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A robotic device for navigating in at least a liquid medium, 
includes a legged propulsion system having a series of legs 
external of a body of the robotic device, each of the legs being 
independently driven and mounted to the body for pivotal 
movement about a respective transverse axis. The legs oscil 
lating relative to the body about the respective transverse axis 
such that interaction between the legs and the liquid medium 
produces propulsive forces that displace the robotic device 
Within the liquid medium. A control system is operatively 
connected to the legged propulsion system for autonomous 
control and operation of the robotic device based on informa 
tion received from at least one sensor providing data about an 
environment of the device. 
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AMPHIBIOUS ROBOTIC DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation of US. 
patent application Ser. No. 11/497,302 ?ledAug. 2, 2006, the 
entire contents of Which is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to robotic devices, par 
ticularly to robotic devices designed to maneuver in a liquid 
medium as Well as on a solid medium. 

BACKGROUND ART 

[0003] In general, underWater robotics poses certain unique 
challenges that render many of the principles of terrestrial 
robotics problematic. A robot underWater is able to move 
along six degrees of freedom, and maneuvering With six 
degrees of freedom creates serious complications. A compu 
tationally straightforward task of pose maintenance on land 
becomes far more challenging under Water, because of envi 
ronmental factors such as strong currents in marine environ 
ments. Infra-red sensors lose some of their effectiveness in 
Water as Well. Wireless radio communications are also impos 
sible over a large distance in Water compared to ground based 
control. All these issues make underWater robotics problems 
more dif?cult than terrestrial robotics. 
[0004] The traditional approach used to propel undersea 
vehicles is by using propellers or thrusters. Although simple 
by design, these vehicles lack the maneuverability and agility 
seen in ?sh and other marine species. In addition, thrusters are 
not an energy ef?cient approach to station keeping underWa 
ter. 

[0005] In computer vision, visual tracking is the process of 
repeatedly computing a position of a feature or sets of features 
in a sequence of input images. A number of methods for 
visual tracking in a dry environment (i.e. not underWater) 
based on the color of the target are knoWn. One of the knoWn 
approaches is color-blob tracking, Where the trackers seg 
ment out sections of the image that match a threshold level for 
the given target and based on the segmentation output, tracks 
the shape, siZe or centroid of the blob, among other features. 
Another approach is the matching of color histograms, Which 
are a measure of color distribution over an image. Some of the 
tracking methods are combined With statistical methods to 
provide more accurate results, one example being mean-shift 
tracking algorithms, Which attempt to maximiZe the statisti 
cal correlation betWeen tWo distributions. HoWever, the track 
ing of objects in a dry environment is very different from the 
tracking of objects underWater. UnderWater, vision is 
impaired by the turbidity of the Water caused by ?oating 
sedimentation (“aquatic snoW”) and other ?oating debris. The 
behavior of the light beams is altered by many factors includ 
ing refraction, Which is in?uenced by Waves and Water salin 
ity level, scattering, Which causes a reduction of contrast 
betWeen objects and in?uences color hues, and absorption, 
Which is frequency dependent and makes detection of certain 
colors di?icult. As such, vision in underWater environments 
has rarely been examined due to the complications involved. 

SUMMARY OF INVENTION 

[0006] It is therefore an aim of the present invention to 
provide an improved robotic device. 
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[0007] Therefore, in accordance With the present invention, 
there is provided a robotic device for navigating in at least a 
liquid medium, the robotic device comprising: a legged pro 
pulsion system having a series of legs external of a body of the 
robotic device, each of the legs being independently driven 
and mounted to the body for pivotal movement about a 
respective transverse axis, each of the legs being operable to 
at least oscillate relative to the body about the respective 
transverse axis such that interaction betWeen the legs and the 
liquid medium produces propulsive forces that displace the 
robotic device Within the liquid medium; and a control system 
operatively connected to the legged propulsion system for 
autonomous control and operation of the robotic device based 
on information received from at least one sensor providing 
data about an environment of the device, the control system 
using data from the at least one sensor to determine a desired 
motion of the robotic device and a corresponding required leg 
motion of each of the legs to produce the desired motion, and 
the control system autonomously actuating each of the legs of 
the legged propulsion system in accordance With the corre 
sponding required leg motion. 
[0008] There is also provided, in accordance With the 
present invention, an amphibious robotic device comprising: 
a legged propulsion system having a series of legs, each of 
said legs being driven by an actuator and mounted for pivotal 
movement about a respective transverse axis in one of at least 
a sWimming mode and a Walking mode, said legs being con 
?gured to pivotally oscillate relative to the transverse axis in 
said sWimming mode When the device is in a liquid medium 
such that interaction betWeen said legs and the liquid medium 
provides propulsive forces that displace the vehicle body 
Within the liquid medium, said legs being con?gured to rotate 
relative to the transverse axis in said Walking mode When the 
device is on a solidmedium such that interactionbetWeen said 
legs and the solid medium provides propulsive forces that 
displace the vehicle body in a desired direction on the solid 
medium; and a control system having at least one sensor 
operable to autonomously detect With Which of the liquid 
medium and the solid medium the robotic device is interact 
ing and a leg controller synchronously operating said legs in 
either one of the sWimming mode and the Walking mode 
based on the detected medium. 
[0009] There is further provided, in accordance With the 
present invention, a control system for autonomously maneu 
vering a robotic device in at least one of a liquid medium and 
a solid medium, the robotic device including a propulsion 
system having a series of individually controlled legs, the 
control system comprising: at least one visual sensor retriev 
ing an image of an environment of the device in the medium; 
an image analyZing module receiving the image, determining 
a presence of an object of a given type therein and analyZing 
at least one property of the object; a motion calculator deter 
mining a desired motion of the device based on the at least one 
property of the object; and a controller operating the propul 
sion system of the device, the controller calculating a respec 
tive required leg motion of each of the legs to obtain the 
desired motion of the device and operating each of the legs 
based on the respective required leg motion calculated, such 
that the robotic device autonomously maneuvers in said 
medium. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Reference Will noW be made to the accompanying 
draWings, shoWing by Way of illustration a particular embodi 
ment of the present invention and in Which: 
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[0011] FIG. 1 is a perspective vieW of a robotic device in 
accordance With a particular embodiment of the present 
invention; 
[0012] FIG. 2 is a top vieW of the device of FIG. 1, With a 
top panel thereof removed for improved clarity; 
[0013] FIG. 3 is a perspective vieW ofa leg ofthe device in 
accordance With an alternate embodiment of the present 
invention; 
[0014] FIG. 4 is a cross-sectional vieW ofthe leg ofFIG. 3; 
[0015] FIG. 5 is a perspective vieW ofa leg ofthe device in 
accordance With another alternate embodiment of the present 
invention; 
[0016] FIG. 6 is a cross-sectional vieW ofthe leg ofFIG. 5; 
[0017] FIG. 7 is a perspective vieW ofa leg ofthe device in 
accordance With a further alternate embodiment of the 
present invention; 
[0018] FIG. 8 is a cross-sectional vieW ofthe leg ofFIG. 7; 
[0019] FIG. 9 is a block diagram of a control system for the 
device of FIG. 1; 
[0020] FIG. 10 is a block diagram ofa particular embodi 
ment of the control system of FIG. 9; 
[0021] FIG. 11 is a block diagram of another particular 
embodiment of the control system of FIG. 9; 
[0022] FIG. 12A is a schematic top vieW of the device of 
FIG. 1 shoWing parameters used in a hovering gait thereof; 
[0023] FIG. 12B is a schematic side vieW of the device of 
FIG. 1 illustrating a stand-by range and a thrust range of the 
hovering gait; and 
[0024] FIG. 12C is a schematic, partial side vieW of the 
device of FIG. 1 illustrating the angle, thrust and pressure 
drag for one of the legs. 

DETAILED DESCRIPTION OF PARTICULAR 
EMBODIMENTS 

[0025] Referring to FIGS. 1-2, a robotic device in accor 
dance With a particular embodiment of the present invention 
is generally shoWn at 10. The device 10 is designed as an 
aquatic sWimming robot that is also capable of operating on a 
solid medium, including compact ground surfaces and sand. 
As such, the device 10 is said to be amphibious in that it can 
Walk on a solid surface and penetrate a neighboring liquid 
medium, sWim in that liquid medium and exit the liquid 
medium on an appropriate interface betWeen the solid and 
liquid medium (eg a ramped up bottom surface of the liquid 
environment becoming the solid medium such as a beach). 
[0026] The device 10 comprises a body 12 including a 
Waterproof shell 14 Which can be for example made of alu 
minum, inside Which all electronics, sensors, poWer supplies, 
actuators, etc. are housed. The shell 14 includes buoyancy 
plates Which alloWs for the buoyancy of the device 10 to be 
adjusted depending on the properties of the liquid medium the 
device 10 is going to be submerged in (eg salt Water, fresh 
Water). The buoyancy of the device 10 is preferably adjusted 
to near neutral. 

[0027] The device 10 comprises six legs 1611 Which are 
attached to the body such as to be rotatable about a respective 
rotational axis 18 extending transversely With respect to the 
body 12. As such, the motion of each leg 16a is controlled by 
a single respective actuator 20 (see FIG. 2), thus minimizing 
the complexity of the motion of the device 10 as Well as the 
required energy to actuate the legs 16a. UnderWater, the legs 
1611 give the device the ability to turn sideWays (yaW), dive 
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(pitch) and rotate on its horizontal axis (roll), as Well as the 
ability to move forWard and backWard (surge), and up and 
doWn (heave). 
[0028] The device 10 comprises a front camera assembly 
90 mounted in the front of the body 12 and a rear camera 
assembly 92 mounted in the rear of the body 12. The device 
also includes a poWer source, for example a series of batteries 
94 (see FIG. 2). The device 10 can further comprise various 
internal sensors for monitoring the device functions, for 
example battery poWer and poWer consumption levels for the 
leg actuators 20. 

Leg Design 

[0029] In the embodiment of FIGS. 1-2, the legs 16a shoWn 
are mainly designed for Water propulsion. Each actuator 20 is 
mounted rigidly to a cylindrical hip extension 22, 22' Which is 
in turn rigidly mounted to the body 12. Each leg 1611 includes 
a leg mount 24 Which is rigidly mounted on an output shaft 25 
(see FIG. 1) of the respective actuator 20 passing through the 
respective hip extension 22, 22', such that the leg mount 24 is 
rotated by the output shaft 25. Each leg 1611 also includes a 
?ipper 26 Which extends from the leg mount 24 such that a 
longitudinal axis 27 (see FIG. 2) of the ?ipper 26 is perpen 
dicular or substantially perpendicular to the rotational axis 18 
of the respective leg 16a. The legs 16a produce thrust under 
Water through an oscillatory motion, i.e. a reciprocating piv 
otal motion of each ?ipper 26 about its respective rotational 
axis 18. In a particular embodiment, each ?ipper 26 includes 
tWo ?exible sheets, for example made of vinyl, Which are 
glued together over a series of rods. The ?exible sheets pro 
vide the necessary ?exibility to capture Water When the legs 
1611 are oscillating, While the rods provide the necessary 
stiffness to generate thrust. The legs 1611 are distributed sym 
metrically about the body 12, With three legs 1611 being 
equally spaced apart on each side thereof. The middle hip 
extensions 22' are longer than the front and rear hip exten 
sions 22, such that the middle legs 16a extend outWardly of 
the other legs 16a to avoid interference betWeen adjacent 
?ippers 26. In an alternate embodiment, the relative siZe of 
the body 12 and the ?ippers 26 is such that the hip extensions 
22 have a similar length Without interference betWeen the legs 
16a of a same side. While the legs 1611 are particularly Well 
suited for use underWater, they are less e?icient for motion on 
a solid medium. 

[0030] Referring to FIGS. 3-4, an amphibious leg 16b 
according to a particular embodiment of the present invention 
is shoWn. This leg 16b alloWs for a good compromise betWeen 
underWater propulsion and propulsion on a solid medium. By 
replacing the legs 18a of the device 10 With legs such as the 
leg 18b, good underwater propulsion is provided, although 
generally less e?icient than With the legs 16a, and ef?cient 
propulsion on a solid medium is provided, both forWard and 
backWard. Each leg 16b includes a leg mount 24 similar to 
that of the previously described legs 16a, and Which rigidly 
engages the respective actuator output shaft 25 (not shoWn in 
FIGS. 3-4) for rotation and/ or oscillation about the respective 
axis 18. An upper member 30b of the leg 16b includes an 
attachment plate 32 rigidly attached to the leg mount 24, and 
spaced apart upper rigid plates 34b extending from the attach 
ment plate 32 perpendicularly to the rotational axis 18 of the 
leg 16b. The upper plates 34b are teardrop-shaped, With their 
distal larger end 38b being interconnected by tWo spaced 
apart transverse plates 40b. A joint pin 42b also extends 
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between the distal ends 38b of the upper plates 34b between 
the transverse plates 40b and the attachment plate 32. 
[0031] A lower member 44b of the leg 16b includes lower 
spaced apart rigid plates 46b also extending perpendicularly 
to the rotational axis 18 of the leg 16b. The proximal ends 48b 
of the lower plates 46b extend outwardly of the distal ends 
38b of the upper plates 34b and are also interconnected by the 
joint pin 42b. The joint pin 42b is rotationally connected to at 
least one of the upper and lower members 30b, 44b, such that 
the members 30b, 44b are pivotally interconnected by the 
joint pin 42b. The lower plates 46b are also teardrop-shaped, 
with their distal larger end 50b being interconnected by two 
spaced apart end pins 52b, and by a rounded end connecting 
member 54. 
[0032] Each of the upper plates 34b forms with its associ 
ated lower plate 46b a substantially planar frame 56b mainly 
de?ned in a plane perpendicular to the rotational axis 18 of the 
leg 16b, and as such creating minimal interference with the 
water when the device 10 is submerged. The frames 56b are 
made of a rigid material which can be for example an 
adequate metal or composite material. 
[0033] The leg 16b also includes an elastic member 58b 
which extends between the frames 56b perpendicularly 
thereto. Referring particularly to FIG. 4, the elastic member 
58b is a double member which extends from the attachment 
plate 32 to around the end pins 52b, passing between the 
transverse plates 40b and on each side of the joint pin 42b. 
The elastic member 58b is a thrust producing member when 
the leg 16b is moved underwater. The spaced apart end pins 
52b shape the elastic member 58b so that during swimming, 
the liquid medium is forced away from the end of the lower 
section 54, thus reducing the drag. The transverse plates 40b 
offset the bending point of the elastic member 58b from the 
joint pin 42b, such as to increase the amount by which the 
elastic member 58b stretches upon relative pivoting of the 
members 30b, 44b. The elastic member 58b thus provides 
compliance to the leg 16b, while limiting the relative pivoting 
motion of the upper and lower members 3 0b, 44b such that the 
frames 56b can bear the weight of the device 10 when the 
device 10 moves on solid ground. In a particular embodiment, 
the elastic member 58b is made of a material providing 
increased resistance to the pivoting motion of the members 
30b, 44b about the joint pin 42b as the members 30b, 44b are 
pivoted away from the aligned position shown in the Figures. 
[0034] The leg 16b therefore de?nes a jointed limb that is at 
least partially compliant when used on a solid medium and at 
least partially stiff when used in a liquid medium. The elastic 
member 58b acts similarly to a ligament which interconnects 
the two members 30b, 44b of the leg 16b and constrains the 
relative pivotal movement such as to arrive at a desired gait of 
the device, both on a solid medium and in a liquid medium 
(e.g. water). 
[0035] Referring to FIGS. 5-6, an amphibious leg 160 
according to an alternate embodiment of the present invention 
is shown. Each leg 160 includes a leg mount 24 (not shown in 
FIGS. 5-6) is similar to that of the previously described legs 
16a,b and which rigidly engages the respective actuator out 
put shaft 25 (not shown in FIGS. 5-6). An attachment plate 32 
is rigidly attached to the leg mount 24, and spaced apart rigid 
plates 34c extend from the attachment plate 32 perpendicu 
larly to the rotational axis 18 of the leg 160. The plates 340 
have rounded distal ends 380 interconnected at each extrem 
ity thereof by a transverse plate 400. A ?exible toe plate 60 is 
rigidly connected to each transverse plate 400, the toe plate 60 
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?exing upon contact of the leg 160 with a solid surface to 
augment a contact area between the leg 16c and the solid 
surface, and springing back into an un?exed position when 
contact with the ground is lost. The plates 400 thus de?ne 
spaced apart rigid frames 560 which, by being mainly de?ned 
in a plane perpendicular to the rotational axis 18 of the leg 
160, have a minimal interference with the water when the 
device 10 is submerged. 
[0036] The leg 160 also includes a ?exible ?ipper 62, the 
proximal end 64 thereof being rigidly connected to the attach 
ment plate 32 and the distal end 66 thereof being free. The 
?ipper 62 extends between the rigid frames 56c perpendicu 
larly thereto. Because of its ?exibility, the ?ipper 62 is free to 
?ap between the rigid frames 560. The ?ipper 62 is shorter 
than the rigid frames 560 such as to avoid contact with the 
ground in a dry environment. The ?ipper 62 and toe plates 60 
are thrust producing members when the leg 160 is moved 
underwater. The rigid frames 56c provide a channeling effect 
underwater such that there is not spill over when the ?ipper 62 
bends, thus increasing the thrust produced. 
[0037] Referring to FIGS. 7-8, an amphibious leg 16d 
according to a further alternate embodiment of the present 
invention is shown. This leg 16d has however limited e?i 
ciency in a backward movement on land because of its direc 
tionally limited pivoting motion, as will be described further 
below. Each leg 16d includes a leg mount 24 (not shown in 
FIGS. 7-8) which is similar to that of the previously described 
legs 16a,b,c, and which rigidly engages the respective actua 
tor output shaft 25 (not shown in FIGS. 7-8). An upper mem 
ber 30d includes an attachment plate 32 rigidly attached to the 
leg mount 24, and spaced apart upper rigid plates 34d extend 
ing from the attachment plate 32 perpendicularly to the rota 
tional axis 18 of the leg 16d. In the embodiment shown, the 
upper plates are 34d oblong shaped, although any shape con 
ducive to good ?uid ?ow underwater while maintaining 
adequate strength and rigidity when loaded by the weight of 
the device 10 on land can be used. The proximal end 36d of 
the upper plates 34d is interconnected by ?rst and second 
spaced apart end pins 68, 69. An upper joint pin 42d also 
extends between the distal ends 38d of the upper plates 34d. 
[0038] A middle member 70 of the leg 16d includes middle 
spaced apart rigid plates 72 also extending perpendicularly to 
the rotational axis 18 of the leg 16d. In the embodiment shown 
the middle plates 72 are also oblong shaped, although here 
again any shape conductive to good ?uid ?ow underwater 
while maintaining adequate strength and rigidity when 
loaded by the weight of the device 10 on land canbe used. The 
proximal ends 74 of the middle plates 72 extend inwardly of 
the upper plates 34d and are also interconnected by the upper 
joint pin 42d. The upper joint pin 42d is rotationally con 
nected to at least one of the upper and middle members 30d, 
70, such that the upper and middle members 30d, 70 are 
pivotally interconnected by the upper joint pin 42d. The 
proximal ends 74 of the middle plates 72 also include a 
stopper 76 which limits the pivoting motion between the 
upper and middle members 30d, 70 along a single direction 
from the aligned position shown in the Figures. The distal 
ends 78 of the middle plates 72 are interconnected by a lower 
joint pin 80. 
[0039] A lower member 44d of the leg 16d includes lower 
spaced apart rigid plates 46d also extending perpendicularly 
to the rotational axis 18 of the leg 16d. The lower plates 46d 
are semi-circular, with a rounded edge 82 de?ning a contact 
area with the ground surface. The lower plates 46d, along a 
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proximal end 48d of the rounded edge 82, extend outwardly 
of the middle plates 72 and are also interconnected by the 
loWer joint pin 80. The loWer joint pin 80 is rotationally 
connected to at least one of the middle and loWer members 70, 
44d, such that the middle and loWer members 70, 44d are 
pivotally interconnected by the loWer joint pin 80. The distal 
ends 78 of the middle plates 72 include a stopper 81 Which 
limits the pivoting motion betWeen the middle and loWer 
members 70, 44d along a single direction from the aligned 
position shoWn in the Figures. The loWer plates 46d, along a 
distal end 50d of the rounded edge 82, are interconnected by 
a third end pin 52d. 

[0040] Each set of connected upper, middle and loWer 
members 30d, 70, 44d thus de?nes a substantially planar 
frame 56d, the tWo apart frames 56d being mainly de?ned in 
a plane perpendicular to the rotational axis 18 of the leg 16d 
and as such having a minimal interference With the Water 
When the device is submerged. 

[0041] The leg 16d also includes an elastic member 58d 
Which extends betWeen the frames 56d perpendicularly 
thereto. The elastic member 58d is a double member Which 
extends around the ?rst end pin 68 and the third end pin 52d, 
passing in betWeen in a ZigZag pattern against the second end 
pin 69, against the upper joint pin 42d on a side thereof 
opposite that of the second end pin 69 and against the loWer 
joint pin 80 on side thereof opposite that of the upper joint pin 
42d. The elastic member 58d is a thrust producing member 
When the leg 16d is moved underWater. The elastic member 
58d also provides compliance to the leg 16d While limiting the 
relative pivoting motion betWeen the members 30d, 70, 44d 
about the joint pins 42d, 80, by forcing the leg 16d in the 
aligned position, shoWn in the Figures, against the stoppers 
76, 81. As such, the frames 56d can bear the Weight of the 
device 10 When the device 10 moves on solid ground. In a 
particular embodiment, the elastic member 58d is made of a 
material providing increased resistance to the pivoting 
motion of the members 30d, 70, 44d about the joint pins 42d, 
80 as the members 30d, 70, 44d are pivoted aWay from the 
aligned position. 

Control System 

[0042] Referring to FIG. 9, a control system 102 for the 
device 10 is shoWn. The system 102 optionally includes an 
operator control unit 104 alloWing an operator to directly 
control the device 10, the operator control unit 104 sending 
signals to a motion calculator 106 in accordance With the 
operator input. The operator control unit 104 receives feed 
back from at least one visual sensor 108 of a visual control 
system 120, Which in a particular embodiment includes a 
camera from one or both of the front and rear camera assem 

blies 90, 92, Which provides streaming video from the device 
10. The operator control unit 104 also receives feedback from 
an inertial sensor 110, or Inertial Measurement Unit (IMU), 
installed Within the body 12 for orientation and acceleration 
sensing. The operator control unit 104 can also receive feed 
back from the motion calculator 106 containing any other 
relevant data to assist in controlling the device 10. Commu 
nication betWeen the device 10 and the operator control unit 
104 is optionally done over a ?ber optic tether (not shoWn). 
[0043] As described further beloW, the visual control sys 
tem 120 also controls the device 10, and as such the operator 
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control unit 104 can be omitted or used in conjunction With 
the visual control system 120. 

[0044] The motion calculator 106 computes a desired 
motion of the device 10, i.e. pitch, roll, yaW, heave and/or 
surge, based for example on the signal from the operator 
control unit 104, and communicates this desired motion to a 
leg controller 112. 
[0045] The leg controller 112 computes a required thrust at 
each leg 16a,b,c,d to obtain the desired, motion, and deter 
mines the corresponding motion for each leg 16a,b,c,d. The 
leg controller 112 moves the legs 16a,b,c,d in accordance 
With a series of preset gaits programmed therein. Gaits are a 
combination of leg parameters that generate a ?xed motion 
for a ?xed set of parameters. Depending on Whether the 
device 10 is sWimming or Walking, different table-driven 
gaits are used to drive the device 10. Walking gaits move the 
device 10 through complete rotation of the legs 16a,b,c,d. 
Swimming gaits move the device through a “kicking” motion 
of the legs 16a,b,c,d, i.e. an oscillatory motion of the legs 
16a,b,c,d With various phase and amplitude offsets. In both 
cases, the leg controller 112 computes a series of three param 
eters for each leg 16a,b,c,d based on the required leg thrust: 
amplitude, offset and phase. The leg controller 112 actuates 
the actuator 20 of each leg 16a,b,c,d based on the three 
parameters calculated. The amplitude parameter governs the 
distance the legs 16a,b,c,d sWeep along the spherical arch 
de?ned around the rotational axis 18 during each cycle. Offset 
dictates the starting orientation of the legs 16a,b,c,d relative 
to each other at the beginning of the cycle. Direction of the leg 
motion is controlled by the phase parameters of each leg 
1611, b, c, d. 
[0046] HoWever, the sWimming gaits only alloW the device 
10 to turn if it is moving forWard or backWard. As such, the leg 
controller 112 also includes hovering gaits to alloW the device 
10 to move along 5 degrees of freedom, i.e. pitch, roll, yaW, 
heave and/ or surge Without forWard or rearWard movement, 
such as to be able to hold a ?xed position despite Water 
currents, and to turn at that ?xed location, for example to keep 
an object Within camera range. 

[0047] The motion calculator 106 also receives inertial data 
from the inertial sensor 110 Which can in?uence the required 
motion communicated to the leg controller 112. In a particu 
lar embodiment, the motion calculator 106 uses the inertial 
data to determine if the device 10 is in a dry or underWater 
environment, and directs the leg controller 112 to use either 
the Walking or the swimming/hovering gaits accordingly. As 
such the device 10 can autonomously sWitch to the appropri 
ate gaits upon entering or coming out of the Water. 

Hovering Gaits 

[0048] The hovering gaits of the leg controller 112, Which 
alloW the device 10 to perform station keeping, are described 
beloW. The leg controller 112 receives the required motion 
input from the motion calculator 106 including pitch (Cp), 
roll (Cr), yaW (Cy), heave (Ch) and surge (Cs). The leg con 
troller ?rst computes Fx and F2, the column vectors repre 
senting the desired thrust at each leg location in the x and Z 
directions (see FIG. 12A, Where arroW 114 indicates the 
forWard direction). The legs 16a,b,c,d cannot generate thrust 
in the y direction. Accordingly, the desired thrust Fx and F2 
for each leg 16a,b,c,d is computed by the leg controller 112 
according to the folloWing: 
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O k, 0 kh O 

—kp k, 0 kh 0 
F1: ><C 

—kp —k, 0 kh O 

O —k, 0 kh O 

kp —k, O k,, 0 

Where C:[CP C, Cy Ch CS] T and the constants kp, kr, ky, kh and 
ks are used to scale doWn the input so that the absolute 
maximum value of the output is less than or equal to l. The 
siZe of the column vectors Fx and F2 is equal to the number of 
legs 16a,b,c,d on the device 10, Which in this case is six (6). 
The legs 1611,19, c,d are shoWn in FIG. 12A as identi?ed by a 
number n ranging from 0 to 5, the legs 0 and 5 facing forWard 
to provide an extended moment arm and symmetric pitching 
moment With the legs 2 and 3, as Well as to provide quick 
reverse surge. 

[0049] The selected thrust angle 0c,n and magnitude Tc,n 
for each leg n is thus computed by the leg controller 112 as: 

[0050] The most e?icient Way to generate thrust in a direc 
tion Sr is through rapid oscillation (period of 250-500 ms) of 
the leg 16a,b,c,d around that angle 0r. The magnitude of the 
thrust is approximately proportional to the amplitude of the 
oscillation. The leg angle 0f over time is thus: 

Where uuf is the ?xed frequency of oscillation and a phase shift 
(pfis used betWeen the legs. The leg angle Elf and thrust Tn are 
shoWn in FIG. 12C for one of the legs 16a,b,c,d. 
[0051] To minimiZe delay in the execution of commands 
and parasitic forces generated upon orientation of the legs 
16a,b,c,d, the leg controller 112 limits the range of thrust 
angle for each leg to a region 116 (see FIG. 12B) of 1 80°. This 
reduces the average reorientation angle responsible for the 
parasitic forces at the cost of reduced maximum device thrust. 
For example, the front legs are not used When a forWard thrust 
is commanded, thereby reducing the maximum possible for 
Ward thrust of the device 10. To further improve the reaction 
time of the device 10, the leg controller 112 uses the pressure 
drag forces D (see FIG. 12C) generated When the legs 1611,19, 
c,d are reoriented. When the difference betWeen the desired 
thrust angle and the current leg angle is greater than 45°, the 
leg 16a,b,c,d is rotated at a rate that generates a pressure drag 
D consistent With the desired thrust Tc via a constant KPD. As 
the leg surface passes the 45° region, the oscillation ampli 
tude is increased until it reaches its selected amplitude as 
given by the equation for 0f(t) set out above. Using discrete 
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time equations and letting 0r be the ramped value of the 
computed thrust angle 0c and magnitude Tc, the motion for 
each leg 16a,b,c,d is set by the leg controller 112 in accor 
dance With the tWo folloWing equations: 

0r[t + l] : 0r[l] if 0c[l] outside of thrust range 

ramp(KPDTc, 0;"[1], 0c[t]) otherwise 

Where the ramp(rate,a,b) function ramps value b toWard a at a 
constant rate. 

[0052] Also, in order to improve sloW-changing com 
mands, When the demanded thrust Tc reaches Zero, the leg 
controller 112 gradually moves the legs 16a,b,c,d back to a 
stand-by range 118 (see FIG. 12B) of 90°, such that the legs 
1 6a, b, c, d are alWays able to generate the proper thrust rapidly 
by making the leg surface or its normal no more than 45° aWay 
from any desired thrust Within the thrust range. 
[0053] The hovering gaits thus alloW the device 10 to main 
tain position based on operator commands through the opera 
tor control unit 104, the visual control system 120 (described 
further beloW) and/ or input from the inertial sensor 110. 

Visual Control Systems 

[0054] Referring back to FIG. 9, the device 10 also includes 
the visual control system 120, 120a, 1201) alloWing the device 
10 to be controlled based on visual input, i.e. autonomously 
from input from the operator control unit 104. The visual 
control system 120, 120a, 1201) includes the motion calcula 
tor 106, leg controller 112 and visual sensor 108 described 
above, as Well as an image analyZing module 122 receiving 
data from the visual sensor 108. In a particular embodiment, 
the visual sensor 108 includes a digital camera Which is part 
of the front camera assembly 90 and Which interfaces With the 
image analyZing module 122. The image analyZing module 
122 detects the presence of a target of a selected type, and 
sends data on at least one property of that target to the motion 
calculator 106, as Will be described in more detail beloW. As 
described above, the motion calculator 106 computes the 
required device motion and communicated it to the leg con 
troller 112 Which controls the leg actuators 20 in accordance 
With the appropriate gaits. 
[0055] The target to be recogniZed by the visual control 
system 120, 120a, 1201) can be designed to be highly robust 
and easy to read by both person and the device 10, and can be 
for example arranged in the form on a booklet and/ or on the 
faces of a geometric object (such as for example a cube) to be 
easy to manipulate and transport. 
[0056] Referring back to FIG. 2, in a particular embodi 
ment, the device 10 includes tWo computers 124, one for the 
leg controller 112, and the other for the motion calculator 106 
and image analyZing module 122. Both computers 124 are of 
the PCl04/Plus form factor, due to the space restrictions 
inside the body 12. These tWo computers 124, along With 
additional port and interface circuit boards stacked on top of 
each other, connect via ISA and PCI buses. 
[0057] The visual control system 120, 120a, 1201) can be 
used With a robotic device having a propulsion system other 
than legs, such as for example thrusters, the leg controller 112 
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being replaced by an equivalent controller determining the 
required thrust of the propulsion system and actuating it 
accordingly. 

Tracker-Based Visual Control System 

[0058] FIG. 10 illustrates a particular embodiment of the 
visual control system 12011. The image analyZing module 122 
includes a visual tracking module 126, Which receives an 
image from the visual sensor 108, determines the position of 
a given target and calculates an error in the target’s position 
through comparison With a desired position signal from a 
desired position module 128, the desired position usually 
corresponding to the center of the image. The visual tracking 
module 126 preferably uses at least one of a colorblob tracker 
algorithm, a histogram tracker algorithm and a mean-shift 
tracker algorithm, Which are described beloW. 

[0059] The color blob tracker is initialiZed With the target’s 
color properties in the normaliZed RGB space, Which is in 
effect an over-represented hue space, Where the effect of 
lighting changes common underWater are minimum. This 
makes the tracking more effective in the underwater environ 
ment. The tracker scans the image converted in normaliZed 
RGB format, pixel-by-pixel, and the pixels falling Within a 
given threshold of the color values of the target are turned on 
in the output image While the other pixels are turned off. To 
remove high-frequency (or shot/salt-and-pepper) noise, the 
median ?ltering algorithm is used over the segmented image 
With either 5-by-5 or 7-by-7 pixel grids, With typical thresh 
old values of 30%-40%. The tracking algorithm detects the 
blob in the binary image in every frame, and calculates its 
centroid, Which is taken as the neW target location. The total 
mass of the blob is used as a con?dence factor. The error 
signal is computed using the Euclidean distance in the image 
betWeen the centroid of the blob and the center of the image 
frame. TWo error signals are used for pitch and yaW, and both 
these signals are sent to the motion controller. A yelloW target 
Was found to Work Well With this type of tracker. 

[0060] The histogram tracker compares rectangular regions 
of the input frame With the target region by comparing their 
corresponding color histograms. A histogram of the target to 
be tracked is created and stored. Every image from the camera 
is divided into rectangular regions and their normaliZed his 
tograms having a ?xed number of bins over the hue space are 
calculated. Computationally, the color histogram is formed 
by discretiZing the colors Within an image and counting the 
number of pixels of each color. Depending on the target and 
the siZe of the image frame, different number of bins can be 
used, With preferred numbers being 32 or 64, and With the 
regions having either one-eighth or one-sixteenth the dimen 
sion of the image frame. The use of normaliZed histograms 
reduces the effect on color matching of brightness changes in 
the underWater environment. The histograms are one-dimen 
sional vectors that combine the multi-hue channel data. Simi 
larity betWeen histograms are computed by knoWn measures, 
for example the histogram intersection measure, the X2 (Chi 
squared) measure, the Bhattacharyya distance measure, or 
Jeffrey’s Divergence. Since the histograms are normaliZed, 
the measures return values ranging from 0 to l ; higher values 
indicating higher degree of similarity. The minimum similar 
ity measure is preferably taken as 0.5; any measure beloW this 
threshold is not accepted as a valid target region. The center of 
the chosen WindoW is taken as the neW target location. As in 
the case of the color blob tracker, tWo error signals are used 
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for pitch and yaW, and both these signals are sent to the motion 
controller. This type of tracker is suitable for tracking objects 
that have a variety of color. 
[0061] For the mean-shift tracker, color histograms are also 
used as the underlying distribution. The histograms are three 
dimensional arrays in this case, one each for the three RGB 
channels, With preferably 16 bins per channel. The target 
histogram are computed in a square WindoW of sides prefer 
ably equaling 100 pixels. The color model probability density 
function for the target is calculated by overlaying the sub 
WindoW by a kernel having the Epanechnikov pro?le. The 
Weights for the mean-shift vector are calculated using the 
Epanechnikov kernel. The tracker is initialiZed With the last 
knoWn location of the target and the target PDF model. In 
each successive tracking step, the candidate WindoW having 
the same siZe as the target is created at the location of the last 
knoWn target position, the candidate PDF model is calculated 
and the Weights for pixel are calculated, leading to a neW 
candidate position. The mean-shift process preferably uses 10 
iteration steps to choose a neW target location. The Bhatta 
charyya distance betWeen the candidate PDF model and the 
target PDF model is calculated to quantify the similarity 
betWeen the target and the neW candidate location. The loca 
tion With the minimum Bhattacharyya distance is chosen as 
the neW target location. As for the other trackers, tWo error 
signals (pitch and yaW) are sent to the motion controller. The 
mean shift tracker is resistant to changes in lighting and 
appearance of duplicate objects in the frame, but necessitates 
substantially more computation than the preceding trackers. 
[0062] In all cases, the visual tracking module 126 is able to 
track the target at almost 15 frames/second, and therefore 
Without ?ltering, the commands sent to the leg actuators 20 by 
the leg controller 112 Would be changing at such a high rate 
that it Would yield a highly unstable sWimming behavior. As 
such the motion calculator 106 Which receives the error sig 
nals from the visual tracking module 126 includes a pitch 
controller 130 and a yaW controller 132 Which are both PID 
controllers, used to take these target locations and produce 
pitch and yaW commands at a rate to ensure stable behavior of 
the device 10. The roll axis is not affected by this particular 
type of visual control. Given the input from the visual track 
ing module 126 at any instant, and the previous tracker inputs, 
each of the pitch and yaW controllers 130, 132 generates 
commands based on the folloWing control laW: 

Where e_t is the time-averaged error signal at time t and is 
de?ned recursively as: 

at is the error signal at time t, KP, KI and KD are respectively 
the proportional, integral and differential gains and y is the 
error propagation constant. 
[0063] The pitch and yaW controllers 130, 132 Work iden 
tically as folloWs. Each controller 130, 132 includes a loW 
pass ?rst-order in?nite-impulse response or IIR ?lter (i.e. a 
digital ?lter blocking high frequency signals), smoothing out 
fast changing pitch and yaW commands by averaging them 
over a period of time. A time constant is de?ned for the 
loW-pass ?lter for each controller 130, 132. The gains KP, KI 
and KD for each controller 130, 132 are input manually, With 
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limits to truncate the gains. Each controller 130, 132 has a 
dead band limit applied to the error signal, ie a range of 
change in output for Which the controller 130, 132 Will not 
respond at all. This prevents the controller output from chang 
ing too frequently, by ignoring small changes in the error 
signal. A sleep time betWeen each iteration in servoing is also 
introduced to reduce command overhead of the controllers 
130, 132. 
[0064] In a particular embodiment, the parameters for the 
controllers 130, 132 are as folloWs: a KP of 1.0 With corre 
sponding limit of 1.0, a KI of 0.0 With corresponding limit of 
0.3, and a KD of 0.0 With corresponding limit of 1.0 for both 
controllers 130, 132, a dead band of 0.2 for both controllers 
130, 132, a time constant of 0.35 for the pitch controller 130 
and 0.05 for the yaW controller 132, and a command limit of 
1.0 for both controllers 130, 132. 
[0065] The pitch and yaW controllers 130, 132 thus send 
required pitch and yaW of the device 10 to the leg controller 
112, Which as mentioned above computes a required thrust at 
each leg 16a,b,c,d, determines a corresponding leg motion 
folloWing the appropriate gaits, and controls the actuator 20 
of each leg 16a,b,c,d accordingly to obtain the required pitch 
and yaW. 
[0066] In an alternate embodiment not shoWn, the visual 
tracking module 126 also compares the siZe of the target With 
a reference siZe, and sends a siZe error signal to the motion 
calculator 106, Which computes a desired speed change for 
the device 10, sending corresponding motion data to the leg 
controller 112. As such the device 10 can remain Within a 
given distance of the target by modifying its speed. 
[0067] The visual control system 120a thus alloWs the 
device to folloW a moving target or, through use of the hov 
ering gait, hold position relative to a stationary target. 

Marker-Based Visual Control System 

[0068] FIG. 11 illustrates another embodiment of the visual 
control system 1201). The image analyzing module 122 
includes a marker detection module 134, Which is con?gured 
to detect a target of a particular type, for example an ARTag 
marker. ARTag markers include both symbolic and geometric 
content, and are constructed using an error-correcting code to 
enhance robustness. The marker detection module 134 sends 
the description of the marker, Which in the case of an ARTag 
marker is a binary number corresponding to the black and 
White regions of the marker, to a marker identi?cation module 
136 Which is part of the motion calculator 106. The motion 
calculator 106 also includes a marker library 138, Which 
contains a list of the possible markers, each being associated 
With a particular command, for example turn right, change 
speed to l m/ s, go to location X, ?lm during a given period, 
sWitch to the hovering, sWimming or Walking gaits, etc. The 
marker identi?cation module 136 thus accesses the marker 
library 138 to identify the marker and retrieve the associated 
command. If the command is one of motion of the device 10, 
the marker identi?cation module 136 sends the required 
motion signal (pitch, yaW, roll, heave and/ or surge) to the leg 
controller 112, Which as mentioned above computes a 
required thrust at each leg 16a, b, c, d, determines the motion of 
each leg 16a,b,c,d based on the appropriate gaits and controls 
the actuator 20 of each leg 16a,b,c,d accordingly to produce 
the required motion. In this embodiment a diver can thus 
communicate directly With the device 10 and give it a series of 
instructions simply by shoWing it different cards having the 
adequate markers illustrated thereon. The motion calculator 
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106 can also memoriZe a series of commands such that the 
diver can in fact program in advance a series of motions or 
tasks for the device 10. 

[0069] The visual control systems 12011,!) of FIG. 10 and 
FIG. 11 can be used together, such that for example the device 
10 folloWs a given target unless a marker is detected, at Which 
point the device 10 stops folloWing the target and obeys the 
commands dictated by the marker. As mentioned above, the 
visual control system 120, 120a, 1201) can be used With a 
robotic device moved by a propulsion system other than legs, 
the leg controller 112 being replaced by an equivalent con 
troller receiving the desired device motion signal, determin 
ing the corresponding required thrust of the propulsion sys 
tem and actuating the propulsion system accordingly. 
[0070] The use of visual sensing to control the device 10 
makes use of a passive sensing medium Which is thus both 
non-intrusive as Well as energy ef?cient. These are both 
important considerations (in contrast to sonar for example) in 
a range of applications ranging from environmental assays to 
security surveillance. Alternative sensing media such as sonar 
also suffer from several de?ciencies Which make them di?i 
cult to use for tracking moving targets at close range in 
potentially turbulent Water. 
[0071] The visual control abilities of the device 10 alloWs it 
to folloW a moving object, for instance a diver, and/or accept 
commands from the diver on presentation of cards carrying 
predetermined markers corresponding With tasks to be per 
formed. A complete sequence of actions can be programmed 
into the device 10 using the predetermined markers. As such 
a diver can communicate directly With the device 10 Without 
the assistance of an operator located on the surface and as 
such With or Without a tether. 

[0072] The device 10 can thus be operated in a semi-au 
tonomous manner, With or Without input from an operator on 
the surface through the operator control unit 104. 
[0073] The device 10 of the present invention canbe used in 
a Wide range of applications. These include underWater 
search and rescue, coral health monitoring, monitoring of 
underWater establishments (e.g. oil pipelines, communica 
tion cables) and many more. Speci?cally, environmental 
assessment tasks in Which visual measurements of a marine 
ecosystem must be taken on a regular basis can be performed 
by the device 10. 
[0074] The device 10 can also be used in a variety of diver 
assisting tasks, such as monitoring divers from a surface, 
providing lighting (for example While folloWing a diver), 
providing communication betWeen divers and the surface, 
carrying cargo and/or tools, carrying audio equipment or air 
reserves, etc. 

[0075] In a particular embodiment, the device 10 includes 
an acoustic transducer and as such alloWs the diver to hear 
sounds transmitted from the surface, stored on the device 10 
and/or synthesiZed by the device 10, as Well as to send acous 
tic signals back to the surface by having them relayed by the 
device 10, While folloWing the diver or another target and/or 
responding to commands given by the diver through the use of 
visual markers. The sounds could be, for example, music, 
instructional narrative and/or cautionary information. The 
sounds emitted by the device 10 can depend on various factors 
that can be sensed by the device 10, for example, on the depth 
or location of the device 10, the length of time the diver has 
been underWater, the Water temperature, or other environ 
mental parameters. 






