further restrictions in its hard-coded nature. To change the thresholds one had to change the
code and recompile. To change the rule set one had 1o manually calculate the bit pattems. To change the region structure
one had 1o completely overhaul the entire program. The program did offer several nseful diagnostic features. One could filter
the image against color threshoids, view the pattern the fillering process gave the classifier, and test the computer’s decision
for a given image.

#.1 The Current Vision System
The current algorithm kept the good ideas of the original program while fixing most of the design inadequacies. It was
also adapted to detect the vellow lines added for the fourth AUVS competition. The pseudo-code for this algorithm looks like
the following:
Recompile the rule base
Convert the region structure from ground coordinates (o camera coordinates
While initial calibration is not complete
Take a videp snap shot
Find the maximurm and minimum values for each component--red, green, and blue
Muodify average minimum and maximuwm 1o inital adto-calibration values
Take a video snapshot
Recalculate fuzzy rules based on current ambient lighting compared with siartup lighting
FFor each region
Count red/white/yellow pixels using a fuzzy membership function for each color
Il this count > count threshold
Flag zone as blocked
Elza
Flag zone as safe
Classify the resulting pattern with a best fitin the rules by a neural network
The fuzzy color thresholding and neural network classification make the algorithm noise-resistant and responsive 1o
unpredicted situations. Alse, the dynamic threshold recalibration makes the algorithm resistant o intermitient cloud cover,
Furthermore the rule base is much smaller, both because of the best fit matching and because the rules were expanded

i

allow “don't care” regions instead of just blocked/sale ones.
The region shape on the image of the two implementations also changed. Earlier versions had used reclangular regions of
the image for zones, translating into trapezoidal arcs along the ground.  [nstead, this version used eectangular regions of the

ground for zones, translating into trapezoidal regions of the image (Fig. 3, 4}, This made editing the rule sel casier because

one dealt with standard shapes in a standard reference frame, rather than having (o translate coordinate spaces.



8.3 Fuzzy Coler Membership

The line-follower also demonstrated that absolute color thresholding was inadequate because of the very faint “snow”
superimposed by the electronics over the noiseless image. To handle this, a simple trapezoidal rule luzzy membership
function was created for each color component. This was implemented as three look-up tables for speed considerations,

For each color a zero-membership level and a full-membership level were calculated. Zero membership was defined as
anything at or below the minimum valoe in the calibration regions on the fenders; full membership was defined as anything
above a certain percentage of the difference between the minimum and maximum calibration values. The look-up table was
then constructed by assigning O o all values up 1o and including the zero membership level, assipning 255 to all values at or
above the full membership level, and lingarly interpolating intermediate values.

The range [0, 235] was selected so integer arithmetic could be used instead of floating point arithmetic, thereby increasing
processing speed,  Essentially each value in the range [0, 1] is mulliplied by 255 and rounded. The error in this process is
Tess than 1510, or approximately 0.2%. This means the worst-case error in summing the three look-up tables is always less
than 0.6%. This loss in precision is trivial to the performance, particularly in comparison to the speed increase gained by
integer arithmetic.

The input image contained 24 bits of color information, giving & bits cach o the red, green and blue components.
Therefore these fuzzy tables were each 256 bytes large, with each entry representing the fuezy membership of an RGB
component with the same value as its index. Therefore the RGE color intensity could be used as the look-up table index, and
fuezy membership could be calculated in just two assembly language integer instructions,

Once the fuzzy membership for each color component of a pixel is calculated, the computer determines if the pixel s
blocked or safe. A blocked pixel is defined as anything red, yellow, or white; a safe pixel is anything else.  In RGE
components red is B & 1G & 1B, where “&" denotes fuzzy union or fuzey AND, and 1" denotes furzy complement or luezy
MOT. Similarly, vellow is R & G & !B, and whitc is R & G & B. For this implementation the fuzey complement was
defined as 255-x, where x denotes the membership value. This translates directly into 1-x for » o the range |, 1] instead of
[0, 255], Also, fuzzy union was defined o be the sum of the individual memberships. Again, this translates dircetly into the
average for the range [0, 1] instead of the range [0, 765] (763 is the lugh end because three components in the range [0, 253]
are summed and 765 = 235%3). The alpha cul i3 then wken on the calculated fuzzy membership 1o red, yellow and white; a

logical OR between these defuzzified values is used to determine if the pixel is 10 be considered blocked or safe.



8.4 Neural Network Classifier

For this competition an original neural network classitier was developed based on the Hamming net, itsell & simple binary
¢lassifier. The Hamming net assumes a sel of binary exemplar patterns, and that the input and exemplars have an equivalent
number of bits. It is particularly useful in such applications as determining what letier an unknown input character is.

Basically the Hamming net counts the number of differing bits between the input and each exemplar, defining this number
o b the Hamming distance. The best match is the exemplar with the minimum corresponding Hamming distance.

In the vision algorithm, the size of the exemplar patterns (henceforth “rules”) 15 identical 1o the size of the input bit stream
(Fig, 3,4). Howdever, these rules have the additional don't care state {denoted by crosshatching), making the Hamming net no
longer applicable. One could expand the don't pares into all possible combinatons, but that would significanly increase the
rule base size and slow the decision-making process. For real-time image processing and driving, this slowdown is nal
acceplable.

A modificd version of the Hamming net was developed with the idea that treating the don't cares as always maiching
would handle the problem. However, the implementation revealed this biased the nerwork towards those rules with a large
number of don't cares in their definiton. For example, a role with 10 don’t cares, 3 matched and 2 mismatched regions
would be selected before a rle with 3 don't cares, 9 matched and 3 mismatched regions. In most cases, this second rule
would be preferable to the first, having 75% of its significant régions matched a3 opposed to only 60% in the first rule.

[t was also thought one might treat don't cares as “hall=iraths™; e, 16t don't cares count a3 halfway between a mismaich
amd & match  Igoickly became apparent this would bias against males with large numbers of don't cares,

Twi possible solutions existed then., One is just o caleolate a matching ratio and completely ignore:the don’t cares, and
the other s w melode the don't cares as miaiches only if at least some percentage of the other zones do coincide. The latter
implementiation was selected because it more closely matched the original,

The classification process, then, is o first caleulate the “Hammon distance”. This is defined o be the number of matehes
between the rule and the inpul patern; don’t cares are glways mismarches al this stage. The resull is compared with a
precaleulated threshold-- established as some fraction of the wtal number of zones in # rule which are not dor't cares--
rounded up 1o the nearest integer. The modified Hamman distance 1s then calculated, which is just the Hammon distance if
there are fewer meatches than the threshold, or is the Hammon distance plus the number of don't cares il there are at least as
many marcﬂ.&.v as the threshold value. Note that the Hammon distance is a measure ol how well the rule maiches the input,

whereas the Hamming distance wag a measure of how much the mie differed from the input,



Ta find the best mateh, all the Hammon net has o do 15 Gnd the rule with the maximom Hammon distance. In a true

neural network this would be accomplished by a maxnet on all the Hammon distances calculated in parallel; in the program it
was just the global maximum ol all distances caleulated serially, I & subsequent node had the same distance as a preceding
one, the move for the preceding node was kepl
Examplc:
Figures 2-4 provide a typical example input from the video camera. This particular image was saved before the fenders of the
vehicle were painted. Tigure 2 shows the camera input; the fuzzy membership filters applied w the red, green, and blue
components of the input; and the color classification of cach pixel, Figure 3 shows the zone structure mapped from the
ground coordinate system (o the screen coordinate sysiem, and the same with those xones considered blocked shaded in.
Typically the camera image would be diréctly beneath this grid. However, the Yideo Blasier SE 100 image is added to the
VOA output continuously at display tume, rather than inserted into graphics memory. Therefore sereen caplure utilities do
not also capture the Video Blaster portion of the image, and it must be saved separately. Figure 4 shows two representative
rudes, those closest matching the bil pattern for this particular input. Notice the use of Don't cares. Also notice that it shows
the camera’s field of view along the pround, and limits the zone structure w that region; hence the rapexoidal editing region,
The grid denutes one-foo! intervaly from the camera mounting,

For this image, the neural net would compare its input o the first rule. There are 18 malches and 4 mismatches, giving a
preliminary Hammon distance of 18, Say the threshold for inclusion of don't cares is 60%; 15 of 19 zones which are not
dan't eares mateh, so the three don't cares get added. The Hammon distance 15 21, with a perfect match being 22

Similarly, it would continue checking against other rules.  For the second example, there are 16 matches and 6
mismatches, This is also above the inclusion percentage, so the Hammon distance is 19, The computer would seleet the first
rule, if these were the only options.(may need & break here)

It was in first place after cach of the [irst two runs, even though early in the first run the camera came unplugged,
essentially blinding the vehicle, After the second run it was more than twice as far along the course as the next vehicle,
stopped only by the sand trap,

The rest of the afternoon was spent medifying the rule set so i could navigawe the sand; it successfully did so 10 the
practice course multiple times. In the third run another school managed o negotate the sand trap. but it was too deep lor the
vehicle to push through; it finished sccond overall, losing by 15 leet,

Just to prove the vehicle was able 1o complete the course, we asked permission from the judges to let us set it beyond the

trap. The competition was over o they agreed. Starting just as itwould have come through the sand it calmly completed the



course, casily staying between the dashed lines that claimed the winning school, We then wrned the vehicle around and had
it run the course backwards, a feat the judges declared more difficult than running it forwards; the car handled the challenge
elfortlessty, ance again stopped only by the sand,
8.5 Algorithm Success:

The car raveled at 4.7 mph, or 6.9 feetfsec. It takes .29 seconds o process a single frame, so it travels about 2 feet per
decision, OF that processing time, .25 seconds arc spent waiting for the camera image to be loaded into memory; all the
software processing is handled in the remaining (4 seconds. This was sulficient 1o handle 99% of the course; only when
several quick adjustments in a row were needed did it fall short, A faser frame-grabber should overcome the other 1%,

A the authors understand, there were other teams moving al approximately 2 mph that handled around 10 frames per
second; this translates into just 3 or 4 inches per decision. Furthermore they used sonar sysiems © give object information
rather than relyving on sight alone. Even so, these other vehicles frequently had w back up and try again 1o pass obstacles,
closely resembling a human driver attempting to parallel park in a tight space. Not once did tulsa's Team B car back up; the
move was deemed unnecessary for the competition, and so was never given as the action for any rule. However, the vision
algonithm descrbed in this paper hit only one obstacle and barely nicked two others, even with its faster motion, slower
thinking, greater distance and tougher trials. From the vehicle's hehavior in these inslances it is obvious a guicker frame
grabber would have enabled the vehicle o avoid the collisions,

It is the opinion of the auwthors that thiv algorithm and implementstion have overwhelmingly demonstrated their
effectiveness, The combined use of dynamic recalibration w adapt w changing conditions, fuzzy logic lo identify colors, and
neural networks to correlate any given image Lo a particular move mel with triumphant success. This achievement is only the
more astounding given the briel development time, along with the relative youth and complete inexperience of the team

members.
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Figure . Basic fuzzy rule used in classifying belongedness of an input color




Figure 2. (1) unprocessed camera image; (2-4) red. green and blue fuzzy color filters; (5) color
classification of each pixel in the picture.
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