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Abstract — Autonomous Underwater Vehicles (AUVs) are  operational scenarios. A dynamics model of an Aldgdal
self-propelled robotic platforms that can perform a onthe “body-build-up” method of Nahon [1] was dieged
predetermined mission completely unmannedA series of  hy perrault [2] and Evans [3] using MATLAB and
manoeuvring expgriments were performed using theM_UN SIMULINK and is available for use at Memorial
Explorer AUV during the summer of 2006 and a selection of University. To validate the model, it is necessanhave
these experimental results are presented in this par. The . : L .

experimental data from a real vehicle. As a resusgries of

purpose of these experiments was to collect a seft useful . leted . h
data for validating a hydrodynamic model of the dyramic open-water manoeuvring tests was completed usieg t

performance of the vehicle. This paper aims at exaining the ~ MUN Explorer AUV during the summer of 2006.

methods and measures adopted in accomplishing thtssk. The MUN Explorer is a survey-class AUV recently
Apart from providing a data set for validation of the acquired by Memorial University of Newfoundland, in
of the AUV to perform extreme manoeuvres and the awracy | jmited (ISE) in Port Coquitlam, British Columbiti.was

with which it can follow a pre-planned mission. funded by the Atlantic Canada Opportunities Agency
through the Atlantic Innovation Fund. Offshore
. INTRODUCTION environmental monitoring and seabed surveys areesafm

) . the primary areas of research for which the vehidlebe
Autonomous Underwater Vehicles (AUVs) are rapidlyytilized. The vehicle is made available for graeuat
emerging as an important tool in ocean explorafod  st,dents’ research.

monitoring. A number of oceanographic problems irequ

quality data acquisition without disturbing the ane This paper describes the methods and measuresttaken
environment. Ship-borne methods can introduce riror accomplish a series of manoeuvring tests usingvtidl
measurements due to the disturbance caused by towEgplorer AUV. Results from a selected number of
instrument packages, samplers or by the ship it3éle  experiments are presented in this paper along thith
potential of AUV technology in undersea surveys #ml |essons learned.

significant improvement in the quality of data akcqd

using these platforms, is gradually being recoghias a

replacement for conventional ship-borne methods. Il. THE MUN EXPLORER AUV

During a mission, an AUV may undergo different  The MUN Explorer is a survey-class AUV and
manoeuvring scenarios such as a complete turreaenttl  fnctions mainly as a sensor platform for underdata
of a survey line, a severe turn during obstaclédaree or  cqjlection purposes. The AUV is 4.5 m in length lwi
frequent depth changes while following a ruggedbeda maximum diameter of 0.69 m and is designed to go as
terrain. This demands a higher degree of manoeilityab geep as 3000 m. It is propelled by a twin-bladezppher
in order to achieve good position and attitude Bnfhe  5nq can reach cruising speeds between 0.5 to 253X
designers of AUVs increasingly rely on computer Bled control-planes assist with manoeuvring of the viehio
(hydrodynamic models) to study the motion behawourhe aft of the vehicle is a retractable commun@eimast
and in turn to develop vehicle controllers. that can be raised to approximately 1.0 m abovebtity

Hydrodynamic models are often developed to predic®f the vehicle. The vehicle has a dry weight of 30
the performance of these vehicles, especially their
interaction with the fluid. A reliable hydrodynamiwdel is
one that can closely predict or reproduce the deksicle



sensor, LinkQueE’f' acoustic transponder and the ORE
acoustic transponder mounted in it. Space is adaila
inside this section for additional wet payload item

The free-flooding aft payload section made of GRP i
to the rear of the pressure hull and it has a &pend to
connect to the tail cone section. Some navigatenmsars
and devices, such as the Doppler Velocity Log (D¥hj
retractable communication mast are located ingéion.
There is room for some additional wet payload iis th
section. The aft control planes are also attacleethis
section. The tail cone is like a torpedo tail, @designed
to reduce the drag caused by the pressure drope a&nd of
the vehicle body. The propeller, drive motor andrgex
are located in this sectionFig. 2 shows the modular
sections of the AUV.

.

Fig. 1 TheMUN Explorer AUV B. Control and Guidance

The Vehicle Control Computer (VCC) is the “braiof’

An onboard computezontrols the motion of the AUV the vehicle providing guidance and control usinghbo
and communicates periodically with the surface ohs AUV sensors and actuators. It acquires data from al
computers. This vehicle can carry approximately B$@f  onboard instruments and sends these data to ttfacSur
scientific payload without having to add extra baiegy in  Control Console (SCC). It also receives commandmfr
the form of syntactic foam. Fig. 1 shows a pictafehe MUN  the surface or onboard control systems and gerserate
Explorer AUV on the surface after a mission. commands for its actuators.

A Sructure A network of computers on the surface provide AUV
The MUN Explorer AUV is modular in structure mission planning, monitoring and access to certain

consisting of a cylindrical main body blended witmose ~ POSitioning sensors. It transmits all pilot commsnd the
cone at its front and a tapered tail section ateits, giving Vehicle and generates graphics text and diagnostics
it a hydrodynamically efficient streamlined shapacept displays to provide information to the operatorotigh a
for the pressure hull, the majority of the hull tiew is ~ cuStom designed graphic user interface (GUI).

made of Glass Reinforced Plastic (GRP) thus greatly

reducing the overall weight of the vehicle. Thessige C. Communication Systems

hull consists of a ring stiffened cylindrical moduhade of Although an AUV is capable of autonomous operatjon
cast 7075-T6 Aluminium alloy with two 7075-T6 jt is often advantageous to maintain a contact wfté
Aluminium alloy hemispherical end caps. The endscae  vehicle from the surface. This enables the opetatbrave
joined to the cylinder using split aluminium clamde  occasional health checks and also ensures thafltthe
pressure hull provides the majority of the buoyafurythe  sensors are  logging  useful information.  The
vehicle and space for dry components such as testtend  communication between the AUV (VCC) and the SCC is
control electronics. established by three different techniques:

i) DataRadio Telemetry Link

The radio telemetry system is capable of high-dpee
communications with the on-shore console whileAhs/
is on the surface. For this communication, two lese
Ethernet Datalinc SRM6210E 900 MHz radio modems are
used; one is installed in the vehicle and the oih@n the
on-shore console. The radio link can be used flmtipg
the AUV and for uploading missions to the vehicle.

Towing Lug Lifting Lugs

Radio contact is possible only at the start and
completion of a mission when the AUV is on the aoef.
The acoustic system is not functional at the serfac
because the top-mounted transponder is out of dierw
At the end of a mission, the radio link is usecilot the
AUV to a safe recovery position and shut it down.

: ii)  Underwater Acoustic Telemetry
. . The underwater acoustic system consists of the
Fig. 2 Modular Sections of the AUV LinkQuest, electronic transducer which is mountedhe
Immediately forward of the pressure hull is theforward payload section. The LinkQuest system &du®

free-flooding forward payload section. This sectias the ~transmit data between the AUV and the surface when
forward planes, forward liting lug, towing lug, pi AUV is underwater. It can be enabled from the SQQ+G

Fwd Payloa Pressure
Sectiot Hull Pavload
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by the operator. equivalent weight. The vehicle operates on a bltage of

iii) Hardwire Deck Cable 48 VDC.
A high-speed hardwired 100Mb Ethernet link is used
for working with the vehicle on the deck (wharfhig link G- Emergency Systems _
is used for uploading missions, retrieving dateerafa The vehicle is eqmpped with a xenon flasher (Newht
mission, as well as for normal pre and post-divec&s. ST-400-AR) and a radio beacon (Novatech RF-700A1)
built by Novatech Design Ltd., as emergency devices

D. Navigation and Positioning : ; :
The navigation system of the vehicle consists O]:I'hese are independently powered by its batteri¢w T

several different sensors to locate and orientvéfecle in ;trob_e-hght _automatlcally wrns 'tself. on when the
3-D space. A pressure sensor (Paroscientific - Rszgllummatpn is poor or at night and indicates thet _
200Hz) located in the forward payload section memsu Surrounding area the presence of the AUV. The radio
the depth of vehicle below the water surface, whidetom beacon is also self-powered and automatically titsef
avoidance and altitude are provided using a forwar@n when the vehicle is on the surface, so thavéiicle can
looking altimeter [Kongsberg Acoustic Altimeter be found by using the corresponding radio direcfinder
(KSM1007)] located in the nose of the vehicle. Thewhen within range. The GPS antenna, radio telemetry
geographical coordinates of the position are obtaiby  antenna, RF beacon and strobe light are all mownietdp
means of a RDI velocity sensor (RDI Workhorse 382k  of the retractable communications mast. On divingmast
DVL) when the vehicle is submerged. The DVL is any,iomatically retracts into the hull and remainsfi to the
Acoustic Doppler Current Profiler (ADCP)' which Hasir hull. When radio communication is needed or a GPS
acoustic beams that measure velocity parallel éftur I S . .

beams. The VCC uses this velocity and heading tiata position fix is necessary, the vehicle can climamge
correct the position from the inertial navigatiopstem. surface at low speed and the mast can be extended
However, it needs to be initialized or reset intitently ~ aPproximately 1.0 m above the vehicle body to readrof

by position fixes when at the surface from a GPBe T the water as seen in Fig. 1. It can also be trigiyérom the
MUN Explorer uses a Sound Ocean Systems DGPSSCC while the AUV is on the surface.

mounted on the retractable communications mast that

determines precise positions (geographical cootelia
while the AUV is on the surface.

To locate the AUV when it is running underwater, an
acoustic device must be relied upMIJN Explorer uses a
self-powered ORE LXT 4336 vehicle transducer as an
E. Propulsion and Manoeuvring emergency beacon.

The AUV is propelled by a 0.65 m diameter high
efficiency twin-bladed propeller driven by a Hatrew48 .
VDC brushless motor and is capable of achieving £4]'_ The Ex;i)lorer _CIQSS vghl(_:le h‘;s FFengl;:d 5for
maximum speed of 2.5 m/s. The propeller is blerideal  €NVironmental monitoring missions by [5]-
the tail cone to maintain attached flow for betterE@dle Ray is another Explorer class AUV owned by the
hydrodynamics. National Institute for Undersea Science and Teabmoht

the University of Southern Mississippi [6]. The Maial
Undersea Research Centre at the University of North
Carolina, Wilmington, has also operated the vehicle
high-resolution habitat mapping of deep offshoemar(7].

More details about the vehicle can be found inrexfee

Manoeuvring of the vehicle in 3-D space is faciéth
by six control planes — four aft planes arrangednr‘X”
configuration and two foreplanes which assist vgitbcise
depth and roll control. The vehicle yaw, pitch arail
motions can be independently controlled by thepkfhes.
With proper control of the vehicle pitch, the vdaidepth Il EXPERIMENTAL SET-UP

can also be controlled using only the aft planeke T The tests reported here using MBN Explorer AUV

optional twin foreplanes are not always needed,they  ere performed during the month of August 2006. The
can be useful if there is a need for independepthdand entire test was planned to be carried out at Holyro

pitch Eontrql_has, 1;or e.gh, in a precisiont f[errlﬁjhewi.ng . Harbour situated 28 miles South-West of St. John's,
operation. 1he planes have a symmetrical Cros$esect \ewfoundland. This sheltered body of water had the
(NACA 0024). Each plane is controlled independebiye. o4 jisite depth and spread along Wit?]/ onshoreitiasil to
24 Volt brushless DC motor that resides inside pfzne carry out all the intended tests. The water deatiged
body. from 10 to 50 m or more in a span of 1 to 2 km. A
topographical map of the location as seen in the
F. Energy System “FleetManager” software is shown in Fig. 3. AUVs ear
The primary source of energy is a bank of E-OneiMolOftén launched from a support vessel. However, tiue
Energy 1.1 kWh Lithium ion battery modules. Eachduie favourable site conditions and I|m|tegl scope oftd, the
is furnished with a cell monitoring and chargingteyn to  d€Ployment and recovery of the vehicle was donen fifoe
. . wharf using a crane truck. Once the vehicle waadhed,
manage its output. There is room for 12 such medate it was towed to a safe distance away from the whefre
these are housed inside the pressure hull. Afrfedf test, any missions were executed.
the MUN Explorer used two sets of batteries while the
remaining vacant space was occupied by lead badiast



T ——— 4 mission task verbs, built-in keywords and commehts.

o =] 39) v ] instance,entry label and goto are two built-in keywords
which are used for looping and jumping within a $ios.
The task verbs fall into two categories: geographigks
and other. The geographic tasks are related to a
geographical position (latitude and longitude) aack
generated graphically. The list of geographic taskbs
includes target, line follow, circle and circle_current.
Each geographic task has a configurable verticaleno
(depth or altitude); a vertical setpoint, a speestlenand a
speed setpoint. The other types of tasks includeatility
to turn equipments on or off for a specific part af
mission.

FleetManager permits the user to create manual and
automatic routes. By using a series of geographsk t
verbs, a manual route can be defined as a seripsiofs
; _ : as denoted byA” in Fig. 4. By differing depth or altitude

Fig. 3 Topography of the locationHolyrood as seen setpoints at each point, it is possible to createally any
“FleetManager” trajectory in 3D-space. Later, the built-in editdgnoted

by “B” in Fig. 4, can be used to improve the routes,

specific geographic parameters such as vertical emod

The operations control station was housed in &peed etc. The mission files after creation avedavith
container located on the wharf consisting of twesPCa  the extension *.mis’. Since the mission plans simple
network: SCC and the other is used as a missiamplg text files, any text editor can be used to creatd modify
work station. The operator console displays vehicléhem.
information in graphical and text forms and alsecegts
commands for actuators and instruments. The operat
console runs on a QNX 4.25 Operating System. Th
mission planning console runs the graphical cheplay
and mission supervision software “FleetManager’aitts
in preparing the mission plans and is run on a \GlivelXP
platform.

The mission plan file generated using the mission
lanning console is later transferred to the operadnsole
hich in turn is downloaded to the VCC through of¢he

data links. To overcome the problem of loading the
missions one at a time, several missions consistihg
similar manoeuvres were gathered together and dedpi
into a single large mission file with each mission

The “FleetManager”, software was developed by thelemarcated by a unique label numbenmtrfy_label). The

company Advanced Concept and System Architecturgnissions were also designed in such a way that tite

(ACSA), France [8] for intelligent mission prepaoat, and completion of each mission (manoeuvre) the vehiolaes

way-point generation and is dedicated to supemigib to the surface before starting the next missionis Th

multiple vehicles. The system is based on C-Mapnsoe.  informed the operator on the surface of the corpietf a
manoeuvre. The data from all instruments were Idgoe

1 Fleethanage - CADocumentsand SttingsWUNDesktopWissonsWmanojstiohrs olyroodcig A to the VCC during the entire operating period. Anpéng

: D T i frequency of 10 Hz was chosen for the entire tafier
25 o{",g?{.;*?;‘ SRS s e w e ey, Tecovery of the vehicle, all data log files werdaapled to
i 3 EEENE @ pE= o the SCC for further analysis.

— . ' The following section describes the different

manoeuvring tests performed using the vehicle.ldb a
presents data from a few examples.

. w\

IV MANOEUVRING

Manoeuvring trials are often done with free-running
models to assess the stability and controllabitifythe
vehicle. The purpose of the test here was to olataiat of
data from a real vehicle for validation of a hydyndmic
motion simulation model. Hence a series of standard
manoeuvres were planned. These included straightdist

: ; . L (acceleration/deceleration), horizontal and veltiigzags,
Fig. 4 Sample FleetManager Display of a MissiomPla  trming circles and helices. In order to avoid éftect of
any surface disturbances, all horizontal plane reemes
were performed at a depth of approximately 3.0 esetr
For manoeuvres in the vertical plane, the vehickesw
commanded to dive even deeper such that the entire
mission was done in a band with depth ranging betws

200

AUV missions are defined as ASCII text files. The
FleetManager contains tools and features allowiog tp
create missions with both drawing tools and a #sgitor
that understands the AUV mission file syntax. lht@ins



Welocity [mfs]

to 12 m. In order to excite all 6 degrees-of-freadaf the
vehicle a helix manoeuvre was also done.

A. Acceleration/Deceleration Test

B. Horizontal and Vertical Zigzags
Zigzag manoeuvres are indicative of the contrditgb
of the vehicle. They show the effectiveness ofrtimders

in controlling the vehicle. A zigzag manoeuvre is

An acceleration test is performed by increasing thperformed by deflecting the rudder to a pre-definadle

speed of the vehicle from rest or from a particdbead
speed to a higher ahead speed while deceleratidoy is
decreasing it from a speed to a lower speed ot thdi
vehicle comes to a rest [9]. The test was performied
depth of approximately 3.0 metres. Starting theicleh
from rest or bringing the vehicle to a completepsteas
not possible with the underwater vehicle at thiptdeTo
make the vehicle dive to a depth of 3.0 metresyéiécle
has to be moving at a considerable speed suchthibat
control planes are effective in making it dive. AV is
often designed to be slightly positively buoyanor fhis
reason, it was difficult or impossible to keep thhicle at
rest at any depth except at the surface, becaaseetticle
slowly rises to the surface. Also witHiUN Explorer the
control system architecture does not permit thepeglter
rpm to be set to zero as this indicates a faultitimm.

To overcome these above difficulties, it was deditb
do the test by changing the speed from a lowerigben
value for acceleration and vice-versa for decelamathile
the vehicle followed a straight-line path at a tept 3.0
metres. Fig. 5 shows the plot of velocity variatiduring
the acceleration and deceleration test. To makivé to
3.0 metres, the vehicle was programmed to stanh fifee
surface at a speed of 1.5 m/s. Once the vehiclddvatied
off at that depth, it was programmed to changeifferént

speeds. From Fig. 5, it can be seen that the \eehic*

decelerates from a maximum speed of 2.5 m/s towss
1.0 m/s in steps of 0.5 m/s. The heading was tosvisiatth.
Each speed was maintained for a length-of-trav&0gf m.
At the end of the straight-line route it turned lkdo the
South and accelerated from a speed of 1.0 m/Stm& in
steps of 0.5 m/s. A total of two such manoeuvresewe
performed.

Acceleration / Deceleration Test

25

[gul

n

0s

460 SDID 660 F’DID BDID
Tirne [s]
Fig. 5 Velocity Variation in Acceleration/Deceleiat Test
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and holding it until the vehicle heading has chahgethe
same angle. Then the rudder is deflected to the sargle

in the opposite direction and held in place utitd vehicle
heading changes to that value, which completesctecy
This procedure is followed for three or four cycl@he
rudder angle and the forward speed are the comipoits.
However, this conventional method was not possible
because the vehicle control software architectuesdot
permit one to control the rudder directly. Hence an
alternative method had to be found.

The mission routes were planned using the geograph
task verb target thereby picking grid-points on the
electronic chart. As mentioned the missions weenméd
in the North-South direction where the vehicle wsas$ to
do a horizontal zigzag on the way North and thened at
the end of the mission and performed a verticataggon
the way South. This saved a lot of time and ene@ye
such mission route is shown in Fig. 6.

300 200 100 0 100 200 300
M

/enein \
P % ko 500
/7 pla

\\\\\\\\\\

O
G700 g m\\ o0 a0 a0

Fig. 6 Mission Plan for a Horizontal & Vertical Zag

The zigzag missions were gathered together into
single large mission file with the horizontal ahe tvertical
mission plans alternating with each other. Thisuesd that
the vehicle always did a horizontal zigzag on i@ywp
and a vertical zigzag on its way down. As mentioired
Section lll, virtually any 3-D trajectory can be deaby
defining the position coordinates of a point on thart.
The vehicle was made to follow a zigzag in the iealt
plane by changing the vertical mode informatiormpft of
each point on the chart while this was kept coristathe
case of a horizontal zigzag. The following plot wlathe
result from a horizontal zigzag.



Depth [n]

Horizontal zigzag of amplitude 20 m, cycle length of 80 m at speed U =15 m/s the vehicle .LISEd the foreplanes to _dive and cliather
! ! g ! ! . than the tail planes. A total of six manoeuvres ewer

‘CGWS performed in the vertical plane.

B0 .......... e ........ ......... RN EEEEEREE T i

: C. Turning Circles

The turning circle manoeuvre is a steady-state
; ; : : ; ; ; ; § manoeuvre in which the vehicle enters a steady &tira

B i ......... L B O R s constant speed. It is performed by deflecting tidders to
5 : 1 5 : 5 : 5 a predefined angle and holding it still resulting the

E . . . . .
T omn b L i vehicle entering a circular path. The turning radimd rate
. : of turn are characteristics of a particular turnipath.
50 Again, in the classic manoeuvre the control inpate
180k - iR .................................................... norma”y rudder angle and forward speed,
b s The vehicle controller, in the case MUN Explorer,

does not permit the user to set rudder deflectiogles
directly; instead, it allows the user to set a waddf turn.
; i i i ; i i i Hence the control inputs here were radius of tund a
&0 o asn 200 X25” 00380 400 440 forward speed, contrary to rudder angle and forvepeed
. . . " lml in the conventional case. The task ventzle was used to
Fig.7 Horizontal zigzag at forward speed, U = 1/8 m generate all the turning circle missions and wafopmed
ft a depth of 3.0 m. A total of 18 turning circl#fsvarious

The commanded amplitude and cycle-length for th
zigzag were 20 m and 80 m respectively. From
preliminary analysis, it was found that there is an
overshoot of approximately 8m in the amplitude ealu
while the cycle-length was maintained at 80m. Aadet!
analysis of the data will be presented in a fut-
publication. A total of six horizontal manoeuvreeres

urning radii at different speeds were completedrduthe
est period. Fig. 9 shows a sample result from mcay
urning manoeuvre.

Turning circle of radius(R) = 22.5 m at forward speed(l)) = Tm/s

completed during the test period. 190
1eok ............. ............ ........... i [ETRTP
“ertical zigzayg of amplitude 3m and cycle length B0m at speed U= 1.5 m/s : : |
D . . . . 1?0 ....... ............ .......... ............. .......... oo .............
160 ' ' : ;
2+ 18D o S A
E : : ; z : :
>'_ 140 ........ ........... ........... ............ ............ ............ .............
4 13k ............. ............ ............ .........
120k e ............. ............ P ........... ............. .............
B : : : : :
10
100
sl : : : : : :
QD 1 1 1 1 1 1
B0 a0 100 120 140 160 180
#- [m]
S0 F B . . .
B0 m Fig.9 Turning circle at forward speed, U=1.0 m/s
2 . . L . D. Helix Manoeuvre
0 &0 100 Time (9] 150 200 250 The manoeuvres described in the above subsectiens a

all planar manoeuvres; that is, the vehicle mowbeein a
horizontal or vertical plane only. This need notessarily
excite all degrees-of-freedom (DOF) of motion. THedix
manoeuvre is not a standard manoeuvre but wasndekig
The depth profile from a vertical zigzag is showikrig.  to excite all six degrees-of-freedom. A 3D motianihich
8. The mission commanded the vehicle to dive toemmn the vehicle spiralled down in circles was considete
depth of around 7 metres, which in turn is the nexfee  excite all 6 DOF. Also this seemed well within the
level for the vertical zigzag shown. By commandihg capability of the vehicle controller. As a restifte mission
vehicle to perform a vertical zigzag of amplituden3the  was planned using a series of geographic task \cdrtle
entire mission was completed in a band of deptlgiren by changing the depth information of eadtircle
from 4 m to 10 m. This could be considered as dareme commands. Fig. 10 shows the 3D plot of the helical
manoeuvre as the vehicle had to climb or dive 6nnai manoeuvre performed by the vehicle.
span of 30 m. It was found that there was hardly an
overshoot in this manoeuvre. This was primarilyhese

Fig. 8 Vertical zigzag at forward speed, U = 1.5 m/

6



Helix manoeuvre of diameter 40 m

250 200

Fig.10 3D plot of the helical manoeuvre

The vehicle was planned to go in circles of radiOm
while diving simultaneously such that it reachecatby
1.5 m below the starting point at the end of aleir¢n
other words, the vehicle was expected to dive oantisly
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CONCLUSIONS

A series of manoeuvring tests using MEIN Explorer
AUV was completed in the summer of 2006. Sample
results from a few of these manoeuvres are pregdnte
this paper. This paper also describes the methods a
procedures used in accomplishing the task alon thi¢
difficulties and lessons learned. A total of 18ning
circles, 12 zigzags, 2 straight-line tests and I hveere
done during the test period. All manoeuvres wemedao a
slightly different manner compared with the classic
maneuvers in order to make use of the vehicle omssi
planning software From a preliminary analysis o€ th
zigzag manoeuvres, the vehicle seems to have a good
path-follow qualities. In the case of turning cés] the
radius of turn in most cases turned out to be sdméew
more than the demanded radius. Detailed analysiheof
entire data set will be presented in a future maltion.
Apart from providing a data set for validation posp, the
data records also show the ability of the vehiol@drform
extreme manoeuvres and the accuracy with whiclait ¢
follow a pre-defined path.
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