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1. Introduction

California State University Northridge is proudpgesent LinBot for entry into the £6Annual Intelligent
Ground Vehicle Competition. The LinBot team is gised of multi-disciplinary engineering studeniis year’s
main goal was to completely redesign and upgradeNdwvigation and Autonomous software suites whelesing

and slightly upgrading the vehicle platform.
1.1. Team Organization

This years’ team was based on a chain of commanctste. The team leader helps facilitate

communication with the different groups as welkaep the project as a whole in perspective andamkt

Faculty Advisor
Professor C.T. Lin

4
Team Leader
Rolando Douglas

e
- . o ™~ =
Software
z/ e T--"'--._
- / __.--"'_-.-- | o
e ke = ' Bt
Mechanical Electrical Power Cognition GPS/Navigation Vision
Flavio Acosta PacoSarmiento Reolando Douglas Suk Bae Song SamPark
John Pismenny Clement Santiago Steven Wood lohn Pismenny

Figure 1. Team organization chart.

1.2. Design Innovations

As the third year of the team, we have brought mnevations to the design of our vehicle. The fissthe
shared variable engine. Using shared variables abview, we share data from several parallel prasess
simultaneously. Second is the vision system usegclgaanalysis, line probability mapping, and melicontinuity
algorithm in its filtering process to extract acater line data and generate path goals. The thilketa and global
probabilistic obstacle mapping which are constdidtem Laser Range Finder (LRF) and line data. @ulric
spline algorithm uses this mapping to generateth fom both the autonomous and navigation challefgeirth is
the cognition system which uses Kalman filteringseferal sensors to get an incredibly accuratetpbsition and
heading. Last is the Power distribution panel. rig\@nsor has a switch creating a modular elettsigstem that

can be easily fixed.



2. Mechanical Systems

2.1. Mechanical Development

The development of the vehicle went through 4 stadehese stages are illustrated in figure2.
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Figure 2. Mechanical development process.

2.2. Chassis

The chassis for LinBot was designed to have a lavester of
gravity and a strong frame (Figure 3). Size, positind weight of all
components were taken into consideration and wesigd with this in

mind. The frame is constructed of square steelntutthat has been

welded together and polished. Due to miscalculatio the gear sizing,
two sets of gear boxes were sheared right befasteylar's competition. . <~

The new gearboxes were too large for the steelsihiahere fore a quickFigure 3. SolidWorks rendering of chasis.
light weight solution had to be devised. The teasmided to mount the drive train onto a wood boahictv was
fastened under the steel chassis. This unconvemtibrassis of wood and steel has proven to bebteland sturdy,

it was used in last year’s competition and it hasrbused throughout the whole year without anylpros.

2.3. Wheel Configuration

The choice of differential drive set the
base point of the wheel configuration. Fc
higher stability, a three wheel configuration wa
chosen having the drive wheels located in tt
back with one pneumatic castor wheel fc

support in the front of the vehicle.
2.4. Mobility /i B ...
A differential drive robot such as
LinBot has only on kinematical restraint or
Dk Sibvor Motor

robot mobility. That restraint limits lateral

motion of the drive wheels and makes th
problem of vehicle control much simpler. R

[(cumtem T[]
Figure 4. Right angle drive train configuration.



2.5. Drivetrain

Two Quicksilver 34HC-2 motors were selected to pothe drive train. They are connected to Bison
gearboxes having a gear ratio of approximately.2inlorder to reduce the width of the vehicle,wged right angle

gearboxes to achieve a right angle configuratioahasvn in Figure 4. Couplers are used to confecgearboxes
and the wheels.

2.6. Shell

The design requirements took into account the éramd the placement of the internal components. The
shell is fabricated of fiberglass with structurainforcements. The shell is designed to be weptbef, dustproof,
and able to take high amounts of stresses. Oret siiel millimeter thick Nomex honeycomb core wasd as
reinforcement to support the payload. Figure Sashthe mold for the shell split into 7 pieces. 3éa@ieces were

produced for our NC Code which was used for

and placed into the CNC machine. Figure 6

shows an isometric view of our final shell design.
o The resin and fiberglass set to cure. The shell was

then removed from the mold and then cut to

specification. The shell has doors installed into

them for easy access to the electrical components.

Figure 5. Layered view of shell Figure 6. SolidWorks rendering of

mold. final shell design.
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Figure 7 is the design of our
electrical system layout. Green block - . .
represent high power outputs, red and bli ﬁ E : B ' H |
circles are switches, dark orange rectang| ore 15 2 e
are output power, light green rectangles a L..l_l ;I
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the backing for the fuse holders and tr

light blue is AC power supply input. Figure 7. Electrical layout.
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3.2. Power Distribution

Two 12 volt batteries are connected
series to provide 24 volts of power. These baite

are connected to each other and to the main sw

.......



board (Figure 8) using oversized power cablesdor Voltage drop at peak current. These cables alspechosen

to handle our nominal current need of 30 and theimmam current need of 57 amps under extreme motor
conditions. All systems have been setup to ruD@rpower of 24 volts, or 12 volts. The power disition box is
custom made with Anderson connectors, switches, fasds for every sensor. A remote control system i
implemented using standard remote control caréplparts. All sensors are set to run on DC ssurdde laser
range finder, camera, PXI, and motors are 24 vafid; the digital compass, remote control, routed, @PS use 12

volts.

3.3. Batteries

LinBot is powered by 24 volts system using twéRS12 volt batteries
(Figure 9) connected in series. These batteredigiter than the previous Optim:

batteries. Each battery provides 28 amp hoursgius approximately one hour o

>V
power. ﬂ:‘:“'“’!'!
4, Sensors Figure 9. SVR 12V battery.

4.1. System I ntegration

The Robotic Systems Mission Computer (RSMC) isrta mission computer to replace the old PXI aboard
the LinBot. It is fully designed from the ground opeeting all specifications to handle the compatsti tasks and
communication requirements with the LinBot sensdks. advantage of the RSMC over the PXI is that éheaper
and faster to replace parts because their widebilable off the shelf unlike the PXI which is congeadl of
proprietary parts. In addition, RSMC runs an Infrlad Core 2.4GHz processor with 4GB of 800MHz DDR2
memory which computes many more tasks at a fatdek speed compared to the PXI which is runningnale
Pentium processor with 1GB of DDR memory. To haradi¢he sensors onboard the LinBot the RSMC idpapd
with a special serial card which contains 8 cushailie ports at customizable speeds. Each port easehtoRS-
232, RS-422, and/or RS-485 with any baud
rate ranging from 50bps up to 1.8432Mby Wireless N Router
depending on the serial communication us
in addition to its 6 USB ports, a FireWire :
port, and an Ethernet port for all the oth : EWirelessN

sensors. RSMC incorporates a DC pow

supply which eliminates the need for an A
to DC converter onboard the LinBot. Th

end result is a robotics systems missi

SICK

E RS-422 |

computer enclosed in a mini tower case tr

conserves space, weight, and handles Nuggets (2)

RS-232

required computations with minimal effort

Figure 10 represents the current syste
Figure 10. Assembled power distribution switch ldoar
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integration of the LinBot sensors communicatingwiie RSMC.

4.2. Digital Camera

LinBot's vision system consists of a digital camera credtgdhe Unibrain .
company as seen in Figure 11. The UniBrain haslugsn capabilities of up to
640X480, selectable frame rates of up to 30fpsHEB94 and USB data interface alor
with a 2.5mm Focal lens. The vision system willed¢tand process the necessary date

the lines which the robot is specified to stay with The UniBrain is then used ir

conjunction with a linear polarized lens along watheutral color filter.

4.3. GPS
The GPS system used in LinBot is the Novatel Pro-PBplus

Figure 11. UniBrain camera.

system seen in Figure 12. It is shock, water,dusd resistant. It can providg
position accuracy of 1.5 meters CEP (Circular Errwobable) without a
correction signal. The system uses Omnistar HRemdifftial corrections to
achieve an accuracy of .10 meters CEP. CDGPS akédSAtorrections can
also be acquired to improve positioning. The systetmmunicates with the
RSMC through an RS-232 port. It can be powered byo++15 VDC and it
consumes 3.7W of power (typical). The system ballused in the navigatio

. . S . Figure 12. GPS receiver.
challenge to localize the vehicle and guide it tasahe waypoints.

4.4. Laser Rangefinder

LinBot's main source of obstacle detection is a KSICMS291-SO4 laser
rangefinder seen in Figure 13. This device is bbgpaf scanning a range of 180° in 0.2!
increments, measuring distances up to 80m away sétiings used for LinBot make th
device scan a range of 180° in 1° increments, miegsdistances up to 8m away an
returning values in mm. Anything further than 8ntl wot be considered by the obstacl
avoidance algorithm, and 1° increments are sufftcé this distance. An RS-422 serit

Figure 13. Lser Range
interface was used in order to obtain a data teamafe of 500kbaud. Finder.

4.5. Digital Compass

The compass that we're going to be using for theBbt is 2X
Revolution by True North is depicted in Figur
14. This device has an accuracy of 0.3 degre

and can be updated frequency of 12Hz. y

communicates  using an RS-232  serigjgure 14. True North 2X Revolution
Digital Compass.
communication interface for data transmission.

Fiaure 15. Silver Nugget
Motor Controller.



4.6. Motor Controller

The Silver Nugget N3 M-Grade controller/driver l#a%0-bit ADC for single input from a signal rangfe0 to
+5 VDC. The controllers have a RS-232 serial irteefand baud rate of 57.6k with a variety of presetmands
for controlling and interfacing. The controller comnicates with the encoder by pulse width modutetiba TTL

logic level of +5VDC. The encoder provides 16000mts/rev with maximum rotational speed of 4000RPM.

5. System Software

5.1. System Communication [

) Acquire Sensor ) Populate | ExtractLocal
The software used to program LinBc Data Global Map ' Map
was entirely written in LabView 8.2. This GU
licati friendl h L. Expand | Determine | Cubic-spline |
application was very user friendly whe = o path to Goal - path
interfacing all our sensors together. By usir
the embedded functions that LabViev | .| Determine | Command || Determine
Speed Motors New Position

provided, sending and receiving comman

from our outside sources became quite simple
5.2.Vision

The goal of vision is to provide cognition with &ons 4

Figure 16. Software system.

of white lines and a general heading for the rotmtmove FEItEY

towards. This is accomplished by a continuous secgr

Acquiring vision data from a camera, filtering tocant white _'I -
lines, analyzing the image to remove noise andaektwhite lines, ... ..
and examining line data to determine goal heading. G f

The vision code has been written for portabilityitscan

be moved to any platform and used as a viable vismiution. - L

This program, called the “Vision Shell”, allows thame piece of "« S - | R
Figure 17. Camera calibration. Image fades f

code to be tested through several mediums (vidgiismages, or camera photo to digitally edited image
live camera input) with minimal additional prograimgn calibration.
Because cognition needs a birds-eye view of théaolescourse, the camera image must be corrected fo
both perspective and lens distortion. A grid oémly spaced markers is laid in front of the camesaseen in
Figure 17, to shows the extent of the perspectie lans distortion. Corrective parameters frons thiage are
extracted and saved as a specific camera profide pplied back in the vision process.
Vision data is filtered by way of channel mixinghere the green and blue channels are extractedtirem
camera input and the inverse of the green chamt¢tacted from the blue channel. The resultingyggale image
is then passed on to particle analysis, which gsoagjacent white pixels as particles and geners¢egral
properties of each particle such as center of nimssding rectangle, and area. Given that linegganerally long

and not compact in form, the set of particles estd from the analysis is further filtered by estiteg only particles
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whose properties match the characteristics of @. lilRemaining particles are further filtered byssifying all
particles into sets describing lines with the cidehat particles in a set should be within maximdistances and

orientations thresholds. The longest sets areiderel to be the real lines. The output partielescorrected for

Figure 18. Vision filtering process. From left to right, oitigl image, filtering, particle analysis, and licentinuity. In fourtl
image, line continuity rejects the short lines iegtks the strong left line with an offset. Greers calculated goal.

perspective and lens distortion using informatibtamed from a calibration image of the camerathedesults are
passed on to vision mapping. The process is showigure 18.

Once filtering is complete, the result is passedhto vision map, which takes additional inputs frim
compass, GPS, and motor dead-reckoning to oriethtpasition local vision data onto a global probiabd map.
Instances of both the obstacles and the local sgea by vision are kept and used to calculate tbleability an
observed obstacle both exists and is not noisech Bair of cells in the obstacle and area map @aartique and
thus a dynamic probability threshold is achievedrewith a more or less static probability filterittgeshold. This
final output is passed to cognition as a vision ral@ng with the computed goal from line continuity.

The advantage of the particle analysis over theipus year's Hough-Line transform analysis is aacyr
and speed. The Hough-Line is a best-fit formuld aan easily fail and wildly oscillate from smathaunts of
noise. Due to the nature of the algorithm, a singhite pixel implied a large set of possible likat had to be
calculated. This caused a significant slow-dowat ttine particle analysis easily trumps. The tiragesl from
particle analysis allowed this year’s vision altjom to incorporate more complex filtering to acl@egyreater and

more accurate vision results.

o2

Left windohwosiing obstacles seen; middle, the area seen;ight the

Figure 19. Probability mapping test run output.
output.

5.3. Obstacle Avoidance, Mapping, and Path Planning

LinBot uses a laser range finder to build a Caatestyle occupancy grid map
around itself. The laser range finder outputs a 484y of distance points at 20Hz. The points amverted into
XY points and used to populate the grid map. Tleestwo different style maps that LinBot uses. galomap and a

global occupancy map, Figure 20.



The Global map is fixed at a coarse sca

to fit the entire map in an N x M array. This array . .%“‘:’ Glabal Map
is large enough to fit the entire map but coard /\ _
. -\_ “‘-.\\- . F/’
enough to not waste system memory. Once ti ] ~ AN /
. i_.

immediate area around the robot is mapped af *
saved in the global map, a 16 x 16 m? area 7
My

Local Map

/ s .
" LIRS
extracted and used in a local reference. This mag g/ R\“‘:w\f_ i

what is used to perform our immediate moves. TH

obstacle and white line points are expanded byF:;gure 20. Two maps used for localization.

offset equal to the radius of the robot. This is&lo

because the robot sees itself on the map as a siomess point. This new array is then fed baclkh® path-
planning program. Filled cells are obstacles arfillea cells are clear. This map is used to detamrincremental
steps towards the desired occupancy grid goals Wé use of parallel processing, we can desigmateprocess to
solely building the global map and another prod¢essxtracting the local map and using a path plag@ilgorithm
called Grass Fire. Occupancy grid goal cells angallys located on the edge of the map, pointinghe hext
waypoint relative to LinBot or the goal point fouhg the vision system during the autonomous chg#emnvith
LinBot being at the center. The grass fire algonitfiils in empty cells with numbers representing thistance to the
goal until all of the cells around LinBot are filleThen a path finding algorithm outputs a celtédl path based on

the information provided in the grass fire algamths shown in Figure 21.

11 10 6 7 11 10 7
obstacle cell

> & 6 e 6

12 | cell with
~ | distance value 1 2 4 5 1 2 5

G G G

Figure 21. Grass Fire Process.

The output cell array is then converted to discreteand y

coordinates. These discrete coordinates repredmst iicremental step
towards the desired occupancy grid goals. Sinceethee parallel processer
computing the path and extracting data, LinBot wihtinuously create ne
paths. With the new found path to the goal, arfitteeds to be implemented t
smooth the trajectory. To do so, a cubic-splinecadgm, Figure 22, is
implemented.

5.4. Autonomous

Figure22. Cubic spline of a Grass F
path.

The Autonomous Challenge and Navigation Challenggh lise the
same core cognition algorithm with a few modificas. To accomplish this,

LinBot must first gather all information from eashnsor. This is done with parallel processing whiohlures that
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the data is received from each sensor at their maxi rate. The key sensors used in the Autonomdadiéhge
are the LRF and the digital camera. Both of thede sf data are fused into one local map and platedlarger,
coarser global map. This map contains the entimpatition course. Our local referenced goal is geee by the
vision algorithm’s analysis of the line data.

LinBot computes its immediate position using odaméiut will deviate substantially over long distasc
due to losses of contact of the wheel and the gtotlio correct this, we Kalman filter the odometiysjtion with
the GPS / IMU position. This corrects the inaccyratthe long distance while maintaining the accyrat short
ones. LinBot also computes its’ heading using dn®es odometry but once again, over long distantefistorts.

The same filter is applied with the digital compassl IMU for this correction.

5.5. Navigation

Motion Control for the Navigation challenge was eddsimilar to the Autonomous Challenge in effoats t
make the algorithm compatible with both challengdsstead of using the goal from vision, GPS wilhrin a
parallel process to compute the global goal inresfee with the lat / long position represented mrt€sian
coordinates. The Cartesian coordinates are comvéxien latitude and longitude which are fed intotimo control
to plan its’ path to the next navigation point wvehdvoiding obstacles. Due to an average standasidtib® of 7
meters using just the GPS solution, minimizationeofor is required to perform well during the natign
challenge. Therefore, OmniSTAR HP is used to deserélae solution error down to an average standavition of
0.7 meters using just the GPS coordinates. Wernprowve this even better while the IMU. This in agmjtion with
the GPS gives us an average standard deviatior3 shéters.

Azimuth is supplied from the GPS receiver and camgao the digital compass data to give a moreigeec
heading. This helps reduce the error in the digianpass caused by magnetic interference. Sircgltbal goal is
outside of the local map, a new goal is generatigldl the same heading as the global goal until tbéaj goal is

inside of the local map. At that point, the samacpdure occurs as mentioned before.
5.6. JAUS

Joint Architecture for Unmanned Systems was a ngstem that we incorporated on the LinBot. A great
learning curve was required to understand the naht&tumerous documentations provided from www yegierg
were read through to aid in the development ofrtbev JAUS software along with learning about UDPkeac
transmissions through a network. In addition, tB/C JAUS rules were also of great help by makinghso
parameters constant. Although the most difficultgess was learning about the correct values idAlS packet.

JAUS was developed using LabVIEW, being built uppasic UDP transmission. An OCU in addition to
the LinBot subsystem node was developed to sendemilve JAUS messages across the same netwoskwdhid
verify, the messages being sent and received. Hnangeters are set by the user in the OCU which @&Ua
application to reduce time creating different JAd®essages. The OCU takes the user defined paranseidrs
creates a JAUS UDP packet in ASCII hexadecimalesgnmtation, the packets are then sent by the O@Gissathe
same network to the destination IP address spddifiethe subsystem LinBot on port 3794. The sutesyd.inBot
receives the JAUS message and parses it. Variowsngters in the header section are compared toahes

specified on the IGVC JAUS rules for validity. He message complies with the parameters set fgrtheolGVC
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JAUS rules and the JAUS architecture documentationgww.jauswg.org. The message data portion Wwihtbe
compared to the ASCII equivalent of “JAUS01.0” &rify the message data. If all requirements areanedf yet, it
will check the command code to determine what typeommand the OCU desires. The subsystem LinBdeno
then composes a JAUS packet and sends it back

to the OCU specifying if the JAUS packet

received from the OCU was a valid JAU: Subsystem LinBot
Creale Send Receive )| Parse Check
. JAUS JAUS JAUS JAUS Validi f
message or not. Level 1 JAUS compliance Wl cice Packet B2 B2 s

completed because the current software does Recehe
Packet

take action from the command code.

representation of our JAUS architecture User

represented in Figure 23. Level 2 and Level 1 Kool J

Gul

Display Results in I

will be implemented in the following year t(Figure 23. Our implementation of the JAUS protocol
come.

Many challenges were faced during the developmétiteo JAUS software. One such challenge involvesd th
nature of UDP packets not requiring a handshaki&eiliCP packets. As a result UDP packets are tratesimmuch
faster but at a cost of being dropped. This becamissue in our implementation of our JAUS softwéreveloping
the OCU to send a UDP packet across the netwonkqutd wait for a reply from the LinBot subsystede. When
a UDP packet was dropped, the OCU would freeze emtinfinite loop waiting for the message to beereed. To
account for this problem, a new check system wadeimented in the development of our JAUS architechy
waiting 25ms for a response back from the LinBdisystem node. If the message was not receivedidyirtie, it
would stop waiting and send another request. Thiggss would be continued for a total of three ioowius
requests. If the OCU did not receive a message fhensubsystem LinBot after three continuous retgudisen the
OCU would stop. If a message is received in betwtbenadditional requests, then the process is teseéero.
Through many trials, this method has proven sudégkgdth a maximum drop of two continuous packetsother
problem arose from choosing a type of JAUS architecthat would work efficiently. Many trial archittures were
proposed and implemented but our current architegitoved to be the best since it has not failéd e process
was a challenge because of the creation of our @S architecture but as a result it gave us a nhetter
understanding of JAUS.

6. Predicted Vehicle Performance

Reaction Time
6.1. Speed
Sp Process Time (Ms)
The motors are capable of outputting a combineak ggower of
) ~ |Sensor Input 110
0.76HP at 24 volts and run at an optimal speedboua1200 RPM. This
translates to an optimal vehicle speed of 3.4 myhich gives the greates Grass Fire 440
motor efficiency. The robot has the ability to thvfaster, but it is|Map Building 140

programmed to travel at a maximum speed of 5 mph.
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6.2. Ramp Clearing

LinBot has the ability to climb an incline of up 80 degrees. The motors are capable of drivingéhdécle

up a 30 degree incline at 1.3 mph.
6.3. Reaction time

With parallel processing and shared variables, N&xMiow computes each process separately without the
need to wait for any other process to finish. Tisws it to process each sensor input and exenatépulation VIs

at its maximum potential.

6.4. Battery Life

The robot requires and average of 28 amps of mootis power. Two SVR batteries are used providbg

amp hours allowing the use of approximately oner lndwperating time.
6.5. Obstacle Avoidance

The laser range finder, which outputs polar camatdis, is used as our main obstacle sensor. Thes poe
observed and have various math functions appli¢dealata. The results of the functions are thpilied to a case

statement. This case statement will determind#avior of the robot.
6.6. Accuracy of arrival at navigation waypoints

The accuracy of the robot’s arrival to navigatioaypoints is limited by the standard deviation o tBPS,

which ranges from 7m with the free service and Owith OmniSTAR.

7. Safety Configuration

When creating any autonomous vehicle it is verpartant to take safety into account. A careful safe
analysis is essential to ensure that no one wilh&ened while operating, observing, or working ba vehicle.
Safety considerations have been of the utmost itapoe when designing LinBot. LinBot includes twanfs of
emergency stopping, wireless and manual. For thelegs e-stop, a Radio Shack 61-2667A, used toessly
interrupt power to the motors. Whenever the “ONttbn is pressed on the remote control of the R&ttiack unit,
AC power to the motors is interrupted. The mectarsavitch, Mouser 653-A22E-MP-01, is connectedhte DC
power to the motors as well. Another consideratbrsafety for LinBot was that no one would be iedirwhile
working on the vehicle. All connections that poseegectrical shock hazard have been covered incooauctive

material. In addition to this all sharp edges waeburred during assembly.

8. Cost

Throughout the design and development of LinBarehwas an effort made to reduce cost without
sacrificing sensor accuracy or vehicle performafdas was accomplished with the help of industrprsmrs.
Many of the component costs were eliminated or cedwdue to the generous donations received bypmmssrs. A

full analysis of component and material costs oasden in the following Table 2:
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Cost to
Item Quantity | List Cost Team
NI PXI-1000B Chassis 1 3,173.50 2,856.15
NI PXI-8187 Controller 1 5,640.26 5,076.23
NI PXI-8252 IEEE1394 Interface Board 1 544.5 480.0
NI PXI-8430/4 RS232 Serial Interface 2 709.5 638.5
NI PXI-8430/4 RS485 Serial Interface 2 764.5 688.0
SCB-68 1/0 Connector Block and Cable 1 385 346.5
Quicksilver Motors and Controllers 2 4,040.00 B4
Gear Boxes 2 1009 759
Novatel DGPS Unit 1 5,942.93 2,922.75
SICK Laser Rangefinder 1 7,675.00 4,891.00
Honeywell Digital Compass 1 540.17 540.17
UNIBrain Digital Camera 1 120.00 120.00
Mechanical Drivewheels and Chassis N/A 782.27 .IB2
AVR 12V Batteries 2 279.18 279.18
Electrical Components N/A 253 253
LMS Driver 1 720 0
Total 22,386.84

Table 2. Cost of LinBot.

9. Conclusion

LinBot is an autonomous ground vehicle designedl, band tested by the students of the CSUN IGV
Team. We believe that with our simple yet refineegchmanical design, dependable electronic layout, and
sophisticated sensors and algorithms, LinBot wél \ery successful in this year's Intelligent Grouvidhicle
Competition. Our use of positional Kalman filterjngrobabilistic obstacle mapping, vision line contty
algorithm, and shared variable engine will set lahBpart and establish new standards in the fieglitonomous

robotics.
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