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Abstract
It is becoming more important to understand the remote sensing systems and associated
autonomous or semi-autonomous methodologies (robotic & mechatronics) that may be utilized in
freshwater and marine aquatic environments. This need comes from several issues related not only to
advances in our scientific understanding and technological capabilities, but also from the desire to insure
that the risk associated with UXO (unexploded ordnance), related submerged mines, as well as submerged
targets (such as submerged aquatic vegetation) and debris left from previous human activities are remotely
sensed and identified followed by reduced risks through detection and removal. This paper will describe (a)
remote sensing systems, (b) platforms (fixed and mobile, as well as to demonstrate (c) the value of thinking
in terms of scalability as well as modularity in the design and application of new systems now being
constructed within our laboratory and other laboratories, as well as future systems. New remote sensing
systems – moving or fixed sensing systems, as well as autonomous or semi-autonomous robotic and
mechatronic systems will be essential to secure domestic preparedness for humanitarian reasons. These
remote sensing systems hold tremendous value, if thoughtfully designed for other applications which
include environmental monitoring in ambient environments.
Keywords: remote detection, submerged features, modeling, synthetic images, image chain analysis,
hyperspectral imaging, shallow water remote sensing, sensor simulation, target detection, remote sensing,
submerged water targets, ground truth instrumentation, environmental monitoring, environmental
surveillance, ecosystem monitoring

1. Background
1.1. Basic Concepts
The engineering talent, effort and economic costs involved with the design of remote sensing
systems aboard robotic and mechatronic systems are not inconsequential. Typically, the design of remote
sensing systems first involves considerations with respect to which part of the electromagnetic spectrum
will be used. Second, one must consider the “medium” the target is embedded in. Both of these
considerations are necessary to understand which part of the electromagnetic spectrum and associated
sensor system may be appropriate for the detection problem. In essence, most targets are thus imbedded
inside an environmental medium (water, air, soil or submerged land). In most cases, the “ambient”
environment (outdoors environment) is the location we consider when thinking of UXO’s and mines in
water or submerged land underling the water column.
_________________________________
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This is what we call “ambient environmental monitoring” with respect to dual uses of sensing systems for
environmental monitoring applications. Figure 1 describes the remote sensing selection process with
respect to the sensing system to be used as described above.

Remote Sensing Systems:
Measure A Portion of the
Electromagnetic Spectrum

Targets or Objects Are Located
In an “Ambient” Environmental Medium.

The Medium & the Target both determine the Selection of:
(a) the portion of the EM Spectrum to Sense (use) &
(b) thus Remote Sensing System to apply.
Figure 1. Schematic decision tree describing the selection of the sensing system for object
detection in an “ambient” environmental medium (air, water, soil, submerged land).

1.2. Remote Sensing Platforms
Next, when designing a remote sensing or object recognition system, after considering the above,
one needs to consider the platform of choice for the detection and localization (spatial location detection) of
the object(s) or targets to be identified or discriminated from the background medium. Generally speaking,
we consider two types of platforms, (a) fixed or (b) moving. In aquatic environments, the fixed platform
could be mounted to a (1) pier, (2) piling, (3) fixed platform (bridge, tower, or other fixed platform away
from or extending from the shore, e.g. an oil rig platform or other such specially designed platform – e.g.
breakwaters) and a (4) moored bottom, subsurface or in-situ (at depth) or water surface moored platform
(e.g. buoy). The moving platform with a remote sensing system can be conceived of as either a (1) driftingautonomous, (2) semi-autonomous (tethered) or (3) autonomous-controlled platform. We commonly would
call the latter two moving platforms as a “vehicle”. Each of these moving platforms could be classified as
either: (a) surface vehicles or (b) sub-surface and/or bottom roving vehicles. After the terminology of the
CLAWAR network, we can consider the vehicles as either the (1) walking type, (2) or crawling type both
of which may change its elevation with the land or submerged land surface in which case we may say the
vehicle is a “climbing” vehicle. The vehicles can next be classified as to either manned or unmanned
(another way to infer autonomous). Figure 2 below is a schematic depicting the categorical types of remote
sensing platforms described above with respect to object detection and localization for objects that are
spatially fixed or not moving with the environmental medium (water, soil or submerged land).
Another important aspect with respect to remote sensing systems to keep in mind is that systems
are designed with the purpose to either (a) detect targets within a
medium or (b) to detect the
characteristics of the medium itself with respect to its properties (absorption, scattering, transmittance and
or reflectance). In some cases, one may need to consider both aspects, especially in the event that the
object’s recognition is dependant upon correction or removal of these selected processes from the remote
sensing signal in order to detect the target or object’s characteristics and location within in the aquatic
environment as depicted below in Figure 3.
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Remote Sensing Platforms:
Fixed or Moving

Piers, Pilings, Docks, Bridges, Towers,
Rig Platforms, Breakwaters, Moored

Drifting, Autonomous-semi (tethered)
Autonomous (controlled).

Walking, Crawling – both Climbing or
changing elevation (roving) with terrain.
Surface, Bottom, Sub-Surface

Manned or Unmanned

Figure 2. Schematic of remote sensing platforms for detection of objects that are spatially fixed
(not moving) within the environmental medium (water, soil or submerged land).

Remote Sensing Systems:

Detecting Properties
The Medium:
•scattering
•absorption
•trasmission
•reflectance
•homogeneous/nonhomogenius(layered)

Detecting Properties
The Object or Target:
•scattering
•absorption
Object
•transmission
Properties
•reflectance
•size - shape

Object:
•Detection
•Recognition
•Discrimination

Figure 3. Schematic depiction of the use of remote sensing systems as being used to detect or characterize (a) the
properties of the medium, and/or (b) the properties of the object or target. These two considerations in the remote
sensing system design and operation, including data analysis or algorithm development and use leads to (3) the
detection and recognition of the object and its discernment or discrimination from the background medium.
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1.3. Remote Sensing Systems
After considering platforms, one needs to consider the basic remote sensing systems in terms of
their detecting an object through use of the electromagnetic spectrum they sense. For water environments
one classifies the systems as UV, Visible, Near-Infrared, Mid-Infrared, Far-Infrared, Microwave, and
Acoustical systems. Each of these systems can be either passive sensor systems or active-passive systems.
Passive systems include spectroradiometers, spectrographs, cameras (film or digital), hyperspectral
imagers, passive acoustic hydrophones and microwave radiometers. Active-passive systems include, laser
based Lidar (light induced detection and ranging) or ladar, Radar (microwave) imaging, Sonar (acoustic)
imaging, fluorescence systems which may include Raman spectrometers and imaging systems which utilize
the Raman scattering signal. All of these systems may include the use of multiple wavelength excitation
and emission detection systems, magnetic field and acoustic or Sonar devices. Typically, all of the activepassive systems utilize a passive detector component which measures the medium or object’s response to
an active continuous (CW) or pulsed radiation source.
Remote Sensing Systems: Measure a Part of the EM Spectrum
X-Ray, UV, Vis., NIR, Mid-IR, Far-IR, Microwave, Acoustic

Passive Systems: Spectroradiometers,
Spectrographs, Radiometers,
Hydrophones, Cameras (film, digital)

Active-Passive: Lasers (CW),Lasers
(Lidar) Mulitwavelength Excitation &
Emission (Fluorescence, Raman)
Microwave (Radar), Acoustic (Sonar)
Magnetic (Field Induction)

Surface, Bottom, Sub-Surface, In-Situ

Point, Line Imaging, 2-D Imaging, 3D-Spectral
Data Types

Figure 4. Schematic describing the different remote sensing systems and categories such as passive, active-passive
systems, spatial categories of data obtained from these systems and their data types.

2. Detection of Objects in Water
2.1 Methods of Risk Assessment & Risk Reduction
The goal of detecting objects such as mines and unexploded ordnance and related debris using
robotic systems may ultimately provide a unique method of securing a safe environment for human
activities. With the increased humanitarian need to secure a safe environment by many nations around the
world, especially safe waterways, ports and associated coastal areas such as bridges, piers, breakwaters,
etc., the detection of objects in water is an essential aspect of national preparedness. The detection of
dangerous objects from other natural objects, such as rocks, submerged bottom types (submerged
vegetative areas, etc.), man made debris, first needs to be demonstrated before a remote sensing system is
routinely utilized in a robotic or unmanned system. The determination of the risk associated with false
identification of dangerous objects must also be determined, estimated and then minimized. This
minimization process or function is a necessary element in the demonstration and improvements of any
remote sensing system utilized aboard a robotic autonomous or semi-autonomous platform.

90

Proc. of SPIE Vol. 5569

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

Conceptually, there are 3 major methods useful to minimize this risk in false identification of
objects. The first risk assessment methodology is the use of sensor system modeling and simulations, the
second method is through system simulations and modeling of the robotic and mechatronic systems, and
the third method is through conducting field trials where actual integrated remote sensing systems and
associated robotic and mechatronic systems are tested in an artificial environment (e.g. example a test mine
field with various targets objects or debris to be classified as to their potential risk as depicted below.

Methods For Minimizing Risks In
Detection of Dangerous Objects:

•Remote Sensing Systems modeling & associated
detection algorithm simulations.
•Robotic-Mechatronic Systems modeling & motion
control simulations.
•Filed Trial Tests in Artificial Object Environments

Estimation Of Risk Reduction Through:
• Systems Hardware Modifcations
• Data Analysis & Detection Algorithm Modifications
• Changing Field Trial Environments & Object
Characteristics Modifications

Figure 5. Systematic process for risk assessment and risk reduction in development,
testing and utilization of possible UXO and mine detection systems through modeling,
simulations and resulting system modifications.
2.2. Example Applications: Shallow Water Remote Sensing Systems
In the follow discussion we present design concepts for shallow water operations. The designs
have incorporated three important concepts we believe are useful considerations and design concepts.
These are (1) utilization of the “sensor payload concept”, (2) the design of both the sensor and the roboticmechatronic elements using the concept of “size scalability” and (3) the use of components using
“modularity” or modular components. All three of these design elements have been used by the main
author as a guidepost in the systems constructed to date, and those currently being built.
Figure 6 shows moored or tethered shallow water remote sensing system which was built by the
author. This system is designed as a tethered shallow water system and was designed with the concept of a
“sensor payload”. This particular example contains an internationally patented non contact scalable
backscatter probe (Bostater, 2000) within the payload sensor well which is essentially a hyperspectral
remote sensing system. This particular system was designed to measure identify and quantify chemicals in
a shallow water environment and the payload and probe hold an active electromagnetic energy source and a
passive multi-wavelength sensor. Next to the photograph is shown the side and top perspective of the
moored or fixed remote sensing platform which is scalable in size with respect to the flotation collar as well
as with respect to a sensor payload holding area and as well as the probe.

Proc. of SPIE Vol. 5569

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

91

Figure 6. Example of a coastal shallow water observation and surveillance system which utilizes a scalable in size
payload area, scalable chemical probe for multi-wavelength EM source and detector system such as a Raman scattering
system or a pulsed Laser line fluorescence based hyperspectral sensor.

Following the design and fabrication of this system we developed the concept of an autonomous
system which can hold several payload sensor wells. Figure 7 present the floating autonomous vehicle
which is currently being built for wireless controlled active motion and for active-passive (LIDAR)
imaging, hyperspectral imaging, Raman imaging, acoustic (SONAR) and magnetic imaging systems. This
system is planned for mapping surveys of shallow water areas around bridges, waterways, canals, channels
and ports in order to map the submerged land or bottom feature types and to identify and localize natural
and manmade objects and debris, as well as unidentified objects such as UXO and/or mine like objects.
This system is “scalable” in size, accommodates payload areas or “sensor wells”, and is made from offthe-shelf components that are modular for construction purposes. It is scalable in size (thrusters) to power a
3-axis motion control system, wireless radio based fast ethernet communications and fast maneuvering
control.

Figure 7. Figures showing the scalable in size, modular structural and motion control components and scalable sensor
payload or sensor well for shallow water mapping and object detection. The vessel is currently under construction and
utilizes wireless Ethernet communications, an onboard sensor system for around bridges, canals, waterways, piers and
enclosed seaport areas as well as in lakes and coastal lagoons. The system is battery and solar powered for WAAS GPS
motion control.
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In addition, this robotic shallow surface water vessel is designed for easy assembly and disassembly
making it ideal for transport in a small light weight container, along with selected, optional, scalable and
modular remote sensing systems for object detection and discrimination. The above 2 examples are next
contrasted with futuristic versions of the concepts embodied above. In Figure 8, below we depict the
embedded concepts described above to “submerged walking robotic systems”. These “walker robots” were
conceived and motivated based upon recent examination of underwater flagellate organisms found in a
European freshwater lake, Lake Balaton, Hungary. As will be noted, these robotic concepts contain the
design elements used above in addition to the additional concept of utilizing acoustic sensors in the feet of
the multi-legged robotic system, surrounding the center payload area.

Sensor Payload
Robotic Operating System
(ROBOos)

Object Buried
In Sediments

Figure 8. Designs of submerged walking robots hold unique possibilities and advantages for mapping and detecting
objects buried in submerged land or bottom types. The center of the walking holds one suite of sensors and the feet
(which help support in soft bottom types) contain acoustic and magnetic detectors which receive the returned signal
from the central robotic EM impulse generator.

2.3. Example of Sensor Imaging System Modeling and Algorithm Simulation
In order to demonstrate the value of designing security related and homeland preparedness systems, an
example is provided of simulations for detecting targets in different water types (clear water versus turbid
water types. Analytical and Monte-Carlo based radiative transfer models designed to quantitatively
describe, simulate and predict the electromagnetic transport properties, in an environmental medium such
as water, provide powerful tools for educating future engineers and remote sensing scientists as to the
design of remote sensing systems as well as the possible robotic systems which contain and move the
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sensors. Over the last decade, the Marine Environmental Laboratory and Remote Sensing Center at Florida
Institute of Technology has developed a suite of instruments and associated models which help describe the
optimal design of remote sensing instruments. Below are shown selective results of model simulations
regarding the detection of an object. In this case it is a line target with 80% and 20% constant reflectance
lines across the spectrum. This target could have a complex shape and unique property characteristics in
terms of its EM reflective/transmission characteristics. In addition, the medium (in this case water) is
composed of clear water and then different chemical properties (dissolve organic matter, chlorophyll-a
pigment concentrations and suspended sediment concentrations) which make optical detection difficult,
unless the active-passive systems are employed. Figure 9 shows the simulated line target simulated on the
water bottom at a specified depth (≈2m). We also use a spectral water surface wave model demonstrating
the combined effects of wind on the water surface and water quality influences on the target at 3 different
wavelengths where the resulting RGB image 480 nm, 530 nm and 650 nm simulated channels as shown.

Figure 9. Synthetic image sensor simulations of a hyperspectral imaging system with continuous source or sunlight
illumination using a radiative transfer model (Bostater, et. al. 2000, 2004). A line target is simulated with 80% and 20%
reflectance lines. The line target (upper left) is simulated as a ≈140 cm2 target. The water wave surface is generated
using the Philips water wave spectrum (upper middle) modified for shallow water use in the Sebastian coastal inlet area
(upper right) of the Atlantic Ocean, Florida. The wind speed is 5 ms-1 from the NNE direction (30 0). The solar zenith
angle is set to 20 degrees off nadir (late morning) and the sensor viewing angle is near nadir. The bottom reflectance
type in the background of the target is a seagrass or vegetative bottom type. A resulting synthetic image is presented
from the clear water simulation (lower left) and the zoomed region of the panel for the target in this area (lower middle)
shows the influence of the water surface and clear water column properties on the target. The lower right zoomed line
target area shows the influence of wind and water quality with suspended matter of ≈ 30 mgL2, 20 mgL2 C as dissolved
organic matter (DOM) and chlorophyll-a pigment concentration of 20 ugL2.
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Similar sensor simulation results as shown above demonstrates the above water surface detection
of an object will be influenced by the scattering and absorption effects within the atmosphere if the sensor
simulation is carried aboard an airborne sensor. The atmosphere will decrease the contrast observed of a
submerged target further than the results shown above. Therefore detection of UXO and mine like objects
and debris in shallow waters would be best to utilize sensors flown at a low altitude (less than 3,000
meters), preferably lower, or from sensors used aboard vessels as described above. The models developed
by Bostater, et. al., 2003 and 2004 also demonstrate the effects of subsurface imaging results from the
model simulations by examining the upwelling EM energy from just below the water surface, without the
water wave effects. The lower middle and left panels shown above result from simulations after image
enhancements have been performed upon the synthetic images in the zoomed region. Image algorithm
detection modeling may improve the results for detection, as shown in Figure 5 above.
2.4. Detection of Objects in Using Other Sensor Systems
The above sensor model results and simulations were conducted in order to demonstrate the need for these
types of sensor simulations in order to develop risk reduction information regarding detection of objects in
water. These types of modeling results are useful not only in sensor and platform design considerations but
in training applications of future engineers, scientists, and command & control operations personnel. All of
these types of professionals involved in the detection of dangerous objects need to work together and share
a common scientific understanding for successful preparedness and detection of dangerous objects in
ambient environments. In the following discussion are selected results of applications of sensors and
robotic systems with potential use for detection of objects in shallow water types. Figure 10 shows three
different robotic systems designed and built at Florida Tech. The upper left system shows the application of
a semi-autonomous underwater vehicle used to collect water samples in ice covered regions. The middle
panel below shows a system constructed for use as a camera inspection system autonomous vehicle. The
lower right system shows the application of s surf zone or littoral zone robotic crawler type system. These
systems are just examples of possible future vessels that could be outfitted with more modern remote
sensing systems for object detection applications.

Figure 10. Examples of a subsurface tethered water semi-autonomous underwater vehicle used in sea ice cover
conditions and developed at Florida Tech. The middle image above shows the near surface autonomous vehicle which
was developed to move around shallow water environment applications.

The last image above on the right shows a littoral or surf zone crawling robotic system for entering the high
energy surf zone or beach area. Additional examples of imagery obtained from remote sensing systems
include sonar images as well as robotic systems for roving in shallow waters are shown below.
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Figure 11. Example of a crawling underwater robot with an active-passive acoustic (SONAR) system. The middle
image is an object identified with an acoustic system (see http://marinesonic.com) reported by Scott and Wilcox
(undated). The image on the right shows the results of an image derived from a small vessel carrying ground
penetrating radar from a shallow freshwater study reported by Versteeg and White (undated manuscript).

Many other examples exist of remote sensing systems and resulting data for detecting objects and bottom
characteristics in shallow water environments. The above examples of robotic systems and sensing systems
are described to demonstrate that technological advances are developing many possible systems for
humanitarian applications regarding UXO and demining applications as well as applications and related
training for homeland security and preparedness activities as well as for environmental monitoring needs.

3. Summary & Conclusions
Remote sensing systems and robotic systems utilizing advanced mechatronics concepts hold a
unique capability and thus require careful evaluation and training for future applications and activities
related to detection of mines and UXO in aquatic environments as well as for monitoring the environment,
such as submerged aquatic vegetation. The above discussion summarizes a practical approach for
conceptualizing the design of such integrated waterborne sensing systems. We have presented an example
of how to model and simulate the phenomenology related to detection of submerged features, targets and
objects in a shallow coastal inlet, with application of the results to sensor design, sensor data analysis and
algorithm development. Examples of existing, under construction, and futuristic remote sensing systems
and robotic systems have been described, as well as hyperspectral imagery
We have also described those types of systems which have great potential for future detection,
removal, deterrence and preparedness activities related to securing risk free and safe aquatic environments.
The systems also have a dual use utility in environmental monitoring in aquatic environments. All
applications described above need to always consider the sensor system requirements in terms of spatial,
temporal, spectral, radiometric and digital resolution in order to be successful in protocol developments in
environmental monitoring and surveillance.
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