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Abstrac t .  This paper describes the main scientific and technical aspects foreseen for the 
development of the project BE-2013 titled VENICE (Virtual ENvironment interface by 
sensory integration for Inspection and manipulation Control in multifunctional 
underwater vehicles), financed by the European Commission under the programme 
BRITE-Euram III, related to the role of the Department of Mathematics and Computer 
Science of the University of Udine. This project is devoted to the study and 
development of methodologies for optimising acoustical and optical sensors' 
functioning and integrating related data for the formation of an accurate virtual 
environment aimed at supporting navigation, inspection, and maintenance/repair tasks 
of multifunctional remotely operated underwater vehicles. 

1 Introduction 
This paper describes the main scientific and technical aspects involved in the 

project BE-2013 titled VENICE, financed by the European Commission under the 
programme BRITE-Euram III, related to the role of the Department of Mathematics 
and Computer Science of the University of Udine. 

Off-shore industry is an important sector of the whole oil production in that 
economical, environmental and social interests are implicated. One aspect is related to 
the inspection of structures located in the open sea. Remotely operated underwater 
vehicles (ROVs) are usually utilized to reduce the use of specialized divers. 
Unfortunately, ROVs are not so simple to manipulate and require operators having 
large skill and experience. 

This project is devoted to the study and development of methodologies for 
optimising acoustical and optical sensors' functioning and integrating related data for 
the formation of an accurate virtual environment aimed at supporting navigation, 
inspection, and maintenance/repair tasks of multifunctional ROVs. 

In particular, specific targets are: 
a) to prove the feasibility of a new high-performance sensing and processing 

system for underwater imaging, based on optical and acoustical sensors and in 
their intelligent and integrated use to provide precise two- (2D) and three- 
dimensional (3D) information; 

b) the development of a 3D virtual environment from sensorial data reproducing 
the observed scene, supporting an operator to monitor the actual situation and 
control the vehicle in all environmental conditions. 

These objectives can be attained by: 

1 This work is supported by the contract BE-2013 VENICE in the context of the European Commission 
programme Brite-Euram III. 
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a) using multisensorial imaging devices, i.e., optical and acoustical cameras, 
providing real-time data and appropriate methodologies, such as sensor 
integration, data fusion, computer vision, artificial intelligence, to process and 
interpret such data; 

b) using novel and efficient methods for building and updating the virtual 
environment at different levels of resolution; 

c) developing adequate modelling and simulation procedures to emulate typical 
and non-typical inspection, navigation, maintenance/repair operations starting 
from actual sensorial data reported in a 3D synthetic scenario, allowing an 
operator to carry out an effective teleoperated task. 

At present, the guidance and inspection/maintenance/repair (IMR) tasks [1] 
performed by ROVs are not easy for several reasons. In fact, they require specialised 
crew, expensive training course and many hours of practice. Sensorial data are not 
always easily understandable due to the non-ideal functioning of the devices or the 
bad conditions of the environment. Typically, the several sensors on-board a vehicle 
work separately and for different goals. The functioning of each sensor is not flexible 
at all or their degree of adaptability to the environmental conditions is limited to a few 
parameters tuned by an operator. No effort is devoted to the automatic regulation of 
sensor parameters and to the cooperative integration of the sensor capabilities or of 
the different kinds of data aimed at reconstruction of the observable environment 
[2,3]. 

The development of methodologies in this sense by using imaging sensors, beyond 
to increment the operative capabilities for the navigation of a vehicle (e.g., automatic 
path planning), expand and optimise the utilisation of such devices for specific 
applications concerning inspection (e.g., automatically recognising structure defects, 
weld testing, signalling abnormal situations). 

2 State of  the art 
Due to the bad quality of underwater images, optical image interpretation is a 

complex problem for both humans and machine-vision systems. The problem of 
acquiring good images has been faced with the aid of lamps, but a common solution is 
still to be achieved. A cooperative method using camera parameter regulation has 
been investigated [4,5], but the possibility to insert in the regulation process, e.g., 
lighting control or human interpretation criteria, has not been addressed and this can 
certainly improve the acquisition process. Then, robust techniques used in land-based 
machine vision problems, like 2D and 3D feature extraction (also together with 
acoustical features), segmentation [6], and model-based recognition could be 
successfully applied to recognise objects and interpret the scene [7]. 

Currently, acoustic devices used in ROV application for navigation, inspection, 
and manipulation (e.g., frontal looking sonar, side-scan sonar and high frequency 
pencil beam) are not able to generate a 3D map of the insonified area in real-time and 
without mechanical movements, but they create only 2D sections of a scene or lateral 
views of the sea bottom. Multibeam echosounders form a 3D bathymetric map of the 
sea-floor owing to successive insonifications during the platform motion. The 
development of a 3D camera operating in real-time is considered of great importance 
for ROV missions and it has been addressed in several works [8]. Despite this, 
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hardware requirements and computational load remain two non-negligible problems. 
On the other hand, acoustical data interpretation has been up to now addressed by 
developing interpretation techniques in dependence of the specific nature of the 
device. Generally, these techniques, starting from the improvement of the image 
formation process [9], to the features extraction and classification/interpretation of a 
scene [10,11], are derived from optical image processing and computer vision. 
However, a deep analysis of 3D data coming from an acoustical camera has not yet 
been addressed. We would like to investigate the possibilities of such a device from 
the acquisition to data interpretation, evaluating the advantages provided by its 
integration with an optical sensor to increase the overall performances. 

The use of two imaging sensors surely aids the process of integration/fusion of 
acoustical and optical data. With the same format, even at different resolution, data 
integration may be easier, otherwise, different approaches should be used. When 
different sensor sources are involved, environment and sensor modelling are 
necessary. Environment modelling provides a mechanism to compare and integrate 
sensor observations, which can be performed at different abstraction levels in 
dependence of the specific task to be achieved (reconstruction, interpretation, object 
manipulation). Fusion is an optimisation method on heterogeneous or homogeneous 
information deriving from redundant and/or complementary data [11]. From a 
methodological point of view, methods like weighted average, Kalman filtering, 
Bayes-like estimate, statistical decision theory, evidential reasoning, fuzzy logic and 
others can be used. These methods can be utilised for 3D map reconstruction, 
navigation, interpretation, and manipulation [11]. In this context, we would like to 
explore a cooperative approach utilizing both acoustic, optical, and geometrical 
features to detect/recognise objects and finally reconstruct a synthetic environment. 

3 Consortium partnership and role 
The consortium is constituted by four partners. Technical Software Consultant 

(TSC) is an English SME acting as project coordinator. It is involved in the virtual 
environment definition and in the related simulation procedures, especially concerning 
manipulation control tests. OMNITECH (OT) is a Norwegian SME involved in the 
acoustical data generation, processing and interpretation. The Department of 
Computer and Information Science (DISI) of the University of Genoa (Italy) is 
involved in the environment modelling, virtual environment generation and in the 
related simulation procedures, especially concerning navigation. Finally, the Dept. of 
Mathematics & Computer Science (DIMI) of the University of Udine (Italy) is 
involved in sensory regulation (both optical and acoustical), data interpretation and 
integration. The technical workplan of the project is divided in 6 tasks : 1) Project 
kick-off, 2) Optical data processing, 3) Acoustical data processing, 4) Data integration 
& virtual environment generation, 5) Man-machine interface, 6) Experiments & 
validation. 

In particular, DIMI will investigate different research lines usually less or only 
partially explored. Optical camera regulation devoted to the development of strategies 
for automatically regulating an underwater optical camera and extracting useful 
information from the acquired images in order to enable the recognition of 3D objects 
in bad-structured environments. Acoustical data processing, including a complete 
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signal processing analysis (for recognition/reconstruction purposes) of data provided 
by an acoustical camera which, at present, constitutes a quite novel sensor. In 
particular, strategies to manage, improve, visualise and extract useful information (i.e., 
recognise) from the acquired 3D maps will be considered by using methodologies 
derived by acoustical imaging and optical image processing literature. Acoustical & 
optical data integration by means of a multilevel approach to obtain reliable 
recognition results and accurate 3D images. This task will be devoted to the 
development of a common framework where it should be possible to integrate 
acoustical and optical data at different abstraction levels. The final goal is the 
generation of a virtual environment of the real submerse scene by object recognition 
from actual integrated data. A multilevel approach will be followed trying to exploit 
acoustical, optical and geometrical features extracted by both types of data in order to 
detect and recognise objects. 

4 Preliminary results 
Preliminary results are concerned with the regulation procedures to adjust optical 

camera parameters and with the testing of some algorithms for filtering and 
segmentation optical images. Moreover, a shape from shading technique has been 
tested to evaluate the possibility to derive 2.5D (i.e., in terms of surface normals) 
representations. 

The ability to manually or automatically regulate some parameters of the camera 
will allow the operator to obtain a better understanding of the scenario as well as 
provide a system to extract useful features for recognition. The regulation is based on 
the concept of image quality, i.e., a set of quality functions is devised to estimate the 
goodness of acquired data, and, on the basis of these judgements, new parameter 
settings are chosen. The camera-parameter regulation strategy is based on a numerical 
assessment of the quality of an acquired image [4]. Quality criteria are based on an 
objective (i.e., context- or application-independent) evaluation of the goodness of a 
datum, in terms of either the high-frequency content of an image or image-histogram 
features. Appropriate functions can be applied to acquired data in order to extract 
several quality judgments, which, if suitably combined, provide a single quality value 
that can be used to decide on the regulation strategy to be adopted for the next image 
acquisition [5]. This effective regulation procedure allows the focusing distance, the 
aperture diameter (or iris), and possibly the electronic gain of a camera to be set in 
accordance with the current and previous quality judgments and taking into account 
the parameters regulated until the current time instant (i.e., the status of the 
regulation). This strategy can be applied to both a whole image and a particular image 
area of poor quality. The position of the area whose quality must be improved can be 
automatically identified or can be determined by a higher-level module. This allows a 
task-oriented regulation, i.e., attention is focused on a specific area that is of interest 
for the final goal of a system. 

A low-pass edge preserving filtering has been adopted as a pre-processing filter to 
reduce noise effects while preserving edge information useful for recognition. The 
Perona-Malik filter [12] is applied to an image in order to eliminate noise, while 
preserving the information about the image contours. The Perona-Malik method is an 
adaptive (anisotropic) type of filtering based on a diffusion process. The diffusion 
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coefficient can vary spatially so as to encourage smoothing operations in those image 
parts where there are no edges. The subsequent step is an edge-detection filtering 
followed by an edge-characterizing algorithm which computes a set of features 
describing edge images. Edge-detection is performed by means of the Canny filter 
[13], which detects edges by operating a search for the maximum values of the image 
gradient magnitude in the direction of the gradient, after a prefiltering with a Gaussian 
mask. We also implemented and tested a straight-line extraction algorithm, namely, 
the technique proposed by Burns, Hanson, and Riseman in [14]. In this method, pixels 
are grouped into line-support regions of similar gradient orientation, and then the 
structures of the associated intensity surface is used to determine the location and 
properties of the edge. This algorithm is more effective in that it uses gradient 
orientation rather magnitude as initial organizing criterion prior the extraction of 
straight-lines. In this way, lines of arbitrarily low-contrast can also be detected and an 
intermediate representation of edge/line information can be derived through which 
high-level interpretation mechanisms have efficient access to relevant lines. In fact, 
owing to the detection of the line-support regions and the use of gradient orientation, 
long low-contrast lines can be detected and a set of descriptive attributes (e.g., length, 
contrast, width, location, orientation, straightness, etc.) for each line can be extracted. 
This algorithm is alternative to the Hough Transform and experimental comparisons 
using an Hough-based algorithm are to be planned. 

The shape from shading (SFS) techniques allows to compute the 2.5D 
representation of a scene, i.e., they aim at providing object representations in terms of 
normals to the object component surfaces [15]. This is useful in that allows to 
"understand" the shape of the objects, providing a possible "key feature" to address 
the object database. The analysis of the shading of a surface, based on assumed 
models of the reflectivity of the surface material, can be used to compute this 
information. The amount of light reflected from an object depends on the 
following features: (a) the surface material, (b) the emergent angle between the 
surface normal and the viewer angle, and (c) the incident angle between the surface 
normal and light source direction. 

There are several models of surface reflectance, the simplest of which is the 
Lambertian model. A Lambertian surface is a surface that looks equally bright from all 
viewpoints, i.e., the brightness of a particular point does not change as the viewpoint 
changes. A brightness value determines only a curve on the reflectance map rather 
than a single point. Thus, an extra constraint is required to determine uniquely the 
orientation of the imaged point from the brightness : this is supplied by assumptions 
on surface smoothness (or continuity) that the surface should not vary much from the 
surface direction at neighbouring parts. Obviously, some coordinates on the 
reflectance map are necessary to anchor the process and from which the orientation of 
the neighbouring points can be inferred. 

Assuming an orthographic projection on the image plane, a uniform illumination 
with parallel rays, the absence of mutual illumination (secondary sources) and 
shadows among the different objects, and constant reflectance properties on the whole 
object surface, it is possible to relate the orientation of each point with the image 
brightness to produce the so-called reflectance map (RM). The RM varies according 
to the type of model assumed for the object surface, typically, Lambertian, specular, 
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or a mix between the two, and its analytical form is given as functions of stereographic 
coordinates or of the surface normals (actually, a direct relation links the two possible 
representations). Using these basic hypotheses, the irradiance equation allows to relate 
the actual image with the reflectance map and hence, with the object shape. 

Dealing with underwater environments, it could be more suitable to choose a 
reflection map different from the classical ones proposed in literature. Experiment 
performed in [16] showed that the RM built by a linear combination of a specular and 
Lambertian models is not suitable to correctly represent having intermediate rugosity. 
Actually, a significant non-Lambertian component could cause errors in the 
interpretation of the image. In [17], an RM characterized by three components 
modelling the scattered light has been proposed. The three components correspond to 
lobes of diffused light and are called forescatter lobe travelling along the specular 
direction, normal lobe travelling along the surface normal direction, and backscatter 
lobe travelling along the light source direction. This model allows to define the two- 
dimensional reflectance distribution function (BRDF) as a weighted sum of the 
distribution functions defined for the several directions, where the weights are 
dependent from the scattered light along such directions. Each distribution function is 
defined according to a physical model defined in statistically geometrical manner. 

4 
(a) (b) 

Fig. 1. (a) Real underwater image representing a tubular structure with rectangular section ; 
(b) reconstructed image using the general reflectance map. 

This kind of RM has been utilized together with the algorithm called Fast Shape 
from Shading [ 18] which allows to estimate the global shape by means of local surface 
constraints and by linearizing the RM. This results in a fast method as each operation 
is local and produces good results especially for spherical surfaces (like tubular 
structures, typically utilized in this project). Unfortunately, when more than a single 
object is displayed, the SFS does not succeed to determine the correct relative object 
lccations and, if such objects are superimposed, this lead to a wrong estimation of the 
surface normals at the joints. This problem can be solved in two ways. The first is to 
perform a preliminar scene segmentation and apply the SFS algorithm in the single 
detected regions separately. The second alternative is to initialize in a better way the 
SFS algorithm, e.g., preliminary identifying the correct distances of the objects' 
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contours (e.g., by using a depth from focus technique of a stereo-based procedure) and 
then apply the SFS algorithm using the additional information along the object 
borders. 

The utility of the general model of the reflectance map here used, instead of the 
classical Lambertian model or the mixed Lambertian-specular model, is shown. In Fig. 
l(a), an actual underwater image showing a tubular structure (with a rectangular 
section) is shown. Figure l(b) shows the surface estimated using the general 
reflectance map. The use of the Lambertian or the mixed models does not improve the 
latter results. One can notice the quite better recovering of the real structure by using 
the general model rather than the single specular RM modeling (not included here for 
problems of space). Moreover, in the case of the mixed models, the choice of the 
parameter value to weight the percentages of specular and Lambertian model is 
avoided. 

The following example (see Fig. 2(a)) shows a synthetic tubular structure with a 
weld. Using a correct initialization of the SFS algorithm, i.e., by determining the 
correct distance of the contours, a more reliable surface extraction is possible leading 
to an estimated structure shown in Fig. 2(b). If this is not the case, the resulting image 
will be affected by a wrong position of the several tubes, which are actually located at 
several distances from the observer. The improvement is notable in that the relative 
distances of the tubes are now correctly determined. 

Fig. 2. 
(a) (b) 

(a) Synthetic tubular image; (b) Reconstructed surfaces estimated by the correct 
initialization of the SFS algorithm. 
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