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1  INTRODUCTION  

1.1 Document Purpose 

The purpose of this document is to provide a summary of the data processing steps carried 
out on acquired Sub-Bottom Imager™ (SBI) data. The objective being to succinctly show 
what PanGeo Subsea does with the acquired information in order to deliver the answer 
product. It should be realized that the document avoids describing precise details of the 
data processing since these are company sensitive details that cannot be disclosed. 

Since it is the intent to provide this document to colleagues and clients of varying technical 
backgrounds, the document is divided into convenient sections that include a general 
introduction to the SBI, followed by the SBI data acquisition-processing-interpretation flow 
diagram. Following the general logic of this flow diagram the SBI equipment is briefly 
described together with data acquisition methodology. The SBI data processing is 
described in subsequent sections with particular emphasis on beam forming and the 
development of the synthetic aperture result. A brief overview of data interpretation and 
data deliverable is provided to conclude the document. 

1.2  Introducing the Sub-Bottom Imager™ 

The Sub-Bottom Imager™ (SBI) is a new class of sub-bottom inspection tool bringing true 
3D real-time volumetric imaging capability from a moving platform to the offshore industry. 
Originally designed for integration on work-class survey ROV’s, the SBI can acquire data, 
image objects and provide the pilot with a visual image reference to use to steer the 
vehicle. The SBI has application for imaging and locating/tracking cables and pipelines, as 
well as in pre-route surveys imaging and locating boulders, debris, and unexploded 
ordnance (UXO). SBI’s performance in cable and pipeline depth of burial surveys has 
proven superiority over electro-magnetic based tools with SBI providing improved reliability, 
better penetration, superior accuracy and better repeatability than these other systems. 
Moreover, the SBI’s ability to detect and image both metallic and non-metallic targets 
makes it suitable for geohazards surveys, UXO, archaeology, and abandoned seabed 
infrastructure detection. 

The SBI technology was developed in response to the short comings of existing 
geophysical technology for the accurate mapping and high resolution imaging of buried 
objects less than 5m below seafloor. The SBI offers 3D imaging and volumetric profiling of 
the sub-bottom to provide accurate location and images of buried objects and surficial 
stratigraphy in three dimensions with decimeter horizontal and centimeter vertical 
resolution.  

1.3 Conventional Sub-Bottom Profiling Site Investigation Challenges 

Sub-bottom profiling is a non-invasive technique in that no physical sample of the sub-
seabed soil is recovered. Instead, sound waves are propagated in to sub-seabed and 
reflected sound waves are recorded and used to remotely infer the geometry of structures 
and objects that lay in the sub-surface. The reflected waves are recorded using 
hydrophones and, after data processing, details of the subsurface can be interpreted from 
the results.   

For the last 50 years, remotely sensed sub-bottom information, for offshore engineering 
applications, has been provided by single-channel 2D seismo-acoustic profiling methods. A 
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2D survey results in a data set confined to a single vertical plane. This is a limited 
representation and falls short of the real goal which is to determine, as accurately as 
possible, the Earth's sub-surface, which is heterogeneous in three dimensions. Consider 
also that sound waves travel along expanding spherical wavefronts and so the received 
signals do not always correspond to a reflector directly below the source-and-receiver. A 
truly representative ('photographic') image of the sub-seabed is only obtained when the 
entire wave field is sampled in 3D. 

In contrast to 2D methods, which produce individual vertical cross-sections of the 
subsurface, 3D methods produce data volumes that can be processed coherently across a 
site. The 3D volume is then visualised and interpreted using advanced software revealing 
the three dimensional content, be it buried objects or stratigraphy, within the sub-bottom. 
Unfortunately, there are some operators that claim 3D profiling, when all that is being done 
is to acquire a grid of 2D data and then, during processing, interpolate data between the 
grid lines. This is fine when only general trends of sub-bottom stratigraphy are required, but 
this fails to deliver a data set that provides full coverage for object detection such as cables, 
pipes, boulders, debris and UXO. It would be reasonable to refer to these techniques as 
only pseudo-3D as they fall well short of a “true” 3D survey.  SBI has been designed 
specifically to provide “true” 3D survey data.   

1.4 Terminology 

CDT  Conductivity-Depth-Temperature Sensor 

EIVA  Survey Software Company 

DoB  Depth of Burial 

DVL   Doppler Velocity Log 

GPS   Global Positioning System 

GSFF  Generic Sonar File Format  

HF  High Frequency 

INS   Inertial Navigation System 

LBL   Long Base Line positioning system 

MSBL  Mean Seabed Level 

NAS  Network-Attached Storage 

rms  Root Mean Squared 

ROV  Remotely Operated Vehicle 

SAS  Synthetic Aperture Sonar 

SBI  Sub-Bottom Imager™ 

ToP  Top of Product 

USBL  Ultra Short Base Line positioning system 

UTC   Universal Transverse Co-ordinate 

UTM  Universal Transverse Mercator projection 
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UXO  Unexploded Ordnance 

WROV  Work Class Remotely Operated Vehicle 

WGS-84   World Geodetic System of 1984  
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2 SUB-BOTTOM IMAGER™ PRINCIPLE OF OPERATION 

2.1 SBI Data Acquisition-Processing-Interpretation Flow Diagram 

The SBI, as a sub-seafloor imaging answer product, consists of three logical units: 

 Subsea equipment and data acquisition, 

 Data processing, and 

 Data interpretation of the processed data. 

The associated flow diagram is shown in Figure 1. 

 
Figure 1: Acquisition, Processing and Interpretation Flow Diagram of the Sub-Bottom 
Imager™ Data 

 

The SBI design is based on the detection and imaging of buried objects located in the near 
field of a multi-element hydrophone array. An object that exists in the nearfield, and exhibits 
an acoustic impedance contrast to its immediate surroundings, will reflect acoustic energy 
and those reflections are detected by each of the receiving elements of the SBI hydrophone 
array. 

2.2 Data Acquisition Methodology 

To create an SAS image, successive acoustic chirp signals are transmitted to "illuminate" a 
target scene, and the reflection of each signal is received and recorded. The signals are 
transmitted and the reflections received using a single beam-forming receiver array, with 
sub-wavelength element spacing. As the SBI moves, the receive array location relative to 
the target changes with time. Signal processing of the successive recorded acoustic 
reflections allows the combining of the recordings from these multiple receiver positions – 
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this process forms the 'synthetic aperture', and allows the creation of higher resolution 
images than would otherwise be possible with a given physical receiver array. 

The SBI signal transmission is with an arrangement of broad beam linear frequency 
modulated (LFM) chirp projectors whose beam pattern is aligned with swath and synthetic 
aperture characteristics. Highly repeatable chirp acoustic signals are transmitted in to the 
sub-bottom and the reflected signals are detected with a 40 channel linear hydrophone 
array aligned in the across-track direction. In operation, the SBI array continually moves 
forward and repeatedly ensonifies the volume of the seabed under the hydrophone array 
and continuously receives acoustic reflections from the seafloor and sub-seabed. The SBI 
approach is to focus the acoustic returns on signal reception.  

The linear hydrophone array focuses the energy in the cross-track direction (using beam 
forming) while synthetic aperture processing yields the along-track focusing. A simple plan 
view sketch is shown in Figure 2, showing three broad beam projectors and a linear 
hydrophone array. 

 

Figure 2: Plan view of the SBI concept consisting of three linear frequency 
modulated chirp projectors and a linear hydrophone array aligned in the 
across-track direction (not to scale) 

This summing approach underlies the basic operation of the system in that the firing 
repetition rate of the chirp signal is typically 50 Hz. At such a rate, the scene below the 
hydrophone array is being acoustically illuminated repeatedly. A full swath is realized at a 
nominal rate of 16.7 Hz. When a projector emits its signal, data is recorded simultaneously 
on all 40 hydrophone channels. As the vehicle moves forward, features in front of the array 
move into range and features towards the back are moving out of the array receive pattern, 
having remained there for several seconds. At 50Hz, these features are being illuminated 
and detected from multiple aspects 100 times or more. This fundamental operating mode, 
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together with accurate position and attitude tracking of the payload, underlies the ability of 
the system to produce a true 3D volumetric image. 

To permit the system to function at reasonable and wide-ranging speeds of advance while 
connected to a moving platform, two design elements come to bear.  

1. The individual hydrophone element beam patterns are built to strict side lobe 
suppression characteristics to reduce ringing in the returned signal and improve 
image quality.  

2. The scene below the moving hydrophone array must be illuminated by the acoustic 
source with a uniform intensity across the width of the array. This is accomplished 
using three identical acoustic projectors arranged so as to illuminate an 80 degree 
field in the across-track direction. These transmitters fire in sequence and the 
received reflections are coherently summed in the final dataset. 

It is important for the scene of interest to be maintained at a reasonable range from the 
sensors in order to permit all of the devices and signal processing elements to work 
properly. Notably, the projectors and source signal require 4.5 millisecond (two-way) time-
of-flight clearance from the seafloor in order to perform to their design specifications. This 
translates into a nominal payload fly height of 3.5 meters ± 0.5 m above seafloor. Variation 
in fly height is naturally permitted, but degradation of the overall system performance is to 
be expected when doing so.  

Independently of the acoustics, position and orientation of the payload is captured using a 
high-grade INS (such as an IXSEA PHINS 6000) whose clock is synchronized with that of 
the acoustics sensors. The INS data is collected at the highest possible refresh rate, which 
ranges from 10 to 25 Hz. The INS is typically aided by a Doppler Velocity Log (DVL). In 
shallow-water operations, where surface antennas are possible, the SBI can also aided with 
GPS. 

In normal operations, the SBI can also be operated with input from a Hydro-acoustic Aided 
Inertial Navigation (HAIN) system (or similar) if the support vessel is suitably equipped. 
Unaided, an INS system drifts over long term usage. GPS and HAIN aided INS systems 
continuously correct for drift. 

The SBI imaging results in a continuous (three-dimensional) trapezoidal prism of data 
below the seafloor (Figure 3). It can be thought of as a continuous ribbon of data, 5 m wide 
and 5 m deep, and infinitely long, and possibly undulating. 
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Figure 3: SBI Volumetric Data 

 

2.3 Summary: Key Points To Remember Regarding SBI Data Acquisition 

In summary, the key points to remember from the above sections regarding the principle 
components necessary to gather data for acoustic imaging are as follows: 

 A stable platform enabling deployment of sensors to a nominal 3.5 m altitude above 

the seafloor 

 Three linear frequency modulation projectors as acoustic sources, 4.5-12.5 kHz 

bandwidth, providing a uniform 5 m illumination swath of the seafloor 

 One 40-channel hydrophone array aligned perpendicular to the direction of travel 

yielding a fully steerable 3 degree beam pattern (steering in the direction 

perpendicular to direction of travel) 

 One high-grade Inertial Navigation System (INS) continuously tracking sensor 

location (easting, northing, altitude) and orientation (roll, pitch, yaw). 
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3 SUB-BOTTOM IMAGER™SYSTEM COMPONENTS  

The SBI consists of the following hardware components. Figure 4 shows SBI subsea 
components mounted on an ROV skid.  

3.1 SBI Chirp Sources 

The SBI employs three 4.5 kHz to 12.5 kHz LFM chirp projectors with elliptical beam 
patterns. That is cross-axis 3 dB beam width of 30˚ and along axis beam width of 15˚. The 

projector beam patterns are orientated in such a way as to provide a useable swath width of 
5 m at the seafloor and 8 m at full penetration depth, when the transmitter-hydrophones are 
located at an elevation of 3.5 m ± 0.5 m above the seafloor. This provides swath and proper 
along-track coverage to minimize unwanted reverberation and meets synthetic aperture 
processing requirements.  

This source array produces highly repeatable source signatures that are recorded and 
correlated with the source sweep to produce high quality reflection data. The bandwidth has 
been selected to provide centimeter resolution allowing small objects such as cables to be 
imaged easily. The unit is capable of generating source levels of 192 dB//μPa.m. 

3.2 Hydrophone Array 

Reflected acoustic signals are captured by the SBI hydrophone array (Figure 4). The SBI 
hydrophone is a 40 element linear array aligned in the across-track direction with the 
following dimensions: 0.305m (L) x 0.598m (W) x 0.13m (H) 

 

 

Figure 4: SBI mounted on WROV skid 
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3.3 Inertial Navigation System 

A prerequisite for the effectiveness of the SAS processing is that the relative positions and 
orientations of the projectors and the hydrophone array must be determined with high 
precision at all points along the duration of a given aperture window, and the platform must 
be reasonably stable. This can only be achieved by fixing subsea components to a rigid 
frame and using a state-of-the-art Inertial Navigation System.  PanGeo uses an IXSEA 
Phins 6000 system to achieve the required accuracy. The IXSEA unit mounts on the SBI 
skid and is attached to the ROV platform together with the other SBI components. The SBI 
uses the IXSEA Phins INS to give the exact location, direction and position of the SBI at all 
times. This information is used in correlation with the received data from the hydrophones 
to produce a sub-seabed survey of the ocean floor.  

3.4 External Positional Aiding Sensors 

Multiple IXSEA PHINS aiding sensors are required for accurate positioning and to correct 
for system drift. The PHINS is equipped with a depth sensor and DVL (see below). In 
addition, a Global Positioning System (GPS), Ultra Short Baseline (USBL) or Long Baseline 
(LBL) acoustic positioning system, ROV Depth Sensor, or other IxBlue PHINS compatible 
positioning system, is required to send positional data to the PHINS. A surveyed offset from 
the ROV USBL transponder or GPS antenna to the PHINS position is also required. 
Without these external sensors the SBI has no world-coordinate positional reference. 

3.5 SBI Auxiliary Sensors 

3.5.1 Doppler Velocity Log (DVL)  

The DVL measures speed over ground, which the PHINS uses to improve estimation of 
position and velocity. The DVL will greatly reduce drift, especially during USBL or GPS 
dropouts. The DVL seafloor detection can be used in combination with the velocimeter (see 
below) to determine system altitude above the seafloor. The altitude is used for SBI 
dynamic velocity model. 

3.5.2 Pressure Sensor  

The pressure sensor provides pressure readings that the PHINS converts to depth 
readings. This is an approximation since it assumes a water density that can, in reality, vary 
with temperature and salinity. The pressure sensor on the PHINS is generally used just to 
stabilize the PHINS vertical position, not for a highly accurate depth measurement since 
this is not required. For this reason, wherever the SBI is to be interfaced to a vehicle with a 
MBES system, the vehicle will almost always have a CDT bundle. In this case, the depth 
calculation from this sensor is provided to the PHINS rather than the SBI pressure sensor, 
to ensure that the MBES and SBI surfaces line up vertically. 

3.5.3 Velocimeter 

The velocimeter measures the local speed of sound in water. This is required for the 
velocity model described later in this document. 
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3.5.4 Provision of Universal Time Co-ordinate (UTC) 

3.6 SBI Top Side System 

The data acquisition and processing equipment supplied with the SBI system comprises 
two main CUDA-based processors, two laptop computers and associated displays, network 
switches and cables, as a minimum, depending on the scope expected onboard the vessel. 
A general configuration diagram for the SBI surface system is shown in Figure 5. 

All of the surface equipment operates from an electrical supply of 100V - 240 ac 50/60 Hz 
with a maximum power requirement of 3000 Watts. The network connection to the SBI 
Subsea system should be verified to have a throughput of better than 100 Mbytes/s. 

The UTC time from the GPS system is sent to the PHINS to update its clock. Time 
stamping of PHINS and Acoustic data is currently done by topside computer. 

The SBI survey interface to ROV data connections required to and from the vessel / survey 
are: time synchronization feed to INS and SBI system time, and subsea position aiding as 
described above. 

 

Figure 5: SBI Top Side Equipment 
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4 SUB-BOTTOM IMAGER DATA PROCESSING 

4.1 What is SAS Processing and Why is it Necessary? 

In order that the Sub-Bottom Imager™ system could provide high-resolution volumetric 
images of buried objects and be made compact and versatile for use on a wide variety of 
subsea platforms, the system was developed on the principle of the “synthetic aperture 
sonar (SAS)”. SAS image processing is closely related to Synthetic Aperture Radar (SAR), 
seismic imaging and medical ultrasound.  

The principle of SAS is that a long receiver array, significantly longer than a physical one, is 
synthesized in the along-track direction. This is accomplished by using sophisticated signal 
processing software that coherently recombines many individual reflected signals that 
overlap the area of interest. A longer sonar array is emulated in software while greatly 
increasing spatial resolution in the along-track direction than is otherwise possible with 
conventional sub-bottom profilers. The SBI uses this effect, in combination with 
conventional physical array beam forming in the cross-track, to achieve high quality imaging 
results. 

This method of data processing is particularly applicable when the objective of the survey is 
to acquire data from diffuse reflectors (cables, pipes, and other discrete objects) which give 
rise to non-specular returns, as opposed to stratrigraphy which gives rise to specular 
returns that are detected with conventional sub-bottom profilers. 

The Synthetic Aperture Sonar (SAS) acquisition and processing protocols are intended to 
accentuate the diffusely scattering character of the subsurface (non-specular returns from 
discrete objects). Akin to any phased array approach, the method relies on target 
illumination intensity build-up through phase coherent summation. Additionally, the design 
of the system reflects the necessity for operation in the near-field; thus allowing for range 
dependent focusing.  

By way on an introduction to SAS processing, a generalized SAS algorithm for a phased 
array is described below to illustrate the basic data processing methodology.   

1. A three-dimensional array (a volume) of scene elements is defined which will 
represent the volume of space within which targets exist. Each element of the array 
is a voxel (cube element or voxel pixel) representing the probability (a "density") of a 
reflector being at that location in space. Initially, the SAS algorithm gives each voxel 
a density of zero. 

2. Then, for each captured return (received reflected waveform), the entire volume is 
iterated. For a given waveform and voxel, the distance from the voxel position to the 
receiver used to capture that waveform is calculated using a sound velocity model. 
That distance represents the received waveform time delay. The sample value at 
that position in the waveform is then added to the voxel's density value. 

3. After all waveforms have been iterated over all voxels, the “density” value is 
normalized based on the number of contributing waveforms, and the basic SAS 
processing is complete. 

4. What remains, in the simplest approach, is to decide what voxel density value 
represents an object. Voxels whose density is below a certain threshold are ignored. 
Consequently, there is a need for large numbers of receiver positions to properly 
characterize a target. The voxels that passed the threshold criteria are visualized in 
2D or 3D.  
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4.2 SAS Data Processing Method 

The SBI is both a unique sub-bottom imaging tool and utilizes unique data processing 
algorithms to generate its images. Unlike general geophysical data processing suites, 
designed for a broad array of acquisition and processing needs, the SBI data processing 
parameters options are custom-tailored for the particular task in-hand. During data 
processing, a beamforming and steering technique is applied to the line array data, which 
emulates a focused receiving array that measures acoustic intensity at a multiplicity of focal 
points within the sub-seabed Acquired data are processed using a combination of coherent 
synthetic aperture and beam forming techniques that generate true 3D acoustic data 
volumes. These data volumes are visualized in the 3D survey software environment (in 
SBI’s case this is EIVA NaviModel).  

Figure 6 shows the SBI SAS data processing flow diagram. The process is as follows: 

 

Figure 6: Sub-Bottom Imager™ SAS Data Processing Flow 
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1. The acoustic and INS data streams operate on synchronized clocks. Both devices 
continuously stream their respective data to a Data Recording Process. Auxiliary sensor 
data is also logged and again stored.  The SAS data render process involves a data 
preprocessor interpolating positional and attitudinal INS data to associate the best 
known position and orientation of the acoustic receivers at the time the acoustic data 
was gathered. This yields geo-referenced acoustic data ready for coherent summation. 
 

2. Acoustic data undergoes digital filtering of the data to the operating bandwidth of the 
sonar as a first-level step to reduce ambient noise. 

 
3. The acoustic signals undergo linear frequency chirp pulse compression, which is 

designed to distinguish features in range. The SBI transmitted signal is a linearly 
frequency modulated chirp. The matched pulse compression consists of cross-
correlation of the raw data with the chirp signal. The reduction of side-lobes is obtained 
at the expense of widening of the main-lobe. Hence, a compromise is established 
between main-lobe width and the relative amplitude of the side-lobes.  

 
4. Full complex coherent summation of the acoustic data is now carried out. That is for 

each voxel (small computational volume) the total backscattered contribution is 
calculated following synthetic aperture rules that accounts for beam patterns of 
projectors and hydrophones and contributes a second-level ambient noise reduction 
step. 
a. In the across-track direction, the projectors-hydrophone geometry is fixed, in which 

case coherent summation works in the same way as would a conventional 

beamformer. 

b. In the along-track direction, the projectors and hydrophones are in continuous 

motion, in which case coherent summation over travel lengths of 4.6 m yields a 

synthetic aperture sonar beamformer. 

The entire volume rendering/interrogating process proceeds by successively interrogating 
individual resolution cells (i.e. voxels). From a computational viewpoint, this process is 
highly parallelizable and as such has been implemented on a network of Graphics 
Processing Units (GPUs). The current implementation handles all needed computations for 
a full SBI swath once every 16 ms. 

5. The SAS processed data undergoes storage data following which the acoustic imagery 

is then ready for display on computer screens used by the ROV pilot to aid navigation 

over the scene of interest and by the data interpreter who views and manipulates the 

3D data set using EIVA Navimodel. 

4.3 Coherent Summation and Volume Rendering  

The Sub-Bottom Imager™ volume imaging is based on coherent summation (i.e. focusing) 
of the backscattered wavefield. An object that exists in the nearfield, and exhibits an 
acoustic impedance contrast to its immediate surroundings, will reflect acoustic energy and 
those reflections are detected by each of the receiving elements of the SBI hydrophone 
array. The focusing methodology is based on a straight-ray geometry approximation from 
the source to an acoustically contrasting scattering body and from that scattering body to 
the receivers. That is, for each voxel (small computational volume) the total backscattered 
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contribution is calculated, where each transmitter-receiver pair observes platform location 
specific total travel time to-and-from the scattering volume. This method is entirely 
statistical, if an actual scatterer exists within the small volume under investigation, the 
contribution is high due to coherent summation. On the other hand, if no scatterer is present 
within the specified volume, the total contribution is low due to incoherent summation. 
Moreover, because the size of the (synthetic) aperture is much larger than the wavelength, 
the scattering at full penetration depth or less occurs within the near-field of the 
source/receiver array.  

As mentioned above, the coherent summation of signals in the across-track direction works 

in the same way as would a conventional beamformer, while in the along-track direction, 

the projectors and hydrophones are in continuous motion, in which case coherent 

summation, which occurs over travel lengths of 4.5 m, yields a synthetic aperture sonar 

beamformer. In terms of data quality the following is expected: 

a. In the across-track direction, acoustic focusing is best in the centre of the array with 

slight degradation towards the outer edges of the image. 

b. In the along-track direction, acoustic focusing is nearly constant at all ranges of 

interest (< 5 m depth below seafloor). This is owing to the synthetic aperture gains 

achieved by the data gathering method. 

Coherent summation over synthetic aperture lengths of approximately 4.5 m contributes 
important signal-to-noise gains in the acoustic imagery. This is a significant factor in the 
overall sonar performance. 

4.4 Beamforming  

4.4.1 The Motivation for using Beamforming 

While delivering energy at depth is a key requirement in order to image into the seabed, it is 
not sufficient. A key limitation in attempting to discriminate buried objects in the sub-seabed 
is not only achieving signal penetration or even acceptable signal-to-noise ratios for 
reflections from targets at depth, but rather also achieving sufficient signal-to-reverberation 
ratio that permits a target to stand out against the acoustic energy background that arrives 
at the receiver. This is especially important in complex seabeds containing geohazards, 
such as boulders and buried objects, the presence of which may be of key interest. Without 
a sufficient signal-to-reverberation ratio, only major specular reflectors (such as reflections 
from stratigraphic layers) are typically resolvable in the data. 

Two methods of achieving sufficient signal-to-reverberation ratios are: 

a. To avoid acoustically illuminating large areas of the seabed with the source 
transducer. This implies achieving tight directivity of the source energy consistent 
with a narrow beam. However, this is generally at odds with the requirement to use 
a low frequency to achieve penetration, as the directivity of a transducer is a 
function of the physical size (i.e. diameter) versus wavelength (frequency). A 
conventional low frequency transducer would have to be impractically large in 
comparison to its wavelength to achieve a suitably narrow beam, and even then 
would be subject to the physical constraints of side-lobe generation in the transmit 
source pattern complicating the subsequent data analysis. An alternative narrow 
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beam transducer, the parametric sonar, has its own set on constraints one of which 
is transduction efficiency. 
 

b. To evenly illuminate the entire seabed of interest, and then focus on receive, that is 
to “listen” for acoustic energy only from a very narrow, specific direction. This is the 
method employed by the SBI. Focusing on receive is achieved through the use of 
electronically-steerable narrow-beam receiver. To be effective, such an approach 
must form an extremely narrow and focused listening “beam”. Based on the 
relationships between frequency, wavelength and transducer size, this beam 
forming approach implies a large listening array and that the target of interest is in 
the nearfield of the array. This requirement for a large listening array will be dealt 
with in subsequent section. For now, some basics of conventional beamforming 
concepts are introduced. 

4.4.2 Introduction to Conventional Beamforming 

Beamforming (or spatial filtering) is a signal processing technique used in sensor arrays for 
directional signal transmission or reception. This is achieved by combining elements in a 
phased array in such a way that signals at particular angles experience constructive 
interference while others experience destructive interference. Beamforming can be used at 
both the transmitting and receiving ends in order to achieve spatial selectivity. The SBI 
beamforms on reception.  

This beamforming technique involves combining delayed signals from each hydrophone at 
slightly different times (the hydrophone closest to the target will be combined after the 
longest delay), so that every signal reaches the output at exactly the same time, making 
one high amplitude signal, as if the signal came from a single, very sensitive hydrophone.  

With narrow-band systems the time delay is equivalent to a "phase shift", so in this case the 
array of hydrophones, each one is shifted a slightly different amount, is called a phased 
array. A narrow band system, typical of radars, is one where the bandwidth is only a small 
fraction of the center frequency. With wide band systems this approximation no longer 
holds, which is typical in sonars. 

In the receive beamformer the signal from each hydrophone may be amplified by a different 
"weight." Different weighting patterns can be used to achieve the desired sensitivity 
patterns. A main lobe is produced together with nulls and sidelobes. As well as controlling 
the main lobe width (the beam) and the sidelobe levels, the position of a null can be 
controlled.  

Another benefit of using a beamformer with the SBI system is that it is possible to alter 
focusing of an object without altering the physical array.  

The following is a very brief introduction to conventional beamforming on reception using a 
series of illustrations. The word “source” can be interchanged with “reflector”, which 
represents a secondary source. 

Consider a situation in which a passive acoustic array is listening for sound emanating from 
a source located a long distance away (in the far field). The sound arrives at the 
hydrophone array as plane waves at a non-normal angle of incidence (as illustrated in top 
panel (a) of Figure 7). The signal can be enhanced by applying the appropriate time delay 
to each of the individual sound waves and then summing the time delayed signals (Figure 7 
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(b)). In this simple case, of a linear hydrophone array, the time delay will be constant for all 
channels. This is a Delay-and-Sum Beamformer. 

In the previous example, the hydrophone array received the sound waves from an arbitrary 
source and direction; beamforming being carried out after reception. Figure 8, illustrates a 
case where the Delay-and-Sum Beamformer can be used to steer the receiving 
hydrophone in order to detect sound coming from a particular source direction. In this case 
the channel delays are pre-defined in order to focus the energy coming from a particular 
direction. 

 

Figure 7: Acoustic plane waves incident on the hydrophone array at non-
normal incident are beamformed using a Delay-and-Sum Beamformer. 

Figure 9 illustrates a more complicated situation in which a sound source is located in the 
near-field of the receiver array. The incident wavefront is no longer planar, because the 
source is in the near-field of the receiver array, and the source position will influence the 
shape of the wavefront and therefore the time delay of waveforms received at each channel 
will no longer be constant. A more complicated beamformer algorithm is required, but it will 
still essentially be a Delay-Sum Beamformer.  
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Figure 8: Steering (“listening”) towards a source 

 

Figure 9: The near-field condition demands a more complicated beamforming 
algorithm since the incident waveform is a function of the source position 
relative to the receiver.   
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4.4.3 Challenges Associated with SBI Beamforming Processing 

Compared to situations normally encountered by the SBI, the cases presented in Figure 7 
to Figure 9 are straightforward beamforming applications. Normally the SBI beamformer 
has to take the following in to account: 

4.4.3.1 Platform Motion 

Even though the ping rate of the SBI is high, at 50Hz, the platform is forever moving. Not 
only is SBI progressing forward as part of the normal survey operation, but is also subject to 
the pitch, roll and yaw associated with wave action and currents. Acoustic signals from the 
same region of seabed are therefore arriving at the hydrophone array at a variety of angles 
of incidence.  It is necessary to know very precisely the location of the hydrophones from 
ping-to-ping in order to correct for the motion and to ensure that coherent summation of 
signals is carried out from the same region of seabed.  This is addressed in a number of 
ways: 

i. The SBI components are mounted on a rigid frame so that the position and 
offset to every component remains constant. 

ii. A high grade INS provides ping-by-ping location of the components in absolute 
co-ordinates.  

iii. In addition, the INS data is supplemented with DVL readings, providing speed 
over ground, and USBL updates which assist in minimizing/ eliminating any drift 
within the INS.  

iv. Roll, yaw and pitch are continuously logged and monitored by the SBI operators. 
Deviation of these logged readings from optimal platform stability limits alert the 
operator that the SBI data may be being compromised by excessive motion.   

     

4.4.3.2 Variations in Sound Speed and Travel Path 

During acquisition acoustic energy is projected through the water column and in to the sub-
bottom soils. Reflected signals will travel through soil and water back to the hydrophone 
array. A representative velocity model of the water column and seabed is required to 
correct for differences in travel path of received reflection data. The speed of sound 
travelling through the water column is logged using a velocimeter, which is part of the SBI 
auxiliary sensors. Speed of sound in the soil bed is achieved by carrying out a velocity 
analysis at intervals during the survey. 

The velocity analysis is necessary to both coherently sum along the best-fit hyperbolic path 
to better focus the SBI returns and to properly depth convert the data. The velocity analysis 
aim is to provide interval velocities at regular intervals along the SBI track. These data are 
then interpolated every 100 meters and used as the sub-seabed interval velocity for 
rendering the SBI data. Velocity analysis requires a good quality image of the buried cable 
directly underneath the SBI with the acquisition track in line and parallel to the cable track. 
A single GSF file (consisting of 40 channels hydrophone trace data) is all that is required 
(this consists of 40 channels of across track trace data) to perform the velocity analysis. 
The hyperbolic reflection arising from the diffracted wave front returning from the buried 
cable (left panel of Figure 10) is used to determine a 2-layer velocity profile (water-soil) 
between the acoustic transducers and the buried cable. 
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4.4.4 Beamforming Parameters 

Selectable beamforming parameters include:  

1. Receiver cone: the (angular) size of the receiver cone is specified and thereby the 
specific receiver locations to be included in the beamformer summation are selected. 
  

2. Array Shading:  The shading parameter can be either: i) “Strong”, ii) “Normal”, or iii) 
none. These three array shading options are selectable in both live and offline SAS 
rendering programs.  
a. “Strong” Shading allows a trace into the summation based on whether the trace falls 

within the specified receiver cones. Specifications are to reduce sidelobe levels by 
26dB with the tradeoff being 17% broadening of main lobe.  

b. “Normal” Shading allows a trace into the summation based on whether the trace 
falls within the specified receiver cones with additional roll-off scaling towards the 
edges of the cones. Specifications are reduced sidelobe levels by 18dB with tradeoff 
being 9% broadening of the main lobe.  

c. “None” Shading is where no array shading is applied. This effectively ignores the 
receiver cones and allows all traces to enter the summation.  

 

 

Figure 10: The left panel shows an example of a shot gather. The green dot 
denotes the apex of the hyperbolic event (yellow dashed line) associated with 
a buried cable and the red star denotes the location of the seabed below the 
central hydrophone. The right panel shows an example of a gained migrated 
shot gather, using the rms velocity of 1523.53 m/s. The migrated event at 
approximately 6.6 ms corresponds to the location of the cable. 
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4.5 SBI Synthetic Aperture Data Handling 

As the SBI moves, the sub-bottom scene is rendered into a geo-referenced SAS Cube, 
geometry on the order of 5m x 5m x 15 m extent, with voxel sizes as small as 5 cm x 5 cm x 
5 cm depending on the application and time available for processing. Nine (9) active data 
cubes (alternatively “active set”) are maintained at any one time. These have a fixed 
geometry and orientation. Figure 11 and Figure 12 illustrates how data cubes within the 
active set are added and dropped as the SBI survey progresses. Figure 13 shows how the 
synthetic aperture is extended as more and more data is acquired.  

 

 

Figure 11: The changing “active set” as data acquisition moves northwards. 

 

 

Figure 12: The changing “active set” as data acquisition moves north east 
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As the survey proceeds, there’s an accumulating list of SAS Cubes to manage. A SAS 
Cube Data Server is used to manage the continuously increasing list of SAS cubes, and 
handle SAS cube update requests from visualization consoles. 

As the SBI acquires data, it correlates INS and raw acoustic data and performs SAS 
processing in real-time which is displayed to operators for the purposes of navigation. The 
data is later post-processed with an improved velocity model and to a higher resolution.  

The resulting processed data is a 3D volume, subdivided into separate blocks of data. A 
representation of the data acquisition and the continual creation of the synthetic aperture 
data are shown in Figure 14. 

  

 

Figure 13: The creation of the synthetic aperture as the SBI survey 
progresses 
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Figure 14: The synthetic aperture is continually expanded as the SBI survey 
progresses 
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5 DATA VISUALIZATION – INTEGRATING SBI DATA WITH SURVEY/NAV DATA  

A prerequisite for the effectiveness of the SAS processing are that the relative positions and 
orientations of the projectors and the hydrophone array must be determined with a high 
precision at all points along the duration of a given aperture window, and the platform must 
be reasonably stable. To this end, a high quality INS system must be interfaced to the SBI, 
the output of which is recorded simultaneously with the acoustic data. It crucial that the time 
synched acoustic data and INS data be reconciled in order to provide high quality, 
meaningful images.  

5.1 SAS Volumetric Data 

As the SBI acquires data, it correlates INS and raw acoustic data and performs SAS 
processing in real-time which is displayed to operators for the purposes of navigation. The 
data is often post-processed with an improved velocity model and to a higher resolution 
with the aim of improving focusing and generating a better image.  

The resulting processed data is a 3D volume, subdivided into separate blocks of data. An 
example of post-processed data is shown in Figure 15. The SBI processed synthetic 
aperture volumetric data sets are stored in PanGeo’s SAS format and not in SEG-Y format. 
SEG-Y format is too restrictive to permit the synthetic aperture volumetric data processing 
that the SBI system is designed to output for the purpose of viewing the SAS data using 
EIVA Navimodel. 

 

Figure 15: SAS Volume as Comprised of Sub-Volumes 

Each block of data is stored in a .sas file on disk. A ‘SAS dataset’ is a directory containing 
such .sas files. The red line above is the flight path of the ROV as determined by the INS.  

Signal intensity is represented by color with blue representing acoustically transparent 
areas and red higher intensity acoustic reflections. The upper blue layer is the water column 
below the transducer array with the adjacent red layer the seabed interface. The acoustic 
beam spreads out as the signal penetrates into the seabed, giving a volume width of 3.5m 
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at the transducer, increasing to approximately 5m at the seafloor, and approximately 8m at 
full penetration depth. The images presented here, include cross-sections and plan view 
slices and isometric views. Please note that the full value of the SBI data set can only be 
appreciated within the 3D viewing environment. The following slides present 2D screen 
shots of the 3D data set such that linear targets, such as pipes and cables, may seem to 
disappear within a given image. In actual fact, the linear target may have moved out of the 
2D plane of view and still be quite visible within the 3D viewing environment. The SBI 
rendered images are used to identify acoustic anomalies, consistent with the buried objects, 
infrastructure, and geohazards. 

The data can be sliced and clipped from any angle. Figure 16 shows a top-down slice of a 
HVAC cable buried approximately 1.5 - 1.8 m beneath the seabed. 

 

Figure 16: Data Slice Showing the Cable Sub-Seabed 

The SAS data is composed of voxels (the 3D analogue of pixels in a 2D image). During the 
SAS rendering process, each voxel in the volumetric region of interest beneath the SBI is 
contributed to by thousands of acoustic records over time.  

 

Figure 17: Cross-Track Slice Depicting the Cable 
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The high number of contributing samples increases the signal-to-noise ratio and signal-to-
reverb ratio of each voxel. The number of contributing samples to each voxel is stored in 
SAS data and is employed as a confidence metric. 

5.2 Top-of-Cable Coordinates and Motivation for the REP Format 

Note the following two important aspects of SBI data that is output from the SBI system: 

1. The SAS volume that is produced is positioned in absolute coordinates, referenced 

by the INS track used to produce the data. The INS track used to process the SAS 

data determines the position of the SAS volume.  

2. Since each voxel is the product of samples from multiple acoustic records over time, 

there is no unique time naturally associated with a top-of-product coordinate derived 

from the SAS data.  

This is in contrast to electro-magnetic based cable and pipe tracking systems that output 
ASCII strings which contain a vertical and horizontal range to target which can be time-
stamped upon their reception. 

Top-of-Product (ToP) coordinates are derived from the SAS data volume, and thus have an 
absolute UTM position. In order to correlate ToP coordinates with other navigational or 
environmental data collected simultaneously with the SBI system (for instance, with another 
vehicle track, bathymetry data, and the like), a timestamp is used as an associative key. By 
doing so, it is possible to associate a top-of-product coordinate derived from SBI data with a 
point from the INS track, which has a time.   

The closest point C (green point, Figure 18) on the INS track to the ToP coordinate P (red 
point, Figure 18) is chosen, and provides offsets from C to P, along with the time at point P.  

 

Figure 18: Closest Point on INS track (green point) with ToP Coordinate (red 
point) 
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5.3 Detection Threshold 

The requirement for accuracy for top-of-product to within 10 cm is largely governed by 
signal-to-noise, or more appropriately, signal-to-reverberation in the case of sub-bottom 
targets. A 13dB recognition differential (signal-to-reverberation) is typically needed for 
identification of a target.  

5.4 Top of Product 

Generally PanGeo works with a Survey company that can provide collocated Multi Beam 
Echo Sounder (MBES) bathymetric data. The SBI data is combined with the MBES 
bathymetric data, which provides mean seabed level. Both data sets can be viewed and 
manipulated in EIVA NaviModel and the depth of product below mean seabed is 
determined by manually digitizing the Top of Product (ToP). 

Examples of an imaged cable are provided in Figure 19 to Figure 21. Figure 19 shows the 
SBI data as a full 3D volume. Figure 20 shows a horizontal slice through the same region. 
The cable is imaged as a high intensity (yellow/red) linear feature passing through a lower 
intensity (blue) background. These images are used to manually digitized ToP. The 
digitized points are shown as white dots within the figures. Figure 21 shows a head-on 
vertical slice through the same region. The seafloor surface is visualized as a high intensity 
line where it intersects the data slice. The cable is visualized as a high intensity localized 
region in an otherwise low intensity background. Manually digitized ToP points are again 
shown as white dots. 

 

 

Figure 19: An example of the SBI data collected is shown as a full 3D volume 
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Figure 20: An example of the SBI data shown as a horizontal slice of the 3D 
volume. 

 

Figure 21: An example of the SBI data shown as a vertical slice of the 3D 
volume. 
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5.5 REP File Format 

The X-Y-Z Top of Product positional data and all data associated with those locations are 
saved in a REP file. The REP file format contains all the important information PanGeo 
needs to not only analyze the SAS data, but also to analyze various aspects of the survey 
such as platform stability and survey coverage rates. Most importantly the REP file is 
readily imported in to NaviModel for data viewing and interpretation. PanGeo is mindful that 
not all contractors or clients have access to NaviModel, so alternative formats can be 
provided. The content of a REP file is as follows:  

Rep Format 1.02 

#Datetime; Easting; Northing; Depth; Roll; Pitch; Heading; d_forward; d_port; d_up; DVL; 

DOC; Cable Flag; Mean multibeam; KP 

2014-10-15 11-39-10.706;463440.530;5747058.810;37.990;1.380;-0.920;246.780;0.152;-1.211;-

5.201;3.330;0.000;0;0.000;136.002 

2014-10-15 11-39-23.409;463436.080;5747056.770;37.910;1.470;-0.550;246.200;0.084;-1.473;-

5.273;3.540;0.000;0;0.000;135.997 

2014-10-15 11-39-35.419;463431.640;5747054.680;37.960;1.610;-0.680;246.560;0.076;-1.548;-

5.218;3.410;0.000;0;0.000;135.992 

2014-10-15 11-39-47.009;463427.140;5747052.670;37.850;1.700;-1.180;245.750;-0.007;-1.606;-

5.246;3.520;0.000;0;0.000;135.987 

2014-10-15 11-39-58.313;463422.720;5747050.870;37.760;1.430;-0.340;246.090;-0.028;-1.471;-

5.195;3.540;0.000;0;0.000;135.983 

 

There are two headers, followed by a number of semi-colon delimited lines, consisting of 
the following fields: 

Table 1: REP File Format 1.02 Fields 

# Name Description Format 

1 Datetime Date and time (UTC) dd-MM-yyyy HH-
mm-ss.fff 

2 Easting UTM easting of reference point on vehicle Meters (3 decimal 
places) 

3 Northing UTM northing of reference point on vehicle Meters (3 decimal 
places) 

4 Depth UTM depth of reference point on vehicle Meters (3 decimal 
places) 

5 Roll Roll of vehicle (positive port up) Degrees (3 
decimal places) 

6 Pitch Pitch of vehicle (positive bow up) Degrees (3 
decimal places) 

7 Heading Heading of vehicle (from north) Degrees (3 
decimal places) 

8 d_forward Forward offset from vehicle reference point to 
ToP in vehicle reference frame 

Meters (3 decimal 
places) 

9 d_port Port offset from vehicle reference point to ToP in 
vehicle reference frame 

Meters (3 decimal 
places) 
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# Name Description Format 

10 d_up Vertical offset from vehicle reference point to 
ToP in vehicle reference frame 

Meters (3 decimal 
places) 

11 DVL The raw altitude value obtained from the DVL 
for this location. Set to zero if DVL data is 
unavailable 

 

Meters (3 decimal 
places) 

12 DOC Depth-of-cover estimation. Set to zero if not 
populated. Generally not populated but can be 
used as a convenient field to calculate depth-of-
cover using a bathymetric source (DVL or 
altimeter) 

Meters 

13 Cable Flag Cable start flag. A code of ‘‘0’’ means current 
data point can be joined to previous point by a 
line object. A code of ‘‘1’’ means current data 
point cannot be joined to previous point and 
should instead be treated as the start of a new 
line object. 

 

“0” or “1” 

14 Mean 
multibeam 

The mean multibeam value measurement of 
water depth for this location.  

Set to zero if multibeam data is unavailable. 

 

Meters  

15 KP KP value of the ToP coordinate. 0 if no KP line 
is provided 

Kilometers (3 
decimal places) 

 

The Datetime field is the timestamp of the vehicle track point which is closest in X, Y, and Z 
to the ToP pick.  

The position of the point on the vehicle (Easting, Northing, Depth fields) and the 
orientation (Roll, Pitch, Heading fields) are taken from the INS data acquired by the SBI 
system.  

The position of the vehicle is by default referenced to the INS. However, it is possible to 
provide offsets when creating the REP file in order to change the vehicle position and ToP 
offset (d_forward, d_port, d_up) in order to reference any point on the vehicle, typically 
the vehicle survey CRP.  
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5.6 QA/QC of Top of Product Data 

PanGeo often partners with a Survey company to deliver the final depth of burial (DoB) data 
and associated charts. The DoB product delivery involves PanGeo providing Survey with 
ToP data so that Survey can integrate this with bathymetric and positional data to yield the 
cable DoB corrected to datum. This process, which is essentially one of QA/QC since it 
follows the familiar quality management Plan-Do-Check-Act loop, is iterative as illustrated in 
Figure 22.  

 

Figure 22: Flowchart showing the QA/QC process 

 

A QA check is carried out by PanGeo on the ToP “picked points” files (i.e. REP file and 
alternative X-Y-Z file if requested) prior to the release to Survey to verify that the cable 
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points were smooth and continuous. This visual check is done in NaviModel by a trained 
geoscientist. The following is performed: 

 Ensure points are in alignment with the image; 

 Ensure points are in order and the joining line does not double back; 

 Ensure there are no sharp corners or unnatural orientations of the cable (both in a 
horizontal as well as vertical sense); 

 Ensure adjoining REP files overlap well and all axes are well aligned; 

 Ensure point spacing is sufficient where data is present and plentiful; 

 Check for picking of incorrect feature (such as ROV reflection). 

Preliminary REP files (or alternative) are sent to Survey for QA and integration with 
bathymetric data via time stamp to determine DoB data. Reports to PanGeo regarding any 
anomalous readings resulting in DoB misalignment or jumps would result in PanGeo 
checking ToP points with immediate feedback to Survey. When all parties are satisfied, 
PanGeo issues the final deliverable REP and text files to Survey for final delivery of DoB.  

6 CONCLUSION 

It is hoped that in providing this technical description of the Sub-Bottom Imager™ data 
processing it answers many of the questions that both clients and colleagues have about 
the system. Although precise details of the data processing algorithms have not been 
shared, the overall methodology has been explained in considerable detail.  

The SBI continues to be developed in several areas. One of our current major thrusts is to 
reduce the overall weight of the SBI through the miniaturization of components and the use 
of alternative materials. Our original SBIs weighed in the region of 880 kg and our current 
version is around 465 kg but we fully expect to get it to around 300 kg in the near future.  

The current bottle neck in data processing (the labour intensive ToP picking) is being 
addressed through the development of auto-picking software, which is designed to speed 
up data processing throughput while maintaining best data quality. In this way PanGeo will 
provide better quality data delivered more quickly and efficiently than competing survey 
technology.  

PanGeo continues to make every effort to respond to client needs in an effort to provide 
solutions to their offshore challenges.  


