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ABSTRACT

Robots are required in many jobs. The jobs related to-¢gleration may be very challenging
and often require reaching destination quickly and with minimum collisions. In order to
succeed in these jobs, human operators are asked tedplrate a robot manually through

a user interface. The design of a user interface and of the information provided in it, become
therefore critical elements for the successful completion of robot {efeeration tasks.
Effective and timely robot tel@avigation mainly relies on the intuitiveness provided by the
interface and on the richness and presentatiorhaf feedback given

Thisproject investigatd the use of both haptic and visual feedbacks in a user interface for
robot tele-navigation. The ainvas to overcome some of the limitations observedaistate

of the art works, turning what isometimesdescribed as contrasting into auded value to
improve telenavigation performance. The key issue is to combine different human sensory
modalities in a coherent way and to benefit frorD3vision too.

The proposed new approaetas inspired by how visually impaired people use walktiuks

to navigate. Haptic feedback may provide helpful input to a user to comprehend distances to
surrounding obstacles and information abdbe obstacle distributionThiswas proposed to

be achieved entirely relying an-boardrange sensors, and by gressing this input through

a simple scheme that regulates magnitude and direction of the environmental -force
feedback provided to the haptic device. A specific algorithias also used to rendethe
distribution of very close objects provide appropriatd¢ouch sensations.

Scene visualizatiowas provided by the system anditas shown to a user coherently to
haptic sensation. Different visualization configurations, from muiétivpoint observation to
3-D visualizationwere proposed and rigorously assesls¢hrough experimentations, to
understandthe advantagef the proposed approach and performance variations among
different 3-D display technologies.

Over twenty users were invited to participate in a usability study composed by two major
experiments. e first experiment focused on a comparison between the proposed haptic
feedback strategy and a typical state of the art approach. It included testing with a multi
viewpoint visual observation. The second experiment investigated the performance of the
proposed haptiefeedback strategy when combined with three different stereosciic
visualization technologies.

The results fronthe experimentsvere encouraging and showed good performance with the
proposed approach and an improvement over literature appts to haptic feedback in
robot tele-operation. It was also demonstrated that[B visualization can be beneficial
robot tele-navigation and it will not contrast with haptfeedback if it is properly aligned to
it. Performance may vary witldifferent 3-D visualization technologies, which is also
discussed in the presented work.
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INTRODUCTION

Chapter 1 INTRODUCTION

1.1.Tele-navigation Tasks
Robots do not only exish science fiction novels and movies anymore, they have come to
human lives in different forms. Although not all of them look like a human, but they are
trying to help us to live better in their own waySmong the robot family, this thesis focuses
on the discussion of manual controlled mobile robots and their ted&igation problems.
Many researchers concentrate on improving the autonomous aldlitgl intelligence of
mobile robots;the public has more interesh sedng powerful autonomous mobile robots
In addition to those autonomous robotsnanually controlled or serautomatic mobile
robots are still required in tasks like indoor navigatierploration inunknownand unsafe
environmens, disaster prevention and controbuch adighting fires, bombdisposa) and
disease contrgletc. Currently, these tasks still need the intervention of hunoperators
and cannot fully hand over to a group of autonomous robots.

1.1.1. Indoor navigation
The commercialization of teleresence robot (e.g. TH2ouble Robotics Tepresence Robot
in Fig.1) provides useis physical presence at wqrkouseor school wherthey OF y Qi 0 S
there in person Compared to conventional video conference or video chatting, it is more
natural and friendly to use a tejgresence robot which can hoonly provide video
conversation, but also move arourd, 2]. This kind of technology has hugendanded in
current China. Due to the orghild policy and the imbalance development between major
cities and others, young people prefer to find jobs in major cities, causing the number of
empty-nestersand left-behind childrenis increasing3, 4]. Thus, deploying a telgresence
robot can be a method to maintaithe relationship, or improve communication among
FILYAf&@ YSYOSNA® C2NJ SEFYLXE S FNRBY GKS I dzi K2 NR&
have no interested in electronic devices. They often have operational problems with smart
TV, smart rice cooker, and neless adapter, etc. The author is studying abroad and has to
provide instruction through video chatting. However, to teach them how to swap the
GrofSiQa OFYSNIZI IyR GStft GKSY gKSNB GKS OF YSN
If the author cancontrol a telepresence robot, he can act as he is in home in person. It
could be easier to help his parents to solve problems.
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Fig.1 TheDouble Robotics Telepresence Robot

Telepresence robot usually allows users to fudintrol the movement of the robot. How to
accurately control ateleINB A Sy OS NB 620G (2 R2 AYR22NJ yI @A3Il GA
presence (enhance their understanding about the remote indoor environment) are what this

author concerns. The indoor navigat is also the scenario designed for the current work.

1.1.2. Unknown environment exploration
In addition to the indoor navigation, manually controlled or semiomatic mobile robots
are demandedin unknown environment explorationf5]. This is because autonomous
navigation requiresnobile robots to have three fundamental competencies:-tmflization,
path planning, and map building. Skitalisation relies on the prdefined landmark
database to compare captured visual informatioith stored data, to recognize where the
mobile obot is. Path planning depends on Global Positioning System (GPS) or indoor
tracking method to calculate the path betwedhe departure andthe destination. These
requirements eitherdo not exist (predefined landmark database) are not accessible and
not reliable inan unknown environment.

Tasksfor unknown environment exploratiomnclude geographic discovery (volcano area,
cave, etc.), and research in historical sites (Pyramids, underwater sites, etc.). Operayors
not have relative detailed informain about the environmentand so theyneed to discover
them; this requires operators to remolg control a mobile robot moving inside the place
and acquiring visual and geographic informatiddperators will then decide the path
according to theobtainedinformation.

1.1.3. Disaster prevention and control
Some nobile robotswere designed to work in hazardous environments that are not safe for
humans, such as disaster areas (caused by earthquake, volcano erugptioani or nuclear
leakage) and epidemic areas.
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During the Fukushima citg nuclear leakage caused hilgivels ofradiation in the nuclear
power plant. It is dangerous for humataff to enter the siteunder these circumstances to
checkthe facilities. In other examples, disassarsually cause unstructured environment
which makethem difficult for autonomous robat to manoeuvre In such circumstances,
tele-operated mobile robots are expected to do the search and rescue opegation

To reduce the risk of infected medical staff,etelperated mobile robots can be used to
assist the control of a highly infectious disease, like Ebola. They abaphmyead to transport
the deceased detect whether the hospital room, ambulance or the house has
contamination disinfect epidemic areasact as telepresence robots for global experts to
advise and consult on medical issues, train and supervise local waragisport bio wasts,
and reconnaissand®, 6].

No matter what kind of tasks, for mobile rolstit is significantto have the ability to

navigate safely and accuratelyithin their working environmerg (move from a starting
LRAAGAZ2Y (2 RSAGAYIlI GA2ya ) ThiSRebRibcysBonihdt 2 LISNI G 2
topic and the proposed approach tries to provide an intuitive experience ofdpkrating a

mobile robot.

1.2.Difficulties of Tele -navigation
The use experience of mobile robotic teleavigation is much different from driving a car or
remote control a radio controlled toy within theperator@ sight. The differences are that
GKS Y20AfS NRo2d Aa FIFN I gl & torhake thingstwarse, 2 dzi 2 F
atransmission latency may exiss well[7].

Mobile robots moing out of sightmeanthat operatorsneed to rely on orboard sensor

data to understand the erironment surrounding the robat These sensors usualhlclude

an image sensor (webcamwhichis used to providahe livevideo feed, range sensors (laser
range finder, ultasonic sensor, infreed sensoy which arededicatedto provide measured
distance from the robot to its surrounding obstaclesand internal sensors (encoder,
gyroscop& GKAOK NB FofS G2 2060l )ylheseé K&aardN2 62 (1 Q&
transmitted tothe local system througla wireless network and preseatl through displays
(viswal feedback), controllers (haptic or force feedback), or headphones (audio feedback).
Operators need to transform the received information into their mental map to understand
the remote situation, and then give instructions to the mobile rol§8}. This indirect
perception causes difficulties in televigation tasks.

GeneralWebcams haveelativelynarrow fieldof-view (FOV) compared touman eyesThis

leads to limited viewng ande and thereforespeculaton of the working environment[9].
Furthermore, normal resolution image provide limited information about objects on
saturation, contrast, and sharpness. High definition (HD) webcams have higher resolution
and wider FOV. However, higher resolution requires more network bandwidth to transmit
the images and may increaslee latency. Another limitation is thaa normal 2D web@am
provides a mono view that is different from stemampicviewing, which humars perceive

with their eyes naturally.This leads to a decreasé perception of depth Depth is an
important fact to understand the relative distance among viewed objgb@é. In terms of
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the solution, ®me researchers havieeeninvestigaing the use of stereoscopic viewing to
solve that problen{8, 9, 11, 12].

The problens with range sensorsare often causel by their limitations.Ultrasonic sensa@
are not asaccurateaslaser range findesy. oss talkand ghost echo issue mayappenwhen
some ultrasonic sensorswork simultaneously [13, 14]. The limitation of 2-D laser
rangefindes is that its working area is lane. Any objects that located above or below that
line are unable to be detected3-D laserrangdinderscanscan three dimensia surfaces
However they cost a lot, andhey arenot suitable for small mobile platforawhich are
requiredto work in narrow environmerst

Furthermore, user interfaceon the local systemare responsibldor presening obtained
sensordatato operators For examplethe layout design of Graphial User Interface has
significant influence omow muchan operator can understandhe remote situation[15].
The network condition determines transmission quality aaldo canaffect the user
experience directly16].

The problems mentioned above have negataféects on an 2 LIS N& uihdenstEnding of
remote situation, includindpoth the environmental condition anthe Y 2 6 A f SsstilBso 2 G Q
As a result,operators may have worse situatiad awarenessand cannot perceive the
distance to an obstacle properly, asdfatigue rapidly.These wilkresult in the increasing of
unwanted collisionsnavigation time anddecreaingthe task performanc¢l?].

1.3.Tele-navigation System Components
This section provides a brief introduction about what kind ahteiques have been applied
in mobile robotic telenavigation. Detailed discussionimsChapter2.

1.3.1. Local system

1.3.1.1. Movement control methods
The fundamental function of a teleavigation system is to enabfemobile robotto move
around under operator contral Commonlyapplied control methods includ using joystick
and controllers, gesture control, voice or text command control, and control by brain signals.
No matter what kind of control methods are used, the working principle is the same: to
transform humarbehaviourtoaY2 6 A f S NR 620 Q& f Ay S| Ndergf@d 2 OA G &
controllingthe movement of the robot.

A Joystick and controllersire widely used contralevices Compared to others, #se
methods are cost effective They are compatible with miipple control terminalsFor
noviceoperators, they can master how to use the device in a very short {ibd

)

While operatingthese devices, operatorsusuallyy SSR G2 | daA3y aGNIF yaf

GNROGFGAR2YE G2 G662 RATTSNDE Mheypoeszing Buttoh 2 NJ &
or drag the stick, the robot moves; release thégtbn or stick stops the robot.

A Gesture controlmeans operators can contralrobot by waving their hands or arms
or by rotating their head$19, 20]. Thisapproachrequires a motion capture device

0 A

to captureoperatolQd IS AGdzZNBd t 2 LJdzf | NJ RSgbphcala>s Ay Of d:

track systems,Microsoft Kinect, Oculus Rift,and Leap Motion. Using normal
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webcans only requires image processing techniguéicrosoft Kirect and Leap
Motion have IR sensors and are able to detect the distance to objects and provide a
relevantdepth map.Oculus Rift is a head mounted device (HMD) \aitfyroscope

and acceleration transduceilt can track the movement of an opera®thead, ad
convert that movement to the motion of a robot.

A Voice or text command controlWith these methods, operators can remotely
control a mobile robot by typing text or just speak out the command. The remote
system will do speech and linguistic analysis moarstand the input message and
find out corresponding instructions. Fuzzy logic can be used to enable operators to
say or type a sentence that may have a similar meaning as the instruction. These
approaches provide a more intuitive or natural user expsref21-23].

A Control by brain signalst KA & YSGK2R NBftASa 2y aSyaz2Na |
head to detect the brain signal pulses. The principle is that the signal pulse varies
when people thinking different things. During the calibration stage, researchers
need to find out the corresponding signal formats when an operator is thinking the
movement of a robot. When relevant signals appeared during-apkeration mean
that the operata wants to move the robotlnstructionswhich are associated with
the signal patternwill be sent to the mobile robot to achiewde control by brain
signalqd24-26].

1.3.1.2.  Visual feedback
Visionis the primary modality of human7]. Visual feedback provides fundamental and
essentialmformation during telenavigation tasks. Operators caasilyunderstand a remote
environment through visual feedback and make decisions about where to go rapidly. Among
visual feedbacks, graphic user interface (GUI) is significant for andeigation sgtem,
because most sensor data need to be presented through the GUI. That is the principle
approach for operators to understand the situation in the remote environmg2g].
Generally there are many sensors in a systét is important in order to organize and
represent their data in a proper way, thus to improve the efficiencyanfoperator@
understanding. There are three mainly used presentation methods: video and texts, virtual
reality, and augmented reality.

A Video and textsusually let the video feedobtained from an orboard camera
occupy the GUI window; range sensor readiagsrepresented through texts and
numbers.

A Virtual reality means a computer graphic (CG) generated virtual environment
presented to an operator instead of a live video image. The data used to generate
the virtual environment can be obtained from range sensors and video images. For
example, a 2D cost map can be gerated based on the Simultaneous Localization
and Mapping algorithm. Aftehe elevationof each base point in the-R costmap, a
3-D map or a virtual environment can be created as W28, 30] have also tried to
use stored video images and odometer readings to create a live view virtual world.
This method enables operators to have additional virtual viewpoints to view the
remote environment.

A Augmented reality shows the real world to operators by video or stéeough
device rather than a synthetic virtual environment. Virtual elements are usually

5
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superimposed on the real world display to provide additional information. For
instance, obstacle proximity can be regented as lines with different colours and
displayed in real time. This can help the operator to understand the situation when
the light condition is not good for video capturifig8, 31]. Direction arrow, top

GASHSR YILE yR NRo20GQa adl Gddza OFy | faz

into the real world display.

Based on how the information can be vieweddperators, visual feedback approaches can
be classified as two types: Monoscopic viewing and Stereoscopic viewing.

A Monoscopicviewing is simple andmore widely used than stereoscopic viewing.
With different types and number of cameras, monoscopic viewing is able to provide
normal 2D video, 2D video withawider fieldof-view (FOV), and multiple views (by
mounting at least two cameras).

A Sterecscopic viewing utilizes two cameras aligned on a horizontal plane and
separatedby a small distance. It ainte providethe binocular vision simulaig how
humars see the world naturally[32]. Separabn distances produce disparate
captured images. Each image will be displayed to left and right eye separately
through 3D dispays. Popular -® display devices include active stereo device like
NVIDIA3-D vision system, passive stereo device like the one usactinemawhen
watching a 8D movie, and separate displays like Oculus Rift. The brain will produce
the 3-D perception Bsed on the disparitgf theimages.

1.3.1.3. Haptic feedback
In addition tovisual feedbackoperators are also able to perceive the remote environment
by their tactile sensation based on haptic feedback. The idea ishtyatic feedback can be
generatedto corregpond to measured distance and affette operator@ hand, to provide
them the information that the mobile robot is approaching obstacles. Haptic feedback
methodsgenerally ref on range sensors and haptic feedback desi€&ange sensors atke
key to locating the obstacle by providing measured distance and orientation. The force
magnitudeis usually associated with the distance value; the closer to the obstacle, the
strongerthe forcethat is obtained[7]. The direction of the force is usually oppositeao
obstacle[33]. Haptic feedback déses are in charge of rendag haptic feedback, and
transforming an operator@ inputs into movement instructiong-hey canachievebilateral
interactions [34]. Popular devices includ force feedback enabled joystickgonsde
controllers, and haptic feedback controllers likeeomagic TouchPpantom Omr)i and
Novint Falcon.

The najority of existinghaptic feedbackcontrol methodsis based onthe spring damper
model [7]. The magnitude of thegeneratedforce is proportional to obstacle proximity
whichgives the operator the impression of pushing a spring.

1.3.1.4.  Auditory feedback
In tele-navigation systems, auditory feedbackagaileble to provide operators additional
information other thanvisual feedbaclkand haptic feedbackThere are two main approaches
to applythe auditory feedback. One is to transrtfie actual remote ambient sound, and the
other is to use auditory feedback tepresentthe obstacle proximity The frst method

6

0

S



INTRODUCTION

focuses on allowing operator® tunderstand what is happeningaund the mobile robot
through sound;the second method concentrates on reflecting the distance information
between a mobile robot and obstade The second approach usually involves different
volumes and intervals to represent the changing of the measured distance.

1.3.2. Remote system
The remote system can be described as a mobile platform, server, or slaveally wsunsists
of a mobile robotandinternal and external sensors like range sensors.

Range sensors are used to detect distances from a mobile robot to its surrounding obstacles.
They are essential components to achieve obstacle avoidance and map building. Commonly
utilized range sensor@nclude ultrasonic senser laser rangénders, and infrared (IR)
sensos. IR and ultrasonic sensors are usually deployed as an array with multiple units. They
have advantages and disadvantages respectively. Thus, many systems integrate multiple
kinds ofrange sensors to compensate each limitatj@8]. Despite the use of range sensors,
disparity images obtained from stereo cameras can be used to measure distances[@5,well
36].

1.3.3. Network transmission
Network transmission is the loje to exchange data between the local system and the
remote system. In order to achieve long distance and flexible control, a wireless network can
be created as the transmission medium in various situations. General wireless network
techniques include Wi, mobile broadband, Bluetootland ZigBee. Both the bandwidth
and stability of the network would affect the syst@mperformance. Detailed discussion on
wireless technologis in Chaptee.

1.4.1ssues with Haptic Feedback Control

1.4.1. Haptic feedback approach
Mog of the literature work considers the mass sprd@mper asaforce renderingmodel[7,
37-42]. This modelfocuses on alertingan operator tothe existenceof obstacles[7].
However it shows limitation in perceiving théayout of the surrounding environment.
Meanwhile it typically interferes with thénput action of providing commands to a robfat,
8]. Thishappensbecause the haptic feedback requires strong repulsive force to stop an
operator@ inputwith situationsin which collisions may happeklvhen the robot moves in a
narrow working space, the generated repulsive force would make it difficult for operators to
remotely control the robot tomoveforward. Experimental environments in literatures rarely
considered this kind of situatiof¥]; some of them only tested their approaches in a virtual
environment which usually has a huge difference with the real.

In terms of the feedback direction, mutlirectional feedbacks able to help an operator to
localize the position of an obstacle in a simple environment. However, it would distract and
confuse the operator when the robot moves in an unstructured environment, because an
unstructuredenvironment may cause too much feeack[8].
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1.4.2. Inconsistent representation between visual and haptic feedbacks
Previous researchers seldom investigated the significancertdistercy betweenvisual and
haptic feedback Most of them regard these two as separate mechagidmtheir proposed
methods, there is no straightforward relationship between visual and haptic feedbatik
results in environmental information being representel through vision and tactile
inconsistent. Thignay increasean operator@ cognitive workloagd meaningthey need to
spend more time to understand the remote situatifit6]; they mayalsoget fatigued quicly
increasgng the charce of makingincorrect decisiong8] addressed the conflicting problem in
tele-operation performance whempplyingthe dereoscopicviewing and haptic feedback
simultaneously. Theeason maybe that their haptic feedbackis not consistentwith the
stereascopicviewing An improved haptic feedbaclapproach may resolve gproblem.

1.4.3. Inefficient remote control system
A systemdeveloped by previous researchers in the au®dah relies on the thirdparty
remote control software (TeamViewer etc.) to achieve {eferation. This method is not
efficient because the thirgharty remote control software not only transmits video, sens
data and instructions, but also provides screen information about the remote computer.
Redundant information occupies valuable network bandwidth and causes serious latency.
The other problem is the case that thkve video images cannot be transmitted
independently which is necessarnfor some displays, such asdB8TV and\NVIDIA3-D vision
devices to provide stereoscopic viewindghe finallimitation is that the system has low
compatibility and flexibility Variousterminal devies can support the remote control
software the function of visual feedback is always available. Howetler feature of
interaction with other user interfaceis limited. For instance, Xbox controller and joystick
cannot be used to control the movementaptic feedback device is not accessible as well.
Thus new software needs to be developed to support the haptic feedback control.

1.4.4. Limited viewing approach
[43] has compared the performance of multiple digmain teleoperation tasks. Those
displays only providgraphicalfeedback; operators cannot interact with therf44] have
addressed thebenefits of implementing apantilt camera instead of a normal webcam.
However, they utilized a-B pantilt camera which does not support the stereoscopic
viewing. Furthermore, in these studiesperatorschose touse a joystick or controller to
tele-operatea mobilerobot; visual feedback was obtained framormal 2-D displays, which
have a relativly lower immerson and isolation compared to HMD[45] demonstrated a
solution ofusing a motiontrackingenabledHMD to control a mobile robotA 3-D camerais
installed in the front of the robot bodyOnly the yaw action of the camera is independent
from the robot. The pitch motion relies on the rotation ofetmobot. Because the rob@
movement isassociated with the gesturef the operator@ head (yaw, pitch, and ralbhis
makes the robad® movement too sensitive, anoperators have to move the robot even
when they only want to look aroundvith the camera In summary, limitations exist with
current visual feedback approaches. The proposed metisoéhtended to improve this
situation.
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1.5.New Approach Combining Haptic and Visual Feedbacks
A new approach in this thesis airts make haptic feedback provided to an operator more
intuitive and consistent with visual feedbackThe approachincludes: (a) Proposal for
environmental force effect to represent the obstacle proximiflp) Proposal for contact
force for mobile robotic teleavigation (c) Proposl for userinterfaceto visualize thehaptic
feedbackeffect; and (d)Proposal folintuitive stereoscopic viewing system basedahiMD
anda panttilt 3D webcam.

1.5.1. Proposal for environmental force effect to represent the obstacle
proximity
Obstade proximity in the remoteenvironmentcan beperceived throughhaptic feedback
andhaptic feedbaclusuallyincludestwo componens: directionand themagnitude

The proposed environmeat force has one direction onlyandthe direction is opposed to
the movement of the robot. The force corresponds to thdirection of the haptigrobe as
shownin Fig.2. The proposednvironmentalforce effect has a variable force feedback gain
(coefficient) The gaindepends onthe mobile robof currentcondition The conditionis
calculatedbased onthe obstacle proximity obtained frommange sensors.The proposed
method doesnot calculatehaptic feelbackdirectly fromrangesensor readings.

-Z (mm)

: (O,-15)‘

(0,0)e (55,0)
’ X(mm)

Dead Zone

Fig.2 Topviews of the haptic system and working space. Dead Zone is the aredXfah SR (12 aSyR W
command

1.5.2. Proposal for contact force for mobile robotic tele-navigation
The contact force isupposedto be activated when obstacles are very close. Its role is
tantamountto give operatos the perception of touching airtual rigid object Thatvirtual
rigid object iscorresponding to a reabbstacle near the mobile robat In particular, it is
proposed that the contact force modalimulatesthe approximated shape o& nearby
obstacle The virtual object carbe obtained on eight locations that surroundhe haptic
feedbackdevice: frontleft, front-centre, frontright, right side, rearright, rearcentre, rear
left, and leftside Which locationis triggereddependson the obstacle distribution that can
be reflected from rangsensordata.
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Fig. 3 illustrates the obstacle sensation felt tan operator througha haptic device. The
figure shove two different situations: (a) an obstacle in front of the robot; (b) astable in
front and on the leftside of the robot.Green virtual cubes illustrate the presence of
obstaclesfelt by the operator. The cubeis solid andprevents theoperator pushing the
haptic probe further. Thereforgt stops the mobile robot moing ahead In case ofig.3-b

the cube felton the left-side indicates that the operator is unable to drag the haptic probe
to the left, so the mobile robot cannot turn left. This denies a rotating movement that may
reault in a collision.The proposedpproach is therefore that of denying movements that can
bring about collisions rather than applying large forcesdperators as in some literature
works[38-4Q].

Fig.3 The operator feels a virtual object in front (a). Theperator feels virtual objects both in front and on the
left side of the robot (b).

1.5.3. Proposal for User Interface to visualize the haptic feedback effect
In this thesisan improved visual interfaces proposed to provide consistent information
between visual feedback and haptic feedback. The visual interface includes both video and
graphic representationsThe video input is a froat egocentric viewlt provides rich live
visual information about the area in front of the robot. This follows what is typically
proposed in the literatureg17, 28, 31, 46]. An additional excentric visual inputs also
provided to visualizethe haptic feedback effectlt is a virtual view of the robot and its
surrounding environment. Thviewpoint is above the robot, i.e. a tepew. This is an
advantageous viewpoint overlooking the operational area which makes more intuitive to
comprehend the robot proximity and present obstacles. On the other hitndes graphical
elements torepresen proximity data andhe obstacledistribution. Ths view is completely
generated from orboard rangesensor dataThe simulated objects generated by the haptic
system (in terms of haptic feedback) follow the object positions visualized in the top view.
The aim is to allow operators to distinguish tis¢éatus ofhaptic feedback not only from
hands, but also fronthe eyes

1.5.4. Proposal for i ntuitive stereoscopic viewing based on a HMDand a
pan-tilt 3 -D webcam
In order toenhance system performance anake full advantageof the HMD control and
sterecscopicviewing, a solutioris proposedto integratethese two features into the current

10
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tele-operating system. The idea is to make @antilt enabled 3D webcam remotely
controled by a HMD with head tracking functio. The motion (pitch and yaw)of an
2 LIS NJhéa@ Isd8sciated witthe movement (pan and tilt) of the-B webcam. With the
help of an isolated HMD it is expected to providemore immersve perception, improved

situation awareness, andtuitive user experiencéol.

1.6.Thesis Outlines
This thesis describes and discusses the proposed approach, its different compdhents,
implemented algorithmsthe performed experimentand drawn conclusion, through eight
chapters.

T

In Chapter | the general context, main challenges and proposed approach are briefly
outlined.

In Chapter Il telaavigation related background knowledge is described, including
haptic feedback, stereoscopitewing, mixed reality technology, range sensors, and
network transmission.

1 In Chapter lll, state of the art on the use of haptic feedback and stereoscopic viewing
is discussed.

1 In Chapter IV the proposed approach is described.

1 In Chapter V implementatioof the system including hardware and software is

described.

In Chapters VI and VII the design and setup of two experimentations conducted to
evaluate the proposed method are described. The achieved results are then
analysed and discussed.

In Chapter Vlithe thesis conclusiois presented

11
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Chapter 2 BACKGROUND KNOWLEDGE

2.1.Haptic Feedback
2.1.1. What is haptic feedback?

Haptic feedback usually means the use of fsmse of touch to convey information to an
end user or operatof47, 48]. This information can be the gross size, shape of an object, and
relative position. It can also be the texture and thermal property of an olgdt Haptic
feedbackrelies on the haptic technology or tactile feedback technola@tfiaptic technology
doesfor the sense ofouch what CG does for visigA7].€ This technolog can be used to
generate force, vibrations, or motionhrough haptic feedback devicdas stimulate the
human sense of touchThe stimulation can be used to increase the realisiuring an
interaction invirtual reality, or to assist the virtual objects naelling, or to improve the
performance of robotidele-operation[49]. This technology alshas beerusedto enhance
the teaching of topics such as physics, system dynamics, or other kinds of interaction
phenomenal47]. This thesis focusson utilizing haptic feedbacknd 3D visual feedbacto
provide an intuitive tele-operating experiene. For insince, simulated objects can be
generated througha haptic feedback devic&hese virtuabbjects areassociated withreal
obstacles in the remote environment. Thus, operators can realize the relative position and

existenceof obstacles througlheir touch sensation.

2.1.2. How does haptic feedback work?
There are mainly three kinds of haptic feedbaakbich are,repulsive force, vibration, and
electrotactile feedback.

2.1.2.1. Repulsive Force
Devices with mechanical linkages (arms) and actuators can genenaddle repulsive force
by adjusing the input current. This kind of haptic feedback is able to simulate the touch
feeling oft y 2 0 2 S Guid®@ven taxkutedIl® following deviceare the samples which
mainly generate the repulsive force to provildaptic feedback.

A Novint Falcon

Novint Falcon Kig. 4) was released in 2007t is a consumer touch device with high
resolutionand with 3 degreeof-freedom (DOF) force feedbadkhas a workspace of about

4 cubicinchesand a force capablef about 10 Newtos. The retail price is around £120. This
device can simulate haptic of objects, textures, recoil, momentum, and the physical
presence of objects in gamds.wasselectedas the haptic feedback device to evaluate the

proposed method during>geriments
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Fig.4 Novint Falcon

A Force FeedbackEnabledGaming Joysticks

Joysticks muchmore common than the other two devices discussedhis subsectionThey
are the princi@l controllersin the cockpit of many civilian and military airceaff joystick is
an input device consisting of a stick that pivots on a base and reports its antirection
of the device it is controllingsenerajoysticks have two degreof-freedom. They havevo
axes of movementsare able toprovide limited forcefield, and have a fair amount of
backlashin mobile roboic tele-operation, the magnitude athe backlashis usuallyusedas

anindicar ofthe distance to obstacles

A Geomagic Touch (formerly Seaisle Phantom Omni)

The Geomagic Toucks amore professional haptic deviand is commonly used in haptic
research labslt hasa higher retail pricdaround £1,30) comparedwith the Novint Falcon.
This deviceoffered six degreeof-freedom sensinglt allows people to touch their 3-D
models enhance scientific or medical simulatioisprove the performance ointeractive

training, andmanipulatemechanical components a virtual environment

2.1.2.2.  Vibration
Vibration alerting is another kind of haptic feedback. It has a wide range of applications,
such as mobile phones, touch screen user interface, console controllersmaddtal
instruments etc. This approach uses vibration patterns to corimégrmation. For example,
on a touch screen user interface, vibration can be applied to inform the user that a virtual
button has been pressed or a new message has arrived. In video games, the vibration on
controllersusually represents events like collision, explosmnshooting, etc.

This kind of haptic feedback usually requires a small vibration motor to take .efesrhall
vibration motorconsiss of an eccentric mass and a small motbhe rotation speed of the

eccentric mass determines how intense the vibratwill be
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2.1.2.3. Electro-tactile Feedback
In addition tothe repulsive force and vibration, the third kind of haptic feedback is the
electro-tactile feedback. It relies oan electric current tostimulate tactile receptorson the
skin to provide thetactile senation. The electric current can be generateih electrodes
positionedon the skin surfacer embedded in a wearable device

2.1.3. Robotic haptic tele-navigation
Haptic technologycan beperformed in diverse applications, includin@aming training,
virtual assembly, machine interface design, and dozens of other applicafibissthesis only
focuses on how to enhancethe performance of telsmavigation with the help of haptic
feedback.The haptic interfacémplemented in a teleavigation systenmusually has wo
components:the first one is the kinematic mappingwhich allowsan operator to use a
haptic device to control the movement @ mobile robot. The £cond component is the
relevant methodology for providing appropriate haptéedback, in ordeto assistoperators

in understandngthe remote environmen{34].

2.1.3.1. Kinematic Mapping
In terms of the kinematic mapping, two methods a@mmorly used in the literaturesOne
is the positionspeed strategy, and the other is the positiposition strategy.These two
strategies can be implemented alone or mixed together.

A Positionspeed commandstrategy

The positionspeed strategy is popular in tetevigation systems which involve haptic
devices as the controller. A logical point Zx(obtained by projecting the haptic proBeor
the handle® location toan xzplane) isassigmed to motion parameters such as linear and
angular velocitiesHig.5). The advantage of the positiegpeed strategy is thahe operators
can stop the robot and keep zero velocity easilye disadvantage is that this method is
difficult for operators to accurately control a mobile robot and correct its parsit

Moving forward Moving forward

and turning right

Turning right

Moving backward
and turning left

Fig.5 Top-view of the work space of the haptic feedback devidegure taken froni39].
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A Positionposition commandstrategy

Positionposition command strategy is similar to the positigmeed command strategythe
difference is that the velocity and turning rates used in the posiipeed mode are
replaced by distance in the positiggosition mode because of limited workspace aonost
haptic devices, this method is npbpularyet. The benefit of this strategy ifigheraccuracy;

operators can easily mowerobot to the desired location.

2.1.3.2. Haptic Feedback
In tele-navigation tasks, haptieedbackcan beutilized to inform operatorsof the proximity

to obstacles Generally, the force magnitude is associated with measured distances to
obstacles The measured distance can be obtained through range sen3tes.working
principle is he closer the robot approdes to obstacles, the stronger the forfeedbackwill

be generatedOne objectives thathaptic feedback istrong enough to preverdan operator

from pushing or pulling the controller anymorg@husthe robot stops moving until the
operator gives an appropriatecommand.Beyond the alert function, haptic feedback is also
able to simulate the layout of obstacle distribution. This feature enables operaiatstect
obstacles through toughwhich is similar to howisually impairegeopledo with navigaion.

One benefit is thathe range information originally displayead the visualinterface can be
shown through haptic feedback.Haptic feedbackprovides additional sensorynformation

that can improve depth judgment and obstacle awarerdds.

2.2.Stereoscopic Viewing
2.2.1. What is stereoscopic viewing ?
Stereoscopic viewing is a method to simultie human biological vision system. The aim is

to allow operatorsto hawe 3-D perceptionandarealistic feeling whemvatching flatdisplays.

According tg50], a humar@two eyes focu®n an objectwith different angles; a small but
important mathematical difference (the retinal disparity) exists between the image captured
by each eye. Aftebeing processe by the brainthe two images makehree-dimensional
visionand produce the unique depth sensetereopsis. This is the reason wen perceive

the three dimensions of physical objectsdaily life Stereoscopic viewing tries to copy this

model to display devicgthusallowingviewersto perceive3-D objectsthrough flat screens
Stereoscopic viewing has bedeployedin the entertainment industry, especially in films

and video games. Thikesisfocuseson how to implement stereoscopic viewing iabotic
tele-navigation in order to provide operatar the intuitivewatchingexperience
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2.2.2. How does stereoscopic viewing work?
In order to simulate the biological stereoscopic vision, disparity images have to be produced

first. Currently here are mainly three categories of stereoscopic viewing technology,

includingactive, passive and austereoscopy43, 51, 52].

2.2.2.1. Active stereo
Active stereo requires viewer® wear specialelectronic goggles tgerceivethe effect.

These goggles are typically based anliquid crystal shutter. The glasses containing liquid
crystal which can block or pass light through only one eye can seaeimageat a time.lIt
utilises the concept of alternatdrame sequencing to synchronize with the images on
displays. Because the shutt@ refresh rate is high enough (60Hz for each eye), viewers
would not feel flickers when used in a proper light conditiégnpopular examplef the

active stereo methods theNVIDIA3D VisiorGaming kit.

2.2.2.2. Passive stereo
This approach projects two images on the screen simultaneously with different filters (colour

filter or polarized filter) The function of the filter is teeparatethe images dr each eyeto
make sure one eye only recetvéhe image for that eyeViewers are requiredto wear
goggles withthe same kindof filters for the display to seethe effect. Common passive
stereo goggles include linearly polarized glasses, circularlyizedaglassesand colour
anaglyphs glasses (uses a pair of complementary colour filt@rsllarly polarizedylasses
are the ones used in cinemawhen watching @ movies.Alsg Head Mounted Devices
(HMDs) belong tahe passive steredechnologycategoy. It has separated displays and

projects different images very close &acheye.

2.2.2.3.  Auto-stereoscopic stereo
Thismethod separates images based on special reflecting layers lying on the visualization
display[43]. It candisplay 3D images without the use @pecialgoggles, andhat is whyit is
Ffaz2 O f #88BSéa3a k3 aSheNinshdKPRohspla g ©good example
which applied this stereo technology.

2.2.3. Advantages and disadvantages
2.2.3.1. Advantages
Compared with traditional - viewing method, statistical analysis demonstrates that the
stereoscopic viewing has significant improvement e 8patial judgments, level of realism,
and sense of presendd3]. Sereoscopic viewig improves the performance of estimating
egocentric and relative distancel$.alsohelpsoperatorsto understand an image when the
image quality is poor due to interference such as low resolution, motion blur, and limited
grey scalg50].
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2.2.3.2. Disadvantages
The current stereenabled systems still have some issues such as crosstalk, misalignment,
image distortion etc All these may cause eyestrain, double image perceptod,depth
distortion. These issues decreagd operator satisfaction. Furthermore, stereo viewing
requires a @D camera to provide the visual feed, arftet3-D camera needs to transmit
double sized imagesompared togeneral 2D camera. Thus, enabling stereo viewing
requires moreresources ofhetwork bandwidth, and the performance is magasceptibleto
network conditiors.

2.3.Mixed Reality Technology
2.3.1. What is mixed reality ?

This concept was proposed by Paul Milgram and Fumio Kishino if3394hey described
G§KS GSNY & a mEaS@xononty|tath éxerdds from completely realistic to
completely virtual environment with Augmented Reality and Augmented Virtuality ranging
between Eig.6). This technology iappliedto distinguish different visualization methods
how a system represents information on the User Interface? Which subsetxadreality a
system uses idependenton whether the primary world being illustratad predominanty

realor predominanty virtual [53].

Mixed Reality Scale

Actual Augmented
Reality Virtuality

o— 0 — 00— 0

Augmented
Reality

Fig.6 Mixed Reality scale Figure taken fronj53].

2.3.1.1.  Augmented Reality
The Augmented Reality focuses on enhancingviesving of areal environment (the real

environment can be viewed through eyes directty video captured from cameras) by
overlying extra information oit. The aimis to presentrelevantinformation during viewing,
to enableviewers hae a better understanthg of the content that they are watchingA
simple example is televised sports, a clock and a scoreboard owerlawe video. According
to [54], Augmented Reality enhangeiewer perception and interaction with the real world.
Additional information superimposed on real video allewiewers to receive sets of

information from an integrated display window. The informaticonveyed by the virtual
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objects can assistiewersin performing realworld tasksas well This technologglsohasthe
benefit of improving taskrelated intuitiveness, which makes it more efficient to train

operators[12].

2.3.1.2. Augmented Virtuality
Augmented Virtuality is another form of mixed reality that referatartual environmentin

Augmented Virtuality applications, the virtual environmenteishanced oraugmented by
the inclusion of reaworld images or sensations. Augmented Virtuality differs from virtual
reality due to the inclusion of reakorld images, and it differs from Augmented Reality
because the basis of Augmented Virtuality is a virtual environment, assepp the real

world in Augmented RealifyL5].

2.3.2. Applications
Mixed Reality technolgy has been applied in diverse applications, from daily life to

professional field. Samples will be provided in the following subsections.

2.3.2.1.  Daily Life
Google Glass is a good example to demonstrate how the Augmented Reality technology can
benefit daily life. AgFig.7 demonstrated below, useful inforation can be projected on
dzZASNERQ 3IflFraasSaTtT a2 (GKS& OFy NBFR AdG RANBOGTt &
approach can help them to save time.

Virgin Airlines
JFK Flight 23
» 10314

Fig.7 Google Glass demo in daily lif€igure taken froni55].

2.3.2.2.  Medical
Mixed Reality caralsobe appliedas a visualization and training aid for suigerFig.8 is

another example of Google Glass. Patiestatus was projected othe R2 O 2 NN & 3t daSad
doctor can monitor it directly and in real time. In a traditional conditi@surgeommay need

to turn around to readpertinent information on a device; obe informed by an assistant.
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These processes can be a distraction for suegeon who need$o concentrate on the
surgery. Furthermorefrig.9 demonstrates how virtual reality and haptic feedback can work

togetherin orderto provide a simulation environment for dentists.

/ ﬁ..h.
o £ s

Fig.9 Demonstratiors of how to use virtual reality and haptic fegback to train a dentist Figure taken from

[57.

2.3.2.3.  Manufacturing and Repair
Augmented Reality can be also appliedtasks likeassembly, maintenance, and repair of

complex machineryCompared to manuals with text and pictures, instructionan be
represented as -® drawingsoverlaid upon the actual equipment, displaying stapstep

what need to be done and how to dd [54]. Fig.10is an example that illustrates how the
augmented reality technology can guide people to assemble machines. The yellow object is

a virtual one which corresposdo the actualGtype componentheld by the operator. The
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virtual object was displayed in the correct position to show where dhtial component

needs to be installed

PALUUPUTKI
sennus pikaliittimeen ja
(GS9266:een.

[Tyiikalu: 27mm kiintoavain

Fig.10 Augmented Realityappliedin the manual assembly workFigure taken fronj5g].

2.3.2.4.  Education
With the ability of annotating objects and environment informatidviixed Realityis a

valuabletool in the education area. One example is to use AR technology to enrich text
books. Text and pictures in conventional books can be represented -Bsn3odels o
animated video clips in aARenabled book(Fig. 11). Thesekind of bools are not only
attractive, but also enablesiisto interact with 3D content[59-61]. VR technologwglso can

be utilized to create virtual environments of historical heritage, tourist attractions, or even
important events.It can overcome the limitation of space, allowing people from worldwide
to virtually visit the content with an immersive experien&2]. The virtual experience also

promotes people to visit the real sitf53].

Fig.11An ARenabled book was usetbr RS Y2y a i NI G Ay 3 G KS. FglréNtikéndm [59. Iy SGA O FASE
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2.3.2.5.  Entertainment
Mixed Reality technology goodfor games as wellARenabled video ganwusually use the

real world as the display background, and players can interact with virtual models arkich
superimpogd on the video background. ARchnologyprovidesa new gaming experience
and significantly increasgresence meaninggamerswill have more perception that they
are immersed in the gaming environmenkig. 12 illustrates a demo of how to use the
Microsoft Hololens to play Minecraft. In the uSemerspective, the Minecraft worlis

properlyprojectedin the sitting roomconsidering the position a#xistingreal objects.

Fig.12 Microsoft Hololens DemoFigure taken froni64].

Fig. 13 shows the Wftuix Omni which is a virtual reality interface. It allows users to use
natural moving actions (walking, running, jumping) to control the movemerat afaracter

in their video ganes. If working together witha motion tracking enabled HMlike Oculus
Rift, they canprovidean ultimate immersive gaming experienfgb, 66].

Fig.13 Virtuix Omni demonstrations. Figure taken fron]66].
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2.3.2.6. Mobile Robotic Tele-navigation
When it comes to mobile robotic teleavigation, AR technology is a very efficient hoet

for sensor fusion and status information delivéty]. Different sets of data can be displayed
in an integratedwindow frame using an AR approach, which would overcontbe
disadvantages of conventionaiethods that display information on separate windows. The
image below illustrates an Augmented Reality Interface tisapplied in a robotic tele
navigation systemThe bp left image is the video obtained froem on-board camera.The
bottom left imageis the proximity walls which representthe range data from daser
scanner Different colous refer to diverse range information (red meatise distance is
closeand green meanshe distanceis far. The ight image is the result of the AR view:
Virtual proximity wallsvere superimposed on théive video andalignedwith corresponding

realobjects.

Fig.14 Augmented Reality Ul for robotic tel@avigation Figure taken fron12].

Fig. 15 demonstratesan Augmented Virtualityuser interfacedesignedfor robotic tele
navigation. Top left is the video feed obtained framon-board camera. Top right is al2
cost map whicltan begenerated based oa simultaneous localization and mapping (SLAM)
algorithm. Bottom is the Augmented Virtuality view. A3irtual environment was created
based on the 2D cost map; the live video wakownin front of a CG mobile robot.
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Fig.15 Augmented Virtuality Ul for robotic telenavigation Figure taken froni15].

2.3.3. Challenges
In Augmented Reality, the existing problem is how to improve the accuracy of the alignment
and its reliallity. The virtual objects should be displayed in the correct position with
acceptable erras, and this processeedsto be guaranteed all the time. Otherwise, tiny
misalignmens would result in critical probles) especially in medicalpplicationsand otrer
situationsthat requireveryprecise operation.

For Augmented Virtuality, the challenge is how to tleeraw data to generate -® models
that cansatis¥ the requirements. As the dominant element @am AV caseis the simulated
environment, it has to be correctly reflecting theratition of the real environment

2.4.Range Sensors
Range sensors are essential components for both automatic and manually controlled mobile
robots. Robots need them to understand the remote enmirent. SLAM and collision
avoidance algorithms also rely on range sensors to measure distances to objects. General
range sensors include ultrasonic serstaser rangefindey and infrared sensos.

2.4.1. Ultrasonic sensor (sonar)
People imitate biological emnacteristics of animals inature and inventedhe sonar system.
However, aimals like bats and dolplsruse frequency modulation Doppler, thatis much
more sophisticated than the timef-flight (TOF) method discussed hei@7]. Ultrasonic
sensos have two types: active sensor and passive sensor. In roboticrtelégationcases
active sensorare widely deployedThe active ultrasonic sensor operates by emittamg

ultra-sound pulseand measureghe time it took the sound to return
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2.4.1.1. Advantages
A Theycan beused in underwater and other poor lighting conditions.

A Instead of sending out a ray, tharea of anultrasonic pulseis a cone with an
opening angle[68, 69]. Thus, ultrasonic sensors have the ability to detect small
obstacles without the requirement of directly hitting them withay.

A Compared with otherangesensorsultrasonicsensos have a relatively lower cost
[70].

2.4.1.2. Disadvantages
A They are not suitable to work an environmentwhich has many sound absorig

obstacles.

A Ghost echoes issu@he effect ofghost echoefiappenswhen thesoundbounces off
wallsin a strange patternmeaning thesound pulse cannot feect directly on the
receiver[71].

A Crosstalk issueThe cosstalk issue may exist when multiple sonar sensors work
simultaneously[72]. One ultrasonic sensormay interfere with its neighbaurs. In
order to diminish the interfeing, ultrasonic sensaoin an arrayusually needs tavork
one by oneWhen one complete sending and receiving, the next one starts to work.

A Wide beam angleDue to the emitted sound beam has about 30 degrees or wider
angle, an open space in front of a mobile robot nbayignored if a side wall reflects

some parts of thesourd waveq72, 73].

2.4.2. Laser range finder
The laser range finder is a device which wstsser beam to measure distare® objects.

There aretwo methods to measure the distance to an object

A Time of flight This mechanism is similar to hoan ultrasonic sensor work§he
difference is: instead of sendina sound wave, the laser rarfjgler emits a laser
pulse towards an objecthen measures the time taken for the pulse to travel to the
target and back. With the speed of light known and the measured time taken, the
distance toan object can be calculated@ue tothe speed of lighbeingveryfast, this
approach requiressophisticatedsub-nanosecond timing circuitry to do accurate
measuremen{74].

A Multiple frequency phaseshifts. Instead of measuring the time of flight, this
approach measures the phase difference of the reflected wave to calculate the
distance[75, 76]. Actually, this method measures the phase difference of the signal

that coded on the laser beam rather than thedaveam itself.
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Based orhow many dimensions a laseaingdinder canhandle they can be categorized as

three groups

A Onedimensional laser range finder This type of laserange finderscan only
measurethe distance to a singlpoint per time It can be enbedded into a portable
tele-scope, ora more sophisticated one used to measure the distance between
earth and moon.

A Two-dimensional(2-D) laserrange finder Compared with the first one, this type of
laser range findehas a mirrocomponent which usetb change the direction of the
laser pulse The laser pulse is emitted tine quickly rotating mirror and being
directed to an environment (Fig. 16). The calculation is still based on the
measurement of theeflected laser puls§77]. With the help of therotatable mirror,

2-D laser range findercan scan dine and are ableto detect the 2-D layout of an
object

A Threedimensional (3-D) laser range finder 3D laser range finders have an extra
rotatable component. It enables the rotation of the device that is vertical to the
rotating surface of the mirror. Thustwo rotational movements enable the laser
beam can emit to nearly all directiond/ith this feature 3-D laser range findsrcan
provide 3-D elevation maps ofa terrain, the 3-D layout of objects androbust

collisionavoidance, whiclappliedto seltdriving caf78-80].

Fig.16 lllustrations of the working principle of a 2D laser rangdinder.

2.4.2.1. Advantages
A Accurate. Laser measuring methods can provide higher accuracy than other
approaches discussed in this chapie?, 81, 82]. The accuracy cagvengo down to
millimetres
A Long rangedistance Laser measuring method can alseeasure longer range
distancethan other<)82]. For example, a dedicated las@nge finder can be used
to measure the distance from earth to mo¢83].
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A High angular resolutialA common 2D laser range finder usually supposcanning
up to 180 degreeg$82, 84]. In terms of 3D laser range finders, they can scan a
panoramicarea.

2.4.2.2. Disadvantages

A Expensive A normal laser randader usually cost more than other measung
deviceq70, 73].

A Relatively not compactCompared wh ultrasonic sensors and infied sensors, the
size and weight of a laser range findare relatively large. It is not suitable to be
deployed on a mini robdi85).

A Planar working surfacélhe working surface of a generaD2laser rangefinder is a
flat surface, means objects which are not in that surface are invisible to the sensor
[72,81].

A Itis not suitable to work in an environment with many mirrors, glass doors, or other

objects which can totally reflect the ligfit2].

2.4.3. Infra -red (IR) sensor
Themost popularIR sensorgn mobile roboticsaare the SHARMR sensor§73, 86)]. Instead of

calculatingthe time-of-flight of the light, SHARRR sensors use triangulation to determine
the distance. Agllustrated in Fig.17, the distance between themitter and receiver is
known. If the emitted light pulse hit an object and reflected to the receiver, a triangle is
formed between the point of reflection, the emitter and the receiver Based on
triangulation algorithm, the distance can lbemputed The lager the angle, the longer the
distance from the objecf73, 87, 88].

Object

Object

Point of Reflection

[\

Sharp IR detector angle of reflection arrival for near and far object

Fig.17 Working principle ofthe Sharp IR sensarFigure taken fron{89].

The limitation of IR sensordncludes a relatively short range distance anthey are

susceptible to ambient lighf70, 87, 90]. For example, they araot suitable to work
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outdoors with sunlight or indoor environment with many darkand flat objects. Qunlight
disturbsthe IR receiverDark andflat objects can absorthe emitted IR light These factors

canseriowsly affect the sens@accuracy.

2.5.Network Transmission
The retwork is one of thehree important components in a robotic teleperation system. It
is responsible to exchange data between the local system and the remote system. Several
wireless technologies are availatiteat are qualifiedfor the job, including Wi, Bluetooth,
ZigBeeandmobile broadband

2.5.1. Wi-Fi
The bcal WiFi network has a midange transmission distancéf. the local and remote
systems can access the Internet, the distance between them isanoissueanymore.
Generallya Wi-Fi network is easy to configure and compatible wite majority of terminal
control devicesA Wi-Fialso supports enough bandwidth to transmia live video[91]. The
limitation of utilizing WAFi is that the signal can be wealegtby many objects, such as walls
and doors. Thughis method is not suitable for apphtions that need to work in a closed
and unstructured environmer{B2, 93].

2.5.2. Bluetooth
Bluetooth devices have beeextensivelyused in consumer electronics. They have the
advartages of compact size, low price, and low power consumd®dro6]. The limitations
of Bluetooth devices includel). The averagetransmission distance is relativeshort. 2).
dgnal strength is also susceptible to obstaclesTBg connection amondluetoothdevices
is based on star network topology. Once the host device #inaff the other paired devices
will get disconnead. 4). The bandwidth is not enough for smooth video transmiss[o,
9g].

2.5.3. ZigBee
ZigBee has margimilar characteristics as the Bluetooth technology. It also has compact size,
low cost, and power savisd99]. The differences aras follows 1). Its range distance is
longer. 2).1t is built on mesh network topology, and is easily configured to organise a
network group. Within that group, ZigBeeovides multiple pathways frorpeerto peer. A
single point of failurewill not break down theentire network. However, the disadvantages
are low bandwidth and poocompatibility among different manufactunsQdevices[100-
103.

2.5.4. Mobile broadband
Mobile broadband means the way mobile phones connect to the Internet. The bdtidisi
adequatefor video transmission. The working range depends on the signal coverage. Usually
it is good and relativelffurther than other wireless technologies. Th#ownside of
implementing mobile broadband includel).Both the module device and dattransmission
cost. 2). Compared with WiFi and Bluetooth solutions, the configuration is relatively
complex[104-106).
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2.6.Summary
This chapter briefly descrissome technologies that are essential ameheficialfor mobile
robotic telenavigation. These technologies include Haptic Feedback, Stereo Viewing, Mixed
Reality, Range Sensors, and Network Transmission. Among them, haptic feaslback
consideredas a control method implemented in the local system. Steiewmgis designed
to improve the user experience of the local system. It requiredacamera mounted on the
remote mobile platform to provide video feed. Mixed reality can be applied to represent
information in an integrated format, in order to enhantiee accessibility and efficiency of
the graphic user interface. Network transmission is the data exchange bridge between the
local and remote systems. Range sensors usiuahalledon the remote system to obtain
distance information to obstacles. All the components need to work properly to deliver an
intuitive and efficiem tele-operating experience.

28



STATEBTHE ART

Chapter 3 STATE OF THE ART

The focus of this PhD is on haptic and visual feedibadkobile robot tele-navigation. In
order to address this subit area, itis decided to look at current research awbotic tele-
navigation and telananipulation. A wide variety of articlere reviewedin order to gain
insight on general problems related to the subject.

The research includepapers thatcontemplae the use of hapticfeedback,those that
discuss and proposeisual feedbackand those that present examples afooperation
between visual feedback and haptic feedbagkisresearch strategys deemedrelevant
because visual feedbadkalways proposed when a telgavigationsystem provids haptic
feedback.

The researchs conducted following a systematic review approathe papersresulting
from the proposed searchre reviewed in their content and classified according to main
characteristicslt is noted that thereviewed papers heae different focusestherefore after a
general overview of all the retrieved papessx papersre selected because deemenlost
representative according to the PhD olgjees.

The sections below carefully present an analysis of the selgmpdrs The final sectiorof
this chaptersummarizesaind contrasts the main features of theviewedpapers.The review
of the state of the art represents a base for the proposed apphy which is introduced in
detail in the next chapter.

3.1.Haptic and Visual Feedback in Robot Tele -Operation
A Addressing Haptic Feedback

Amongthe papers that mainhaddresshaptic feedbackthe authorfound that manyfocus
on the benefits of haptideedbackor 3-D visual feedback remote surgeny6, 11, 49, 57,
107-110. Some others address the challenge related tavihaptic feedback can be used to
help visually impaired peoplgr0, 111-116]. [70, 117-12(Q talks about how to identify the
distance information to obstacles through haptic feedbagfplicationsof haptic feedback
to robot navigatiorand a relevant comparisomaddressindgiuman computer interaction (HCI)
are studied in[20, 47, 121-137]. Using electrdactile feedback to augment remote control
experiencds introduced if13§].

The work described if139 focuses on the description of a evaluation method, which can be
used to evaluate the haptic feedback control in tekvigation applications[8, 52]
mentioned the influence of interaction between3 visual feedback and haptic feedbaldk.
33, 34, 3742, 48, 140, 141] concentrated on thediscussionof how to employ haptic
feedback in mobile robot teleavigation tasks.

The work presented irf34] proposesa 3D virtual cone control approachnd this is
comparedto the typical 2-D kinematic mapping methodlhe ideais to utilize the vertical
workspace of the haptic device to indicate the current motgiatus The methoddivides
the device workspace into different dimensions for motion con&nodl force feetdack.
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A Addressing VisudFeedback

Among the papers that mainly focus on visual feedbdhbl, author foundthat some
compare the performance of differentB display technologies in teleavigation task$43,
142-149), while others analy® the influence of @I design on the effectiveness of a tele
navigation systen15, 16, 28, 146-151]. The works described ifil52 153 discuss the
application of mobile robots in planetary exploratiorwhile [9, 45 evaluate the
performance of stereoscopic viewing paired with heading tracking in robotniaggation.
The works presented ifi5, 154 review the current situationwith the developmentof
mobile robotic telepresence while [26] introduce a hybrid user interface to enhance the
control experience of a telpresence robot.

In terms of studies on advanced visual feedback rather than genddalileo imagedq31]
proposed a user interface that combines stereoscopic viewing, AR visualization and data
fusion. A 3-D webcam is utilized to provide the stereoscopic viewidgpth information

about remote environment is obtained from al® laser rangefinder. Virtual graphic layers

are generated based on the depth information. These layers sarperimposedon
corresponding real objects in the live video image. The virtual layer can be displayed as a
proximity plane, ray casting, or just figure values. Different colours are used to represent
associated distances. Considering the field of view of a norddaW2bcams narrow, which

limits an operato® understanding of the remote environment.

The works 29, 30] propose an idea that composa virtual backwareracking viewpoint.
The virtual viewpoint consists of a live video frame in the centre, surrounded by virtual
images which are generated fropreviouslycaptured pictures. The pictures are captured
and stored while the robot is moving. A CG robot is plaaethe correspondingcurrent
position.

[45] presened how to remotdy control a RAPOSA robot with a HMD and gamepad. The

HMDis ableto NEO2NR 2LISNI G§2NR&a KSFIR Y20SYS&¥d O6LAGO
transmitted to the robot platform through a wireless connection. The head movement

controd G KS NP 6 2rd Bé pitdNBféa B-I webgam. Thegame padis utilized to

control the linear movement of themobile robot. Compared witla conventional 2D GUI,

the experimental results show that controlling with a HMD improtreldepth perception,

situational awareness, and reduced the navigation time.

A Addressing botiHapticand VisuaFeedback

Some papers discuss both haptic and visual feedbadB] Bbme elements that may affect
tele-presence and performance in robot tetavigation are described These elements
include haptic feedback, stereoscopic viewing, and video resolution. The experimental
results show that haptic feedbachkay significantly improve both task performance and user
sense ofresence Haptic feedbackappearseffective on useffelt presence regardless of the
video resolutionThisalsorepresentsthe highest contributig factorto the improvementof
performance and presence. The stereoscopic vievisnghown aseffective only when no
force feedback control was applied.
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Researchworks related to teleoperation of unmanned aerial vehiclegA\) that involve
haptic feedback controktereoscopic viewingnd immersive viewing (HMD) amgresented
in [155, 156).

Distinctfrom utilizing a conventional haptic device which requires mechanical linkages and
actuators, [138 demonstrates how to use a data glove with electtactile feedback to
provide environmental conditions to an operatdDbstacle information is converted ta

mild electric current to stimilate an operato@ skin.

The work in[48] studies how to use vibration pattars to represent obstacle information.
Two vibration motors ardnstalled on the bottom of a joystick controller to generate
vibrations. Which vibration pattern will bgenerateddepends on the measured distance
and the robot velocity. Each pattern repreg¢em situation. Operators can understariae
remote situation through distinguishgthe vibration patterns.

Out of the manyreviewed papers, six representative publicatiare selected. The sadtion

is made by looking athe papes that address hapticdedbackand they thoroughly discuss
the proposed approach within lsigh-quality publicationsThese publications are believed to
represent a solid base from where to develop and compare the proposed approach.
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3.2.A user study of command strategies for mo bile robo t

teleoperati on [37]
Summary

This article investigagethe motion control strateg of utilizing haptic feedbackin tele-
operation Threemotion control strategiesare discussedTwo experimentsare carried out
to evaluate eachd (i NI (4 S3& Qa  aufaiFhAiMNe ang @nbtidn abcuracyare
considered aswo quantitative variablesn the experiments.

The three motion control strategies include: positicepeed strategy, positicpostion
strategy, andheir proposed combination of the previous two.

The positiorspeed strategymears the velociies (both linear and angulaof the robotare
corresponding to thelogical position (displacement)of the haptic devicgthe further
displacement the probe has the greater velocity the robot will get. This strategydes
extensivelyused in mobile robadt systems which involve haptic feedback confi®I]. The
advantage of this strategy includes: the operator can stop the robot and keep zero velocity
easily; italsoenables the operator tadjustii K S N¥elbciésQ

Theposition-position strategy meanthat the displacement of théaptic devicadetermined
the movement distance of the mobile robot. Becaysepular haptic feedback devices have
a limited workspace,when operate with the positioiposition strategy,operators are
required to resetthe position of the probe frequentlyn order to achieve continuous
movement. As a resultthis strategyis rarely implementedhlone in the studies However,
the advantageof the position-position strategy is its abilityo accurate controlCompared
with the positionspeedapproach the positionposition strategy allows opators to move
the robot to a desired location easily.

In addition tothe two control strategies, thepaper also proposes a combined command
strategy, whictenables operators to switch between position and speed modes according to
the situation.

A mono webcanis utilizedto providethe video stream. Sensor informatiasmshownastext
format on auserinterface.In terms ofhaptic feedback method, the system proviievo
force effects. Onés the initial force k: which helpsan operator to retun the haptic probe

to its original position and the other is the environmental force ¢F which informsan
operator the distance information between the robot and surrounding obstacles. The
magnitude of Eis inversdy proportional to the measured distae¢ and the force feedback
gainis a constant. Tik paper does not mention how the force directi@derived.

Two experiments were conducted in thgaper to evaluate the three motion control
strategies. The first experimemtas to positiora mobile robotafter moving six meters. The
second experiment was to remote control a mobile robot imare complexenvironment.
Within each experiment, i papercompared among three control strategies with and
without haptic feedback conditionThe ravigation time ad motion accuracywere
considered aghe two quantitative variables. The experimental results showed that:
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A Haptic feedbackwas useful forthe positionspeed strategy. However, had a
negative effect onthe positiontposition method.

A Operators using the positiespeed command strategy toakn average the shortest
time to completea test; with the positiorposition command strategy, they speoi
average the longest time to finish a trial; the combination mode was in the middle
position

A As for the positioning accuracyriving with the speed control mode gothe
maximum errosin both haptic feedback conditions; the best accura@s achieved
in both the position-position strategy and the combined control method without the
help of hapic feedback

In brief, the positiorspeed control strategy showetie shortest navigation time while the
positiontposition command mode showealbetter performance on accuracy. Furthermore,
the combined command method achievdtlie best on the productivityand accuracy
tradeoff. The haptic feedback effect wasefulfor the speed command strategy, but it had a
negative effect while working with thgosition-position strategy.

Characteristics

A Three main motion control strategies which based on haptic feeklbeediscussed.

A Monocular vision and text representatiame utilized as visual feedback.

A 1t only has the environmental force effect to prevent collision. The force magnitude
is inversdy proportional to the measured distance, and it cha regarded ashe
springdamper model.

A The force feedback gaia aconstant and the force directioiis not mentioned.

Comparison

The differences between the systedescribed aboveand the one proposed in this thesis
include:

(1) The proposedgain of the environmental face feedbackvaries from measured
distances. It has three values to represent three obstacle conditfansniddle, and
close. Theother factor in the force calculation is not associated with the measured
distance, but with the displacement of the haptidN.2 socSofdlinate

(2) In addition tothe environmental forceeffect, the proposed method also introduced
the contact force effect to provide operators the touch sensation.

The work in[37] focuses on the comparison among motion control strategies. This thesis
concentrates on the improvement of haptic feedback control, and hdwan work better
together withvisualfeedback, including mono and stereo.

33



3.3.A Preliminary E xperimental Study on Haptic Teleoperation of

Mobile Robot with Variable Force Feedback Gain [38]
Summary

This paperproposesa way of using variable force feedback gatio calculatethe force
magnitudein tele-operationtasks A 3D webcanis utilized as thesource ofvisualfeedback.
Three experimentsare carried outto evaluate the proposed methg@ndto compare with
the constantgain Oneis takenin a simulator, and the othetwo are conduced in a real
environment.

According to[38], conventional force calculating approachase constantforce feedback
gain.The calculation depends on timeultiply of a constant gain and the measured distance.
The closer tan obstacle the strongerforce feedback will be. Thisnd of method neglecs
situationsin which a robot needs to approach to some objedts examplewhen a robot
moves within narrow spaceEventhe operator has realized that collision may happen and
slows down the velocity; force feedback may stiitrongerthan the operator@ prediction
and modify theinput command as aresult, the mobile robot cannot followthe operator@
instruction

Consi@ring thelimitation of conventional methos| [38] proposesan approachby applying
a variable gain ithe force calculationThe variable gaiis determined bythe proximityto
obstaclesand the robot velocity. If the robot and obstacle move away from each qtlaer
minimum gain will be applied. If the robot anthstacleapproach each other and with a high
velocity (greater than a threshold), a maximurairg will be generatel. If the robot and
obstacle approach each other but with a velocity less thahreshold, the force feedback
gain willbe proportional tothe measured distance

Three experimentswere conducted to evaluate thproposedmethod. Thefirst experiment
wastakenin a simulator. Operators were asked to remote controfidual mobile robot
towards an obstacle which was plac&b meters away. During this experiment, force
feedback witha constant gain and variable gairwere compared.Theresults showed that
with a constant gain a strong force feedback would be generated when the robot
approachedo anyobstacle Although t enabled safe driving, Wwasdifficult for an operator

to performaccuratemotion control such as mawug closerto an object.

The second experimenwas carried outin a real environment with a real mobile robot
(Pioneer 3DX)Operatorswere askedto tele-operate the robot through a narrow corridor
without collisions. A D webcam wassmployedto provide visual feedback. Measured
distanceswere obtained fromsonar sensorsNavigation time, collision number, and
trajectories of the robotwere recorded agjuantitative variablesThe aim alsdocusedon
the comparison between twéinds offorce feedbackgairs. Theresultsindicated that with
the help of haptic feedbagkthere was noconflict under both conditions In terms ofthe
navigationaltime, driving with the variable gain performs faster on average than the
constantone. However this paperdid not mention whethetthere is a statisticaly significant
difference betweenthe two results As for thetrajectories, the result of applyingthe
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variablegainwere neater and similar to each other; while trajectories the conventional
constant metha were messy and chaotic.

The third experiment wasbout object manpulation in anarrow space. Operatorsvere
asked toremote controla mobile robot to push an object ta desired positionwithin a
limited time (60s) Navigation time and positioning er®were measured aguantitative
variables.Two ontboard webcamsvere available to provida general view and a close view
of the manipulatedobject. Experimental esultsaddressd that driving withthe variablegain
was more accurate thatihe conventional approach. While driving withe variablemethod,
operators felt small force feedback when the rovelocity was slown the same velocity
condition with constant gain, thgeneratedforce was toostrongto distort the operator@
desired nput, anddegraded the accuracy te positioning.

Characteristics

A The variable force feedback gais used. The valuglepends onthe measured
distance and robd@®relative velocity.

A Only environmental force feedbag¢kpringdamper modeljs available

A Only 2D visual feedbacis provided

A Sonar sensorare used aghe range sensor.

Comparison

Compared witH38], the proposed method in this thesis alswestigateshe variablegain
Although its valueis associated withthe measured distance, it only has thremvailable
valueswhichrepresent three obstacle conditionfar, middle, and closdn [38], the variale
gain has a minimum value, a maximum value, Hiaintermediate valuds proportional to
the measured distanceDuring theintermediate condition, force feedback gain changes
continuously That may result in an unpredictable force magnitudevhich is not good to
estimate the distance to obstacles. Furthermothe other independent variable in the
proposed methods linkedto the displacement of the haptic prol@coordinate rather than
the measured distance used [B8]. In addition to theenvironmental force feedback, this
thesis alsointroduces a new use of the contact force for robot tetevigation The
performance @ the proposed haptic feedbacakorking with stereoscopiwiewingis further
investigated.
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3.4.Haptic Control of a Mobile Robot : A User Study[39]
Summary

This paperinvestigateshaptic feedback control in robot teleavigation tasks. lexplairs
how to use a haptic feedback device to achieve motion control, r@pdesentthe distance
through force feedback. Wo force effectsare discussedenvironmental force andollision
preventing force.The eperimentis conductedin a virtual environment to evaluate the
proposed approach.

Similarto other haptic feedbacksystems,the method described in this paparsesthe
position-speed modeas the motion control strategyfhis strategy matcheshe displacement
of the haptic probgobtained by projecting the haptic protelocation to a horizontal plane)
to the linear and angular velocities of the robot.

[39] addressstwo force feedback effectghe firstone is theenvironmental forceandthe
second oneis the collisionpreventing force. The environmental force mainly infaran
operator the proximity to obstacles.When calculating theforce vector, only relevant
obstacles are considered Forexample when the robot moves forward, ontize obstacles in
front of the robot areconsideed. Obstacles that locate in the direction opposite to the
movement of the robot are ignored. Thimprovesthe relevance of the force effect. Another
characteristids that, instead ofrendering theaverage or sum of forces from all measured
distances, only the maximum forces rendered The magnitude of themaximum force
feedbackcan be used taepresent thedistance to theclosest obstacleThe motivationis
that the average or the sum rendering mettmanake it difficult for operatorsto recognize
the differencesin the distances betweerthe robot and obstacle439]. In terms ofthe
magnitude calculation, the algorithm can be simplified as:

O Q QQ
O Q QQ a

F. F denote the force components otthe x-axis and &axis of the haptic devicé constant
force feedback gain (ks usedand its valueis determined empirically MQrepresentsa
measured distancd(d) is a functionwhich returns the maximum value after the calculation
of all relevant measured distances. The force magnitigléneardy proportiond to the
measured distanceis for theforce direction, because laserrangefinder is usednd each
scanned pointis reqarded as an obstaclethe force directionis from the scanned point
(whichresults in the maximum force magnitugé the centre of the robotDifferent from
most other methods,in this paper,the force magnitudeis also proportional to the
displacement of the haptic device. Theand ¥in equationsdenote the logical positions of
the haptic probe.

According tahe explanationthe environmental force slosdown the robot wherthe robot
is moving to obstaclesDepending on thigorce effectonly cannot guaranteecollisionfree
navigation Thus, this paper proposesthe collisionpreventing forceeffect to provide that
The difference between the eironmental force andthe collision free forceis the
proportionae rate to the measured distanceThe collisiorpreventing forceis more
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susceptiblgo the measured distanc&Vhen the collisiorpreventing forces activated, same
measureddistancemaygenerate stronger collisicpreventing force than the environmental
force. However, thepaper mentions that the final rendered force effects given inthe
function which returred the largest value.

One experiment was conducted invatual environment to evaluate the proposed methods.
Three force feedbackonditions were conpared during the experiment, including no force
feedback condition, environmental force only, anding both the environmentand the
collisionpreventing forca. During the experiment, the following factovgere measured as
dependent variablesincludingNavigation time Collision numbersAverage velocityand he
minimum distance between the robot and surrounding obstacles

The experimerdl resultsindicated that: compared with no force feedback condition, haptic
feedback significantly reduced theollisons and increased the minimum distance to
obstacles.In the mearnime, haptic feedbackcontrol did not significantly increase the
navigation time. However, theravas no obvious difference between the conditi of
utilizing the environmenforce only and both force feedback effects.

Characteristics

A Both the environmental and collisigoreventing forces arédased on the gring-
damper model. The difference between them is the sensitivity to the measured
distance.

A The force magnitude is lindgrproportional to the measured distance.

A The force rendering algorithm considethe displacement of the haptitJNR 6 S Q &
coordinate

A When calculating the force vector, only relevant obstacles which are locatéide
moving direction of the robot areonsdered

A The force direction isulti-directional and i®pposite to the obstaclevhich results
in the maximum force magnitude

Comparison

Compared with themethod proposed in thisthesis two approache have the identical
motion control strategy Both methodsneglectthe obstacles that are irrelevanand have

considered the displacement of the hapimbewhile calculating the force magnitude

There arethree major differencesthe first one is the range sensarsed to obtainthe
measured distancg the secondone is the environmental force feedback gaamd thelast
oneis thecollisionpreventingforce. The system described [89] utilizes a laserrangefinder
as its main range sensor, while the system proposed irthksisrelies onultrasonicsensors
The proposed forceeffect in this thesis generates impulse like forcedbéack rather than
the onementionedin [39] which islineally proportional tothe measured distancdn terms

of the force rendring algorithm, the system if89] hastwo force effectsand they areall

37



based on thespringdamper model As a comparisorthe systemdescribed in thishesishas

an environmental forceffect (springdamper model) ané contact force effect
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3.5.Remote Control of an Assistive Robot using Force Feedback [40]
Summary

In this pape, the positionrspeed strategys utilizedto control the motion ofa mobilerobot.

A springdamper model based environmental force efféstproposed, to provide operators
the obstacle information through haptic feedback. The initial fascendemented to return
the haptic probe to its origindead zong. An experiment with three simple configurations
was conducted to evaluate theiorce feedback method.

The positiorspeed motion control strategis similar to others andalso similarto the one
implemented in this thesis. The displacement of the logical position of the haptic psobe
translated intothe linear and angular velocities of the robot.

The algorithm of the environmental forggoposed iM40] can be simplified as:
0 YQ Q

2 K A kidendtes the stiffness coefficient, and répresentsthe measured distance. There
are two thresholds to determine the .KThe wo thresholds indicate two distances to an
obstacle. Oneis closer than the otherand is corresponding to a larger Khus the k
(stiffness coefficient or force feedback gain) has two possible valaed;the force
magnitude is linearly proportional to the measured distanceThe final force effect is
rendered bythe sum of all components calculatdébm each sonar reading. Meanwhjine
direction of thefinal force feedbackmay not opposite to the closest obstacll addition to
haptic feedback, tis paperalso investigatethe technique of time delayincompensatn.
As itis not thefocus of this thesis, theris no need to describe the detsiil

Themethod proposed inf40] was evaluated under three simple environment configurations,
including moving towards plain wall, turning around a corner, and passing through two
obstaclesFour force feedback conditions were compared during the experiment. They were
No Forcefeedback (NF), Fordeedback without Delay (ND), Forfeedback withdelay but

no correction (DNC), rad Forcefeedback with Delay Correction (DThe test mobile robot
was Lina which has cylinder body withwo driving wheelslt is equipped with12 ultrasonic
sensorsHowever during the experiment onlyhe front seven sonars were enabled. A pan

tit camera was utilized to provideisual feedback. Three factorswere considered as
guantitative variablesthe navigation time the variation of the force generatedand the
variation ofuserd i@put.

Maybe due to thesimple configurations of the environmenthe results did not show any
statistically significant differences among four conditions on the first two quantitative
variables. The benefits olingforce feedback were natbviouswhen performing in a short

distance task and witliewer obstacles. Hoever, considering the variation afperatord Q

input, NFconditionwas significantly differentrom other force enabled conditions. Among

force feedback conditions, the ND wsignificantlydifferent from the DNCTrajectories of

operatord Q A Y LJdzi Affdza N GSR GKI (0 Repdtbpsratds3oS Ro I O
smoothly control the robot. Orthe contrary, operatora Q A yNBdaid DNG conditions
werejerkier.
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Characteristics

A The force effectis based onthe springdamper model.The force magnitudds
linearlyproportional tothe measured distance.

A The brce feedback gaimaries from the measured distancéwo possiblevaluesare
available.

A Thefinal force is renderedbased on the sum of all force vectors calculated from
eachultrasonicsensor.

A A pantitle camerais utilized to provide D visualfeedback.

Comparison

The similaritesbetween[40] and the one proposed in this thesis include: both metholg

on the ultrasonic sensor to pwvide measured distances fdahe force calculation. Both
methods hae a variableforce feedback gairwhichis linked tothe measured distance. The
differences between two approaches include: the environmental force proposed in this
thesisis proportiond to the displacement of the haptic probea O 2 2ratheithyah theS
distance toan obstacle.In addition tothe environmental force feedback, this thesis also
describes a new use of the contact force effecn robotic tele-navigation. The contact force
effect not only allowsan operator to be aware ofsurroundingobstacles, but also enables

himheri 2 G i2dzOKé | @GANIdzZ f NBtheSadBhstack o KA OK A &
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3.6.Experimental Analysis of Mobile -Robot Teleoperation via

Shared Impedance Control [7]
Summary

This paper investigagesome elements thamay affect the performance ottele-operation
tasks, includingtime delay, information representation, camera viewpoints, and force
feedback control. Experiments have bem@adein a real environment and corresponding
virtual environment simultaneously. The contributi@to provideconstructivesuggestions
for user inerface designers who are interestedtire robot tele-operation system.

For the first element, theaperwants to find out how the timedelay variationmay affect
the performance of trained and untrainedperators. Willtrained operators still perform
better than untrained ones? The second element, information representation, feause
GKS RA&aOdzaaAz2y 2F GaoKSUIKSNbeitdk?® Y¢TESBSYZRBRHGO]
includea normal live video streaming, another visual feedback of the virtual envirotbmen
and haptic feedback. Thirdly, the paper compatiee effects of two camera viewpoints,
includingoverheadl Yy R LJA f 2Th&éverh@ad Siéwipeinis prevalent among other
approaches. Thexperimentstudieswhether the overhead viewpoint can always provide
better performance.Finally, haptic feedback contra$ evaluated; anda comparisonis
demonstratedbetween the springdamper model based effect and the proposed fuizzye
model.

Ajoystickis chosenas he haptic feedback device. Positispeed control strategis utilized
to translate the displacement of the joydti¢o robot velocities.For each sensor, the force
vector is calculated onthe basis ofthe springdamper model The force magnitudeis
proportionate to the measured distance. The final force effescthe sum result of all branch
force components.

As the conventional sprindamper model has many limitations, such as it distudos
operatorinput, andthe feeling is not natural;7] proposes a fuzzytype based force feedback
method. In the fuzzycontroller, the measured distance and the derivative of the measured
distanceare invokedas input functions. The magnitude of the repulsive focéhe output
function. Thefunction of themeasured distanchas three membership degrees: S (small), M
(medium), and L (large). The function of the derivative of the measured distance has three
membership degrees as well, including N (negative), Z (zero), and P (pobitiegins ofthe
output function ¢epulsive force), its membership degree consists of Z (zero), S (small), M
(medium), and L (largefioth triangulastrapezoidal and Gaussian membhip functionsare
utilized while turning the fuzzy systemThe visualization of the improved fuzzy output
surfaceshowsmuch smoother changing rate compared with the original one.

During the experimentshe robot@ path was recorded to compare with theptimal path

GKAOK OFly 0S8 OFftOdzZ  iSR 08 thiekh8vigaion @rpethé NI Qa Y
number of collisiors, and the average speeaslere considered as the quantitative variables.

To evaluate the effect of timdelay on trained and untrainedperators, operators were

asked to remote control a virtual robot to complete a circular pdthe simulated time delay

was implemented during this experiment. To compare the effects of camera viewpoint,

(0p))
(=N
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operators were asked to drive simulatedrobot to canplete a path with two different
camera viewpoints. One was the tofew or birdseye view which the environment looks
like a 2D map. Another viewpoint LJA f 2 in@sia litderhi§heniand behind the robot. This
viewpoint wasemployed invariousracing games. In th&énal experiment,a comparisorof
the performance between the proposed fuzzy method dihe conventional springlamper
model was done. Operators were asked to tefgerate a robot to complete a collision
avoidance task. They trigvo force feedback methods separately witholeinginformed

of the type of method.

The experimental results include:

A In low time delay (<30@s) conditions, trained operators showed better
performance than untrained operators. HowdN& & A 3y A UOI>B0@ms)i A Y S
would affect the performance of trained operators more adversely than that of
untrained operators.

viewpoint performed better than the topiew.

A The force feedbackontrol K & | & A 3y A U@ lohsiacle favoiddnc@in 2 v
robotic tele-operation. The result suggested using a fuzmgthod instead of the
conventionalinear springdamperbased technique.

Characteristics

A A fuzzy based environmental force feedb#sroposed.

A joystick with 2 DOB employedas the force feedback device.
Measured distanceare obtained from IR sensors.

Live videas providedthrougha 2D webcam.

> > >

Comparison

Actually the fuzzy force feedback can d@nsideredas a springlamper force model with
non-linear gains;the gainvarieswith the measured distance according to the fuzzy rules.
The force feedback gain proposed in this thesis has thoeestantvalues which represent
three distance conditiondar, middle and closeThisstep-forward stimuliare expectedto

be easierto distinguish tharthe continuouslychanging type. The aims to enableoperators

to establish a connection between each forewel and its associated distanaeference
Furthermore, the poposed mettod in this thesis also considettse position of the haptic
probe. The ideas that when theenvironmental forceis activated, the further the haptic
probe moves away frorthe deadzone, the stronger force feedback should be generated.
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3.7.Self-Organizing Fuzzy Haptic Teleoperation of Mobile Robot

Using Sparse Sonar Data[41]
Summary

This paperpresens an adaptive selforganizing mapping algorithm (SOFAMap) foe
mobile robotteleoperationwhich involves haptifeedback controlThe SOFAMap algorithm
is intended to generatea live 2-D modelled environment. The model consists bfase
neurons, whichare based on distances obtained froen rotational ultrasonic sensor and
adaptive neurons, whichare generated according toa fuzzy neural network. The
environment modelis projectedon the workspace of the haptic feedback device (Novint
Falcon).Depends on the peetration of the haptic probe ito the constructed SOFAMap
structure, springdamper based repulsive forige generated

Interms of theSOFAMap algorithm, basieurons represent the very basibaracteristis of
the modelledenvironment. Theyare enough only when the mobile robot moves in a simple
and structured environmentOnthe contrary, adaptive neuronare generated dynamically,
andareinserted among basiceuronsbased on rulesThe purposés to presentmore detalil
about the environmentA fuzzy controlleris designedo control the amount of adaptive
neurons (the resolution of the map structuje The amountis associated withthe robot
velocity (both linear and anguland time delay of the networlBasically, dst movement
and bad networkcondition resultless adaptive neurons (low resolution); slow movement
and good network conditiorwill generate more adaptive neurons (high resolution). The
resolution of the map structure determisehow much realityan operator can perceive
throughforce feedback.

Theforce magnitudeis calculated otthe basis of signoidal function. The motivatiois that
this function can providesmoother output, and the o©ntrol mechanism is simpleThe
equationis defined as:

P

&—,_
p Q 7

Which F denotes the forcemagnitude; constant k is the stiffnes®y represents the
penetration depth; and theonstant- is the interval around the polyline.

Characteristics

A A rotationalultrasonicsensoris utilized as the range sensor.

A A lve 2D environmental models generated according to th®OFAMap algorithm.
Themodelis projected on the worgpace of the haptic device.

A The force magnitudés associated with the penetiian of the haptic probe into the
environmental model.

Comparison

The similariies between the methodin this paperand the one proposed in this thesis
include: 1) the measured distancase obtained from a sonasystem Both methods share
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the advantage and disadvantage of utilizigasonic sens@. 2)Both environmental force
modelshavea variableforce feedbaclgain, whichslinked tothe measured distance

There ardour main differences. 1Theproposed system in this thesis relies asonararray

to obtain range information, rather than atational sonar system used [A41]. 2) The force
feedback gain implemented in the proposed method only has three constant values. Three
range thresholds ware predefined tadentify which value to choose. Each range represents
one of three obstacle conditian far, middle, and close. 3) THerce diredion in [4]] is
opposite to the contact point of an obsta¢imeans the direction has multiple possibilities.
Considering this feature may caudistraction, theproposedenvironmental forceeffect in
this thesisonly hasone direction which isalwaysopposite to the moving direction of the
robot. 4)In addition tothe environmental force effect, this thesis alpropose a new use of
the contact forcelt enablesan operator to dtouch€ a virtual object which is corresponding
to the real obstacle near the remote robot.
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3.8.Summary and Analysis

3.8.1. Haptic Feedback
All of the literature mentioned abovéhave investigated the benefits of applying haptic
feedback in telenavigation tasksEach has it©own characteristics [37] focuses on the
comparison among three motion control strategi¢38] demonstrates the advantages of
utilizing a variable force feedback gain instead abfconstant one. [39] present a
conventional force feedback which consisif an environmental force and a kisiorn
prevent force. The approactonsides the displacement of the haptic probeaoordinate
and relevant obstaclewhile calculating the force magnitudptQ] proposes a method based
on the conventional springlamper model.A variable gain with two possible values
applied. The final force feedback dependn the sum of sub force componeritem each
range sensor.[7] describes how to use fuzzy logic in the calcltat of the environmental
force effect The fuzzy logids appliedto generatea variable force feedback gaih varies
from the robot velocity and distances to obstacl@is paperlso investigatesome factors
that may influence the performance of robotele-navigation These factors include time
delay, camerasziewpoints, user interface, and haptic feedback mod@l] conentrates on
the using of fuzzy seMorganizing algorithm to buildhe environmental2-D map. Force
feedback mentioned in the papés alsobased on the sprindamper model.The method
consides the displacement of the haptic probend a variable gairis engaged Table 1
summarizes the main characteristics of the revised literature metheasl the bottom
refers to the proposed approach in this thesis.

3.8.1.1. Motion Control
Among the literatures rela to mobile robotic tele-navigation which involve haptic
feedback control, the most popular motion control strateigythe positiorspeedstrategy
This strategy allowan operator to transform thelogical position ofa haptic probe to the
linear and angular velocities afmobilerobot.

3.8.1.2.  Force Calculation
The distancdo obstaclesobtained from range sensoiis utilized asa factor in most force
calculation methodg7, 37-42]. Based on the relationship between the measured distance
and the force magnitude, existing algorithms daii into three types: lineaf39, 40, 42],
non-linear[37, 41], and adaptivg7, 38]. Linear methods usuallyontaina constant gain, and
the force magnitude is linearly proportional to the measured distain@+linear methods
mean the relationship graph is curvesuch as the inverse proportional function and the
sigmoidal functionAdaptive approaches usually considered the robot veloEity.example,
fast velocity and close proximity to obstaclegl result aconsiderableforce gain. On the
contrary, when the robot moveslowly or is away from obstacles, the gaswitchesto a
small valueSome of them implement the fuzzy logic to organize the relationships among
the measuredlistance, robotselocity, and the force magnitude.

3.8.1.3.  Force Effect
From the pespective ofan operato@ touch sensation, the majority of existing haptic
feedback methods can belassifiedas the springdamper model[7, 17, 38, 40, 14Q]. This
means when force feedbackfects an operato@ hand it giveshim/her the impression that
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he/she is being pushed or pulled by a spring. The stiffness of the virtspking (force
magnitude) dependon the measurd distance generally, he closerthe distance,the
stronger force feedback.

3.8.1.4. Analysis of the spring -damper model
A Advantages

Most approaches in the literaturare based on the gring-dampermodel, this kind
of force effectshares the propertyof a real springFor example, the repulsive force
increases along with the scalhenyou push or press a fixed sprifghe advantage
of this modé makes iteasy to be understood and straightforwarthemagnitude of
force feedback(the resistance of the virtal spring) changes proportional to the
obstacle proximity This feature allowsperatorsto realizethe trend of the chang,
and can predict whawill happen next.Increasing force feedback indicates the
mobile robot is movingcloserto an obstacle Inversely, whenforce feedback is
weakening, it means the robot is moving awaynfran obstacle Thus the spring
damper model basedorce feedbackcan easly help operators to understand the
changing oflistance toobstacleq7, 40, 41].

A Disadvantages

Although tre springdamper model is good at indicatingobstacleproximity, these
methodsmake it difficult foroperators to etimate theactualdistance information
from the force magnitudeThe reasorcan be understood from a reapringobject

A spring is different from a ruler or other objects wilfixed length. When a person
holds a ruler (the length is known) atouchesany solid object, he/she can receive
the distance information immediately from the tactile sensatidinis a challenge if
the rulerisreplacedby a spring, especially the ones with soft stiffness.

Themechanism of associating the measured distancitoe magnitude makethe
situation worself the robot movesin an unstructurecand narrowenvironment,the
distance between the robot and surrounding obstacteesy changefrequently. Thus,
the associatedorce vector (both direction and magnitudedhange frequently as
well. The result is that operators may realimdether the mobile robot is moving
towardsor away fromobstacles; but it is difficult tomap the force magnitude ta
corresponding distance valys, 117]. This increasgethe cognitive workload, and
has a negativeeffect on the task performnce[28].

Furthermore,researches found a conflicting issue betweerthe movement control
and forcefeedbackwhen these two functions workimultaneously[37, 38]. The
symptomis that force feedback distortedn operatof2 intent.Whenforce feedback
is requiredto modify the position of the haptigrobe, the mobile robotdoesnot
follow the 2 LJS N& ofigh&l XommandsThe reasoris that when the mobile root
movescloseto an obstaclethe force feedbacks activatedto prevent collisionIf
the force magnitudeis smaller or equalstthe 2 LIS NI (i 2 NI ait isingfdtdozg F 2 NDO S
enough to push the haptic probe to the deadne tostop the robot If the force
magnitudeis stronger than the input it modifiesti K S 2 LJ8eNitedmdtied Bhe
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negative esults includefrequent oscillationand long term reflection cause fatigue

and decrease performand83).

Tablel The table summarizes the main characteristics of the revised literature methdde bottom refers to
the proposed approach in this thesis.

Movement Magnitude Force Range Visualization
References Main topic gnitu L 9 Visual Feedback of haptic
control strategy Calculation Direction Sensor feedback?
Movement . _ 2D Video
[37] control strategy Mixed strategy | F = k/d Max{F} Sonar (Front view) No
C Id k|
Kk = min, varies,
Variable force . max. 2D Video
[38] feedback gain Positionspeed Depends on the Max {F} Sonar (Front view) No
velocityand
distance
. - Laser . .
— _ *,
[39] Haptic feedback| Positionspeed | F=k*(d-t)/t*c Max {F} rangefinder Pantilt 2D Video No
aptic feedbac ositionspee = -t um onar antilt ideo o]
40 Haptic feedback| Positi d | F=k*(d S F S Pantilt 2D Vid N
[7] tele-sg\zggtion Positionspeed | Fuzzy controller Sum {F} IR Sensor (Fzr Bn\t/lvdiee}Sv) No
2D map building
aptic ositionspee = +ek'p ax onar irtual View o]
41] & hapti Positi d | F=1/(1+e¥ Max {F S Virtual Vi N
feedback
2D Video
Proposed Haptic feedback Opposite to Laser (Front view & Togriew)
Mert)hod & 3D visual Positionspeed | F=kk*c the moving | rangefinder Or Yes
feedback direction & Sonar 3D Video
ront view
E .
F: force magnitude. t: threshold.

k: force feedback gain.
d: measured distance.

c: displacement of the prol§& coordinate.
p: penetration depth.

3.8.2. Visual Feedback
Visual feedbackis dways present when haptic feedback is proposedVithout visual
feedback an operator has to rely on haptic feedback only. This greatly liam LJS NI ( 2 ND &
perception and largely increasdsis/her cognitive workload.The €le-navigation then
becomes very difficult andssuch a solution has limited application.

However, itis noted that the reviewed papersochot put too much emphasisn visual
feedback. Typically7, 37, 38] implement generaR-D video images as visual feedbafB9,

40] have pantilt enabled 2D visual feedback. The experiment [#i] is conducted in a

virtual environment, thus the visual feedbaiskavirtual view.

The author of this thesisbelievesthat visual feedback can play a relevant rolevisual

feedback igproperly designed and aligned to force feedbaitkcan be very beneficial for

robot tele-navigation and will not contrast with haptic feedbackislalso believed that-B
visualization may affect performance as well as the differeshhologies employed for-B

visualization.
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It is however to be noted thatthe majority of telenavigation systemproposedin the
literature, regard haptic feedback and visual feedback as two separate features.dEach
these carries out its own function. lis therefore difficult to find referencesf papers that
thoroughlyinvestigate the cooperation betweedhe two feedback modalities.

The issuesvished to be addresseth this thesis ee then related to questions like the
followings

- Will different visual feedbackaffectthe performance oforce feedback control?
- Howthe cooperation between haptic and visual should be designed?
- How to make sure the system will work effectivly

This thesis aimat answeing the above questins and somef the related ones. The next
chapter presents the proposed approach that responds to some gbitblelems
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Chapter 4 THE PROPOSED APPROACH

4.1.Core ldeas and Motivation
The proposed approach in this thesis aias provide a more realistic teleperation
experience by making it more intuitive and effective. It consistk) afaking haptic feedback
provided to an operator mortuitive, effective,and not contrasting with visual feedbad);
considering both @& viewing andhaptic feedback to enhance situation awarene83;
providing consistent information representation between visual feedback and haptic
feedback;and 4) enabling operatos a more natural sterescopicviewing to increasehe
immersdfeeling.

4.1.1. Intuitive hapti c feedback
Inspired by howvisually impairedoeople use a cane to perform navigation, dmolwv they
rely on the touch feeling to understand the Braille language, haptic feedisapkoposed
both to alert an operator abouthe proximity of surrounding obstdes and providean
appropriate touch sensation of objects located in the moving directibe.pfoposedhaptic
feedback ha®nly one direction which is opposite to the moving directafrthe robot The
purpose is to informoperators while the mobile robot is moving wwardssome objecs. To
tell them about the fact thathere iseither enough space ahead for the robot to pasdely
or that an obstacle is preseriand then it is better to slow down oto stop and change
moving direction. In case there is an obstacle, information about rigdative position is
provided in an intuitive way through haptic device Compard to the existing state of the
art solutions[7, 37, 39, 40, 42], the proposed environental force feedback has now
changed from stopping and possibly disturbargoperator@ intention, to a reminder of the
current situation.It does not provide multiple directional feedbacks to indicate the general
position of the closest obstaclé:urthemore, the magnitude of the environmeat force
feedbackhas a new featureas well It is not proportional to the measured distancélike
other works in the state of the ant Rather, it depends on themeasured distance andn
operatorinput, andit will provide an operator with an impressiaf a pulse signalA simple
pulse representation iproposed because it is expected to effectivein providingremote
distance perceptionand performing bettethan the popularfrequently changed resistance
[7,37-42).

It is believed that whemaptic feedbacks appliedto mobile robot telenavigation it should
provide contact sensatianAfter all, people are more familiar with contact fosce their
daily life than springlamper repulsive force [7]. Therefore, it is considered that
implementing contact force rendering to represent the layoutaofemote environment
would be easy for operator® understand.As a resultan operator is able to usehis/her
own hand to virtually explore the remote environment by touching the simulated objects.
This method can provide instant feedbaitkan operatorfor a large area in front of the
robot. An aredhat is wider than thecamerafield of view

The informationwishes to be used to render the contact force is based on the distance
measuredby range sensors. approximate®-D floor plan of surrounding obstacles can be
generated according to measuredstiinces. After setting a threshold of contact distance,
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obstacles witlrelative distance that is less than the threshold can be regarded as touchable.
The ontact force effect is rendered to simulate primitive shapes (currently a cube is used)
to representthe corresponding obstacles, and is affectedhe operator@ hand.

4.1.2. Realistic remote control experience

The advantages ofdopting eithersterecscopicviewing feedback orhaptic feedbackto
control amobilerobot havebeenanalysed irChapter 3In that sectionit iscommentedthat
few solutions have involved bottypes of feedback. In facftew studieshave analysedthe
usability of a telenavigationsystemthat coordinates bothsterecscopicviewing and haptic
feedback control. This issuis addressed in thisvork. The proposed systenincludes
multiple sterescopicviewings and haptic feedback control. i& expectedo help operators
to have anincreased perception of the space in front of the ropthirough the proposed
stereoscopiwision ompared to mono viewingpand a fast and relativey accurate distance
perception through haptic feedback (compared to vision only). The awtigiresto find out
how do these twofeatureswork together, the influenceon the tele-navigationperformance
and the difference among alternative sterecscopic viewing method when these are
coupledwith haptic feedback.

4.1.3. Consistent information representation

As the proposed system provides visual feedback and haptic feedback, it is important to
keep the represental information consistent Consistent feedbackan help operators
quicklybuild their mental magsoto understand the remote situatiof8, 12, 157]. Without
consistencyoperators mayget confugd andfatigued easier. This malgad toa decreased
performance and operaticd mistakes[16]. The author propose to exploit graphical
representationsto achieve information consistency between visdieédbackand haptic
feedback.In particular,the generatedforce feedbacks associatedwvith rangesensor data
andthese datacanbe visualised on thgraphical interfaceln addition graphical elements
based on measured distansimdicatethe current configuratiorof the remote environment.
Compared to live video images, the abstract graghitew is straightfoward and eag to
understand[146]. It showsthe 2-D layaut of the surrounding environmergnd the proximity
to obstacledased orrange sensodata. The obstacle indicatgégraphical representation
alignedto haptic feedbackas well If the obstacleis consideredrelatively far away,the
minimum force feedbck is generated. On the other hand, @ long as theobstacleis
considered very close to the robogjther a stronger force feedbacls generated or the
contact force effectis madeactive. As forvisual feedbackcolours (e.g.red, yellow, and
green are usedto attract operatorsCattention and make thendrive carefully{158-160]. In
the proposed method information consistencyis consideredin the representation of
obstaclé IQcation (distance and orientation) on both visfeédbackand haptic feedback.

4.1.4. Natural and immers ed stereo viewing
Previous researchers have investigated the performance of stereo viewing on different
displays in teleoperation taskd3, 45, 142, 144]. Acommon issue is thaiperators can only
accept video imagepassively. Although the video changes along with the movement of the
mobile robot,operators need to stare at the display to realize the changes. Thaynotice
that there is a displaglevicebetween them and the remote robofThiskind ofinteractionis
not natural and lacks of immerg) feeling[32, 155, 161]. A moreintuitive waywould be to
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allow an update of feedbackon visual data thatollows the movemerd of the operator@
head. Itis difficult to find relevant studies in the literature that discwss thiskind of
interaction This is one of the reasons to propose a stereoscopic viewing approach
integrated into the teleoperation systemTheaim is to increa® afeelingof immersve and
tele-presence. Theroposed approach inclugea stereo camera sittingn a pantilt unit, and
aHMDwhichremote controlsO I Y S NI Qa byfalgwinyg & gpérator® headrotation.

A motion tracking system is then needed in order to accomplish this objective.

4.1.5. New Approach Combining Haptic and Visua | Feedback
As previously introducedhe proposed approach addresses:

A. Haptic Feedback including:
A A traditional algorithm fothe initial force effect.
A An improved frameworkdr environment perception, which estimates force
direction and magnitude.
A A newuse of contact force for mobile robot navigation that estimates
obstacle proximity in terms of shape and contact.

B. Visual Feedback including:
A Visualsation of haptic feedback, whichutilizes graphi@al elements to
visualise force effectGraphial elements arealsoshown simultaneously to
streamed video within a combined multiew setting.

4.2.Haptic Feedback

4.2.1. Initial force effect
Theinitial force aimgo return the haptic probe to its initial position (centre of the working
spaceas shown irFig.2). The initial force feedbadls proposed, which follows what typically
proposed in the literature. fle probe is able to move within al3sphericalspace which is
the working space utilizely the haptic feedback deviceAsthe tele-operated mobile robot
moves on the ground, only involving thezxplain area isufficient Most of the existing
solutions[8, 38-41, 141] ignored the vertical spaceThe force appliedh the vertical direction
(y-axis) is greater than the other two directions, orderto push the probe twards the
middle of the vertical space arid keepthe probeat that height. Operatots can only control
the probe on the horizontal ptee. Thisis similarto move a mouse on #at surface. The
magnitudes of force applied on the other two directionsagis and &axis) are the same and
relatively gentleThis is in ordeto avoidfatigue.

Another reasonfor having annitial force is that it can take care of the haptic probe when
the operatorreleases the probéat any timg. Without operator@ input the probe returato

its initial position According to theproposedmovement control strategy, the device step
the robot, when the probe appears within thédead zoné (Fig.2). Without having this
initial force, the probe would reman in the current position whenthe operator releases
his/her hand If the position is out ofthe cdead zonée, the robot will continue moving. The
disadvantagen this cases thatoperators would need to pay more attention and return the
probe to initialposition before releasgit.
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The magnitude of the initial force is line& the position of the haptic proband it is not
affected by the distance measured by the sensors.

4.2.2. Proposed environmental force to represent the obstacle proximity

4.2.2.1. Introduction
The proposed environmental forcdeedbackis designed to alert operater about the
distanceto obstacles on the moving directiofhis force is provided tthe operato@ hand.
An algorithmis proposed to provide a haptic force that is:

1 Relying on sensor inpérom one movement direction only.
91 Proportional tothe displacement of théaaptic prob&xroordinate in theworkspace.
i Estimated according to a muljiain scheme.

The proposed approachis expected to have several advantagescluding: more
intuitiveness and less interference with movement control, better perception thaypical
mass springlamper, minimum oscillation, and low sensitivity to surrounding obstacles

4.2.2.2. Direction

The proposed environmental force has one directonly.lt is the direction opposed to the
movement of the robot.The robot moves forwardwhen an operatorpushes the haptic
probe. In this casdhe operator perceives forcdeedbackon his/her hand and it feels like
the haptic probe pushes back. If the robot goes backpoiheratorfeels like the haptic probe
is pushing his/hehand. The unidirectional feedbatkexpected talert operators aboutthe
proximity of obstacles on the moving diremti Thus,drawing their attentionand making
them slow down or change the moving direction.

The main reasons for propositige environmentl force feedback as described above are:

1 Intuitiveness Unidirectional feedback facilitates robot and obstacle laesion
while increasingunderstanding of the surrounding environmenthis is relevant
when the obstacles are relatively far away from the mobile robot. When obstacles
become close, the environment will be sensed through a contact force, which is
descrited in the next subsection.

1 Minimum interferenceContrary to what proposed in most state of the art wofks
37, 40, 42], the proposedunidirectional force removes the confusion that may arise
to an operator@ mind when asequenceof forceswith different directionsare
conveyed to his/her han{B, 39, 131]. The presnce of only one unidirectional force
also minimizes interference with commands that an operator provides to move the
robot. The proposed approach iis particularexpected to decreasan operator@
cognitive load andherefore toimprove operational perfamnance[28].

4.2.2.3. Magnitude
The proposed moddbr environmenal force feedback estimates force magnitude in a way
similar tothe typicalinitial force model, but iincludesa variable force feedback gain. The
type of force feedback gain is determined based on currentigationcondition, which is
estimated throughrangesensordata The aim igo provide operatod g A G K | AGNBYAYRS]
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current surrounding environmeat conditions The remind function ibased on pulse signal
rather thancontinuous forcdeedbackwhich is proportional taghe measured distance

The environmental force consists of three vectors (. y, R,2) represeningforces applied

to the threecoordnate axisx, y, z. The force applied in the and ydirection are calculated

as typical for annitial force (Fnitx and iy). The magnitude of environmental force feedback
F. isestimated based on the following formulatisgiven by:

"0 Ohiohfichy 1)
Oy EQ ©)
oy EU ®3)
oy YEU @)

3 VX Y Q

YE QG Y Q 5
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Ki, k are scaling constants and are the same as the one usegl.ifiie force feedback gain
applied to the airection iskk. This gain is assigned to one of three valugsGg G,
depending on the conditions shown Eg5. As illustrated irFig.18, the constants ¢ o1, th,
and d represent distance values used asdsinolds to determine the different conditionds
is also the threshold of enabling the contact force effect, which is described in the next
section Ris the minimum value amongensorreadingsconsidering the moving direction
The variablez sthe differenceor displacemenbetweenthe current position of the haptic
probe and thecentral point along the zaxis (Fig.2). Fig.19 illustrates the relationship
between measured distance and force feedback gdine critical threshold pointare
determined empiricallyPilot testsare conducted to choose propeahresholds.In this case,
Gi=8N/m, G=6N/m, G=4N/m; &=0.3m, d=0.4m, d=0.6m, d=0.8m. A small group of
volunteersis asked to try different threshold settings @simulator and actual environment.
The criterionincludes: 1)The gradually increasedpulse forcefeedback needs to be
distinguishable This means the difference betweadjacentthresholdscannot be too small.
Otherwise, the interval time between two force levels is tyoallto be distinguisted. 2) The
less fatigue the better. For instae, if the furthest threshold @l is set to 1.5m instead of
0.8m,the environmental forcdeedbackwill be enabledwhen the robotmoves in a corridor
with a width of around3.6 meters €onsidering the robot width User feedback of the pilot
test indicates this setting is easy to cause fatighevertheless, e selection of thresholds
alsovarieswith the environment size and robotic systems
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Fig.18 lllustrations ofthe distance thresholds.
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Fig.19 The relationship between measured distance and force feedback gain.

Followingthree figures illustrate the samples of relationship betweée obstacle
distributionand corresponding force feedback gain.
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G1

Contact Force Threshold |
. do

Fig.20 The relationship between obstacle distribution and maximum force feedback gain.

Fig.20 shows the condition ofhe maximum force feedback gain applidflthe minimun
measured distanceR] is less or equal thaah (red line)andgreater thand, (blue dottedline),
then the force feedback gain is.G

G2

,,,,,

Contact Force Threshold

. do

Fig.21 The relationship between obstacle distribution and medium force feedback gain.

Fig.21 shows he second condition that ithe nearest2 6 4 G Of SQa 20l GA2y Aa
thand; (orange lineandgreater thand; (red line), therthe associated gain getto G..

55



THE PROPOSED APPROACH

Pl | Eeg
R e ag
SR 5150l
T T

\

Gs

Contact Force Threshold |
. do ‘

Fig.22 The relationship between obstacle distribution and minimum force feedback gain.

The third condition idllustrated inFig.22, if the minimummeasured distanceR) is less or
equal thands (green line)and greater thand (orange line), then the gaichangego Gs. In
additionto above conditionsif Ris greater tlan ds or less thard,, the environmental force
effect will be removed. Insteadperatorsfeel either the initial force feedback effect or the
contact force respectively.

The proposed forceendering model is not proportional to the measured distance hBatit

is proportional to the haptic prol® coordinate.Asmentioned earliefthe variablez inEg5
represents the difference betweethe current position of the haptic probe and the initial
point. It shows that the further the haptic probis away fromthe initial point, the stronger
the repulsive force feedback.idleanwhile,the greater difference also means the robot
moves fasterand the change othe measured distance shifts the force feedback gain to a
higher value as well.

The @ragraphs above have discussed the situatiormd mobile robot moves forward. In
asimilarway,the rulescan be appliedo the backward movemenas well.

4.2.2.4. Motivation
The following paragraph explains the reasons for choosing: three different values of force
feedback gains; having them constant within aga; and associating the force magnitudes
to the haptic probe coordinates.

A Better perception According toweber's law, also called Welgfechner lawj162],
the size of the just noticeable difference (IJNDB)linearly proportional to the
intensity of the original stimulus.The greater differencebetween two stimulus
intensities, the easier to recognizZd.19, 122] mention thatat least 20%0 30% of a
difference inthe magnitudeof force feedbacks necessary for robusecognition.In
terms of the distinguishable numbenrg,19, 136 suggest that it is better to restrict
the stimulus level less than 5 faccurate discrimination Additional reasos to
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follow the approachare based onthe way human sense and perceive external
sensorial inpufe.g. with vision and touch, throughe detection of signal transitions
[162], and motivated by human haptic pmption guidelines[129, 163, including
the work of Salminen et a[164] showing that stimuli consisting of long burst
lengths (over 100 ms) in discontinuous movemeats reacted faster and nme
accurately.
The proposed methodollows this direction. It is designed to help operator®
intuitively recognizethe distance to obstacles through haptic feedbagkernation
of constant forces generates impulsive forcése impulsive force effeds expected
as adistinguishablestimulus comparel to the continuous changing mass spring
damper force In fact an impulsive force clearly informs traperator that a new
situation has been reached in terms of distance from an obstftld]. Theuse of
three levelsis proposed becausthe proposed system usually needs to work in a
relatively narrow space. Haptic feedback is activated when the closest obstacle is
less than 0.8m @). Using three levels to represent the distance varies from 0.8m to
0.4m issuitable;too much feedbacknay cause distractiol65. It also corresponsl
to the three colours(inspired from the traffic lights) used for the visualization of
haptic feedbackwhich is described in the next section

A Minimum oscillation A constant force feedback gain increases stability of the
provided envionmental force feedback. Furthermore, as previously mentioned the
magnitude of the force is mapped tbe haptic probe coordinates rather thathe
measured distance. This ensures that the magnitude of the repulsive force does not
frequently change.These tvo charackristics minimize oscillationsyhich is also
expected to contribute to improve us@uerformance{33].

A Lesssensitivity. The system is less sensitive ttee obstacle location ashe only
obstacles situated in the moving direction are considerBuis approaclis inspired
by the principle presented if39]. It speeds up force estimation because of its
simplicity and it is expected to provide effective environmental perception.
Differently than in[39] and [7], the proposed approach generates impulsive forces
based on three constant forceedédback gainsNot having the force magnitude
directly associateavith measured distance, also makes the proposed force feedback
less sensitive to network conditions (distance information can be sent less
frequently). Comparedwith [7], the proposedapproachin this thesids less sensitive
to the environment layout.This is an advantage becaufiee tele-navigationwill
have less interferencewhich improves accuracy and perceptioRurthermore,
discontinuous stimuli may provide a more pleasant and approachable sensation in
haptic feedback164.

4.2.3. Proposed contact force to repres ent the obstacle distribution

4.2.3.1. Introduction
The proposed methodorovides remote-environment layout perception through haptic
feedback.n particular, it provides aontact forcesimilar to thatpeoplefeel whentouching
an object This type of forcés different fromthe previous environmental forcelhe aim is to
provide an operatorwith a tactile sensation that resembles that of touching the actual
objects distributed aroundhe mobile robot. This method rekeon measured distance
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obtained from onboard range sensg; to createvirtual objeck to be associatedwith real
obstacles currently presentear the robot. Theresence othe virtual object is not only to
inform operators about the location of obstacle but alsoto limit operatora Qontrol
movemer, so thatoperators will not be able tg@ush the haptic probany longer

The original plars to simulatethe real layout ofthe remote environment, and provide high
resolution of the haptic sensationrHowever, as the available haptic feedback device
workspaceis limited, it would only be able tofollow the contour ofan objectwhich sizeis
similar to amobile phone the plan changgeto decrease thehaptic resolution. What is
proposed is then an approach that followket idea of when visually impairedpeople
navigae in an environment using eane This consists of sensing the presence of an obstacle
and then following its contourl11].

A methodis designed thatenables simulaion of eight situations which inclues obgacles
locate at front, front-right, right, rightbehind, behind, lefbehind, left, and frondeft. All
simulations utilize a rigid cube as the virtual obj#wit triggerscontact force. The contact
force is activatedwhen anobstacleis detectedvery dose to the robotdepending on the
contact force threshold

The contact force effectiges an operator the impression of feeling the detectedkeal
obstacle The aim is to provide information about the presence of very close objects in order
to avoid collsions, as well as an understanding about the distribution of objects around the
robot. The obstacle locatioaround the robot has the potential to stop thebot from going
forward or backwardThis strictly depends on obstacle distribution.

4.2.3.2. How does itwork?
The contact force rendering relies @ahe measured distance obtained fromange sensor
readings Assuming the presence of dmward sensors, .g. sonars or laser rangefinder
distributed like a circle, the available scan range can almost reach 36Ceekedt is
proposed to divide the whole range into three sections according tte degree of
importance(Fig.23). The three sections are Front & Rear (red), Corners (orange), and Left &
Right sides (blue)The decision criterion is whether the obstacle is located within the
minimum width required area(gradient green rectangle iRig.23); if so, the mobile robot
cannot pass through and has to mawvethe reverse direction odo a rotation. This criterion
varies fom mobile robots and the usage requiremeAs for the contact force threshold, in
this caseconsidering the minimum detectable range of the-lbmard sonar sensas about
200mm, the contact force threshold was set to 300mm after pilot tests.
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THRESHOLD AREAS

1 1 Corners

Left & right sides

Fig.23 lllustrations ofthreshold areas for contact force fedahck.

According to tle criterion, the space detected from sensors in onetbé red areadacing
the moving direction, ishe mostrelevant in order to avoid collisienThe adjacentorange
areas representhe corners which have lesselevance If any obstacle is detected within
these orangeareas only, it will notisuallycause collision if the robot moves straight. The
blue ones represent left and right sides. Objects deteatgthin this section may cause
collisiors only whenthe robot rotates. All possible conditions of obstacle distributi@me
represented by a complete set efght zones as shown iRig.23. This aspect is relevant
when generating augmented reality elements based on haptic feedback as discusked in
next section.

The eightzonesas shown irFig.23 are set to berelated to the virtual eight zones on the
device® working spaceHig.24). Theworking principleis that the detected obstacle should
be reflectedon the device Sinceforce feedback andnovement control sharghe same
device, itwould be advantageou avoid operator@ handmovemens within associated
probe zones workspace aregswhere dstacles are present. In particular, movement
commands should denied in such probe zonEsisis similar to whenvisually impaired
people stop walking while they discovered an obstadeheir walking direction They
typically use a cane to sense an obstacle as well as to estintigeaaceto it.

In casethe robot is very to some obstaclemd in particular to a distance below the d
threshold the contact force effecis activatedandthe robot needs to stop to avdicollision
The operatorcanii K Stg dz@tKeéobjectsimilarly to how avisually impairegerson would
do through the use of a cant is relevant that the robot stops while traperator dtouchS & €
the virtual objectin order to achieve a realistic sengat. This is whyhe proposed contact
force effect generatesirtual objectsto occupyrelevant zones of the devi@working space
(corresponding to object actual space locatio)r instance, if any obstacle has been
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detected within the front (red) areehe virtual object will coverone 1, Zone 5, andZone 6;
becauseoperators can move the haptic probe into these three zones to control the robot go
forward. If the virtual object occupies these zonepgrators cannot move the probe into
them anymore utess the situation changes; they can only move the probe to other zones,
means either stop (dead zone) or change moving direction to avoid collision.

Forward & Turn Left Forward & Turn Right
Zone 5 Zone 6

Forward
Zone 1

Turn Left Tum Right
Zone 3 Zone 4

Dead Zone

Backward
Zone 2

Backward & Tum Right i Backward & Tum Left
Zone 7 Zone 8

Fig.24 Divide the working space of the haptic device into eight zones to represent the obstacle distribution.

The figuresbelow are the samples oeveralgeneral situations, which include obstacle
locates at front, frontright, right side, anda combinationof them. Othersituations are
similar and followthe same rule.In each figure, togeft image represents the obstacle
distribution in the remote environment (topiew). The 2D robot is in the centre; it has two
black wheels and 1@ngesensors (yellow reangle with white ID numbers); the blue arrow
shows the moving direction of the robot. Black dotted cisleroundsthe robot represents

the minimum detectable range of theangesensor. Blue dotted circlsurroundsthe robot
represents the thresholddy) of triggering contact force effect. The brick wall image
indicates one possible situation where the obstacle is at that moment; the real obstacle may
bigger or smaller than th#ustration, but part of it must be occupied in the illustrated area.
In eachfigure, topright image shows the CG result of the corresponding contact force effect
to the situation on the left image. The bottom graphic illustrates hibw virtual object
occupieghe working space of the haptic device related to the situation.

60



THE PROPOSED APPROACH

4.2.3.3. lllustrations of Situation Samples
A Front only

THRESHOLD AREAS

| Frontand rear

Corners
Left and right sides

Virtual Shape Constraint

Dead Zone

Fig.25 The front only situation of the contact force effect.

Fig.25 shows the obstaclenly appears in front of the robotlt is detected within the Front

Area, means the obtainesensorreadings in the Front Area ar¢ess than the thresholadf

contact forceeffect (d). The contact force effect then enabled tosimulatea virtual shape
constraint occupiegone 1, Zone 5, andZone 6. Fromthe operatord Q  LJS NAheySr@ayi A @ S
feel a virtual wall in front of their harsdand prevent them from pushing the hapiicobe.
Available option is to move the probe to other zones, such as movidgre3 or Zone 4 to

rotate the robot; pullthe probeto Zone 2 to go back; or leave the probe in the dead zone
means the robot stops at its current positioim this case, the magnitude of the contact
force Rk is given by:
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while Rser Y S Y & dzA S NI &, iskhy¢ tddmiinaté @fieJivp erlgeRf the Dead Zone.
In our case, & = (0,-15 mm).

A Corner only

THRESHOLD AREAS‘%( : ~

.~ Frontand rear

Corners
Left and right sides

Virtual
: Zone 1 Shape_
Zone5 Constraint
Zone 3 L Zone 4
Dead Zone
Zone 7 Zone 8
Zone 2 :

Fig.26 The corner only situation of the contact force effect.

Fig.26 demonstrates the situation of obstacle appears in the fraight corner of the robot.
It is detected within the Corner Area, meaasleast one ofmeasured distancefrom the
front-right comer is less thands. The contact force effect ihen enabled to generate a
virtual shape constraint to occupgone 6. In the operatorsQperspective, they may feel a
virtual pillar in the frontright of their hand and prevent them from moving the haptic
probe to that corner. To avoid collision, tieperatorneeds to control the robot to either go
straight, or change moving direction, or stop. Tisisshy the Zone 6 is occupied and other
zones are availabli®r the probeto move to.In this case, the magnitle of the contact force
Fcis given by:
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o 0 @ Q a Q
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dright is the coordinate of the right edge of the Dead Zone. In our cage=d15 mm, 0).

A Side only

Contact Férce Threshold 4

THRESHOLD AREAS ™

[ Frontand rear

Corners
Left and right sides

Virtual
Shape
Constraint

Dead Zone

Fig.27 The side only situation of the contact force effect.

Fig.27 illustrates a situation which the obstacle only detected within the right side area.
This usually happeristhe obstacle is not as large as the robot, such as a pillar or small box.
Otherwise, it should be detectedithin corner areas as well. In this situation, the simulated
virtual object occupies th&one 4 only.In operatorserspective a solid object stos them

from dragging the haptic probe to the right side which is used to rotate the robot clockwise.
Operators can move the probe @one 6 which controls the robot to go forward and turn
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right simultaneously the obstacle is not large enough to causdisimn during the robd®
movement. Similar principle also applies while thgerator moves the probe taZone 8.
When the obstacle is only detected within the right side area, the magnitude of the contact
force R is given by:

o 0 » 0 a Q & 0
0 @ Q a Q a Q
o) o)
) 0 @ 0 a Q a Q0
o)

O w Q a Q a Q

dwottom IS the coordinate of the bottom edge of the Dead Zone. In our casgmd= (0, 15
mm).

A Front and corner

THRESHOLD AREAS *-.

- Front and rear

Corners
Left and right sides

Virtual Shape Constraint

Zone 3 I S Zone 4

Zone 2

Fig.28 The front and corner situation of the contact force effect.
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Fig. 28 is a combined situation: obstaclese detected withinthe front and front-right
corner area at the same time. The obstacle can &esingle object like wall, or several
cluttered objects like chairs. The bottom image shows the virtual shape constraint occupies
Zone 1, Zone 5, andZone 6, which is the same condition astive Front only guation. Even

no obstacle is in the froAeft corner area, thecorrespondingZone 5 is stillrequired tobe
occupied. The reason is that once any obstacle appears withirHthd Area, the robot
needs to stop to avoid collision; and tilsemulated object blocksrelevant zonesprevent
operator from pushing the probe. The contact force effect pr@ddperators the haptic
perception that an obstacle is in front of the robot, and informs them to change the @bot
direction or go back.
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A Corner and side

Contact F.o"rés'l'f\res old_ 4

THRESHOLD AREAS

[ Frontand rear

Corners

Left and right sides

] Zone 1
Zone5
Zone 3 I—)
Dead Zone
Zone7
Zone 2

Fig.29 The corner and side situation of the contact force effect.

Fig.29 is a combinatiorsituation as welllt illustrates some obstaclesre detected within
front-right corner area and right side are@s the front area still has spade let the robot
move, the virtual shape constraint only occupi&sne 4 and Zone 6. In the operato®
perspective, a solid objectanbe felt when he/she tries to drag the probe to right simfethe
device® working spaceAvailable operation is eitherughing the probe tdone 1 to control
the robot going forward, or moving to other zones to change the directiotihe operator
drags the probe t@one 8, the robot will go back and turn right simultaneously.
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A Corners and side

Contact F.o"rés'l'f\res old_ 4

THRESHOLD AREAS

[ Frontand rear

Corners
Left and right sides

Zone 1
Zone5
Zone 3 L
Dead Zone
Zone 7
: Zone 2

Fig.30 The corners and side situation of the contact force effect.

Fig. 30 shows the situation which consists of three conditions: obstacles were detected
within the right side areaand both of right cornerdA little different from previous one is
that the obstacle appears at the righehind area this timeln order to repreent this kind

of situation, the proposed contact force effect simulates a longer virtual object that occupies
the whole right side zoneZgne 4, Zone 6, andZone 8) asshown in the bottom image What

the operator feels is a longplid surface whilelraggingthe probe to the right side (topight
image). This contact force restricts the available movements to linear translation (going
forward or backward) and rotation to left.
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A Half side of the robot

THRESHOLD AREAS*-.
I ~ Front and rear
Corners

Left and right sides

Dead Zone

Fig.31 lllustrations ofthe contact force effect considerinthe obstacleappears on half side of the robot.

This situation Fig.31) includes all of previous conditions. Half sides of thigot arefacing
obstacles A real example iswhen the robot moves to a cornelin this casethe proposed
method simulates an 6L shape object occupiegone 1, Zone 4, Zone 5, Zone 6, andZone 8

of the devic&® working spacé€bottom image). The touch perceptide expectedto like a
corner as illustrated on topight CG image. Only four zones are available under this situation.
They aredead zone(stop), Zone 2 (going backward}one 3 (turn left), andZone 7 (going
backward ad turn left).

The above samples and other relative ones (obstaatesletected withinthe left and rear
areas) are able to cover most possildenditions ofobstacle distribution.Athough the
simulated objects may not have same borders or shapes astienes, the contact force
effect is able to represertheir distribution. It maps the remote obstacle distribution to the
working space of the haptic feedback devidhe aim is to allowoperators to establish a
connection between their hand sensationnda remote environment situation while
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operating the haptic probe, and to understand the restriction due to virtual objects occupied
at relevant zones.

4.2.3.4. Motivation

The proposed contact forecéeedback hashe following advantagei tele-navigation:

A

Intuitiveness The contact force simulating the object shape delivers a more natural
object perception as this is similar to when people touch an oljfidZ]. Exploration
within the working space follows the principle that hoxsually impairedpeople
recognize the surrounding environment through waving the cane. It provides
obstacle information in addition to visual feedbadgerators can touch the object
(although it is a simulated one) when they see it that is very close to the robot;
haptic feedback is also available to provide a perception of obstacles that is out of
the frame. his greater naturalness means thatviceusers will adapt quickly to the
system and easily understand the remote situation (especially the obstacle
distribution). This type of interaction also increases the sense of presence and
requires less cognitive effof131].

Objectiveness Comparedwith typical repulsive environmental forces,eltontact
force is less subjectii@]. Eg. it is less sensitive to the way a specific operétefs

in terms of distance perception and comfort.

Stuational awareness Unlike a typical environmental force feedbagK], the
contact force does not push back the haptic proBather, it prevents the operator

to push the probe forwardThis behaviour also allows an operator to perceive the
contour of the renote spacesurroundingthe mobile robot (wherit is very close]8].

4.2.3.5. Limitation
Low resolution Currently, he number of detectable virtlaobjectsis eight, and
they each either felt like a smooth plane or a wall corner. From this point of view, it
is not avery realistic representation. The reason is because the working space of
most haptic feedback devices is relativamall. It is not a technical problem to
generate a virtual object that has a simileontour to its counterpart in the real
environment but with smaller sizethe problem is the difficulty fooperators to
understand or recognize the mini environment nebdvithin the limited working
space, especially in a complicated and unstructured situafiis is because force
feedback affects mainly oan operator@ palm andthe palmis not as sensitive as
fingers to recognize smaihanges of tactilsensationf113, 166-168].
Restrict initialization The contact force takes effeiftany measured distance is less
than the contact force thresholdlf). However, if the haptic probe moves withiine
relevantzone before the effect is enablethe operator will not feel the sensation
until the probemovesout of the boundaryand triesagain. This is because the probe
is regarded asinside the virtual object, if the probe moves withirthe relevant
zonebefore thecontact forcecompleing theinitialization. The effectcancomplete
initialization only if the probe is outside of the zofdis problem does not exist in
other haptic feedback applications whigchrtual objects are pralefined. Virtual
objects generatedby the proposed method represent the remote obstacle
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distribution; their dataare based orthe measured distancéom range sensotsand
the position changes along with the movement of the mohileot.

The limitation of the proposed contact force effect also the reason to implement
the environmental forceeffect. The environmental force feedbacknforms an
operator to pull or push the probe to the opposite side of current zone; and provides
the chance to initialize the contact force effect properly.

4.3.Visual Feedback
As vision is the major modality of hunsm@and it provides instant overview (general obstacle
distribution and moving direction) of the working environm¢gmg], it is essential to deliver
visual feedback in the proposed system. The feature of the proposed visual feedback
includes 1)An mproved GUI to align the information between viste¢dback ad haptic
feedback 2) An ntuitive stereo viewing based on HMD and R#in3D webcam 3) Use of
different 3-D visualization technologies

4.3.1. Proposed user interface to visualize haptic feedback

4.3.1.1. Introduction
This thesiproposes a visual interface that includes both video and graphiepresentations.
The video input is a frontal egocentric view which provides rich live visual information about
the area in front of the robotThis follows what is typically proposed in the literee [17, 28,
31, 46]. The method aimgo provide an additional visual input toreoperator which would
be exocentric and also suitable for haptic driven teferation. As there is ncoom for a
large camera head or a camera detached from the robot platform (even if this would provide
a more convenient exocentric view of the space surrounding the robot), and the robotic
system needs to be compadtleither it is to be considered a solutichat would call for
cameras arranged in the environment surrounding the rolaat theproposedsystemwas
expected taobe able to operatén unknown areas.

Virtual Camera g @

Field of View

Mobile Robot Platform

Fig.32 lllustrations ofthe top view viewpoint.

The graphial representation is a virtual view of the robot and its surrounding environment
from a viewpoint that is above the robot, i.e. a top vielg(32). This is an advantapus
viewpoint overlooking the operational area which makes more intuitive to comprehend the
robot proximity and present obstacles particular, the visualized information represents
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proximity data and obstacldistribution. The view is entirely generatefrom onboard range
sensor dataThe virtual objectgenerated by the haptic system (in terms of fofeedback)
also follows thegraphicsvisualized in the towiew.

ALIGNMENT BETWEEN VISION AND TOUCH

Live Video Graphic Representation Open Space

Fig.33 lllustrations ofthe alignment between visual feedbacknd haptic feedback.

The contribution of the proposed multiew GUI is the consistent information
representation between visual feedback and haptic feedbakin another word, haptic
feedback visualizationlt meansoperators can perceive distance to stacles througtthe

GUI and their hands simultaneoushid.33). Thefundamentalpoint of the idea is that the
graphi@l representation and haptic rendering share same sensor data; although the
representative modality is different, it is still able tooprde consistent and associated
perception between these two modalities. The proposed environmental force feedback
generates impulse like effect and has three graduatifan®d sensations meanwhile the
graphi@al elements implement three colours (whicis inspired by the traffic light) to
associate with theondition offorce feedback. Each colour is corresponding toagnitude
level of force feedback In addition tothe force magnitude, the position of each graphic
element (only the ones that represenery close obstacles) is also associateth wie
position of the virtuabbject thatsimulated by the contact force.

4.3.1.2. lllustration
Two example views of the proposepaphic useiinterface areshown inFig.34Qa (2 LJ (¢ 2
rows. (eft-hand side).The first two rows from top represent the robot at consecutive
L2aAdGEandd ¢a Ly LI NIAOdZ FNE GKS fSFi &ARS &Kz
provided to a operator and the right side shows the corresponding environment photos.
TheGUIprovided to a operatorincludes:(1) a visual frame on the left displaying the front
view video image captured by the dmoard camera; (2) a visual frame bottenght
displaying a topriew graphical image representing the robot from the planar segments
(computed from range sensor data); (3) a control panetrigpt providing different options
related to force and visual feedback which can dynamically be set during navigation.
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/
/
\ Sonar Representation //
/

L:ve Vldeo FOV

Laser Representatlon °

Fig.34 GUI of the proposed system

A magnified example of the top graphicaéw is shown on the bottomow of Fig.34. It
illustrates the range sensor data amglalsothe visualization of haptic feedbackhe bold,
colourfulsegmentsare generatedby sonarsensors while the white thin linesire generated
by a laserrangefinder The dashedriangle area indicates the field of view of tkamera
During the robot navigation if the distance between two pointsmeasured by neighbour
sensors is greater than the width thfe mobile robot it means there is enougépace for the
robot to passwhatever is in front of itNo line segment is then showAlternatively, there
will be a line connecting the two point3he colour of each poinand associated line
segment corresporgito the force feedback gai(Fig.35). It turns ¢greere if the measured
distance is greater than,énd less than gl dyellowg if the measured distance is greater than
d; and less than g dred¢ if the measured distance is greatthan & and less than d It
disappears if the distance is greater than @b, d, th, & are distance thresholds whichre
described irthe previous section
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Fig.35 Visualization of environmental force feedback.

The statusof haptic feedback can also be reflected through the gragdtetements in the
visual frame bottom rightFor instance as illustrated inFig. 35, égreere only segmend
means the environmera force feedbackwith gain G is activated;égreere and dyellowne
representthe environmenal force feedbackwith gain G is affecting;oredé shows either the
gain G is activated or the contact force enabled This is achieved bgharing the same
distance thresholdbetween visual feedback and haptic feedback.

In a word, the topview provides obstacle proximity through three distinguishable colours,
operators can identify how far is an obstaclfhe colour representation is also associated
with the force feedback gainthus, to deliver consistent information between visual
feedback and haptic feedback. In addition to the proximity, thext@w illustrates obstacle
distribution with line segments ich shows straightforward information about where the
obstacle is and where the open space is.

4.3.1.3. Motivation

A Consistent information representationAlthough the benefit of consistent display
among visual frames has been investiga{@é®7], it has not been done in tele
navigation tasksvhich involve haptic feedbackVith the sameobstacleinformation
(the relative distance to the closest obstacle considering the moving direction; and
the direction of very close obstaclegjovided both as visual and haptic feedback,
the proposed methodaimsto provide different human sensor modalities with the
same information which align inputs and removes the possibilaf conflicting
feedback[157]. The consistent information representatiols expected tohelp
operators reducethe cognitive workload of perceiing the feedback; easily
understand the remote environment situation (especially obstacle distribution), and
improve overall teleoperation performancd28]. Furthermore, the field of views of
both vision and haptic araligned to avoid confusion and break of presence, which
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may have occur when providing inconsistent andgalignedfeedback information
[8].
A Straightforward data fusion displayThe proposedhaptic feedback visualization
(top-view visual feedbagkillustratesthe integration of data which obtained from
range sensorsThe 2D floor map extracted from laselata is effective to represent
a robot workspace[12], andisdzd SF¥dzf (2 AYLINRBGS Fy 2LISNI G2ND
and path planning[16, 146]. The sona data are used to illustrate the relative
distance to very close obstacleéBhree distance thresholds are associated with three
contrast and distinguishable colourBhe topview alsohas a wider field of view and
could provide range information that is out of the video frantE:s usei asa

/
/'

Sonar Representation o
/

\
\
A

Lwe Vldeo FOV

l
Laser Representatlon o

complement to the front-view live videdmageg28]. Itis expected tde effectiveto
avoid obstacleand perform safe driving81]. Furthermore, as the size of the range
datais generally smaller than vidémages, the proposed graphic view is suitable
for narrow bandwidth communications (whendivideo cannot be streamed).
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4.3.2. Intuitive stereo viewing based on a HMD and a Pan-tilt 3D webcam

4.3.2.1. Introduction
In order to provide anatural interaction between human and mobile rob§t5, 146], this
thesis proposeso enhance system performance by addiagpantilt stereo webcam,
implement it onboard the mobile robot, and watch theemote environment through a
motion tracking enabled HMD via wireless netwdfig(36).

3D Webcam

Motion Tracking Enabled HMD

Two Servos BINOCULAR VISION \

Control Board

H’ MOVEMENT CONTROL

Fig.36 Architecture of the proposed intuitive stere viewing method.

The Partilt stereo webcam is different frongeneral panttilt webcams. It has a stereo
camera instead of a mono one; thus, it is able to provide binocular visionearthree-
dimensional scenery via &D display It simulates the naral observation manner of
humarity [169]. Compared witha general orboard fixed stereo webcamvhich the field of
view (FOV) is usually aroun&8on horizontal and 50 on vertical, the proposeganttilt
stereo webcamhas much flexibility to movelt supports around180 degrees horizontal
rotation and 120 degrees vertical rotatioRi(y.37).

120 °

3D Webcam Only VS Pan-tilt 3D Webcam

50° Vertical view 120° Pitch

65° Horizontal view 180° Yaw ‘ |,

Fig.37 Comparison between normal-® webcam and the Patilt 3-D webcam.

Meanwhile, it can actually increasean operatof perceived field of viewalthough the
actual FOV of the stereo does not change). Furthermore, the movement ability of the stereo
webcam is independent from the robot itself. That measerators can look around the

75



THE PROPOSED APPROACH

surrounding environment without rotatg the mobile robot. This nmes the observation
safe, efficient, and smooth.

The other key point of the proposed method is to utilize a motion tracking enabled HMD as
the terminal displayAlthough other displays (like desktop monitor, laptop screef BV, or

3-D projector) havebeen widely used to deliver sterscopicviewing[43], the HME® unique
characteristic (isolation) can provide much more imnmearexperience, which makes it very
suitablefor remote control application§45, 157].
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Fig.38 Demonstration of the proposed intitive stereo viewing method.
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As the HMD has motion tracking ability, it can tréle& movement of an operat®®a K S| R
such as pitch, yaw, and roll. This makes it possible to allow stereo wetocéwtiow the
movement ofthe operatoi® headas demonstratedn Fig.38.

4.3.2.2.  Motivation

A Investigation The advantages of usirg stereo viewing implementinga panttilt
cameraand haptic feedback contrdlave been addressed the literature reviews
However,relevant studies on the performancef 3-D visual feedbackuginga Pan
tilt stereo webcany along with haptic feedbadk tele-navigationtasksare still rare
[9]. They either havehe 3-D vision but without the panttilt unit to provide flexible
movement[8, 12, 31, 134], or lackof haptic feedback contrdé5, 170, 171]. Similar
to what have been done if9, 154, the proposed method has features including
stereoscopic viewing, wide field of view relies on the 4i#tnunit, and the HMD
display with heading trackingvlore importantly, this visual feedbackill compare
with other two widely used ® vision approaches; and the performance of the
proposed haptic feedback along with the stereoscopic viewing will be evalaeasted
well.

A Immersed watching experience.Fig. 39 illustrates the difference betweenising
conventionaldisplays(such asa PC monitor ora laptop screen)and the HMD in
terms ofimmerdng viewing The image shows that it is easy fqrevatorsto notice
their current environment while watching through conventional displéBecause
the size of conventional displays not large enougho coverthe entire operator
sight. Thus, operators can see the objects that out of the screen (such as the screen
boarder, keyboard, desk, and cluttered background). As a respérators may
distract by those objects; and they will aware that they are sitting in front of a
computer and remote controlling the mobile robcEhat distraction has negative
effect on he sense ofele-presencd157).

USING PC OR LAPTOP DISPLAYS S Cluttered Background

D
3

WHAT THE ‘

USER SEES

| = ‘
WHATTHE | a ‘ ‘ \
USERSEES | —
‘) — \ SR ( ’\)

Fig.39 The difference between other displays and HMD in terms of immegsviewing.

However,watching througha HMD(only the ones that can covéhne entire sight) is
different. Due toits unique character, it is able to coverK S 2 LJSight; tiug, NI &
operators @n concentrate onwhat is displagd on the embedded screen, and
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ignore potential distractive objects in thecluttered background If only concerning
the perception ofvisualfeedback, utilizea HMDcan maxinke isolatean operatof2
sight from the current environment, and providebatter immersive experiencg9,
134, 154). A greater sense of immersion produced by a systemlealtl operators to
higher levels of presend&57].

A Intuitive interaction. In addition to the immerad feeling, allow visual feedback
following the movement ofan operator@ headis an intuitive interaction compared
with others (usinga controller or joystick to move the camera and watch videcaon
monitor or screen)[9, 134, 154]. The smooth rotation of the servo makes sure the
integrated unit can provideperators the mostnatural way to observe the remote
environment. The proposed intuitive and natumateractionis expected to enhance
operatarsQtele-presence, decrease their cognitive effodnd improve the task
performance[8, 28, 131, 172].

4.3.3. Use of different 3 -D visualization technologies
There is no contribution from this pointlowever, it is an important featuref the proposed
system. In order to satisfy the requirements ahe experiment which compares the
performance of ifferent sterescopicviewing methodsalong with the proposed haptic
feedback the proposed systers developed to support mainstreamBdisplay approaches,
including NVIDIA3-D Vision enabled laptap 3-D T\$ using polarised filter glasses, and
HMDs.
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Chapter 5 IMPLEMENTATION

This chapter described the detail of the implementation, including hardware setup and
software developmen Esential hardware components were listegrogram flowcharts
were illustrated;and core code pieces were provideRBeaders can know the details of the
hardware configuration and how the idea was achieved in softwareh it information,
they can dufpcate the system and validate the proposed method.

5.1.Hardware Setup

5.1.1. Remote system

7,”‘ | —
Mono Webcam

Link to Mobile Robot

Fig.40 Hardware components of the remote system.

5.1.1.1. Mobile Platform
ThePioneer 2DX robotis chosenas the mobile platfornutilized in theexperiments(Fig.40).
Thisrobot is sold by Adept MobileRobots, Inchés two driven wheal andone caster wheel
It has 16ultrasonicsensorgsonar)aroundits 50 x 50cm body As there is an issue with the
rear sonar boaravhichwould cause inaccurate readings, only 8 frantl sidefacing sonars
were activatedin the experimentsThere is a 1¥oltagepower output socket orthe top of
the robot. It can provide enough power texternal sensors, such aslaser scanner, oa
Microsoft Kinect, etc.

- Connection Instruction The robot communicates withkan on-board laptop
through a serial port. A serial to USB interface convertor is requirabhoect
to the robotfrom alaptop.
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5.1.1.2. Range Sensos
A Laser Scanner

LMS100 is théaser rangfinder used in the experimentd-ig.41 left). It issold by SICK Inc.
and costsapproximately£4,000. It runs at a 50 Hz scan rate wittaximum 27@ scanning
angleandhasO0. 25€£ angular resolutionThe available sensing rangear®und20 meters It
requires approximately 12 Watts of power.

- Connectioninstruction This laser scanner suppodserial portconnectionand
an Ethernet output. The Ethernetis chosenas the output portin the
experimens asit canprovide faster commuication rate This devices powered
through the12 voltagepower supplyin the mobile robotas illustrated irFig.41
right.

12V PowerSupply

Fig.41Laser range finder and its connection instruction.

A Ultrasonic senscs (Sonar)

The 8 front facingiltrasonicsensors are embedded in the mobile rob@teir distribution
(position and interval anglegjan be found inFig.42. The minimum rangeof this kind of
ultrasonic sensois approximately 18éhm.
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Fig.42 Distribution of the embedded ultrasonic sensors.

- Connectioninstruction Sonar readings can be obtained through the serial port
and transmitted to an otboard laptop.

5.1.1.3. On-board Laptop
Asthe Pioneer 2 mobile robot does néiave an embedded computernaonboard laptop

computer (LenoveX2011.6GHz Intel Core i5 processor, 4GB RAM) is required as the control
centre. It receives movement commands froalocal system (clientand transmits them to
the mobile platform. The server laptapalsoresponsible foreceiing data fromthe robot@

external and internal sensars

Connectioninstruction This laptop has three USB interfaces and one Ethernet
port. The Ethernet port is esl to obtain laser data from the LM®O0 laser
range findervia an Ethernet cable One of the USB interface connects to the
robot@ serial port through a USB to serial convertor cable. The other USB
interface links to theon-board webcam (whether it is amono webcam,
conventional 3D webcam, oparttilt 3-D webcam depends on the experiment
requirement)to receivelive videofeed. The last USB interface is used to provide
power to the pantilt 3-D webcam. Theommunication between théocal and
server systmsis a wireless networkwhich generatedy a wireless router and
follows theTCPIP protocol.

5.1.1.4. Video Cameras
There are three types dhe onboardwebcam utilized in the proposed systeincludng a

2-Dwebcam,a conventional3-D webcam, andh pantilt 3-D webcam.
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i

Fig.43Normal 2D webcam (left) and conventional-B webcam (right).

A 2-Dwebcam

Microsoft LifeCam Cineni&ig.43 left) is the2-D webcam used in the first experiment.has
an integrated CMOS sensor and suppadpturing images witlesolution of1280x 720.
The diagonal field of view is £3 makes iteasy to capture wide angle pictures and video.
During the experiment, the resolutiors restricted to 640x480n order to decrease the
image size and make sure thigleo transmission iuency.

- Connectioninstruction. Tlis 2-D webcam connects to the ehoard laptop
computer through a USB cable.

A Conventional3-Dwebcam

In the experiment of comparing among different stessopicviewing approaches along
with haptic feedbackthe Konig 3D webcam(Fig. 43 right) is chosen as the ebhoard
stereascopicwebcam. It has two lenses with one USRBput. This webcam does not support
autofocus Meanwhile, it needs to be focused manuallgftre each testo align the two
images. The maximum resolution supported by this webcam is 8600, in order to
maintain the performance of the video transmission, the resolutedmmited to 640x 480.

- Connection Instruction. T 3-D webcam connects to the eboard laptop
computer through a USB cable.
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A Pantilt 3-D webcam

Conventional Stereo Webcam

Servo 2 for Pitch

Servo 1 for Yaw

Mlcrocontrollef 5 ZigBee Module

U“i"ersi

Hertfgréz"afre '
H Video Output

Fig.44 Selfmadelow costPantilt 3-D webcam

Power Supply

The selfmade low cost @ntilt 3-D webcamconsists of a convention®D webcam and a
parttilt base. The patilt base includes two servos, microcontroller one ZigBee module,
and a USB cabl(€ig.44).

The ®rvo 1is embedded in the base and controls the yaw movement of dpeer
components (servo 2 and the-[3 webcam) Servo 2 controls the pitch rotation of the
webcam The utilized microcontroller iie mbed NXP LPC1768. It has eb82ARM Cortex
M3 core running 896MHz, includes 512KB FLASH and 32KB RKAé/microcontrolleris
responsible for processing received commands feowireless modulesuch as th&igBedn
this case and controlling themovement of each servo. ZigBebkas a defined rate of
250kbit/s whid is inadequate to transmit video imageldowever it is best suited for
intermittent data transmissionAs the selmade pantilt 3-D webcamis still a prototype,
ZigBeds chosen instead of Whiasthe wireless module to receive commands frahe local
system The microcontroller and ZigBee module require a USB cable to supply power from
the onboard laptop. The 3-D webcam outpus live video feed to the onboard laptop
through a USB cabl&he video imagewill be compresseihto JPEGormat andtransmitted
to local systenthrougha Wi-Finetwork

5.1.2. Local system

The hardware configuration dhe local systenvarieson experimentsln the experiment
which focuses on comparingbetween the proposed haptic feedback anda conventional
method, the hardwarecomponentsare shown inFig.45, they include a laptop computer
(Asus Zenbook UX21, 1.6GHz Intel Core i5 processor, 4GBarigdlay (20QLEDmonitor),
and a haptic feedback device (Novint FalcofMhe laptop computer is responsible for
sending movement commands as well as receiving sensor data. The difolag the
environmentthroughfront and top views.

- Connection InstructionThe laptop connects to the haptic feedback device
through a USBcable. Thehaptic devicerequiresa 12 volt power supply. The
laptop outputslive videofeedto the monitor via a VGA cable.
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22’ LED Monitor

Fig.45 Localsystemsfor comparing two hatic feedback methods

The second experiment concentrat®n comparing among three stersoopic viewing
approachesalongwith force feedbackNovintFalcon is still the force feedback devidéere
are three king of 3-D displayin the second experimentincludingToshiba Qosmidaptop
(2.4GHz Intel Core i7 processor, 16GB RAM,-ithi@étB Screen, withNVIDIA3D Vision
technology),LG 5® LED TV (with passive[® technology), and Oculus Rift HMD (with
separatedisplay).These displaysepresent current ppular approaches of thesterecscopic
viewing.

- Connection Instruction. No matter which display is used, the Toshiba laptop is
alwaysrequired as thecontrol centre It outputs 3D live video (side by side
images) to the & TV and HMD via HDMI cable Operatos need to wear
relevant3-D glasesto view the 3D effect.Thehapticfeedback deiceis always
the Novint Falconandit connects to the laptop througla USBcable.Fig.46
illustratesthe three conditions of the hardware combination.

3D DISPLAYS

NVidia 3D Vision
Enabled Laptop

S

CONTROLLER

55" Polarised TV

Novint Falcon

S 4

Oculus Rift HMD

Fig.46 Comparison amonghree stereoscopic viewings along with haptic feedback.
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5.2.Software Development
Considering the issues of thgoftware developed by previous researchers, new -tele
operation softwareis developedThe new softwarés not only used tavork together with
relevant hardware to evaluate thproposed ideas, but alseorks asa fundamental system
for other researchers whestudies mobile robot teleoperation. Thsoftware follows client
server architecture. The mobile robot and-board computer work as a server (remote
system); terminal devices (computer, mobile phone) and relevant controllers work as the
client (local sygm).

The software architecture is shown kig.47. The server program has five key modules: (1)
Motion (decode received commands to a language that the robot camlaratand); (2)
Sonar (obtais measured data from all eighiltrasonicsensors using the Aria library); (3)
Laser (retrievescanned data from the-BP laser range finder using the MRPT libfdr¥3));

(4) Image (captureimages from the webcam and compressthem to jpeg format usinghe
OpenCYV library); (5) Network (estabksta connection to the client, sendessor data and
receive motion commands).

The client architecture has four key modules: (1) Input (supports control devices and obtains
motion commands from the selected devices); (@aptic Feedback (calculasehaptic
feedback gain and generata force efect using the HAPI library); (3) Display (visuslize
JPEGmage sequence and range information); (4) Network (estaddigittonnection to the
server receives sensor data and sends motion commands).

As the clientserver architecture technology is afdy mature and has been widely
implemented, this thesis will not descriliein detail, only focuses orthe Force Rendering
Module, Laser Module, and Display Module.
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Fig.47 Softwarearchitectures

5.2.1. Initial Force Effect

Theinitial force (Fn) is achieved through usirthe WapticPositionFunctionEffe@tlass irthe
HAPI library. This class is able to create a faffect that depends onthe difference
betweenthe current position andhe initial position of thehapticprobe. The clas$as three
parameters which areé¥ functiomQ ¥ functiorQ and ¥_functiorQ These parameters are
associated withthree force vectors (Fix, Fny, Fntz); these vectorsrepresentthe haptic
feedbackapplied along three coordinate axdf the haptic device To activate the force
effect, an instance needs to be initialized, and the initialization code is:

ET EO&ITAXADOEAOT OEOQET R&OT ADAD T AEENIAKDET 1
YnitForcels a user defined object name of the forcieet. Afterthe initialization an object

of the haptic device needs to be designate to render the force effect. Following code tells a
device object (hapticController) that it needs to render the force effiitForceQ
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EADOE A # BAIAGO4 ARHAR®@ET OA A
HapticControlle€ls a user defined object name ahaptic device. Finallyransferthe force
effect to thedevice@ renderingoop and enable theffect by calling:

EADOEA# BOORADIOAAMIY AEAAOO
Fig.48 illustrates the relationship betweethe initial force (magnitudg andthe position of
the hapticprobe.The \ertical axis representthe magnitude of the environmentdbrce; the
horizontal axisrepresents the position of the haptic probe retatto the origin point.
Positive and negative values represent the force directiéositive valus indicatethe force
direction pointsfrom the operatorto the device or from right to left. Negative values
indicatethe force direction pointsfrom the deviceto the operator or from left to right. The
force magnitudes calculated as:idx=kx (red line) Rny=koy (blue line) Fn=ksz (red line)
with X, y, z representing the coordinates of the haptiohe asillustratedin Fig.2. ki, ke, ks

are the scaling constantgains) Asthe force feedbackapplied onthe X-axisand Zaxishas
the same magnitude in this case, thase represented by one of then:.;).

1| S ———

Finit-y=k2y

;1] NN . N—

-5 15 ¢

|
|
|
|
|
|
|
|
|
|
;
1.5 5
Finit-z=k2z

7777777777777777777777 -10

77777777777777777777777 -25

Fig.48 The relationship between the initial force and the position of the haptic probe.

5.2.2. Environment Force Effect
Fig. 49 illustratesthe rendering order of the proposed haptieedback, includingontact
force effect and environmental force effect. From the beginning of every loop, the system
checks wether any measured distance is less than the contact force threshold? If the
FyagSNI A& W, SaqQsx | t feefbhdkailtbs dsaldled, gherNiBe\systBny G £ F2 N
enablesor update the relevant contact force effedDtherwise, ifthe answer is No, |la
enabled contact forcdeedbackwill be disabled. After these procedures, the system then
checks whether any measured distance is less than the environmental force threshold? If the
' yag SN mha reléevant éndrinmental force effecwill be enabledor updated.
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Otherwise, ifi KS | yagSNJ) Aa Wb2Usx | febdbaSkfil liefdiSaRledSy @A NR Y Y
and then this loop ends.
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Fig.49 Flowchart of the rendering order of the proposed haptic feedback.

5.2.2.1.  Algorithm flowchart
Fig. 50, Fig. 51, and Fig. 52 are the flowcharts which illustratehow to implementthe
environmentl haptic feedbackstep by step Each figurerepresents a situationFig. 50
shows the situationwhenthe robot ismoving forward (Part 1)ig.51 displays the situation
when the robot stops;and Fig.52 representshow to generatethe environmenal force
effect while the robotis movingbackward.

A Moving Forward

When the mobile robot is moving forwardheé program checkthe measured distance
obtained from front ultrasonic sensorsto determine whether it is required to generate
relevanthaptic feedback. If none of the sonar readinge equal or less than the maximum
threshold (d3), that means the mobile robot is still relalwéar from obstacles; and the
environment forceeffect can be disable@Clear Environment Force Effect Functigdjaphic
illustration and detailed descriptiorof how does the environmental forcaffect the
operationcan be found irfChapter 41f it is not the casgat least one type of the force effect
needsto be enabled. Thethe programchecks whether any sonar reading is equal or less
than the minimum threshold (. If the result is positive, meairtisat the robot is very close

to some obstaclesCorrespondinghaptic feedbackwith maximum gain (& needsto be
activated. If the maximum gain has beenabled then ends the procedure; otherwise clear
existing environmerdl force effect first and enable the maximum gain {GIf the minimum
sonar reading is greater thatthe minimum threshold and equal or lesghanthe middle
threshold (d), that means thalistance to the closest obstacle is neither far away nor very
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closes a middle force feedback gainGs required. If the middle force feedback gain has
beenenabled then ends the procedure; otherwise clear existing environment force effect
first and then enable the middle force feedback gain;(GThe last condition is that the
minimum sonar reading is greater than the middle threshold and equal or less than the
minimum threshold (d), which represents the robot is relatively far from any obstacle.
Meanwhile a gentldapticfeedback fith minimum force feedback gainyill be generated

If the minimum force feedback gain is enabled, then ends the procedure; othenlaae
existing environment force effect first and enable the minimum force feedback ggin (G

The above process the first part (PART1)f the environmenal force effectmodule It
handles when and how to generate the environmaraptic feedback whilethe robot is
moving forward. If this is not the case, the program needs to go to the other two parts to
find relevant solutions.

( Start )
NO

<_Moving Forward ’> B PART 2

YES
| S R |

' >,
i Bpece Fraticd € ForceEffect [ | (F=G<2)

YES v

PART 1 ( End

|
] |
| _ NO Clear Environment
| = Hes . Force Effect i I
| |
| YES |
| |
|
|
|
= YES NO | Clear Environment Enable Max Force
: 2 R <=d, ———————»<Wax Force Enabled 7>——] Force Effect — (F = Gr'z) |
| NO YES| |
| ( End ) |
|
|
|
_ YES NO | Clear Environment Enable Mid Force |
: R==d: o Mid Force Enabled ?>——f Force Effect — (F = G=2) |
YES
| NO 15 |
| ( End ) |
| :
|
|
| NO | Clear Environment Enable Min Force :
: |
| |
| |

Fig.50 Flowchart of the Environmental Force effect (PART1)
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A Robot Stops

Fig.51is the flowchart of how to deal withonditionwhile the robot stops othe operator
moves the haptic probe to the dead zone. The program detects whether the coffvace
effect or the environmental force has been enabled. If one of them has been enabled, the
program clears the environment force effect to remove interference. Otherwike,
programends this pareandgoes to part3.

PART 1 J—K:\/ Dead Zone ? /—No

= ~_ N
_— Contact Force Enabled or ~~_ o

“~Environmental Force Enabled— 3 |
~_ -

. e
~ s

YES|

Clear Environment
Force Effect

=

—r—————————— — —

Fig.51 Flowchart of the Environmental Force effect (PART2)

A Moving Backward

If none of previous two conditionare qualified, means the haptic probe locates within the
rear zonesof the workspace and the mobile robot is moving badkig.52 illustrates the
process under this situation. It is similar to the situationewlthe robotis movingforward.
The difference is that the force direction is oppositethe previous sitiation. In this casg
haptic feedbackpushes the haptic probe back to the dead zoaming to slowdown the
robot or even stop itThe other difference is thahe force magnitude only has two levels
the maximum force feedback gain {Gandthe minimum frce feedback gain ¢ Usually,
an operator controls the robot to move back in order to find a new forward directibrter
this circumstance, the main function of haptic feedback changes from environment
perception to obstacle avoidance is believed torhore effective. Thus, less amount of force
feedback gain is implemented.
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Fig.52 Flowchart of the Environmental Force effect (PART3)

5.2.2.2. Implementation detail
The environmental forceeffect is similar to the initial force and it alselies onthe
HapticPositionFunctionEffe@tlass inthe HAPI library to achieve the function. Duringeth
rendering process of thiforce effect,\PlearEffect€unction will be triggered wén shifting
the force magnitudeandin the condition of disablinthis force effect.

Although both the environment force and initial force belong to the spdagper force
effect. The differences include: ih) the environment forceendering the scaling constantk)
applied on zaxis (forward and bekward direction) varies depeimy on the measured
distance to obstacke In the initial force rendering, the scaling constaiaies not change?)

The environment force effect will bdisabledif the haptic probe moves within théPead
Zongl-1.5<x<1.5inFig.2).
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5.2.3. Contact Force Effect

5.2.3.1.  Algorithm flowchart
YES

,| Enable FrontRed
Virtual Object

Enabled ?

End

Disable FrontRed
Virtual Object

Enable FROrange
Virtual Object

pals

Disable FROrange
Virtual Object

<Any Sonar Reading < Threshold

NO
RightBlue ? O
Disable Contact NO Enabled 2 YES | Disable RightBlue
Force Effect < Virtual Object

End

Enable RightBlue
Virtual Object

rﬂ
=}
Q

YES

Enable RearRed
Virtual Object

End

NO

Disable RearRed
Virtual Object

Fig.53 Algorithm flowchart of the contact force effect

Fig. 53 is the flowchartwhich illustrateshow does the contact force effect workThe
programactivatesthe contact force effectvhenany sonar reading is less than the threshold.

If none of the soar readings meethe requirement, the program disables ahabled
contact force effect and ends the procedu@therwise, theprogram continues cheakg

each measured distance to determimdretherone or multiple contact force effesneedto

be activated There are eight situations which represent teight positions of thevirtual
objects (details can be found i@hapter 4. For instance, théProntRedarea includes
readings obtained fron%onar 2, Sonar 3, Sonar 4, andSonar 5. If anyof these four readings

is less than the threshold, then it means the contact force effect needs to be activated in the
WrontRedarea. If the force effect has been enabladready the program continues
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checkng the next condition (PROranc@ Otherwise it renders a virtual objectwhich is
corresponding to a real obstacle near the ropanhd stop the operatorfrom pushing the
haptic probe anymoref none of the four readingare less than theahreshold,whichmeans
the obstacles in front of the robaire still relatively faroperatorscannotdétoucheé them yet.
In this case,fithe contact force effect¥rontRedp has beeractivated then disable it and
goes to the nextondition Otherwisethe proceduregoes to the nextonditiondirectly.

The workingprocess for each situation is almost the saraadthe procedure ends until it
has checked all eiglabnditions

5.2.3.2. Implementation detail
Thiseffectis achieved thraigh usinghe WapticPrimitiv&xlass irthe HAPI library. Tik class
requires three paramedrs, including with geomety it will render? How stiff the surface is?
And which face (side) of thertual objectthat canbe touched? Available options for the
first parameterhave several primitive objects, such asibe sphere, triangle, lines, and
points. Thecubeis used in the proposedontact force effectlIt represents an axis aligned
primitive cube andit is defined through two points on the diagonal line.

For instancefig.54 illustrates the contact force effect activated on tH&ontRedQarea. It
simulatesthe situation that obstacles are very close in front of thebile robot. Three blue
lines with arroveé are the coordinate axis used for calculation. The origin of the coordinate is
in the centre of the working space of the device. The green virtual obgdig( is the
geometryrenderedby the contact force effect. It is defined througte Start Point (x=-0. 1,
y=-0.1, z=-0. 3) andthe End Point (0.1, y=0.1, z=0.015).

Y

End Point
(ou, ol, 0.015)

Virtual Object

\ D
Start Point
(-ol, -0., -0.3)

Device Coordinate Axis

Fig.54 lllustrations ofone condition of the contact force effect.

The stiffness of the surface determines how difficult it is to penetrate the object. Small
stiffness is usually used to simulate soft objects, wlahlge value can beused torender
solid objects. In the proposeghethod, the virtual object needto be solid to preventan
operator from pushing or pulling thénaptic device WRON®is usually configured as the
option for the third parameter in théMapticPrimitivérlass constructor. Thus, a front shape
instance of ths class can be definegs:
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OEAPABAC«ADOEAO OBREDEGDOET 1
d! 1 " i6@d A awph meph 1o (6 A Adt prigph ma&tp vl UO O O FBRA A A gigCeE/1 . Tp

Other situations follow the same rylbut with different coordinates of the virtual objects.
To enable a associatectontact force effectthe codes below need to be used.
EADOE A # BAIAGGI EC\EDAREA
EADPOEA# BOOAOTOAAMIP AEAAOO
To remove a relevant contact force effect, replace tedShapefunction with the
YemoveShapeQand theWansferObject(§iunction is still required.

5.2.4. Conventional Force Effect
The conventional methodsedas the comparing conferendellows what proposed ifi37].
This isbecause the method is relatilyeobjective its force calculation equation does not
have many coefficients or gains whineed to be determined experimentallyhus, the
method is more independenbf experiment environment. Another aspect is that the
method proposed if37] also uses the ultrasonic sensas the range sensor, and the mobile
robot is very similar to the one utilized in this thesis. These features makatdtble to be
used as a comparable reference. There are tlifferences between it andhe approach
proposed in thisthesis 1) the force magnitude associates witthe measured distance
directly; 2) force directionis opposite tothe position of the closest obstacld=ig. 55
illustrates the flowchart of how the conventional force feedback works

Start )

~~ N YES P ~_ NO
< Moving? >———<d <=threshold 7>——— Clear Force Effect
NO YES

F.x = (k/d)*Siné;

Cl F Effect
ear Force Effec F 2 = (kId)*Cos6:

2 ~_  NO
«::Force Enabled 7>
YES l
Update Force Effect Enable Force Effect
| l
End J

Fig.55 Flowchart of the conventional force effect considering the robot is moving forward.
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The progranfirstly checks whether the robot is moving at tieginning If the answer is
negative meansthe operator has moved the haptic probe to the dead zone (stop).area
Then, the program removesenabled environmental force effect and end®therwise it
continuesto checkwhether the minimum measured distancel)(is less than a thresholdf
true, the program prepares to render the force effedihe magnitude of the claimed
conventionalforceis calculated byhe following equations
E s
&3 x z3 BN

o) Ez#]’ )
X AD)

Fxdenotes the force appliedo the x-axis (leftto right); F.denotes the force appliedo the
z-axis (forwardto backward); kisthe scale coefficienor force feedback gajrandd is the
minimum measured distance. denotes the degree of the ultrasonic sensor that is related
to the central line. The force direction is opposite to the obstadfapticForceFields the
class irthe HAPI library thais requiredto rendera constant force effect based on the input
parameter. In this case, fand F:are the parameters.

Next, the program checkwhether the relevant force effect has beeactivated in order to
preventdisturbing caused bgluplicate force effect. ithe force effecthas been enabled, the
program only updtesthe force vector by applying the following codes:

(10) (APOER APDERE MIEAADO6 AAOT O
Ol DOGEA A OAAMAEAAD
EADOEA # BOAGY ADEARD O

If not, the program enables the force effeby callinglddEffect(Pand WansferObjects@
functions At last, this procedure ends.
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5.2.5. Video Streaming

5.2.5.1. Algorithm flowchart
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Fig.56 Flowchart of the video processing procedure

A Server(Remote system)

The left image irFig.56 demonstrates the flowchart athe image processag on the server
side. Image captimg and processing rely on the OpenCV library. The program obtains left
(ImageL) and right (ImageR) imagesnf each lens of the ehoard 3-D camera. Then it
montages the two images into a new anEhe new image hagouble width ofthe old one.
WHdjustRQDfunction needs to be used to manipulate tlimageframe. WopyTdXunction is
used to move buffer (imageontent) to the newimage frame. Afterwards, the program
checks whether the clierttas aNVIDIA3-D enabled display (such aslesktop PC or laptop).

If the answeris positive, the merged imagwill be resized to meet the requirement (the
respect ratio ofthe image is fixed and predefined) of tidVIDIA3-D technique If the
answeris negative it means theclient display is eithera 3-D TV ora HMDwhich uses
another 3D technology. Thysthere is no need to resize the imag&he rext step is
encoding. Nomatter what kind of display the client is using, the captured imagé be
encoded with JPEfermat to compress the size before transmission. The encoding process
can be dondy usingthe following code:

AQET Al AGEDE ¢ O AFEA ©FERDA OAN O
Ynencodedls the function nameYpgQls the first parameter whickells the function thathe
encoder is JPEGKngFram&is the second parameter which contains the raw image

information. The third parameteritngBuffe€is the new buffer which containthe encoded
image.\Paramgls the default option for the last parameter.
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A Client(Local system)

The right image irFig.56 shows the image processirsgepson the client side. There are

three main sectionghat are associated with threeomparabledisplays, includingthe Laptop

(NVIDIA3-D), HMD, and -® TV. Firstly, the program needs to check which display is being

used; this can be known from theperatorQa OK2 A OS 2y GKS O2y FA3dzNI GA
Secondly, the program disables other twdisplays to make surethe operator can
concentrate on one displaylhirdly, if the 3D laptop is the current display, the received
JPEG imagewill be loadedfrom a third-part library calledii K BlakeBDEffe®@ =~ Fig' R A
compiled in C#. Thiake3DEffedinvokes the functions fronthe NVIDIA3-D SDK to split

the merged image, and display left and right images separately in a frequency of 120 Hz.

If the display isa HVID, the received JPEG imageeed to be decoded to OpenCV matrix
format; then thefollowing processes will be done to make sure thHe 8ffect can be viewed
properly. The screen resolution of the HMDculus Riftjs 1280x 800 (640x 800 for each
eye) The received image haa resolution of 1280x 480 (640x 480 for each side). As
illustrated inFig.57 left, each image perfectly Btthe width of the screen. Thehite space
areas on top and bottom will be filled with black. tie softwareoutputs the image directly
to the HMD, the operator may view édouble image& That is because the image centre
(black point in the centre of each image) is atignedwith the lens centre (as showed with
a+€ symbol). Each difference is about 45 pixels (tdtierenceis 90 pixels)andthis causes
the brain cannotcorrect differential images automatically. The solutidiig(57 right) is to
movethe left image (red) 45 pixels time right, and movehe right image (blue) 45 pixels to
the left. The right part of the left image thaippearson the right panelneeds to be removed
In a similar way, the left patf the right image that appearon the left panelneeds to be
removed as well.

0,0 640 1280 0,0 640 1280

Length 4|5 4 Length
450 640/160 45 px il i
160 " " 160 : L l
- — |
Image Centre | -i- /Lem Centre \_i. l/lmlge Centre e i i i
LEFT IMAGE RIGHT IMAGE LEFT |MAGE; RIGHT IMAGE
| 1
840 1280,640 840 T oI 1280,640
45 px 45 px
800 640,800 1280,800 500 640!800 1280,800
Width Width

Fig.57 Image processing for the-B viewing through the Oculus Rift HMD.

According to the above analysis, the left image will be cropped from théefoporner (0, 0)

of the original received image (the resolution is 128880) to (595,480); and the right
image will be cropped from (685, 0) to the bottetight corner of the received image (1280
x 480).Fig.58 left illustrates how to split the received image irddeft eye image ana right

eye image. After the split procedure, the tvgeparateimages will be filled (montage)tma
new image frame which has the resolution of 134B0, and positioned in theentre of the
screen frame as shawin Fig.58-right. The split and montage processes were achieved
throughimplementing functions fronthe OpenCYV library
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Fig.58 Illustrations ofhow to split the merged image into left eye and right eye.

If the 3D TV is the display, after the decoding process which is the sathe #MD the
image needs to be resized to fill the full scre@8Z0x 1080 ofthe 3-D TV. FinalljdmshowQ
function is used to output the imageto the HMD orthe 3-D TV. If none of these three
displays have been chosen, thire programdisables the video viewindunction.

5.2.6. Laser data representation

5.2.6.1. Data acquisition
The laser datare obtained throughusingthe MRPT libraryThe library outpus a packet of
data each time. Each packet contains 180 values which représimination of obstacle
distribution within 180 degreesn front of the laser scannefThe direction degree betwee
each adjacenipoint is 1£ ; thus, the point ID and its valuean be used taaddressthe
position of its detected obstacléfter the packetis obtained, ittransmits the packeto the
client througha TCP/IP socket, aritle graphical representation of thaata will be displayed

5.2.6.2. Dataillustration
In the proposed method, the obtained laser datiee used torepresent the 2D layout of the
environment in front of the mobile robotThe aim is to provide the operator a clear and
simpleperception about wherefie path endsAnd whereisthe open space

The obtained rawaserdata has 180 point values and associated azimuthal anglesder

to display the 2D layout of the environment,egments need to be drawn between adjacent
points. However, two processemust be done before drawinghe segments. The two
processes aredhvalid Data Filt€eand Wloving Averag® The Yhvalid Data Filteis
responsiblefor removing invalid data caused by some special surface matefitlese
material stops the laser bearfrom reflecting to the laser scanner, whiclbause the
obtained value i$8Cbr negative.

Wioving Averag€is the algorithm tomake the resul{2-D layout)looks smooth and simple
to understand. As the rawaserdata contain noisesttfe measured value is greator less
than the actual one), it cause the line epresentationlook like a sawtooth rather than a
smooth line. Furthermore, the rawaser data representa relativdy more accurate
environment layout. However, the accuracy may not good in this basause 1) cluttered
environment would resulin lots of broken line representatioiA complicatedgraphic is not
easy tobe undersbod. Aseachpoint is more or less different than its previous stattise
shape of the sawooth varies on each refreshntie. It makes the line look$requently
vibrating which is a distraction 2) the laser rangefinder can recognizethe small gap
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between two objects thaultrasonicsensorscannot Inconsistent representatiotvetween
laser and sonamay confuse operatas; 3) the aim of the graphic representation (topew)
is to provide an easy understanding-R layout of the remote environment; it is a
supplement to the live videaandisthe visualization ohapticfeedbackas well

Fig.59 illustrates thelaser data processing stepthe left imageshowsthe result(blue line)

which representsthe raw laser data. It is clear to identify the rawoth effect and

unexpected broken tie which caused bgn invalid data. The middle imagégemonstrates

the effect after applied théthvalid Data Filte@The invalid data hee been ignored and the
unexpected broken line disappeared. Howevtire saw tooth effect is still exists. After
applingthe Wloving Averag@rocess, the final resuls shownin the right image Although

some corners are not reflectedccurately the resultdoes not affect the operation The

width of the corner is less than the width of the robatyd the robot cannot pss through
the corner.Thus these corners are ignored in thoposed method

= (o]
/ = e bslacle
Invalid Data o ‘ [
RAW DATA RESULT REMOVE INVALID DATA'

MAKE IT LOOKS SMO
Fig.59 lllustrations oflaser data processing steps.

Obstacle Obstacle Obstacle

09
5.2.6.3.  Algorithm flowchart

Fig.60 illustrates the flowchart of the algorithm implementddr laser data representation.
It showsthe whole process of how to handle a packet of raw d&ach packet contains 180
values and is corresponding to 180 pointdhe process is a loop and has 180 stdpghe
beginning ofeach step, the program assumes the first valBeift [1]) is valid if not, it
assigms it with a predefined valugthis processhas not reflected inFig. 60). Then the
program checks whether the next value (Pdiij} is valid if not the process enterto the
dnvalid Data Filteérsection.
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Fig.60 Flowchart of the laser data processing.

Once found an invaligoint, the Yhvalid Data Filt€ineeds to know whether the previous
point is the end point (LastUsedPoimt) the previous segmeniThis is because th@oving
Averageé process ignore some points, so it is required to find tHEastUsedPoi@ If the
previous point is théPastUsedPoithe programsearches the following data the packet
to find out the next valid poin{Point[n]). Then a segmentan bedrawn between the
previous point (LastsedPoint) andthe next valid point (NextValidPointind alsobypassd
the invalid point. TheWPoint[n]hen becomes thedlastUsedPoi@Thednvalid Data Filter
section ends here and the process starts a new Idbpghe previous point is not the
WastUsedPoif2 it means the previous point is validut ignoredby the Moving Averagé
function. The program draws a segment betwetre WastUsedPoifand previous point;
then changes previous poitd the WastUsedPatQ Again the progranfiollows the process
which findsnext valid pointas described above.

If the next value (Poinfi]) is valid, the procesgoes to the Wloving Averag@section. The
Wounis a variable used to control the smooth level; theeater upper limit it has, the
much smooth the result will beAfter severalexperimental evaluatiog) the upper limitis set
to 15 during thefollowing experiments.The €ounQncreases 1 athe beginningof every
loop. Then the program checks the differencetlweenthe current point (Poin{i]) andthe
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previous one (Poini-1]). If the difference is greater thaa threshold (itis set to the width

of the robot),it meansthe obstacle distributiofhas an obvious change, aiitds necessary to
be reflected in the 2-D layout. Thus,the program draws a segmenbetween the
WastUsedPoilfiand current point. It ignores other pointhat between them becaus¢he
relative distance differencés small. Once a segmerg drawn, the €ountwill be reset and
the WastlsedPoinfXefersto the current point. At the end of each loop, the program checks
whether the current point is the last point in the packet (there are 180 points in totahje
answeris yes the program endsotherwise it starts next loop and proceéisg next point.

If the difference ofthe measured distance between adjacent poinss less than the
threshold, it means the position changpetweenthese two points is not obviougnother
judgement (CounCheck} needs to be done beforthe determination of whether to ignore
the current point; if the count number is leslsan the upper limit the current point can be
ignored as the result ofhe Wloving Averag@function; then the program returns to the
beginning and starts witthe next point; if the couhnumber is greater than the upper limit,
it meansenough points have been ignoredtime previous stepsand a segment needs to be
draw to represent theoverall distribution of those ignored points. The following steps are
the same as the one describeda/e.

5.2.7. Sonar data representation

5.2.7.1. Data acquisition
The raw sonar datare obtained from embeddediltrasonic sensors by usinghe ARIA
library. The processetrieves 16 sonar readings and transmits them to the cli@ithin each
cycle In Fig.61, the measured distance (md¥ used to represent the distance from the
origin point to a detected obstacle.The quantitative relationship can be found in the
following equation.

A 17T ABI AAAAE AT 1A4/00A
5.2.7.2. Data illustration
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Y
(md+h)scosel — — ____ /A _ e 8 10\{ Q—VERTEX
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md*cose} - — - — - ——— -2 SCa ! Dlstance ‘( sv2
| \"1' | : ; / //
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Fig.61 Graphical representatiorof the sonar data.

Sonar data representation has two main processes: 1) Remgléé base blocks based on
the measured distances; 2) Renihgy segments betweeradjacentblocks. Fig. 61 above
illustrates howthesetwo processes work.
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A Base BloclRendering

Fig.61 left showsan example of how taletermine the coordinates of a base block. This
example is based on the data obtained from Sdharhich locates 50 degrees)(away from
the central line.The size and location of this base blaeck determined by four points (A, B,
C, D), and the coordinate of each point has b&drelledin the figure WQs a predefined
valuethat is half of the bloc® length.\HQs another predefined valuthat is the width of the
block. The coordinat(x,, ya) of point Acan be known from following equations:

@[ AOEl xz Al
LA | AAT#H xz0HEN
Similarly, the coordinateédf,, wQ of point B can be calculated from:

A I AEZOB xzAlA
A [ AEZATD x20HMN
Anaher two points follow the similaway.

A SegmentRendering

This procedure renders 16 base blocks first, then links adjacent blocks with segrRan61
right illustrateshow these segmentsare rendered.\B;, B, B, BQare base blocksThe bng
dashed line represents the measured distance from the origin to each base block (obstacle).
The dtted line shows the distance between two base blockacB circlesare the vertexes

of segmens. Each segmeris determined by four vertexeand the rendering order isnti-
clockwise For instance, the segment sample in the right imegdetermined by$w, sy, s\,

and svQ The position okachvertex is determinedyy the adjacent measured distances. If
current measured distance (rgdis greater tharthe next one (md), the segmentwill look

like a baclwardrectangle;in this casehe segmentonnects bottoraleft points (sy, sy) and
top-right points (sy, sv) of the adjacent base blockH.current measured distance @nis
less than the next one (mj the segment will look like a forward rectangiethis casehe
segment connects bottomight points and todeft points of the adjacent base blocks.
Whether to render a segment depends on the distance betwthercurrent and next blocks;

if the distance is greater than a threshold (the width of the mobile robot), that means
possibly there inough space for the robot to pass through. Thilere is no need to
render a segment. Otherwis@ segmentwill be drawnto provide straightforward visual
informationindicating that direction is a dead end

5.2.7.3.  Algorithm flowchart
Fig.62 and Fig.63 illustrate the procelures of rendering graphics for frorgight ultrasonic
sensos. Theprocedures contain two processesfirst one ig.62) is to render the base
blocks;andthe secondone (Fig.63) is to render the segments between adjacent blocks.
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Fig.62 Flowchart of theprocedureof the baseblock rendering.

A Base Block Rendering

Fig.62 shows the flowchart othe procedure othow to render thebase blocks. There are
eight loops, and each loop renders a base hl&@chbase blocks corresponding to a sonar
reading.The rendering procshastwo mainfunctions: one is theWolour judgemen® and

the other is theBlock renderin@The Wolour judgementXunctionis designed taletermine

the colour of each vertex based on the measured distance. ddtail can be found in
Chapter 4The basic rule is to us&reer(to represent the obstacle that is relatively far; use
Wrang&Xo represent the oktacle that is not very close; and uRedXo represent the
obstacle that is very closat the beginning oéachloop, theprocedurechecks the colour of

the block which will be rendered according to the measured distance, then draws four
vertexes basedn the rules and fills in the colour.
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