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ABSTRACT

In recent years photogrammetry has been applied to an increasing extent
for underwater measurement purposes. This paper examines recent develop-
ments and brings the reader up to date with current equipment, technigues
and applications. Possible future developments are outlined.

APPLICATIONS

Since the early 1970's there has been a growing interest im applying
photogrammetric measurement technigues to objects in the underwater envir-
onment. Initial work concentrated on underwater mapping of the sea bed,
location and mapping of shipwrecks and measurement of marine biological
specimens (Pollio, 1971; Rosencratz, 1971; Torlegard and Lundalv, 1974).

In more recent years, the growth of the offshore oil and gas industry has
created new applications. In September 1983, there uwere about 130 prod-
uction platforms operating in the North Sea alone with over 5000 km of
pipeline 1linking them together and with the land. These installations
must undergo a regular inspection and maintenance programme to ensure
that they meet safety reguirements. Several systems have evolved to
meet this demand for underwater inspection based on the use of divers,
underwater video, still photography, NDT eguipment and direct visual
inspection. The results produced are largely of a qualitative nature.

In 1877, an underwater damage assessment survey was carried out by photo-
grammetry during the repair of the North Sea Heather platform. This
work was discussed at the ISPRS Hamburg congress (Welsh et al, 13880) and
demaonstrated that photogrammetric technigues could produce accurate meas-
urements of the size and shape of a damaged area of a platform leg.
A great dezl of interest was aroused by this work in both the offshore oil
industry and photogrammetric circles. This in turn has led to photo-
grammetry gaining acceptance as a means .of producing reliable dimensional
information in the underwater enviromment and to underwater photogrammetry
nouw being offered as a commercial service by several companies.

Underwater photogrammetry is an area of application of close range photo-
grammetry uhich has developed rapidly over the last four years. At the
ISPRS Commission V symposium held in 13982, four papers were given on this
subject (Adams, 1982; Baldwin and Newton, 1982; Fryer, 1882; Turner and
Leatherdale, 1982) and further papers will be presented in Rio. This paper
reviews progress during this period and examines the current status of
underwater photogrammetry. Possible future developments are also given.
The paper is based partly on replies to a questionnaire sent to known
workers in this field and partly on the personal opinions of the author.
Unfortunately none of those who supplied information have had the oppor-
tunity to see the paper befores printing. Any errors or misinterpretations
of the replies are, thersfore, solely the responsibility of the author.
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UNDERWATER INSPECTION

Any underwater inspection task reguires the use of an underwater work
system to take the necessary eguipment to the site and to operate it
there. Several work systems are available and the choice of system is
dependent upon the cost factor, the nature of the task and the depth
of water in which it is to be performed. The systems normally operate
from a support ship.

Traditionally divers have been used for underwater inspection and main-
tenance tasks. UWhilst there are advantages in using a diver for some
tasks, the range of tasks that can be carried out is restricted owing to
the limited amount of eguipment that can be carried, decompression restr-
ictions and the divers umbilical. Air diving 1is possible at depths
down to 50 m. The breathing gas is air and is normally supplied through an
umbilical from the surface but a free swimming scuba diver may be used in
shallow water. The scuba diver is, however, limited to short periods at
the work site by the amount of air that can be carried. For deeper and
longer dives, saturation diving is employed. The breathing gas is
a mixture of helium and oxygen and the divers are pressurised to the desired
working depth in a living chamber for up to four weeks. At the end of that
time decompression may take up to one week. The divers are transferred
to and from the work site by a diving bell and an individual diver may
work for up to six hours at the site. Divers may also use one_atmos-
phere diving_suits . These allow a diver to be taken to and from the
work site without any decompression and inspection and maintenmance tasks
can be carried out on site using the manipulator arms of the diving suit.
Whilst air diving remains the most cost effective method in shallow
water saturation diving 1is very expensive and 1s in direct competition
with other work systems. Diving using atmospheric suits is less expensive
but the range of tasks that can be performed is limited.

The alternative systems replace the diver with some form of underwater
vehicle equipped with manipulator arms, sensors and positioning systems.
Such vehicles are able to take over some of the tasks of the diver and
reduce the risk to human 1life. They are particularly suited for use
in the deep and hostile environment of the North Sea. Foremost among the
underwater vehicles is the manned submersible . This is a one atmosphers,
free swimming, mini-submarine capable of carrying a crew of two or three
people. Today manned submersibles are able to dive for up to ten hours,
can be positioned to an accuracy of 3 m and have sophisticated equipment
for performing a range of tasks. Consequently, uwhilst expensive to
operate, they are competitive and are extensively used for offshore plat-
form inspection and pipeline surveys. Some manned submersibles are
equipped with diver lock-out facilities which allow a diver to be taken
directly to the work site and be supplied with lighting and equipment
whilst there. Problems with manned submersibles are the surface launch
and retrieval routine which cannot be operated in rough seas and the

poor manceuvrability in confined spaces. In recent years, there has
been an increasing emphasis on the development of unmanned remotely
conrolled wvehicles (ROV's). These wvehicles are controlled from the

surface through an umbilical but may be free swimming in the future.
There are two kind of ROVU's. Firstly the smaller eyeball type vehicles,
equipped with video camera, still camera and thrusters, which are primarily
used for visual inspection. Secondly, larger and more powerful vehicles
equipped with manipulators and sensors like a manned submersible. ROU's
are highly manceuverable, able to enter restricted spaces and can operate
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for long perifods without tisk to human life.

All the aforementioned work systems have been employed to obtain underuwater
photography for photogrammetric purposes. Scuba diving has been used on the
GCreat Barrier reef in Australia by Fryer (13882) and in South Africa by
Welham (1982). In the North Sea, Leatherdale and Turner (1382) report the
use of saturation diving and Baldwin and Newton (1982) the use of manned
submersibles.  Bakhuizen (1983) has used an ROV. o '

UNDERWATER CAMERAS

Table 1 lists the characteristics of several commercialy available under-
water cameras using the 35 mm and 70 mm format. All the cameras are housed
in a water tight and pressure resistant housing. Most are fitted with wide
angle lenses to cover a good field of view and accommodate long lengths of
film so that many photographs can be taken before the camera has to be
removed from the water for reloading. Many also feature internal recharge-
able power units, automatic film advance and internal data chamber.

The 35 mm_cameras are generally light, small in size and simple to operate.
Many of them are fitted with onme of the range of Nikkor water corrected
lenses and employ a focal plane shutter. These cameras are best suited for
use in shallow water with a free swimming diver to tramsport the camera and
in situations where cost is critical. Frequently the controls are external
so thet the diver can change the camera settings.

For work carried out in connection with the offshore oil industry and in
deeper waters, the cost of the cameras is small compared to that of the work
system. Conseguently the best possible cameras are employed in an attempt to
obtain good quality photographs first time. 70 mm cameras with their increased
film area and better image quality are preferred unless size and weight are
critical. A number of these cameras are derived from the standard Hasselblad
cameras and are fitted with a Zeiss lens, between lens shutter and domed
front port. A glass reseau plate is often fitted to monitor film flatness
and deformation.

Photosea Systems Inc. is the only company to currently manufacture under-
water steregcameras. In the Photosea 2000 the two lenses are mounted in a
single housing at a separation of B83.5 mm. A single length of 35 mm film is
used which allows up to 100 sterecpairs to be taken. The camera is compact
and appears ideal for use with small ROV's.

All underwater cameras are basically non-metric and it 1is necessary “to
calibrate them if they are to be used for photogrammetric purposes. The
usual method of calibration is to photograph a three dimensional test object
of known dimensions from the stand-off distance at uwhich the camera will
be used. This is performed either onshore in a shallow water tank or
on-the-job offshore at the underwater work site. On-the-job calibration
is favoured by most workers (eg Adams, Baldwin, Boyd, Fryer and Gres) and
has the advantage of including local variables so that the differences from
one site to ancother can be allowed for during the photogrammetric analysis.
Un-the-job calibration presents some difficulties in deep waters due to
the need to deploy and photograph at the work site a test object uwhich
may sustain damage. If damage is suspected the test object must be re-
dimensioned from new metric photography taken on board the support ship
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or onshore. In shallow water Fryer and Welham have used a diver held system

which includes a frame attached to the cameras and always in the field of
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view, for calibration purposes. On-shore calibration is easier to organise
and is carried out at less freguent intervals. It does, however, assume
that the camera is stable and that conditicns in the shallow water tank
are similar to those offshore.

UNDERWATER PHOTOGRAPHY

The photographic phase should result in a set of photographs taken such
that each object point to be measured appears on at least two photographs.
Both 'single and twin camera set ups' are employed. Twin cameras are normally
rigidly mounted together on a base bar at a separation which results in a
B/D ratio of about 1/5. Convergence angles of up to 20° are often used to
increase the area of steregscopic overlap. Alternatively an underwater
steregcamera may be employed or a beam splitter on a single camera to
produce half frame stereopairs on 35 mm film.

Colour.is generally preferred to monochrome as the photographic emulsion

on account of its superior interpretative qualities. Colour reversal film
is more popular than colour negative and a selection of sultable films
with moderate to high speeds is commercially available.

For most applications artificial lighting is needed. A variety of elec-
tronic flash wunits 1s available with power ratings varying from B3 to
300 ws™ !. These operate with either intermal rechargeable batteries or
a 24 v power supply. Stand off distances are limited and at depths greater
than 50 m in the North Sea, a maximum stand off distance of 5 m is the
usual limit at which lighting cam be provided due to light absorption and
scattering.

There appears to be little difficulty in taking photographs of adeguate
guality underwater but there are freguently problems in getting them to
cover the correct portions of the object and provide satisfactory stereo-
cover . This is a particular problem when using divers. Ideally the diver
should be a photographer with an understanding of the necessary require-
ments of photography for photogrammetric purposes. This 1is rarely the
case and, to assist in getting photographs which cover the required area,
some workers have attached frames and probes to their cameras to indicate
the overlap area and necessary stand-off distance. When using manned sub-
mersibles and ROV's, a videoc camera may be mounted alongside the still
cameras to serve as a vieuwfinder. The vieuw is presented on a monitor screen
and can, if desired, be examined by a person with a knowledge of the photo-
grammetric reguirements before the picturse is taken. In any underuwater
photogrammetric operation many more photographs are taken than are analysed
in an attempt to obtain suitable coverage.

The provision of control for scaling and orientation of the spatial model
is more difficult and time consuming in the underwater envircnment than in
air. Several workers (eg Welham, Leatherdale and Turner, Fryer) use control
positioned in every photograph. This control may take the form of a frame,
in some cases physically attached to the cameras, or scale bars positioned
by diver or manipulator arm in the field of view. The systems developed
by Baldwin and Newton and Boyd wuse completely uncontrolled photographs.

In the underwater environment, data acquisiticn by photography is gquicker
than by visual inspection and direct measurement. This results in savings

in time and cost. Further the photographs record large amounts of data in a
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permanent form and consequently measurements can be checked, additional
ones made and sets of photographs compared at any time.

PHOTOGRAMMETRIC ANALYSIS

Any method of photogrammetric analysis should produce results of an accept-
able and consistent level of accuracy and retain simplicity of operation
and versatility in application. The selection of any particular method
is controlled by environmental and operaticnal considerations.

The underwater environment is one of uncertain and variable properties
which are radically different from those of the terrestrial environment.
Refractive index changes in water resulting from variations in density,
salinity, pressure and temperature cannot be controlled. As a result,
a camera calibration carried out in a shallow water tank onshore may not
apply at depth in the underuwater environment. In addition there may well be
significant changes in camera behaviour from one underwater site to another.
Ideally, therefore, the method of analysis should include on-the-job camera
calibration. Further it is difficult to provide photo control underwater
and the dependence of any method of analysis on control should be considered.
For close-up diver inspection work, a frame attached to the cameras can be
used for calibration and scaling purposes. It is also relatively easy
for the diver to attach scale bars to the object prior to photography. When
using an underwater vehicle, however, it is preferable to take photographs
as the vehicle passes the object. Scale bars can only be attached to the
object after stopping the vehicle which adds considerably to the dive time.

Uperational considerations largely result from the desired location of
the photogrammetric analysis facility. If possible, analysis is best done
onshore 1in a suitably equipped photogrammetric laboratory. In such case
there are few constraints on equipment and the in-house computer can process
the measurements. Staff with the necessary expertise must, however, be
available. In some cases, particularly if results are needed quickly,
the analysis will have to be done offshore on a support ship or production
platform. The available equipment is then restricted to that uwhich is
relatively portable and capable of operation in this environment. Staff to
undertake the analysis will also have to be positioned offshore.

Table 2 lists some methods of analysis which have been used with under-
water photographs. Analogue methods which normally involve the use of a
plotting machine, are associated with metric photography. Conseguently they
are generally unsuitable for underwater photographs and there are few
instances where they have been employed. UWelsh et al (1980) report that
Fairey Surveys Ltd used an analogue method in their wdrk on the Heather
platform repair. Relative orientation was performed on a Wild A8 and the
measurements made on each model were corrected for the effects of refraction
and lens distortion pricr to fimal scaling.

Analytical methods of analysis are free from many of the limitations
of analogue methods. They are more flexible, can handle non-metric photo-
graphy and allow the identification and compensation of systematic errors in
the photography. As a result, analytical methods are widely used with under-
water photographs. Photo measurement 1s performed with either a stereo-
comparator or an analytical plotter. Applications to date have tended to
use instruments developed for aerial photogrammetry and already in-house at
the measuring centre (eg Zeiss Stecometer, Matra Traster). However, con-
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siderable interest 1is being shown in the smaller, portable and less expen-
sive instruments (eg Ross SFS 3, HTI Mark II, Qasco SD4) for use in an

of fshore measurement system. Analytical relative orientation with scaling
by scale bars in each photo is the method most widely adopted at present
with underwater photography. Systems using a known camera separation are

easier to apply in the underwater environment but are potentially less
accurate as there is no way of knowing whether the cameras have been dist-
urbed. The inclusion of scale bars in just some photographs is a good
compromise solution. A projective tramsformation method avoids the need
for scale control in individual photographs. However, it 1is necessary
to photograph a calibration frame at the work site prior to photography of
the object so that the transformation parameters can be derived. The coor-
dinates of object points are then determined by intersection using these
parameters. This method currently produces the best results but it is
not always esasy to apply.

RCCURACY

It has proved virtually impossible to standardise the accuracy figures
guoted for the various systems. Different cameras, stand-off distances and
ways of presenting the results preclude direct comparison. Consequently
the accuracy figures in Table 2 are only a guide.

In general, it is safe to say that, at the present time, underwater objects
can be coordimated by photogrammetry to an accuracy of about *5 mm from a
stand-off distance of 1.5 m using an analytical method of anmalysis. This
accuracy 1s acceptable at this stage and should improve with time as new
equipment and technigues are explored. In comparison, direct measurements
made in water are likely to be less reliable and affected by subjective
interpretation.

APPLICATIONS

By far the largest group of applications of underwater photogrammetry, in the
last four years, have been in conmection with the gffshore o0il and gas
industry in the North Sea. Here no platform can be operated without a
Certificate of Fitnmess issued by a certifying authority such as Lloyds. A
survey to obtain a certificate must be performed immediately upon completion
of the platform and this must be renewed every five years. Conseguently the
operating companies undertake regular inspection and maintenance programmes
to demonstrate to the authorities that their platforms are in good order.
Photogrammetry is currently applied in several aspects of these programmes.
Typical applications include the assessment of damage, the monitoring of
corrosion and wastage of protective anodes, the dimensioning of weld defects,
the checking of as-built drawings and the monitoring of the build up of
marine growth. The papers by Baldwin (1884), Boyd (1983), Gres (1980),
Leatherdale and Turner (1883) and Welsh et al (1980) give further details of
these applications. Pipelines must, also, be regularly inspected for damage
or defects. By attaching cameras to an underwater vehicle, several kilo-
metres of pipeline can be surveyed in a day. Any damage can then be assessed
and measured.

Away from Europe and the offshore oil industry, other applications have
developed, fryer has mapped and monitored the growth rate of coral colonies
in the Oreat Barrier reef of Australia and monitored pollution and its
effects on marine 1life in envirommentally sensitive areas eg near sewerage
outlets. In South Africa, Welham has used the technigues to monitor barnacle
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growth rates. The mapping_of underwater archaeological sites has, also,
been carried out by Puybouffant.

THE FUTURE

Underwater photogrammetry is still in its infancy and the future will bring
changes in equipment and operating technigues as development proceeds.

The trend away from the use of divers to underwater vehicles for work in
deeper waters is expected to continue. This is being brought about by the
difficulty and high cost of direct measurement in the underwater enviromment.
O0f the underwater vehicles, the manned submersible will continue to flourish
owing to its suitability for this type of work particularly in connection
with structural surveys and complicated underwater tasks. New developments
in ROV's particularly of the small, less expensive type are constantly
emerging but how far these will replace the manned submersible remains
to be seen. The outcome of this trend will be to make the acgquisition of
photography not only cheaper but safer.

Currently all underwater cameras are basically non-metric. Will the future
see the introduction of a metric camera in an underwater housing? It is
doubtful whether the use, and hence the design, of such a camera is worth-
while owing to the uncertain. and variable properties of the underuwater
environment. The recently introduced Cercomex. camera may, however, be a
first step in this direction. The future will certainly see the introduction
of more compact camera set ups for use with small ROV's.

Video cameras are widely used for the guidance of underwater vehicles and
some systems employ multiple cameras to provide an awareness of depth.
Research is underway to investigate whether a measurement capability can be
introduced into a stereg video system. If this proves feasible then,
depending on the precision of the system, it may be possible to use it in
preference to conventional photography for certain applications.

On the analysis side, more work is needed to investigate the influence of
the underwater enviromment on camera behaviour and to assess uwhether the
differences between an on-shore shallow water tank and offshore deep water
calibration are significant. Other methods of analysis should be invest-
igated, in particular the Bundle method.

Expertise is currently needed in a wide range of disciplines to undertake
underwater photogrammetry. The photogrammetrist is only a part of the
system and must associate with experts in underuwater photography, vehicle
operation and eguipment manufacture to form a viable system. These systems
are then offered as a commercial service to the oil companiss and others

involved with underwater measurement. The future of underwater photo-
grammetry will be more assured if the o0il and service companies are able
to operate the systems themselves. Future effort should, therefore, be

directed towards producing systems, which though reliable and accurate,
are relatively simple and easy to use by non-photogrammetric technicians.

CONCLUSICNS

There has been a great deal of activity and interest in underwater photo-
grammetry during the last four years. This has shown that photogrammetry

can produce acceptable results when used in the difficult underwater envirc-

onment. Interest in the technique is expected to grow in the forseeable
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future and it will find an increasing rtange of applications throughout
the world. In particular, it should become an important tool im under-
water imspection and maintenance work as the quest for oil and gas continues
in this hostile environment.
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