
Design and Modeling of an Interactive Mobile Aqua Probe and 
Surveillance (IMAPS) System  

 
Hong ZHANG and Ying TANG 

 
Abstract— In this paper, we introduce the development of the 
Interactive Mobile Aqua Probe and Surveillance (IMAPS) system. It is 
a new version of autonomous surface craft that can communicate with 
users in real time and reach underwater using its onboard winch and 
sensor system. A graphical user interface is designed and an initial 
modeling of the robot is performed to provide a stepping stone for 
future autonomous control. Experimental result shows that the system 
is highly efficient and is ready to perform many demanding tasks in 
various water and weather conditions.     

 
Index Terms – Mobile Robot, Agent-Server, Surface Vehicle 
 

1. INTRODUCTION 
 

Ecological and biological studies of aquatic habitats, 
especially those in shallow-water, are often hindered by 
difficulties of accessing remote sites or the cost of collecting 
high resolution data in space and time. For example, 
physical sampling at predetermined locations by workers in 
the field [15] offers limited sampling stations and numbers 
of observations (discrete in time, continuous in space). Such 
methods are sensitive to environmental and logistical 
conditions (e.g. season, weather, terrain, access), which 
could influence the choice of sampling times and sites. In 
contrast, mounting fixed sensors in the field (e.g., 
distributed sensors [4, 12] or buoy stations [11]) allows 
continuous monitoring of a specific and static location 
(continuous in time, discrete in space). However, the 
deployment of mounted sensors in the field can physically 
alter the environment by their presence and the cost of this 
option multiplies quickly with the number of stations. 
Moreover, both of these sampling regimes lack the 
flexibility that is critical to characterizing conditions or 
organisms in dynamic habitats. With the technology 
advances, satellite or airborne sensors [20] offer an 
alternative method for a semi-continuous ultra-wide range 
monitoring of a targeted area. Due to the nature of radio-
frequency, this method is highly restricted by water depth  

 

 
 

 

and is technically difficult or expensive to focus on an area 
of interest for a long period of time.  

 
On the other hand, mobile sensor platforms such as 

Remotely Operated Vehicles (ROV) [20, 23] and 
Autonomous Underwater Vehicles (AUV) [6, 13] are 
capable of dynamic remote data collection. However, these 
vehicles are often designed for use in the deep environments 
of the open ocean. Their cost, size, and limited agility are 
not suitable for work in other aquatic habitats (e.g., shallow 
water).   

 
Recently, there is some limited development of 

Autonomous Surface Crafts (ASC) [1, 8]. However, they are 
mostly based on sea-going vehicles such as kayaks [7] or 
sail boats [14]. Hence, they suffer from the same limitations 
as ROV and AUV (i.e., too heavy to be transported by a 
small vehicle or deployed by unassisted hands; and too 
cumbersome to suit the tight corners of small lakes, ponds 
or rivers). Further, for marine safety concern, almost all the 
ASCs take closed form design, which makes it difficult to 
incorporate many existing biological sensors or water 
testing equipments. This restricts its applications to 
bathymetry survey [2] or fish-tracking [3] with a dangled 
side scan sonar or radio signal receiver or simply being a 
communication relay station for AUVs [8].  

 
Motivated by the previous work, the work presented in 

the paper develops an Interactive Mobile Aqua Probe and 
Surveillance (IMAPS) system that crosses the lines of ROV, 
AUV and ASC with low cost and minimum maintenance.  
The robotic vehicle is designed to cruise on the surface of a 
given water body, take necessary data or samples with 
multiple sensors that can be lowered down to the water, 
observe and record the environment, and even search for the 
source of pollution. It is an ideal tool for day-to-day 
applications of water sampling and testing by regular 
schools, researchers, and environmental and biological 
workers.  

 
The rest of the paper is organized as follows: the 

hardware and software designs are presented respectively in 
Section 2. The analysis of the system and its controllability 
is then given in Section 3. Section 4 introduces the 
experiments and applications we conducted so far with the 
apparatus. At the end, Section 5 provides the brief summary 
of the work and our future directions.   
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2. DESIGN OF IMAPS 
 
For the purpose of wide adoption by the public, the 

development of the IMAPS adheres to the following design 
goals: 

1) Modular design: The design should minimize the 
effort required to reconfigure sensors, electronics, 
and control systems. The entire design is partitioned 
into several subsystems that are easy to upgrade with 
users’ input, which has no or little impact on others.  

2) Small size and portability: The vehicle should be 
light enough to be handled by at most two persons 
and small enough to be easily put into the back of a 
midsized SUV or minivan. Therefore, no special 
equipment or vehicle will be required to use the robot. 

3) Minimum maintenance: The susceptibility to 
corrosion and electronic faults should be minimized. 
The internal equipment (e.g., camera, sensors, and 
computer) should be protected.  

4) Long operation time: The robot should be able to 
operate in water for at least four hours, enough for a 
regular morning or afternoon session. Extra battery 
pack can be added for longer time without affecting 
the performance of the robot itself.  

5) Flexibility: For different tasks or applications, the 
robot should be able to work on different kinds of 
water bodies. Its operating system should also be 
open to accept and adapt to multiple control 
algorithms.  

6) Easy rescue: The robot operates on water and is 
subject to unexpected external influences such as bad 
weather or curious animals. When malfunction or 
technical difficulty arises, it should be easy to locate 
and retrieve the robot.  

 
2.1 General Structure 

 
Following the 

above key characters, an 
agent-server approach 
(Figure 1) is chosen for 
the general structure of 
the IMAPS. The field 
agent takes the form of 
a model surface vehicle. 
Depending on working 
condition or design 
preference, it can carry 
different shapes, such as 
a torpedo, a racing boat, 
or a catamaran. In order 
to obtain the capability 
of maneuvering on the surface and sample the water, the 
agent is equipped with several interacting and cooperating 
units as shown in Figure 2. The units include an Actuating 
Module powered by solar charged batteries, an On-board 

Device Control Module to monitor the status of the vehicle 
and on-board systems, and a Winch Module to deploy the 
bio-sensors, such as temperature, pH, turbidity, dissolved 
oxygen, conductivity, chlorophyll, and ion-specific 
inorganic nutrients. All these modules are controlled by a 
mini computer, Mini-ITX [18], which also connects with the 
Bio-Data Collecting Module to retrieve data as they are 
collected and sends them in real time to the host station via 
a radio frequency (RF) transceiver. Two on-board infra-red 
enabled video cameras, one forward-oriented and the other 
downward-looking, are used to monitor the condition of the 
IMAPS and visually inspect field conditions in both day and 
night.  

As shown in Figure 3, a high end host computer is used 
to interactively communicate and control the agent. Real-
time images and data are retrieved for analysis and display 
via the video receiver and RF transceiver. Users can store 
the data into a data log and/or display them on the screen for 
visual inspection. The inputs or commands from users are 
relayed to the agent through the RF transceiver.  

 
    

 
Figure 2: Block diagram of the agent. 

 

 
Figure 3: Block diagram of the host. 

 
2.2 Hardware Design and Construction 
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User 

Land-Based 
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Figure 1: Block diagram of control.
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Parallel to the development of the control structure, the 
mechanical construction has evolved from a torpedo shaped 
prototype as shown in Figure 4(A) to a pontoon style 
catamaran shown in Figure 4(B).  The latter is constructed 
with an aluminum frame covered by plywood with 
fiberglass coating. The design provides sturdiness in the 
rough water condition. Each hull is divided into three 
separate water-tight cells for leaking control. The two hulls 
are connected by waterproof conduit for internal power and 
data transmission. With a moderate size (1m x 1m x 0.4m), 
the agent can be fit into a regular SUV or even the trunk of a 
full size sedan. Hence the robot can be easily transported by 
biological scientists and deployed at test sites that are hard 
to reach in traditional ways. The agent provides a fair 
amount of payload (about 20kg) to carry common biological 
or chemical sensors. The double hull design offers stability 
for both calm water and light waves. It also supplies a large 
footprint for easy placement of bio-sensors.  

            
(a)    (b) 

Figure 4: The two generations of IMAPS agent system.  
 

Inside the hulls, a battery pack with 10 Ni-MH batteries 
provides 12V power for up to 6 hours of running time. Up 
to two more battery packs can be added without changing 
the buoyancy and handling of the boat significantly. Extra 
batteries can be added for extended operating time in 
shallow water when a short (<10m) sensor cable can be used. 
The GPS, depth finder and motor controllers are all 
connected to the MiniITX computer via serial connections. 
Two cameras (one forward looking and one downward 
looking) with their video transmitters can send footages of 
surroundings and underwater environment to more than 1km 
away. A MaxStream wireless modem [17] connects the 
onboard computer to the host for command and data 
exchange up to 2km away. A foldable beam is integrated to 
the winch system for bio-sensor deployment. It enables the 
sensor to be lifted at above-water level. So the robot can test 
the water quality at the surface. The lift-up design also 
protects the sensor from hitting the bottom of the water 
body in shallow area and acts as an external antenna to 
amplify the range of wireless transmission.  

 
2.3. Software Design 

 
For the convenience of operating the probe for the non-

engineering persons an easy-to-use graphical user interface 
(GUI) with two panels is developed. As depicted in Figures 

5 and 6, the right panels show the GPS coordinates and 
depth as well as allowing users to choose either manual 
control or autonomous control of the field agent. Under 
manual control, users can use either a joystick or sliding 
bars to control thruster speed, while under autonomous 
control, where several control algorithms are deployed, 
users can choose several sampling stations on the map of the 
testing area as well as setting the depths desired for the 
sensors to collect data. Manual entry of desired GPS stations 
will be an option as well. On the left panel, users can choose 
to see either the video feeds from the on-board cameras of 
the field agent, or they can see the biological and 
environmental sensor data. Users are able to select the 
method of data display, including seeing the raw data as 
text, in user-defined graphs, or both formats. 

 

 
Figure 5: GUI of the IMAPS in Manual Control 

 

 
Figure 6: GUI of the IMAPS in autonomous 

control 
3. MODELING OF THE IMAPS AGENT 

 
The IMAPS agent is considered as a simple mechanical 

system acting on Lie space in our design. Without loss of 
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generality, let us denote the general coordinates of a robot 
with q ∈ Q where the n-dimensional manifold Q is the 
configuration space. Then the system can be classified as a 
simple mechanical control system (Q; G; T; V; F) where G 
is a Riemannian metric that corresponds to the kinetic 
energy metric of the system on Q; ),(2

1 qqGT =  is the 
kinetic energy; V is the potential energy; and F is the set of 
m linearly independent 1-forms on Q, which corresponds to 
the acting forces or torques on the system. While writing the 
Lagrangian of the system as VTtqqL −=),,( , the 
dynamics of the system can be described by the forced 
Euler-Lagrange’s equation: 

( )∑
=

=
∂
∂

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂ m

i

i
i Ftu

q
L

q
L

dt
d

1
. (1) 

where ui is Lagrangian.  
 

According to our design, the IMAPS agent stays on the 
surface of the water, which is presumably level in a limited 
area. Therefore, we can set the potential energy V = 0, and 
simplify the Lagrangian as 
 

qGqqqGqqL T

2
1),(

2
1),( == . (2) 

where jiij qq
LG
∂∂

∂
=

2

is the metric of the system.  

In mechanics, we often call q
Lp ∂
∂= the momentum 

[24]. Then we can rewrite the Eurler-Lagrange’s equation in 
body coordinates as:  
 

aaqa padp τ+= * . (3)
 
where e

e
aa g ττ = . It should be noted that the momentum is 

not constant in the body based coordinate system even if 
there is no external force acting on the system. 
 

Now let us analyze acting forces on the robot. As stated 
earlier, the IMAPS agent takes advantage of pontoon double 
hull design for its intrinsic stability.  The center of buoyancy 
of the two hulls, CBL and CBR, are far apart, hence provides 
a wide base to position the center of mass, CM, or center of 
Gravity, CG. For simplicity, it is assumed that the mass is 
evenly distributed to the left and right part of the boat, and 
CM is located at the centerline looking from the top. 
Considering the length of the boat is much greater than the 
height and the speed of the boat is around 1m/s, the pitch 
and roll angle generated by gravity, buoyancy and the 
thruster force is negligible. Therefore, the CM, CBL and 
CBR are vertically coplanar.   

 

 
Figure 7: Force analysis of the IMAPS third design. 
 
While the robot is operated in a calm day on a lake or a 

slowly moving water, the flow of the current can be 
considered constant. Then we set up the inertial coordinate 
system (also called global or fixed frame) with y direction 
parallel to the velocity of the flow and z direction points 
upward. We can then set up a body coordinate system (also 
called moving or body frame) with CM as the origin, y as 
the forward direction of the boat, x as the transverse 
direction, and z as the direction points upward. For 
simplicity, the x-y planes of the global coordinate system 
and body coordinate system are co-planar as shown in 
Figure 7. The position x and orientation θ of the vehicle can 
then be represented as ),,,,,()θ,x( zyxzyxX θθθ== . 
Finally, the transformation of any vector from the body 
frame to the global frame can be written as  

bb
b
ff X

R
Xgx ⎥

⎦

⎤
⎢
⎣

⎡
==

10
x)θ(

, (4)

where b
fg is the transformation matrix from the body frame 

to global frame. R(ө) is the rotation matrix, x is the 
translation vector, and xf and Xb are the point vector denoted 
in fixed and body frame respectively.  Without loss of 
clarity, starting from this point, unless otherwise defined, we 
will use upper case letter to denote vectors in body frame 
while lower case letter to denote the same vector in global 
frame. Therefore, xf and Xb can be written as x and X 
respectively. 
 

The velocity vector of the vehicle, namely surge, sway, 
heave, roll, pitch and yaw, is written as   

),,,,,()ω,v()θ,x( ,
TT

zyxzyx vvv ωωω==  or in the matrix form  

wdx

PL+PR 
x

z 
xg 

zg

β

xf

vf

ө PL PR 

yb 

wdy 

wdy

CBL CM CBR yf
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Due to the motion of the vehicle in the fluid, the added 

mass and added inertia are introduced as the direct result of 
the acceleration of the fluid particles near the vehicle body. 
The accelerations of different fluid particles vary due to 
their distances and positions relative to the vehicle body. 
Then we can use added mass and inertia to denote the 
weighted integration of all the masses and inertia that are 
accelerated by the motion of the vehicle. They can be 
described by a 6x6 matrix in general. Since each hull of the 
vehicle in our design takes the symmetric and slender form, 
the added mass only affect the terms mx, my and Jz, i.e.,  
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With the added mass and inertia of the vehicle, we can 

rewrite the Lagrangian of the system as the form of kinetic 
energy:  
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Let P and Π denote the linear and angular components 
of the momentum with respect to the body based coordinate 
system, we have  
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Correspondingly, let p and π denote the linear and angular 
components of the momentum with respect to the inertial 
coordinate system. The relationships between those in body 
frame are 

⎩
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=

pR
Rp

x
P

π
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Without loss of clarity, we used R to denote R(ө). Noticing 
TRR =−1 for a rotation matrix, we can inverse Eq. (9): 
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Differentiate Eq. (10) and notice that RR 1^ −==Ω ω ,  we 
have 
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On the other hand, applying Newton’s second law to the 
vehicle in the inertial coordinate system, we have 
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where fi and τj denote external forces and torques expressed 
in inertial frame, ri is the position vector from each force to 
the origin of the inertial coordinate. Substituting Eq (12) to 
Eq (8), and noticing that ( ) ( ) ω×•=•ΩT , we obtain 
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where terms P×ω and Π×ω+P×v are Coriolis forces, 
xr −= iiρ  is the position vector from each external force to 

the origin of the body frame, 
i

T
i fRF = and 

j
T

j RT τ= are 
external forces and torques denoted in body based 
coordinate system. In our system, the external forces are  
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 is the hydrodynamic drag 

force including friction force between the boat body and 
water and the wave making Froude force, Fwave is the wave 
force, Fw is the sum of wind and current force, and FWeitht 
and FB are weight and corresponding buoyancy forces of the 
boat. Note that we have 
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The force from wave is a complicated issue. To 
simplify the problem, the following assumptions are made: 

1. Wave considered in the work is one dimensional plane 
progressive free surface wave.  

2. Wave propagates along the x direction in the fixed 
coordinate system, and starts from the origin of the 
body based coordinate system. 

3. Wave sizes are larger than the size of the boat, i.e., we 
ignore the ripples and consider them as drag.  

4. Waves are not influenced by the presence of the boat.  

5. Wave follows linear theory. That is, all water particles 
move in small circular orbits determined by the 
magnitude of the wave, but their mean positions do not 
change even the wave itself is propagating.  
 
Follow Thompson et al. [10] with above assumptions, 

the equation of the wave is obtained as follows:  
)cos(),( εττη +−= fwkdAd , 

where η is the wave height at horizontal distance d from the 
origin of body frame, τ is time, A is the maximum wave 
height, k is the wave number and can be calculated from 
wave length λ as λπ /2=k , and wf is wave frequency. ε  
is the phase angle of the wave and without loss of 
generality, can be set as zero. Since the boat is small and 
does not run into very strong wave condition, most water 
bodies can be considered deep enough ( λ2

1> ) to satisfy 

the dispersal relation gkf =
2ω . At d=0, we can obtain the 

slope of the wave as τωτηφ fAksin),0( −=−= , and then 
simplify the wave load and the gravity acceleration to one 
equivalent gravity acceleration as  
  

 
          τωω ffe Agg cos2−= .    (14) 

Hence, we can combine the force from weight, 
buoyancy and wave as one single term  
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and their corresponding torque as  
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Therefore, we can write the governing equation of the 
system as Equation (17) or its expanded form Equation (18). 
Please note that we ignored the torque generated by drag 
forces and winds, since they are distributed forces acting on 
the entire wet and dry areas respectively. 

 
From here, we will simplify the case of the IMAPS to a 

2-D planar robot on water surface. First, assume the boat is 
operating on calm water and the wind is constant and 
parallel to the surface of the water, i.e., αz=0. We further set 
the x-direction of the fixed frame as the blowing direction of 
wind, then we have [ ]Twwind ff 0,0,=  in global frame. Last, 
let vz=0, 0== yx ωω  for planar case, then we 
have
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Rewrite it in a matrix form as Equation (19). 
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URfDVVMVIVM w +++= )^( 0 . (20)

Let XV = . Then we get 
URfXDXXMIXM w +++= )^( 0 . (21)

 
If we choose PIDXDXXMIU +−−= )^( 0 , then we 

can enforce PID control to the IMAPS agent to achieve 
desired result. For example, if we define the error function  

)( 0XXEe −= . (22)
where E∈R3×3 is a full rank matrix, and X0 is the desired 
trajectory of the agent. We choose input as 
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Then we have  
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Then if we choose E=M, then the error dynamics follows as 
eRfe w λ+= . (26)

By choosing Lyapunov function as ( )2221 eeV += , it is easy 
to show that the tracking is asymptotically stable for λ<-1 

under the condition that the wind and current force is 
sufficiently weak.  
 

4. EXPERIMENTS AND PERFORMANCE 
 
Intensive experiments have been conducted on the 

IMAPS. Figure 6(a) shows the IMAPS running on Little 
Egg Bay of New Jersey, a local sea shore. In a mildly windy 
day with about 20~40 km/h wind speed and 0.05~0.1m 
wave height, the robot can obtain up to 1m/s speed when 
venturing against the wind toward the open sea.  

        
         (a)    (b) 

Figure 6: (a) The second generation IMAPS is under test in 
Little Egg Bay, NJ. (b) Photo of a researching apparatus 
taken by the second generation Video Probe. 

 
Figure 6(b) is a photo taken by the IMAPS in field 

when studying the ecology of an endangered species of sea 
grass [17] at the Jupiter Inlet of Florida. The task is to 
analyze the influence of human activities, such as boating 
and seashore constructions, on the growth and survival of 
sea grass that is typical to the area. The traditional way of 
doing this research needs to physically snorkel or scuba 1 to 
3 meters deep into the area where sea grass grows and 
manually count the leaf numbers per square foot. With the 
help of the IMAPS, several snapshots of the sea grass can be 
easily obtained and fed to image processing software for the 
analysis of its color as well as the density distribution.  

 
A comparative field test was also performed to evaluate 

the efficiency of the robot, where water temperature, pH, 
and dissolved oxygen data of Rowan pond were collected at 
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10 waypoints using both the IMAPS and the manual 
operations.  In the manual operation, two persons used a 
handheld GPS receiver to locate the waypoints, and then 
anchored the canoe. While one was controlling the depth of 
a YSITM Sonde, a multipurpose biological sensor, under the 
water, the other recorded the data manually. The entire data 
collection process was conducted over a two-day period 
with over 7 hours on water.  In comparison, the same 
experiment took less than 20 minutes with only one operator 
remotely controlling the IMAPS. Using the collected data 
points, several 3D contour plots were created using GIS 
software, as the one shown in Figure 7 of the surface 
temperature and depth distributions on Rowan Pond.   

Although the full intelligent control of the robot is still 
under development, some initial tests were performed for 
simple point tracking. In Figure 8, the robot was directed to 
travel from GPS point A(75.08547, 39.43875) and facing 
west to point B(75.08540, 39.43910) on the water surface of 
a local lake. Using the drag coefficient dx=dy=drz=0.1, 
mx=my=16kg, Jz=1.2kg·m2, and simply choosing a 
proportional controller after factoring the velocity calculated 
from GPS data, the robot can autonomously travel from 
point A to point B. In the figure, the trajectory of the robot 
is plotted against the surface of the lake, which is shown as 
the dark area. The robot steered itself, resisted the wind and 
light current, and reached and stayed at the desired point.  

 

    
Figure 7: Surface temperature plot (left) and Bathymetry 
plot (right) of Rowan Pond. 

 

 

Figure 8: Experimental result of IMAPS on a local lake. 
 

5. CONCLUSION AND FUTURE WORK  

The IMAPS has successfully achieved its major 
development goals, providing researchers and educators a 
low-cost and expandable platform for ecological and 
biological study. A series of experimental tests have proved 
that the IMAPS is flexible and efficient in real-time remote 
data acquisition of aquatic habitats. 

 
Future development on the support infrastructure for 

the IMAPS can be extended in several directions. For 
instance, while keeping the core hardware control behind 
the user interface, more advanced high-level control 
algorithms can be designed based on users’ needs and 
integrated into the field-deployable unit. Such algorithms 
that  are under development include autonomous sampling 
data with the given testing points by a user, and 
automatically seeking out the source of a pollutant by 
measuring the pollutant and identifying a concentration 
gradient, and navigating up-gradient. Considering other 
complex terrains, such as marsh and creek, another 
interesting development would be upgrading the IMAPS 
with amphibious capability to travel on both water and land.  
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