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1. Executive Summary

The purpose of this project is to desig realtime-positionguided autonomous vehider use in the
underground mining environmentiming to improvehealth and safety. Existing positioning
technologies such aadio-frequency identification (RFIDyeceived signal strengthdication(RSS),
inertial seisors and timeof-arrival (TOA)either provide a lowevel of accuracy, necessitate excessive
computational power, or require significant infrastructural support respectively. On the other hand, the
improved timedifferenceof-arrival (TDOA) method develea over the PI's 15 years of indoor
positioningresearch which poses significant improvements over traditional TDOA schepmesides
decimetetlevel accuracymuchlower deploymentomplexity tharexistingTOA and TDOAsystems

and can be implemented without lasgmale infrastructural changes. The technology developed over
the course of this project is incorporated into a resigle robotic vehicle and enables autonomous
navigation. Implementation of this system grea#igluces the frequency in which human interaction
is required in hazardous mining environmeatsl has the potential to automate tasks normally
performed by workers operating in areas with high levels of coal dust, noise, or chemical. hazards

One of the porities for thisproof-of-concept{POC)has been to design components with a focus on
modularity and expandability.

First, the ancha have been designed to remove the requirementirf@ synchronizatioramong
separat@nchorsin existing timebasedechnologiestime synchronizatioamong the anchois best
achievel by connectingall anchors to a common clock sourf example, via optical fiber cables
The time-synchronizatioffree featureof this POCgreatly increasethe system scalablity, since it
allows anchors to b#texibly addedremoved to increasethe positioning accuracgt any particular
area or to expanithe coverage area of the network

Second, e anchas couldcommunicate with the centralized server wirelessly, removing the need for
runningcables throughout the mine. The RF tags have also been designed to be modular. They can be
installed on a wide variety of vehicle platforms. A centralized server is useddesp the raw data

from theanchors compute the vehicle's position and calculate a trajectory. In this manner, there is no
need for the vehicle to be equipped with an expersiye-powered data processdrhe trajectory
algorithm uses the vehicle's pii@n, orientation and destination to calculate a sequence of coordinates
between the vehicle and the destination. Directional commands are then sent to the vehicle as it
traverses the trajectory.

An evaluation of the positioning system can be conductetivbytests:one istracking the mean
deviation between the RF tag's true position and the tag's estimated positisacamd idracking

the mean deviation between the tag's known trajectory and the tag's estimated trajectory. The mean
deviation from astationaryreference point has been found to be betweei @r@ters from the true
position and thus is successfully estimating its location. The mean deviation from a known trajectory
has been found to beithin 1 meterwhen the vehicle is moving under 1 texeper second. Both the
stationaryandmoving tests have successfully reported the vehicle's locatlmwithin theexpected

values The trajectory algorithm is under continuing development. Presently, the vehicle is able to
move autonomously over short distances successfully without user input.

The technology readiness of tpioof-of-concept is ofirack towards developing a workjiprototype.
Several improvements can be completed before prototype implementation. The TDOA algorithm can
be further improved by moving several key functions from Matlab+#®6 @ Pythono increase the
number of position estimates per second thus radutie error between reported position and true



position. The anchor antenna radiation patteran be optimized specificallyfor the unique
underground mine environmentn Inertial Measurement Unit (IMU) has been a supplementary
focus of the proebf-concept and can be added to a working prototypeprovepositioning accuracy

in mining conditions where strong signal strength is difficult to achieve, or a higher level of accuracy
is required. A blending algorithm can be added to the server to combi@& BRd IMU position
reports. The trajectory algorithm development can be completed and improved to provide obstacle
avoidance and "best route" determination. The Graphical User Interface (GUI) can be improved by
adding features such as a live video stréaom the vehicle and actual trajectory versus calculated
trajectory visualization. Finally, the vehicle platfoby reducing the wheel deflection during turns,
increasing the payload capacity and increasing traction.

2. Concept Formulation and Mission Stateme nt

Underground machinery such as LaéddutDump (LHD) vehiclsareprevalent in the mining industry.
These vehicles improve safety, productivity and help automate repetitive and tedious underground
mining tasks. While the demand for autonomous vehicles in underground mines is well documented,
accurate and redime positoning is still lacking. Providing continuous accurate position is one of

the most important pieces of the autonomous vehicle puzzle. Most-glmyed autonomous vehicles
require the global navigation satellite system (GNSS) such as GPS or GLONASSridhabposition.
Positioning in underground mine environments is a challenging problem from a technical standpoint
[1-4]. Underground mines have numerous obstacles and reflectors that prevent clean propagation of
electromagnetic wavdgs]. It is impossilte, for instance, to receive satellite signals underground. As a
result,evenmore involved technologies such as high sensitivity GN@$®dnnot be used in such
environments.

2.1.Concept Formulation

Indoor and belowground environmestrequire distinctive sstof technologies for positioning
Common approachesadlude using radio frequensygnal, received signal strength indicator, inertial
sensors, sound or light, and image or video. While no technology dominates in the underground mine
application, each dhe them has their own advantages and disadvart@ges

RFID is a common tracking technique using RF signal proximity for underground tracking applications
[8]. The position of the target count on reading encoded identifier from each installed tag [9]. Thus,
the RFID system is mainly used for presence detec#trer than reaime positioning. The RSSI
method builds on either RF beacons or magnetic anonati@ésequiresa tedious and expensive
“fingerprinti ngadatabdseqgl RSSpdsiiion dr magnedsao-pesition pairs [10

11]. Any changeof the mine structure, even the changed presence of pempliel requirere-
calibration @ the fingerprinting database. This disadvantage mtieeRSSI method expensive and
impractical for underground mines. Inertial sensors include accelerometercapegpsand digital
compass, can be used as an indoor positioning solution to determine the target position and movement.
This method suffers from compounded erfs a standalone systerhgterror accumulates over time

and distanceand worsers the accuracy thusis unreliable forunderground mines. However, it is
possible to combine the sensor measurement with other positioning smefhedime-based RF
positioning system utilizes the fact that the speed of radio waves is finite and known to accurately
postion objects. A timebased method is implemented i2[1o achieve sulmeter accuracies in
underground mines. Unlike RSfsed methods, the accuracy depends on the bandwidth of the
transmitted radio signals. Transmittevith higher bandwidth signal cdme positioned with greater



accuracy [B]. Time-based methods are the most accurate yet practical method for positioning objects
in most environments.

Most timebased positioning systerase one of the two following methodOA andTDOA. TOA is

the techigue based on measuring tivee the targesends the signal and ttime the signal arrives at

the anchomlaced at a givemeference point. Then, the distance from the reference point can be
calculated by multiplying the time differenagth the speed dight. Due to this timing coordination
requirementTOA system requires anchors to be in constant communication with all target units being
localized. This causes significant slowdown wioperating witha large number of tag$4]. On the

other hand, TD@ relies on the difference between the times a transmitted signal reaches two separate
anchors. Direct targdb-anchor distance is not needed in a TDOA system. Instead, the relative
received signal time delay is used to make a position estimate by pgpadichoto-anchor
synchronization. This effectively forms a hyperbolstthped locus of possible positions around the
two anchors. By evaluating many receiver pairs, multiple hyperboloids can be formed, all of which
wi || i nt er s e ctn BDOA systaans hasermgod sirpter tagoamnd ateicapable of higher
update rates compaa to TOA systers that are difficult to deploy due to the synchronization
requirement. TDOA systems show the most promise for autonomous vehicles and invaokomng

in underground mineld.5].

2.2.Mission Statement

The goal of this project is to complete a probiconcept of the TDOAased RF system that provides

reattime position estimation of the robotic vehicle. The vehicle is either manually or autonomously
controlled ly the backend server to maneuver to the destination. The core algorighros the server

provides the results from converging TDOA position estimat@maplarst he vehi cl e’ s mov
Specifically, the user can specify any destination on the map. The vehicle will be guided by the position
system to travel alontpe path or stop at the poistlected byhe user.

3. Proof-of-concept Technology Components

3.1.System Design andArchitecture

The systentdevelopedn this projecimplementsan improved TDOA methothatwill achieve
decimetetlevel positioning accuracy ianunderground minas illustrated in Figure. IThe system
consists of four major parts: (a) a centralized localization server hosting the core algorithms, (b) a
robotic vehicle controlled by the backend server, (c) two aschach with four receive antennas

and (d) multiple tags thatre attached to the veléandtransmit positioning signaldlote thatone

tag is sifficient to position a vehicldut multiple tags orthe same vehicle will improwle accuracy
oftheve hi cl e’ s p oAdso, multipletagegpkdedatrdiffaremtgparts of the vehicle can be
usedtoestmattehe vehicle’s moving direction.

Throughout the past 15 years, the Pl has successfully delivered nunmel@rspositioning systems
[16-38] to a variety of different sponsors, including centimemurate location for aircraft
manufacturing automation, radio positioning measurement for construction, worker positioning in
construction sites, and elderly activity tracking for healthy agihg.architecture and algorithm
required to successfully degl@a similar positioning system for underground mine applications is
very mature.
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The core of this architecture iF®OA estimator that contains significant improvements. In traditional
TDOA schemes, a minimum of three anchors (per area) is required falinveasional positioning.
All the anchors distributed in space must be i8yechronized to a precision of picoseds to achieve
sub-meter positioning accuracieSynchronizingthe anchors creates a significant infrastructural
challenge for underground mines

A unique feature of theroposed technology is thi@ihe synchonization of the ancherdistributed in
the mine is not required, making the network easy to deploy and to ma#isallustrated in Figure
1(a), each anchor has four antenfi&® signas of each tag are received ayleast twamearby anchors
Three local TDOAvaluesper anchorcan beestimatedby usingthe four antennaslhetag slata
receivedby at leastwo anchorsare transmitted to the servir joint processing byn improved
TDOA algorithm Since oty local TDOAs from each anchare requiredall the ancha operate
independent of one another, a feature that is extremely appedtinggard tahe following
a) System deployment and maintenanttee improved TDOA system iguch simpler than
existing TDOA systems because thgatially-distributedanctors do not need to be&vire-
connectede.g., via optical fiber cable®) a commorclock sourcdor time-synchronization
b) Required number of anchors:n@nimum of 2 anchors are needed fedihensional (D)
positioning whereas the traditional TDOA systems irega minimum of 4 anchors for[3
positioning;
c) Flexibility to increasdheaccuracy i h egots if a higher accuracat certain areasf the
mineis requiredit canbe achieved by simply placing maachorsn thetarget area
d) Flexibility to expandcoveragearea expanding the coverage area can be achieved by simply
deploying more anchors tbeuncovered areas without affectitige already deployeshchors

For commonindoor environmentgabove ground meteraccurate positioning typically requires the
anchors positionsbe precise tavithin a meter or s a single coordinate systefor applications in
underground mineshowever,the positions of the anchoosly need to be accurate relative to the
structure of the mine (e.ghesidesof the mine tunne)sAlso, even for cases when onlyfC2location

is needed, the vertical positioning of the anchors relative to the vehicle does nothaffemtmal
operation of the systerthat is, the anchor amteas can be mounted at the ceiling or sides of the mine
tunnel However, he anchors nedd be strategically placed the mineto ensurehatthe signals from

a tag ona vehicle traveling alongny pathbe received by athst two anchors simultaneousdliya

t a gignalis received by more than two anchdignthe accuracy will increas&@he asymptotic
accuracy would best be obtained via experimiertise futurefor some specificnine geometriesNote



that with the technology developed in this B@@chors can be added to any location flex{phpre
or less at willto improve accuracy locally

In line-of-sight (LOS) conditions, the distance between the anchitinsthe current POC system is
estimated to be abod®m. A longerinter-anchoristance is possiblgy increasinghe tag transmissn
power. However, deployment in actual misewill require optimizationsthat jointly considertag
transmission power, the propagation condition in the ntiveegeometric structure of the mine, and
therequiredvehicle positioraccuracy

The red dots in Figure 1(apply multiple vehicle/tag positionghe network is able to simultaneously

position multiple vehicles/tags in the mind o enable autonomous vehicles, multiple tags will be
attached to each vehicle, all owing the apdosi ti ol
position,in addiion to its instantaneous traugy speed.

Figure 1(b) shows all the major componentduding the RF anchors, RF ta&grver anda network
hub.The saver couldbe located in an office inside the miiata from theanchorsare transferredo
the servewia the nework hub. Data transmissiobetween thanchors and serveould be Ethernet or
wirelessly(e.g, WiFi). If anEthernet connectiois adoptedthenthe anchorganalso be powered by
Ethernet If laying Ethernetables in the mine is difficuind wireless connection must bged then
the anchors nedd be powered via other optiadshustheEthernetonnectionshownin redin Figure
1(b) could bereplacedby wireless connection$t is possible taisethe WiFi node of each anchor to
relay data traffidrom other anchors to the serv&p positionfastmoving vehicleshowever,using
oneanchorto relay the dataf otheranchosto the servemaynot suitablebecause relay wilhcrease
the positioning delay

The netvork hub uses a wireless routkat handles the data exchange and control comivetmgeen
the RF anchors, vehicle, and server. Each network fMd&é nodes andEthernet pod are all called
network nods in this repor} is able to communicate to the ethnodes through Ethernet or MVi
simultaneously.A WiFi network must be deployed throughbt the mine or deployed where
autonomous vehicle navigation is neededthis application, the high dema for computational
power requires a higherformance server computer to handle the {gack processing. It includes
reattime TDOA signal processing in parallel with seraated location estimation, vehicle control
feedback, and GUI display

3.2.Positioning Hardware

TheRF positioning hardware contains twetementsl) atransmitter, known as the tag, anda2julti-
channel receiverlso called the anchor

The design of the tag, as shownFigure 2(a) is a carrier cardat thebottomwith an ADRV9364
Z7020attachedn top Together, tay function as a software defined radio (SDR) that combines the
Analog Devices AD9364 integrated RF transceiver with the Xilind020 all programmable systems

on chip (SoC). It offers a single RF receive patth aRF transmit path in the 70 MHz to 6 GHz range,
allowing the development of the system in a very wide range of RF bands. The ADRXBXB3
combines the RF signal path and hgpeed programmable logic in one compact package and operates
without additimal modules.
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Figure 2: (a) The tag, ADRV93647020 attached on the supply bodfu). Theanalog frontendof the ancharAD-FMCOMMSS5.

Theanchor hardwaralsocomes with two PCB board: an analog frorénd (Figure2(b)) and a digital
backend. Theanalog frordend is AD-FMCOMMSS5EBZ from Analog Devices. It equips dual
AD9361 devices, each having two TX and Bxannelsvhich support up to four receiving channels.
On each of the receivingoprts a dual band directional antenna is installed to rettieeg¢ransmitted
signalfrom the tag. Tie anchor hardware also operates from 70 MHz to 6 GHz, giving the most flexible
selection of RF operatiobards. The digital baclend isa Xilinx Zyng-7000 ZC702 evaluation Kit,
similar to the one on the tag. The Z@7amples the signal from the analog frent and sends it to

the servereither via Ethernet or wirelessly

Besides the TDOA positioning systeam IMU is investigatedo improve the accuragnddetect the
vehiclés initial attitude The IMU withastandard I/O can be connected todhboard microcontroller

Figure 3 showghe workflow of IMU (Model BNOO55), which containa threeaxis gyroscopea
threeaxis accelerometer ana threeaxis magnetometer that providetotal of nine-dimensional

inertial measurementdhe IMU calculates the current position and direction based on the linear
displacement and angular motion. The linear displacement is derived by double integration of the
acceleration measurement. Then, the gyroscope and magnetomeaee databined using quaternion
algorithm to calculate the heading direction of the vehicle.

IMU Module Position Module

Accelerratiof

Rotatio
algo
Heading
& L

v

Location X, Y

Figure3: Theinertial status calculation workflow of IMU BNOO055
3.3.GUland ServerBackend

Thefirst taskof designing theerver baclend is to identify the functions that the system needed. These
functions can be grouped intwd sections1) Graphicaluserinterface and2) position and trajectory
calculations. The server gateeaw TDOA data, calculates a current position and trajectory, sends
directional commands to the vehicle and displays vehicle progngke GUI (Figure 4).
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The GUI allovs the user to select a destination to nawdgatonitos the vehicle's positionn the map

as itdrivesthroughthe mineand contra the vehicle manually when desired. The GUI makes two
connections to the bagnd and one connection to thehige. Once connected, the baekd reads

the desired destinatiostartst he TDOA al gorithm, calcul ates the
a trajectory to the destination, determines the directional commands needed to stay on the given
trajectory ad then sends those directional commands to the vehicle. To exairealgorithm is
computed with maximum efficiency, the baekd creates several splocesses and threads to handle

the most demanding tasks in parallel. The GUI also utilizes multiadkrto provide uninterrupted
interaction with frortend features such as manual control.

3.4.Robotic Vehicle Design

The proof-of-conceptunderground mine vehicle frame was designed around the vammelgard
microcontrollers and sensors, putting the electronic functionality ahead of mechanical capabilities. The
system was designed with four main parameters in mipdpaciousenough to hst all electronic
components?2) lightweight for easy transportatioB) modular for component swapping or auiak,

and4) the abilityto demonstrate basic movements for testing purpd$escurrent prototypbuilt

using a polyvinyl chloride (PVC) fame was adequate for lab testinfhe rovers rocker bogie
suspensiomwas séected as apxceptional way toeducewveight whiledemonstratingimited all-terrain
functionalitieswhich have the potential to be built upon when moving from a psbobncept to a
prototype vehicle

\



A main functionality of this rover is itability to

navigate terrain common to mining aree
Mi mi cking NASA’ s Cur
underground mine vehicle uses rocker bog
suspension to straddle tall rocks and naviga
unsteady terrain, ilstrated inFigure 5. The front

legs pivot independelgtfrom the rear legsllowing

each side to crawl over rocks while keeping as mi
contact with the ground as possible. This suspen:
eliminates the need for heawnd complicated
spring or dampening without sacrificing
maneuverability. Placingiuch ofthe rovers mass  rigures: Preliminary model for theoboticvehicle
in the center with legs stretching far to the front and

backmakesit is nearly impossible for the robot to

roll over itself while ascending or descending steep terrain.

4. Proof-of-concept Evaluation

The PoC evaluation has been carriedasuthe resulbf three subsystems: positioning hardware, GUI
andcontrol algorithmand the robotic vehicle.

4.1.Positioning Hardware

The positioning hardwarécludes theRF transmitter and receivers and the IMU as a suppleangnt
sensor. Thebjectiveisto primarilyuset he RF system to estimate the v
the possibilityof addingthe IMU data to increase thaverallaccuracy.

Figure6: Test groundvith two anchorsand one RF tag

Positioningand vehicle navigatiotess havebeen conductenh a laboratory with an arez about6
meters by 6 meteexclusivelydedicatedor theseess. Figure 6 shows the setup at theitegsground.
The RF tag is configured to transmét 56MHz bandwidth signain a 5GHz RF band. The tag
automaically starts transmitting a pre@efineddatasequence wheh is turnedon. In order to deploy
multiple tag in the same area amdentify eachone of them, th@re-defined sequensdor each tag
are uniqueA 10,000 mAh rechargeable lithium battery p&lhnstalled on the vehicle to powis
motorandall onboardelectronics

Two anchors eachwith four receiveanennas, are mounted two custommaderacks one placed
alongthenorthsideandone along theast side of theest groundFor the new positioning algorithm



implemented in this POGystemto work effectively the four antennasof each anchor must be
physically separatedAbout 1 meter ofdistancebetweentwo adjacentantennas is sufficient, but
increasing this distancgenerally leads to improved accuradyowever,the improvement will
gradually diminish as the distance continues to increase. For example, inctieasiisggncérom 1m
to 2m will result in noticeable improvementtereas the benefits dueaéurther ircreasdrom 2m to
3m are negligibleIn the test setuphown in Figure fthe separation betwedwo adjacentantennas
onbothracksis about 1.4n.

Note that if the mine geometig a straight tunnel, then the anchors can be placed along the sides of
the straight tunneln suchcase, positioningthe vehicldoecomes much simpleand easietasksince
it is effectively al-dimensional positioning case

Some key metrics are used to define the positioning system evaluation outcome: 1) mean distance
deviation from specified reference points, 2) mean distance deviation from specifisdFoatthe
system test to be considered a success, values computédirsbioexceed one meter.
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Figure 7: (a) Estimates egference poirst(x-axis & y-axis are ircm). (b) Mean distance deviation at reference points.

Experimens of the RF systenare compiled from two parts a stationarytest anda moving test
Stationary test referto the case when the RRansmission taghounted on the robotic vehidie at a
fixed location (no motion) whenits position is estimatednoving tess referto the case when the
robotic vehicle with th&RF tagis moving while the trajectory is estimatedl the final postition is
smoothed via a median filter to eliminate any outlier.

First, the RF tag is placed at multiple reference posit{eaparated about 228 meterskelected
acrossthe test groundlhe results are obtained when trensmission tag mounted on the vehsthys

still at each reference point. The stationary test reswitsualized in Figure.#igure 7(a) showthe

estimated positioat sepcified reference postand (b)lists meandistance deviatioatthe test points.
The median error is calculated fr@00 estimationsat each test poinNote that although the tagays
still at one pointnoise and environmental changes such as motion of peopletnaitiucesome

randomness in the estimation results, caugiegariance The mean distance deviation at thages

test pointganges fronD.3 to 1 meterSecond, the RF tag is installed on the robotic velsictavn at
the lowerrightcorner in Figurd. 1(b). The \ehicle is manua} navigatedhrougharbitrarytrajectories

The estimated points acentinuousy recorcedand displayed on the GUI.

For the moving test, due to safty issue and cons:¢
under 1meter per secondh the test ground as shown in Figueé The moing test result is obtained
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when the robitc vechicle is controlled to drive through a certain path. Figure 8 shows the distance
deviation of the estimated positions compcethe actual moementasthevehicel moves in a straight

line and a DO-degree right turnMost of the estimated posistions laddip within a 1 meter range

the actual vehicle moving trajectofihe density of the estimated posisoeflects how fast the vehicle
passe each position. In Figure 8(a), the densely plotted points around #21 indizdtbe vehicle

has a brief stop ahis point
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While the test results are obtained in a small sfalseut 6m x 6nof dedicatedexperimentakpace
insidea lab of about 10m x 12n@s shown in Figure 6n full-scale deploymest(e.g.,anchors are
placed about 40 meters aparaboutlm of positioningaccuracy can still be maintainednditioned
on: (a) tag transmission power is sufficignhigh so thatthe signatto-noise ratis at two or more
anchorsare sufficiently high(b) the minimum separation between the antemmfigdhe same anchor is
at | east 1m ( = Paotorsalmaiudbnoinatb the positienend accuracy includesi¢mpl
bandwidth, (b) number of anchors that can receive the signal of a particutamtdtaneously(see
discussion in the'Bparagraph of Section 3,1(c) separation of the antennas of the same an(sees
discussion in the "8paragraph of Section 4,land (d) the environmerfor example presence of
substantial amount of metallic objects will create significant multipdiich affecs the accuracy

The IMU is considered as an add to the RF positioning system. Someperimentaltess are
completed to evaluate the IMU performance. The Iigltbnnectedo a micraontrollerthat processs
thesensomeasuremestandsend themto the servewirelessly With these datahe server backnd
estimatesthe MU’ s position and moving trajectory

A circular trajectory ané square trajectorpre chosen fothe IMU tess, since the performander
thesecaseswould be sufficient to predict the performarafeany arbitrary moving trajectorie¥he
results are shown iRigure 9: (a) whenthe target moves algra circular pathwith a radius of1.5
metes, and (b)when the target followa square path arountd5 metersby 1.5 metersAt this point,
blending IMU data with RF data has not been completed yet.
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4.2.GUI andControl Algorithm

The system logic block diagram is shown in Figa@e e 4CHRocaiver
They are three main blockd:CH receiver (RF anchor), e
VEHICLE and SERVER. The GUI and baekd control &esignai

code are hosted on the SERVER blotke GUI makes
connections tathe backend for sending and receiving

(o)]]

position and trajectory information. For position /m\( /,, .

information the vehicle’'s cUTIT € umue. TDOA!IIF osition 1d head
direction are updated on the GUI.For trajectory (RF tag) HmRton ™ estimation

information the calculated tr aj| oweas ) | MU J vehi

current position to the final destination is drawn over the | " s : .

map and all ows the wuser tiol ., u $~2f vehicl
route as it traverses its environment. The GUI also allows|_ ) G L)

for manual calibration of the IMU at the beginning Of-——-oooooeeo Sommands ‘

operation in order to better accommodate future Figure10: Systemogic block diagram.
development The GUI is developed using Jawahich
allows rurtime onall majoroperaing systems\(Vindows, Mac, or Linux

All programs raion the server that providenformation to the GUI and vehicle is defined as the back
end control algorithmThe position estimatioralgorithm gathersand processsraw data from the
TDOA andthencalculate the current position and headimirection The vehicle controalgorithm
takes the position and heading direction to calculate a todhedestination and navigate the vehicle

The backend utilizes several threads and processes to increase computational efficiency. The TDOA
algorithm operates in a dedicated process for true simultaneous runtime while less demanding
functions such@backend to fronrtend communications are handled via dedicated threads for sending
and receiving messageBbhe five most recent coordinatestimatesare used to calculate a moving

average and to find the vehicle’s position. A

heading. Once the current position and heading has been determined, a trajectory algorithm finds
several points betweendhvehicle and the destination. Directional commands are then sent to the
vehicle to navigate towards the nearest point in the trajectory. When the vehicle is within a range of a
given point, the next point is navigated to. This process is continuedvidyatntil the vehicle reaches

its destination.
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4.3.Robotic VVehicle Manufacture

As shown in Figurd1(a), a sturdy aluminum enclosure in the center of the vehicle protects electronics
while the PVC legs mount to slots on the outside of the frame. Thesel slntteinum bars allow the

center of gravity to be adjusted by sliding the legs forward or backward as necessary. The slots also
provide easy attachment for additional components such as antennas. Schedulg@geRr3¢Gosen

to build the legs for its stngthto-weight ratioas well agts ability to conceal wireassembleapidy .

Only two varieties of bolts, 174a n d  Sare Lised to fasten the frame together, keeping the required
assembly tools to a minimum. THeur motors driving the corner wheetse selected to allova

payload of 18 pounds in addition to the weight of the frame at a sp@esl okteiper second.

All the electronic components on the vehicle are hosted within the aluminum enclosure. InEigure
(b), thepicture shows the placemeuait the vehiclecontroller, motorcontrollers, battery pack and RF
tag. Note thatin the testdhe signalradiation point of the RF tag is nehere the RF tag board as
shown Figure 11(h)nsteada cable is used to connect the RF tag antenna andgtmardand the
antenngtag signal radiation poiniy mounted om verticalpole of therobotic vehicle

Figurell: (a)Fully assembledobotic vehicle (b) Electroniccomponents installed on the vehicle.

Both manual and autonomous congratetestedafter the robotic vehicle has been fully assembled
the test groundThe server and the vehideeconnected to thiocal networkhub as shown in Figure
1(b). There arehreesteps o startthe vehicleto-server communicatiori) startthe vehicle control
program on the vehicleontroller, and2) open theautonomousrehicleinterface on the serveand3)
establisha TCP connection between thehicleandthe server Once he vehicle's connection status
ON is displayedon the GUI, theerver takes control of the vehicle.

The objective of the manual control test is to ensure the vehicle can operate manually and to test the
vehicle's driving abilityThe speed and turning degrees can be adjusted ttufisghe manual control
settings. Tk arrowkeys on the server computer are used to control the vehicle's movements. There
areeightvehiclemaneuversforward, backward, left, right, forwaiéft, forwardright, backwareeft,

and backwardight. The manualcontrol test is considered passif the vehiclecanbe turned in the

eight directions listed above.

The manualcontrol test resulindicatesthe vehicle iscapable to perform atlesignatednaneuves.
However,aproblemthat occurs with a 25% probability in whioheof thefour motors wil not rotate
when commanded to rotate by the server. It has been determined tipabliesnis caused by the
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motor controllers incorrectly reading a serial command from the vehicle controller and can be
addressed by replacing the 18v25 Motor Contrslieith the moreaeliable VNH5019motor drivers.
This update is currently being performed.

The objective of theutonomouscontrol test is to ensure the vehiadan navigate to a given point
autonomouslyFollow the sameprocedure to enable the vehitteserver connection, then enter the
coordinates of the destination on the GUI (Figure 4). The vehicle will begin to autonomously navigate
to the given position. The trajectory is displayed on the map and updates whehithesvposition
changesThe vehicle will stop Wwen the vehicle is withit--meterrangeof the desired position.

The autonomousontrol testhas positive preliminary results demonstrating the ability fowéhecle
to drive autonomously for a few meteWhen the trajectory algorithm is completed, the autonomous
test will be performed again with the vehicle navigating to asmslected destination.
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5. Technology Readiness Assessment

5.1.Positioning Hardware

The results are withiaxpectedspecification. The current hardware can be improved in three ways to
improve the system for commercial use: a) the tags can be made a lot smaller in size without most of
the functionalities provided by ADRV93647020 that emulated the tags in the POC systewaill

achieve the same accuracy as required to guide the autonomous vehicle, but it will be a much smaller
and cheapeiThe major goal of redesigning the tag is to make it possible to transmit at a higher power
level (current tag transmits at 10 dBm; using ISM bamdto 30 dBm average power can be
transmitted) so that anchors can be spaced B0 meters apart. But as stated earlier, a main attraction

of the proposed solution is that that anchors operate independently. Thus, if for any reason certain spots
in the mne require a higher positioning accuracy, more anchors can be added without affecting achors
already deployed, making it very flexible to optimize a network.

The current hardware to emulate the positioning anchors is a combination of two evaluatisn board
one by Xilinx and one by Analog. These are very expensive. This design can be made in a single PCB
with significantly reduced costs without compromising on the performakise, using USB or
Ethernet as an power optiancritical for deployment underguad mines.

The estimated position from the RF systemegortedasdiscrete valueA sensoraided IMU isunder
developmento improve continuous tracking of the vehicléhe circulariMU -movement test proves
the feasibilityof combining IMUpositiontracking with the TDOA systerm the future Additionally,

the encoder can be added as another sewbich can be attached on the vehicle motor to act as a
speedometer

5.2.GUI ard Algorithm Development

Prior to proceeding towards developing a ptgpe,ablending algorithm can kaevelopedo increase

the accuracy of the positioning system. The wheel ens@hel IMUdata can be incorporated iritee

TDOA data to increaspositionaccuracyThe trajectory algorithm can be improved by incorporating
obstacle avoidance with route calculatioibie TDOA positioning algorithm cagenerate more
estimates per secomy convertingraw data processing from Matlab te-€ or Python. Currently all

the dda acquisition is implemented in Python, but constrained by time and technical resources, for
positioning, we had to build on the previous Matlab codes. This requires us to perforrrcaditye
dataexchange between Matlab and Python on the server, wlials down the positioning update
rates, and reduces the positioning accuracy.

Features can be added to the GUI to perform autonodritsg procedures and log test data for post
test evaluationWith a camera mounted onto the vehicle, a video feed cartdggated into the GUI

for live vehicle monitoringThe vehicle control software can be updated to incorporate motor feedback
which would provide a higher degree of vehicle contvi@nual vehicle control can also be improved

by the use of a dedicatedruneld vehicle controller.

One of the goals is to specify any arbitrary moving trajectory to a destination for the vehicle, and the
system must guide the vehicle along the specifi
of the vehicle. Whilall the essential pieces of information to achievegbalare there, the algorithm

that takes the specified trajectory and 4t@ak positions of the vehicle still need improvemeiots
commercial use.

15



5.3.Robotic wehicle Design and Manufacture

The purpose of the prototype vehi@do exhibit the functionalities of the remote positioning system
while testing the effectiveness of the rocker bogie suspension for potential commercial use. With these
goals, the framés largely a success. Howevehe current plyvinyl frame lead to the structural
problems listedelowthat could affect the positioning results

1) Wheeldeflection. Mounting the legs at a single point on the aluminum enclakesiotconstrain
the extendedegs butleads to an outwardbowing effect. As the rover moves, especially rotating
in place or changing direction, the legs gradually mawievard With nothing restraining them,
the wheels deflected from their original position up to 3 inches on either side, for a chapge of
to 6 inches. The rover began to turn more slowly and with less accuracy. This pisblem
provisionaly solved using tension wire between the front legs, reducing the change in wheel
position to less than 1 inch.

2) Wheel Slippage During high acceleratiomovement, the wheels occasionally slipped in place
causing the rover to take more time to reach its destination. Both the wheels and testiaplloor (
tile) are made of hard materialesulting in lowtraction for thevehicleto make quick acceleratis.

The largest mechanical improvement to the vehicle frame would be upgradimgythieyd parts to

more sturdy materials such as carbon fiber, aluminum, or a steel alloy to prevent leg deflections and
improve rigidity. The current concept successfully functions as a mode of transport over rough terrain
for various mining attachments such agpatlight cameras, or a robot arm. With one design iteration

to reflect on, the underground mine rover team can improve the dgsigjnRurchasing wheels with

larger ground to wheel surface contact area to improve tra2)itipgrade the leg structure with more

rigid components such as carbon fiber, aluminum, or a steel, alay 3) increasing the carrying
capacity of the vehicle

5.4.Potential Demo Setup folAssessingPrototype Implementation Readiness

Although he P | team hadnot found an actual mine feerform testsof :
autonomous locatieguided navigation of the robotic vehickdter numerous | 8
attempts office building hallways(see for example Figure 12) may be us¢
to emulate mine tunnefer prototypeimplementatiormeadiness assessment
Specifically,positioninganchors wi be placed along the hallways cover
100-200meters of the hallway©n the server a user wépecifya trajectory
along the hallways for the robotic vehicle to follohvthe locationguided
autonomousvehicle is able to follow exactly any traveling trajectories
specified for if then the test isonsidered a success

Fiaure12: Office
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