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structure of a vehicle irself as well as its role in propulsion

and steering. Navigation determines the vehicle’s locagon
relative to its external environment. Guidance decides
where to go based on this location information (i.e. turn-
ing right or left). Navigation was divided into two sub-
eroups: Vision (responsible for line detection) and
Ultrasound (responsible for obstacle detection). A Power
subgroup eventually split off from Maobility, Tocusing on
power generation and distribution. Figure 1 shows the
tearn members and leaders of each subsystem. An
overview of the system architecture and system interfaces

interdisciplinary engineering team assem- is given below in Section 1, followed by a deseription of
bled in the Fall of 1997 with the task of how each of the five subgroups shown in Figure | devel-
designing and building an autonomous oped a design 1o meet the detined requirements (Sections
robotic ground vehicle to compete in the 1998 2-6). Finally, Section 7 reviews the integration of all sub-
International Ground Robotics Vehicle Competition, The  systems, covering financial and ome expenditures.
design process began by establishing primary design crite-
ria and deriving secondary design requirements. Previous System Architecture
designs from past CU entries were evaluated, and an The vehicle steers by articulating through a center pivot,
innovatve new design was implemented as discussed in has four-wheel drive, two cameras, seven ultrasound sen-
this document. Primary design criteria are shown in Table sors and a P166 PC. The system architecture is illustrated
| along with a Criteria No. for referencing throughout in Figure 2 helow. Power connections are shown as solid
this docarment, lines, and data connections are shown as dashed lines.
Components shown in white indicate their approximate
Chur team then defined subsystem groups to carry out the position on the vehicle, The one exception to this is the
detailed design. These subgroups were Mobiliny, computer Highlab, The actual position of the computer is
| Navigation and Guidance. Mability concerns the physieal shown with a dotted box, and its internal components are

._




shown in a blow-up below the vehicle. Software compo-
nents are shown in an interral dotted box labeled
“Yoftware.” Derails of this architecture are discussed in
later sections of this report.

Figure 1: Organizational Floaw Chart

ADVURE EY:
— fir, Lawermcn
TREASIRE R |_ SHSTEMS ERMEERMG th. Giftos
b GERn | Wit G Mg {r =t | |
I H E—— — I rrearn |
AT BHCE | HAGR TR | MR TV P
“Hefan Alfin e [y * e Yo pesmrrl tsnn Hoes
\Mpren duert W 1 i e cpince] (an, Erechricad |
L THASEHIMN WESOR Sovhnc Gt Tl o
* AT B TR Fo ol Sverkn i, i ) o, Ml
S T fomp | Fa b diaenl i RELR S
Bk Fhgane Corgdm Tomnee) [ Amumes)
Bl oo ) Adichple Sinin Tl Fearpm
| Mt flz it ket Sonn Wil | * i Loamr
| &= B o] =

The software and data flow underlying Figure 2 is
deseribed in Figure 3. Data flow begins with data acquisi-
tion from cameras through frame grabber eards, and from
ultrasound sensors through a data multipleser into the
computers serial port. This data is processed by a naviga-
ton subsystemn that detects course houndaries and obsta-
cles. This information is passed on to a Guidance suhsys-
tem that determines the vehicle’s desired speed and sieer
angle. This data is sent 1o a PID controller which medu-
lates the voltage applied to the wheel motors until the
desired and actual motion data macch,

Figure 2: System Archifecture
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The Navigation system sends to the Guidance system two
kinds of informaton: boundary data from video cameras,
and nbstacle data from ultrasonic sensors, Two major
design decisions influenced the Navigation to Guidance
interface. First, it was necessary to combine Vision and
Ultrasound mformaton. Secondly, it was desired that
vision data be as condensed as possible betore passing the
information to Guidance. Therefore, 2 Navigation soft-

ware module was created to handle these tasks (see Figure
3), Navigation aperates by reading vision data from the
twor camera frame grabbers and ultrasound dava from the
serial port to construct a representation of its environ-
ment. The Navigation portion of the vehicle control sys-
temn software processes the images to detect any hound-
aries within the ficld of view. The boundary mformation
is then combined with Ultrasound sensor data that detects
the presence or lack of obstacles.

The initial design called for asynchronous communication
between Navigaton and Guidance, The Navigation maod-
ule would continuously acquire and process new data and
the results would be available at any time o the Guidance
module through a shared memory structure, Ultimately,
an asynchronous system proved inefficient. Vision pro-
cessing consumes 95% of our CPU tme. It made little
sense for Guidance to be continuously looking for new
data when none was available. 1o accommadate this
dependency, a synchronous system was implemented in
which Guidance polls Navigation that in turn polls the
devices, processes their data, and sends the results to
Guidance. The original data flow architecture was other-
wise left unaltered from the design change.

Guidance commands the vehicle with two sealar output
values. The first represents the forward/backward speed
of the standard reference point, a point midway between
the front twe wheels. The second is the bend angle
berween the front and rear vehicle segments. The unique
vehicle design requires that these two values be manslated
into two amplifier control signals, For this, a dedicated
closed-loop amplifier control process, the PID controller
in Figure 3. runs on the main computer, This process
must run at about ten times the frequency of ather soft-
ware subsystems to manage the vehicle’s dynamics,
Guidance communicates the speed and angle directives to
this controller via shared memory.

Guidance subsystem

The responsibility of the Guidance subsysten is to com-
mand the vehicle how and when to move, based on senso-
ry input and perhaps a priori knowledge of the comperi-
ton course, Three fundamental requirements we re
imposed by the Official Rules. First, the vehicle must tra-
verse the course from beginning at <5 mph {criteria Gi1),
bur in not more than ten minutes. Second, the vehicle
must not cross real or interpolated course lines (eriteria
(:2). This meant that Guidance must maintain accurate
data on boundary locations, Finally, the vehicle must not
displace obstacles (critenia G3). This suggests that
Ciuidanee must maintain a safe distance margin from all
obstacles the vehicle encounters.

The Navigation subsystem communicates boundary data
to Guidance s a series of (x,y) vectors, in a reference
frame artached to the vehicle, for every vision cycle, ie,
for each processed frame from the cameras. Boundary™
wenerically refers to the course edge, regardless of




whether it is a painted ling or the edge of a sand pit. Fach
ordered pair, (x,y}, corresponds to a point on the ground
which is at that instant contained f‘.l}' the course hnum_|;1r}-‘,
These data are stored by Guidance in one of two Firse
In/First Out queues (one each for the left and right lines),
which hold about ten seconds of data, although this is
configurable. As these queues naturally contain “histori-
cal” data, the data must be transformed during each
Guidanee eyvele o account for vehicle movement. This
transformation is composed of transkation and rotation,
using bend-angle and vehicle-speed measurements. Both
the left and right data sets are processed by a least-squares
second-degree polynomial fit algorithm, producing two
sets of polynomial coelficients. These coefficients consti-
tute the primary navigational aid for the Guidance subsys-
tem. Using curve fitting in this fashion eliminates depen-
dence on a continuous input stream of boundary data, i.e.
navigation 1s possible even when the course boundary is
temporarily lost to the sensors.

Obstacle data is provided by Navigation as an array of
seven sealar values, representing the distance from the
corresponding ultrasonic sensor to the nearest object in its
field of view. Guidance relies an instantaneous obsacle
data, and does not track individual obstacles over time.,
This information is used to identify a path free of obsta-
cles,

In the absence of obstacles, Guidance uses a closed loop
to center the vehicle berween the vwo boundanes, This is
done by issuing bend-angle commands to steer the vehicle
toward a point (nominally) ten feet ahead of the standard
reference point (defined above), and midway berween the
caleulared boundaries at that distance. This conrdinate is
given by Ydesired = .5 = (L(10 ) + R(10 ).

In the presence of obstacles, two distinet approaches have
been evaluated. The first uses a priori knowledge, essen-
tially pre-programming the vehicle to use the same tech-
nique as with no obstacles, but replacing 0.5 (for center-
ing} in the equation above with some other factor, a,
where () <a < 1. Such values would be stored in tumn for
each seenanio on the course, based on the team’s qualita-
tve visual observations, This method is increasingly sus-
ceptible to synehronization errors as the vehicle progress-
es through the course; depending on aceurate odometry
arded by ultrasonic input for resynchronization,

The second approach is more truly autonomous. In this
case Guidance must recognize obstacle seenarios as they
are encountered and appropriately command the vehicle
to circumnavigate them. When an obstacle effectively
divides the course, Guidance bisects the largest of the two
candidate gaps, i.e. left or right of the obstacle. This larer
approach was selected for its proven simplicity and
beeause the former system’s strong reliance on synchro-
mization was viewed as a weakness.

lwo special cases required careful consideration. For the
“passable barricade,” as defined in Competition Rules, the
simple method of bisecting the largest gap is inadequate,
This situation will at first mislead Guidanee, but when the
more distant obstacles comprising the trap are detected,
this scenario is identfied, and a backup command course
change is inidated. The second special case is the ramp,
The ramp is detected by Navigation, which notifies
Cuidance with a special message tpe. This event triggers
the special ramp maode, during which the vehicle uses
dead reckoning at a slower velocity until the ramp is
behind it that is, ultrasonic sensory input is suspended
during this time because it is considered unreliable.

Vision

The Vision subsystem was designed to satisfy the key
requirement of detecting painted lines (eriteria N2 in
Table 1), To accomplish this we decided to process
images from two high-angle video cameras because it
was a simp le and proven approach.

For implementing an image capture system three options
were considered. These were cameorders with frame
grabbers, “videoconferencing™ serial port cameras, and
“security” cameras with frame grabbers, We finally decid-
ed on solid state security cameras because they are small-
er, lighter, and less complex than cameorders. As long as
power is supplied the security cameras transmit a contini-
ous video sienal whereas a cameorder has its own set of
controls that must be started independently of the com-
puter program, We decided on security cameras over par-
allel port cameras hecause of the low handwidth of the
serial port (2 frames/second) relative to the frame grabber
hoards (30 framesfecond).

The image-processing algorithm consists of two steps. The
first decides which pixels in the captured image will be con-
sidered lines. Then the positions of those pixels are trans-
formed to a ground coordinate system and accumulate d in
bins aligned with a grid. If the number of pivels detected in
a particular bin exceed a given threshold, then that grid cell
is indicated as part of a line, This second operation pre-
vents isolated nosse pixels from being detected as lines,

Two difficult problems were faced while implementing
this system, The first was the determination of which pix-
¢ls should be considered lines, and the second was the cal-
ibration of camera orientaton relative to the vehicle,

Dretection of line pixels is performed by quantitative
manipulation of the image, usually a convolution with
some detection mask followed by a threshold on the
resulting values. For any particular situation it is relatively
easy to develop an algorithm thar will confidenty detect
line prxels. The difficulty arises in developing an algo-
rithm that will provide good detection in a variety of situ-
ations, Some of these situatgons can be compensated for
before cach run, for example using different threshold val-
ues for a sunny day versus a cloudy day. However, some
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Figure 5: Images Captured by Cameras (Top) and
After Line Detection Processing {Bottom)

situations cannot be defined before a race, such as the
direction of the sun relatve to the vehicle that changes as
the vehicle goes around the course.

An example of line detection is shown in Figure 5, The
top two pictures are the actual images sent by the cam-
eras, The bottom images show the areas devecred as lines
highlighted in the image plane, and the rest of the image
is Dlacked our

The second main problem to overcome was one of cali-
hration, or how to correlate a pixel in the image plane
with a point on the ground. This consists of two parts:
doing a mathematical rransformation with assumptions
about the camera’s ficld of view, position, orientation, etc.,
and also verifving those assumptions through measure-
ment. It was found to be too time-consuming to point the
camera arbitrarily and then try to caleulate pixel positions
on the ground. Therefore, it was decided o fix the cam-
era’s field of view on the ground, and then point the cam-
eras so that a predefined field of view is imaged in its
entirery. A program was developed in MATLAB to per-
form calibration calculations and ereate files to transform
pixel positions to a ground coordinate system. A template
was made of string to be used during calibration by plac-
ing on the ground in front of the vehicle, thereby center-
ing each camera’s ficld of view.

Ultrasound

The key requirement for Ultrasound was to provide reli-
able obstacle deteetion (eriteria N2 in Table 1). Addidonal
desion eriteria were chosen by Ultrasound to provide the
most reliable sub-system to the RAT team. One of these
secondary design criteria was that the Ultrasound elec-
tromics would be able to read any informatdon tfrom any
sensor that adheres to the RS232 sertal protocol. This
allows for a variety of sensors to be used with the same
hardware interface to the “Highlah”™ PC,

Another secondary design eriteria was the ability to add or
remove sensors as needed without major changes to the
hardware or software. This proved particularly useful
when the number of sensors was increased during the
desion phase from five to seven, The hardware and soft-

ware allowed tor this change to neeur without any major
difficultes.

The Ultrasound sensor system is very simple, Fach sensor
is selected by the computer’s digital /O card. The output
from the multiplexer is then read in by the serial port of
Highlab. The software then determines if the information
is valid, or within the desired range, and then selects the
next sensor, repeating the process.
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The sensors that have been used are Senix OEM ultra-
sound sensors. Five of these were donated to the team by
Senix and the additional two sensors were purchased ata
discounted rate. The sensors have a range of 5 inches to
23 feet at a resoluton of (L0 17, The observation cone is
15 otal or 7.5 from the center of the cone, shown in
Figure 6.

The Ultrasound design changed over the course of the
last month to hecome more reliable and durable. The old
design used a Motorola HCLT microcontroller to control
the multiplexer. This design required 24 electronic chips
and over 100 eonnections, Such complexity significantly
detracted from its reliability and ease of woubleshooting.
The number of connections also made it considerably less
durable. In contrast, the new design, including the com-
puter-controlled data multiplexer , uses only five chips
and only 31 wire connections, making for a cleaner, more
n[ggﬁ[! llt_:hjgt].

Mobility

Four key requirements were specified for the Mobility
subsystem. The mancuverability of the system was
required to have a urning radius of 10 1t {criteria M1),
allowing the vehiele to navigate a greater range of obsta-
cle situar ions. It was also necessary to have sufficient trae-
tion no matter what terrain was being traversed, particu-
larly in traversing the sand pit {criteria M2). Another key
requirement for both the competition as well as during
resting was to have the vehicle weatherproofed (criteria
M3) giving sufficient time to get the vehicle back into
shelter in the case of rain. The last key criteria for
Mobility was to consider where construction and testing
would take place, since the vehicle needed to fir through
the elevator and exit doors of the building (criteria M4).




The RAT vehicle is an articulated vehicle which uses four
electric motors for both propulsion and steering. PID
controllers control both the velocity and the dircetion of
the vehicle by sending torgue commands to the motors.
As shown in Figure 2, the cross-coupled pairs of motors
are connected 1n series with each other and each pair is
powered by a single amplifier. The response of the vehicle
to commands 1s measured by a potentiometer (bendl
angle) and tachomerer (forward speed) which feeds this
information hack to the PID controllers. This ardeulated
vehicle design was based mainly on a desire to develop a
highly mancuverable vehicle using as simple a design as
]mwhle As seen in past rovers, suc h as CU Boulder's
Robo car from last year’s competition, Ackerman steering
is a popular option, but it does not have the maneuvering
capabilities of an articulated design such as the one used
on the Russian Mars98 rover. One question posed carly
on in the design process was how to control an articulated
design using un]j motors with no center actuator, This
was xmwmr{‘d by building a small LEGO maodel with
cross-coupled motors which successfully proved that such
a design could work.

Figure 7: Control of Articulated Vehicle
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Figure 7 shows how the control arrangement operates. If
foree command F1 is higher than the command F2, these
forces will generate moments around the center points of
each body section as shown. These moments act about the
center pivat point causing the vehicle to bend and thus
turn. Keeping the commands Il and F2 equal will keep
the vehicle from turning, propelling the vehicle if the com-
mand is large enough to overcome rolling friction.

The P1D controllers implemented in the final design
were developed using a computer model implemented in
MATLAB% Simulink. This model aided in serting the

controller gains, and in understanding the dynamics of the

maodel. It was also used as a test bed for adding items such
as low pass filters to the control software to reduce
response to noise. The P controller stands alone as 2
separate own software module, and also accepts com-
mands from other modules to include the naviganon code
and the jovstick code for manual driving.

One major problem found during development of the
PID controller was that the vehicle could be hard to con-
trol even with high derivative gains because of its free
center pivot, This problem later displayed iself as the
vehicle hardware was built and tested and was solved by
adding dampers to the center pivot. The AVM Corp.
dampers chosen to solve this problem were sized based
upon the turn rate desired to allow the vehiele, while trav-
eling at 5 mph, to miss an obstacle detecred from 97 away.
Adding these dampers greatly increased the case of dri-
ving of the vehicle and helped o make the control system
more robust.

Dayton 12833 electric motors were used to propel and
steer the vehicle. The sizing for these motors was based
upon the self-imposed requirement of driving a 2501b
vehicle up a 15% slope at 5 mph. Rolling- friction was also
incorporated into the sizing o fthe motors, but was later
determined to be wo small an estimate. Adding to this
problem was an overweight vehicle relative w initial
weight projections. Ir was determined that the motors
could provide extra torgue to help overcome these prob-
lems, but the amplifiers could not provide this extra
power. Two options could fix this problem; one was to
increase the gear rano and add a bavery, and the other
was to acquire more capable amplifiers. The former
option implied changing all of our drive electronies to
deal with increased voltage from an extra battery and was
therefore discarded in favor of switching out the ampli-
fers. The Dayton motors were Lrltmth]!. selected for not
only their power capabilities, but also for their all weather
casing and industrially proven design, Advanced Motion
Controls SUAS PWA amplifiers replaced the 25A8 ampli-
fiers to power the motors.

Figure 8: Current and Voltage needs
at 5 mph up a 15% slope at 328 Ibs
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Figure 8 shows the relationship between the voltage and
current needs of the vehicle with respect to the torgue
and speed provided by the Davton 14833 gearmotors,
Fach tick on each of the lines represents gear ratios from
3:1 up to 30:1. Each 3:1 gear ratio is marked as well as the
vear ratio of 22:1 implemented on the RAT.



The drive system imposed stringent requirements related
te weight distribution. In order for our steering system to
work, the traction an all four wheels needs to be approxi-
mmately equal. This was accomplished primarily by the fr
ee roll motian in the center pivor, which keeps all four
wheels in contact with the ground. In addition, weight
was evenly distributed throughout the vehicle so that no
one wheel has significantly more traction than another.
Also, the center of gravity in each of the vehicle’ two seg-
ments had 1o be kept over the axle as closely as possible in
order to minimize any excess torque on the center pivot.

Another major concern in the placement of vehicle com-
ponents was their easy accessibility without interfering
with aceess to other system components. A prime example
of this would be the placement of the laptop, which s
used for interface with the vehicles computer, It was
decided thar this should be placed in such a way as o
enable someone to wse 1t without 1;r|tL,rj:¢,1|!n[_{ with the
cameras’ or the ultrasonic sensors’ field of views. Fach of
the vehicle’s systems also had o be easily accessible in
order to facilitate working on them. The placement of the
vehicles systems was also designed to minimize the com-

;}Il_uh of the wiring harness, and to reduce the number of

wires that cross through the center pivot, Most of the
information processing components of the vehicle were
theretore placed in the front segment, while most of the
drive components were placed in the rear of the vehicle.
Sensitive components had to be isolated as well as possible
trom vibrations, Those companents most susceptible to
damage from impacts and vibrations were identified in
order to incorporate dampening into our design.

Ty ensure safery and reliability of all components, they
had to be weatherproot. Theretore, each of the compo-
nents was packaged in such a way a5 to minimize the risk
that it could be damaged by the elements.

During the pracess of selecting the dres and wheels for
the vehicle there were two key issues that were addressed:
the mounting of the sprocket and the wead on the nre.
The tires had to provide excellent traction capabilities
determined by the requirements of the torque control
drive desion. The initial brainstorming designs provided
thL" d.f_h”{.,d -.‘!lf:-t' I.:IJ.‘.-L{[ 01 l}'lL ]Lﬁ_:ll"r{,l]l[_ nt I:L'Ir th[ﬂ ‘nt‘,‘h][_]l:_'.
to maneuver a complete cirele with in a ten foor radius.
The tire chosen is used on heavy-duty snow blowing
machines and large lawn tractors. Nick-named the Snow
Hog, the tread design is for non-highway use and delivers
plenty of torque for equipment that must handle well in
the snow or on undulating terram. A key feature in the
snow Hog tire and wheel were the press fitted 5/8" sealed
bearings. The sealed bearings insured that debris would
not enter the bearings providing excellent reliabilite, A
3/4 solid axle was selected 1o ensure the weight of the
vehicle and its components would nor pr:}r.iur:e any notice-
able deflection, The bearings simplified the axle assembly
and allowed the axle to be welded directly to the frame.
Fach end of the 3/4" axles was machined for a minimum

clearance fir enabling a simple and effective mounting of
the wheels. The mounting of the sprocket to the wheel
required a 1™ aluminum spacer be manufactured in house,
which was mounted to the rim, and the drive sprocket was
mounted to its opposite side (see Figure 9).

Figure §: Sprocket Design
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Three key requirements were wlentified for the vehicle’s
power sub-system. The most prominent was the ability to
]H‘-! :I".'i{l(_‘ L:['IUU!_'"“ r.lf MACT L ﬂil\’jgﬂ{‘ th[_'. C(}I]]PEﬁtiUn COUrse
three tmes (criteria P1). A safety concern was the ability
to stop the vehicle using either the radio-controlled emer-
gency stop (F-stop) or the manual button located directly
on the vehicle (eriteria P2). For flexibility in testng, it was
also decided thar the vehicle should allow for conventional
L20V AC power source {criteria P3), permitting extended
testing without having w recharge the batteries.

The primary function of the power system is to provide
electrical power to all vehicle systems. There must be
enough onboard storage t power the vehicle for the
duration of the contest including practice and westing
tmes, 1o this end the onbeard power is sufficient 1o run
the vehicle for at least | hour, plenty of time to make
three laps around the course.

The dertvation of the exact storage capacity needed for
the vehicle to perform had several stages. First the power
consumption by the RATS four motors was estimated (see
Figure 8) needed to be found. Second, the current draw of
the onhoard electronics, ncluding the main compurer,
sensors and cameras, was measured. Lastly, the weight and
size of available batteries needed to be considered, At this
point, a perplexing problem was encountered: how to pro-
vide enough battery storage without causing the vehicle o
he grossly overweight,

Gel lead acid batteries were the optmal solution. They
olfered good storage capacity while retaining small size
and ‘-\ElEht [urdwrmme their sealed ciu:.wn gave addi-
tional 5-1&1'}.

It became evident that the original design for a 12-volt
system would not meet the needs of the mability systerm.
]*Ut the RAT 1o reach five mph, H |111._=:er LUttdEL WS




needed o overcome the back EMT of the motor. Thus,
tWo Separate power systems were put into place: a 12-volt
system foar }::m-‘t;rinj__'r the COMPULLT, SCRsors and cameras,
and a 36-velt system for the motors. A single battery sup-
plies the 12-volt power, while three 12-volt batteries in
series supply the 36-volt power. Figures 10 and 11 below
show the rear power lavout and front power lavout.

Figure 10; Rear Power Layout
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For convenience purposes, the RAT can be run from
onboard battery DC power or external AC power, A 36V
DC power supply was built to replace the three 12-vaolt
series batteries powering the motors. o take the main
load off the single 12V battery, the power inverter can be
bypassed and the computer supplied with AC line power.

Safety is one of the main design issues, thus the RAT can
be stopped by either a radio emergency stop control or an
emergency stop button located in the rear of the RAT.
These two switches are wired in series, so if one of the
two buttons is engaged, the vehicle will be halted. The
principle behind the E-stop is first to inhibit the motor
amplitiers and second to short the motor windings.
[nhibiting the amplifiers cuts the power to the motors and
shorting the windings uses the back EMF to provide
breaking force. A standard two-channel remote control
was adapted to be used tor the radio E-stop. The pulse
wideh modulated (PWM) signal (used ro control servomeo-
tors) is filtered to provide a DC voltage. This volrage is
then used to contrel a relay via an op-amp and power
ransistor,

Providing a failsafe emergency stop system and proper
shielding of sensitive electronics were the hardest tasks.
Ensuring that the vehicle could be stopped in the event of
computer failure was a must. A separate system of amplifi-

Table 2: Major Resource Distribution

Resources Sunumnary

Group Iaterial Cost Labor Hours
Mobilty | 1,875.00 400
Porwer 3 883.00 300
Yision 3 300,00 350
Litrasound | 200.00 225
Guidance | $ - 400
i=c. 785 100/
[Totals | $ 4,054.00 1,775

er control 1s coupled directly to the E-stop switches. The
radio E-stop only allows the vehicle to run only when it is
receiving g good signal. IT the vehicle goes out of range, it
is shut down automatcally. With two PWM amplifiers
emitting high amounts of RE, in conjunction with analog
sigrnal lines HLE‘VLL[‘.I[I]'F]L tor small amounts of noise, shicl o
ing of all lines was necessary. A design was dev elﬂped that
provided electrical shielding, vet removed amplifier heat
to the vehicle exteriorn.

System Integration

"vhjm milestones included having a functional chassis by
carly in Spring 1998 and an operational vehicle ready for
tcf;HnE:h!, the middle of the same semester. Both mile-
stones were reached by the projected deadlines.
Subsequently, though, computer hardware problems,
including a faulty motherboard, caused significant delay.
Having sufficient buffer time in the project timeline then
became very significant, The agaressive scheduling strate-
g}' ﬂ].‘iﬂ |1E‘t}i'{_‘d U‘;L'!—UI ".'L']'Il;:i] [i'l‘H"iL'[llL'iUb AT i'l'l ponwer i_'l'l'l.ll
control systems, Difficulties in power systems arose in
creating a failsafe F-stop, and in shielding sensitive elec-
tronic components. Despite these and other obstacles all
major milestones were met within two weeks of their
original date.

Table 2 illustrates the allocaton of the major resources -
money and labor — in this project. OF special note is the
large portion of resources that went into power and
mobility. In addidon, much of the computer equipment
Wis ﬂ]]‘{:ﬂf‘l}" E}\'Eli:lﬂt]lﬂ r['ﬂ M i'lr(:i'f”l].‘\' C{]”I['.IL:Tinﬂﬂ [EAITS, 50
this cost was not included, but is conservatively estimated
at 52500, Money to pay for the vehicle material costs was
generously donated by OmmiTech Roboties, located in
Englewnnod, Colorado.

Conclusion

This project was unique for all of us involved in the CU
[EEHERTS N{JHL‘ l:’}:l— L5 |'|31_[ [ ".'l.'t_'l‘]'l{{j(_l i]'l | Pl’l:_'ii{‘(_'t U{: ['J_'I_l&
magnitude in a multidisciplinary (6 engineering depart-
ments) environment betore, This project was started
essentially from seratch and through the time period of
one academic year was designed, implemented and tesied
in preparation for the competition.




