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6.1. Introduction 

Marine archaeologists have used remote sensing devices 
with varying degrees of success since at least 1966. The 
most obvious devices are sonar, side scan sonar, sub bottom 
profilers, and magnetometers and examples of their use 
are given. 

A unique computer program has been developed to 
simulate side scan sonar images. The system applies ray 
tracing techniques from computer graphics to the problems 
of underwater acoustics. Simulated images show good 
agreement with real results and some examples are given 
below to illustrate some of the problems of interpreting side 
scan images when searching for and surveying archaeo- 
logical remains under water. 

6.2. The archaeological potential of 
the seabed 

Recently, BP commissioned a study to evaluate the impact 
of test drilling and oil production in the Poole Bay area 
(Velegrakis et al. 1992). The proposed drilling project in- 
volved the construction of an artificial island from which 
boreholes would be sunk, linked to the land by two trenches. 
The north trench was planned as a shallow, 3km long serv- 
ice trench. The south trench would hold the oil pipeline 
and be 4m deep. 

The study firstly considered the archaeological poten- 
tial of the site. The water depth of much of the area af- 
fected is less than 5m and almost all is less than 10m. 
During the Late Devensian, sea level in the English Chan- 
nel was around -118m OD (Ordnance Datum) and so Brit- 
ain's shoreline was some 50km south of the present coast. 
By around 9,000 BP, sea level in the project area had risen 
to -25m OD, but the site was still dry land and could have 
contained settlements. By c. 5,500 BP, sea level may have 
advanced within the bay to around -5m OD. There is then 
archaeological and documentary evidence for maritime ac- 
tivity in the area from the Bronze Age, through the Iron 
Age, to Roman, Saxon and Medieval times, and on to the 
present day. 

In short, the area could contain anything from sub- 
merged palaeochannels to modem shipwrecks. The study 
concluded "that the area is high in its archaeological po- 
tential, probably one of the highest along the southern coast- 
line of England". 

In a densely populated country such as Britain, though, 
this area is by no means unique in its archaeological poten- 
tial. The conclusion could be echoed all around our coasts. 

With ever increasing demands on the seabed from industry, 
important sites could be dredged up for building aggregate 
without anyone even knowing that they exist. 

In the case of Poole Bay, the project was abandoned 
and replaced by an innovative process whereby the drilling 
could take place on shore and be directed horizontally to 
the required spot in the bay. 

6.3.       Remote sensing 

The Poole Bay study included an assessment of 
echo-sounder, side scan sonar, and sub-bottom profiler data 
which identified 77 targets needing further examination. 
As the project was abandoned, these targets were not iden- 
tified. 

A simple sonar, echo sounder, or fathometer will give 
the depth of water from the time taken for a pulse of sound 
to travel from the transducer to the sea floor and back again. 
As it is looking directly downwards, very narrow bands are 
covered as the ship tracks back and forth. By turning sonar 
on its side, larger areas can be covered each side of the 
ship's track. A side scan sonar displays the time it takes 
for a pulse to travel from the transducer to a target and 
return. With a pen plotter, a current proportional to the 
echo strength passes through electrosensitive paper, so that 
stronger echoes make darker marks. As the ship moves 
forward, successive scan lines build up an image (Fig. 6.1). 

With a sub-bottom profiler, a beam of low frequency 
sound penetrates the sea bed and gives a section through 
the underlying material. 

Redknap & Fleming (1985) describe the use of a suite 
of equipment including these devices, and a magnetometer 
to detect anomalies in the Earth's magnetic field caused by 
iron and steel objects. In 1983, the Marine Archaeological 
Survey (MAS) identified 98 significant contacts in just 
7.5km^ of sea bed in the North Goodwin Sands. The area 
consists of continually shifting sands which periodically 
expose and re-bury remains of early wrecks. 

Loch Ness has been the subject of many investigations. 
Klein & Finkelstein (1976) describe the use of a combined 
side scan sonar/sub-bottom profiler system, which failed to 
find any large skeletons, and a side scan sonar used in sta- 
tionary "watching" mode, with moving objects labelled 
"Nessiteras rhombopteryx". Morrison (1981) explains the 
"stone circles" found by side scan sonar on the bottom of 
Loch Ness and Holmes (1981; 1992) describes the search 
for and retrieval of the Wellington bomber now being con- 
served in Brooklands Museum, Surrey. Most recently, in 
1992, Project Urquhart investigated the Loch with an im- 
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Figure 6.1: Side scan sonar image of the M2 submarine in 
Lyme Bay. The high return from the hull shows as the dark 
area. Details of the superstructure can be seen in the 
sonar shadow, or light area. 

pressive array of equipment, including acoustic and visual 
systems. 

The Nautical Archaeology Society guide (NAS 1992) 
gives a readable introduction to underwater work, includ- 
ing search and survey, and further examples of the use of 
remote sensing devices are given in Blake (1991; 1992). 

6.4. Waves and rays 
A beam of light or a pulse of sound may be thought of as a 
continuous wave, spreading out like ripples after a pebble 
has been thrown into a pond, or it may be thought of as a 
number of discrete "rays" (Fig. 6.2). 

The following sections describe a computer program 
which generates simulated side scan sonar images by cal- 
culating the path of each ray of sound. The system applies 
the principles of ray tracing from computer graphics to the 
problems of underwater acoustics. 

6.5. Ray tracing in computer graphics 
Ray tracing is a well known technique in computer graph- 
ics. Impressive and realistic images are built up by calcu- 
lating the level and colour of light at each point as a result 
of the interactions of the surface with rays emanating from 
elsewhere in the scene. Snooker balls on a chess board 
show reflections of each other and the squares of the board, 
and reflections of those reflections and so on. 

Ray tracing was originally used in computer graphics 
by Appel (1968) and was introduced in its current form by 
Kay (1979) and Whitted (1980). Kuchkada (1987) gives a 
practical guide to ray tracing and C code for a basic system. 
Each ray of light is traced backwards from the eye through 
a pixel in the viewing plane until it hits an object. If the 
surface is reflective or transparent, the trace continues 
recursively. This is illustrated in Fig. 6.3. The light inten- 
sity of a pixel is equal to the local contribution plus re- 
flected contribution plus transmitted contribution. 

Figure 6.2: Wave arui ray representations. 

Figure 6.3: Recursive ray trace following ray of light 
through reflections and refractions 

6.6.      Sonar simulation 
The computer program simulates the sonar process by re- 
placing the light source and eye point by an imaginary so- 
nar transducer This is both transmitter and receiver. As a 
real transducer is towed through the water, so the simu- 
lated source also moves in space, generating one line of 
pixels at a time. A beam of rays is emitted and as each ray 
returns, its intensity is added to a pixel calculated from time 
elapsed since the sound pulse was transmitted. 

The light model applies Lambert's law for scattering 
from matt surfaces. The rule assumes that a perfect dif- 
fuser scatters light equally in all directions, so that the 
amount of reflected light seen by a viewer does not depend 
on the viewer's position (Watt 1990). The intensity of dif- 
fuse reflected light: 

Id = likjcose 0<e<7C/2 

where Ij is the intensity of the light source, k j is the dif- 

fuse reflection coefficient and 9 is the angle between the 
surface normal and a line from the surface point to the light 
source. 

Many materials follow Lambert's law closely in scat- 
tering light and it is also a good approximation for 
backscattering of sound by rough sea bottoms (Urick 1983). 

This simple model forms the basis of the simulation 
and produces images which show good agreement with real 
traces. The method is described further in Blake et al. 
(1993). Example images produced by the system are used 
in the following sections to illustrate some of the problems 
of interpreting side scan images when searching for and 
surveying archaeological remains underwater. 

6.7.      Interpretation of side scan images 
Examples of side scan sonar images in the literature fre- 
quently show intact ships which are easily recognisable. 
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Figure 6.4: Cylinder at 
different orientations (a) 
light image (b) simulated 
sonar.(High returns are 
light and low returns are 
dark — this is the opposite 
convention to that used in 
Fig. 6.1). 

(a) (b) 

Figure 6.5: Cylinders as 
shown in Figs. 6.4a and 
6.4b, but with ripples. 

(a) (b) 

Figure 6.6: Simulated 
schooner at different 
orientations. 
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Figure 6.7: Areas of high 
and low reflectivity on a 
flat surface can mimic the 
high return and shadow 
produced by objects on 
the surface. 

Fig. 6.1 in this paper is no exception. In well preserved 
wrecks such as the Hamilton and the Scourge (sunk in the 
War of 1812 in Lake Ontario) even the masts and super- 
structure are visible (Throckmorton 1987). In archaeologi- 
cal searches, the vessels are more likely to be broken up 
and partially buried, with artefacts scattered over a wide 
area. 

An amphora mound on a flat sandy bottom will show 
up beautifully, but smaller objects can easily disappear 
against a background of sand ripples, pebbles, or coral. 

The same object can appear differently on a side scan 
sonar trace, depending on the frequency of the sonar, the 
seabed sediment type and the direction in which the fish is 
towed over it. Figs. 6.4a and 6.4b show light and simu- 
lated sonar images of a cylindrical object (which might be 
a cannon or a seabed mine) at different orientations. In 
Fig. 6.4b and following illustrations, the sonar fish can be 
thought of as flying down the left hand side of the picture 
and although side scan sonar covers areas to either side of 
the ship, only one side of the trace is shown. 

Figs 6.5a and 6.5b show the same scene as 6.4a and 
6.4b but with a sand ripple effect superimposed upon it. 
The ripple effect is achieved by mapping a fractal image 
onto a flat surface by the technique of "bump mapping", as 
proposed by Blinn (1978). 

Fig. 6.6 shows how even an intact vessel can be more 
difficult to recognise if the sonar fish is towed across the 
bows. 

The image, or intensity map, of the sea floor produced 
by a side scan sonar is a function of material properties and 
surface shape. Fig. 6.7 shows how a flat sea bottom with a 
pattern of different materials can give the same image as a 
single-material bottom with appropriate relief. 

The naive use of the light model for sonar simulation 
produces promising results, but there are a number of dif- 
ferences between the principles of light and acoustics which 
must be considered. For example, for light travelling 
through air, the medium can be treated as a vacuum and 
ignored, but for sound travelling through sea water, the 
variation of speed of sound with temperature, pressure and 
salinity produces substantial refraction effects. The distor- 
tion of the ray paths follows Snell's Law and can lead to 
shadow zones — areas of seabed which are not covered. 
Buckingham (1992) discusses the behaviour of sound un- 
derwater in some detail and Stewart (1989) describes some 
of the anomalies that can be produced by the sensor. 

The ideal beam of sound is a perfect, knife edge beam, 
one pixel wide horizontally and uniform in all directions 
vertically. With such a beam, objects on the seabed always 
appear perfectly sharp and resolution does not deteriorate 
with distance from the transducer, as shown in Fig. 6.8a. 
In reality, the beam is a complex shape defined by the de- 
sign of the transducer, but as a first approximation, the beam 
may be modelled as a fan shape. Rays are also followed 
along paths to either side of the ideal knife edge but the 
intensities returned are still added to the current line of 
pixels. The fan view is condensed into one line of pixels. 
Resolution decreases with distance, as shown in Fig. 6.8b. 

In the initial examples, sound rays were not followed 
beyond the first hit. Sound will reflect from the sea floor, 
the sea surface, layers of water of different properties, and 
any objects present. It is necessary to follow the rays along 
all these reflections (and refractions) and this further de- 
grades the image. "Ghost images" occur as the same object 
appears firstly as a strong echo from its direct reflection 
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(a) 

Figure 6.8: (a) ideal 
beam, (b)fan beam. 

(b) 

Figure 6.9: The effects of 
changing fish speed. 

and then later as a weaker echo reflected via the sea surface 
or some other boundary. 

As a further complication, the sonar fish may not al- 
ways be towed straight, level and at a constant speed. If the 
fish loses altitude and dips towards the seabed, or if the 
ship turns or changes speed then the sonar image becomes 
distorted. Fig. 6.9 shows a simulated sonar image of nine 
identical spheres. Where the ship is travelling at double 
speed the spheres appear compressed, and where it is trav- 
elling at half speed, the spheres are elongated. 

6.8.      Conclusion 
The ray tracing program uses techniques from computer 
graphics to simulate side scan sonar images. In its sim- 
plest form, the model is capable of producing images which 
show good agreement with real examples, and these illus- 
trate some of the problems which face an archaeologist 
searching for sites underwater. "With the program's ability 
to show both light and simulated sonar images of scenes, it 
could be a useful training tool for those learning sonar in- 
terpretation. 

However, the main purpose of the research is to study 
side scan sonar image production. A great deal of research 
effort is spent on image processing. This involves taking a 
degraded image, and trying to reconstruct it using math- 
ematical techniques without understanding the processes 
which degraded it in the first place. Applying techniques 
developed for enhancing photographs to side scan sonar 
images will often improve them, but this ignores the fact 
that they are created in a different way. By using this pro- 
gram as an approximation to the sonar process, the effects 

of some of the many variables which degrade sonar images 
can be explored. 

Bibliography 
APPEL, A. 1968. "Some techniques for shading machine render- 

ings of solids", AFIPS Conference Proc. 32: 37-45. 

BLAKE, V. S. 1991. "Remote sensing in underwater archaeology". 
Science and Archaeology 33: 3-17. 

BLAKE, V. S. 1992. "Remote sensing in underwater archaeology: 
Potentials and pitfalls", Scottish Trust for Underwater Ar- 
chaeology monograph (forthcoming). 

BLAKE, V. S., L. M. LINNETT & J. BELL 1993. "The simulation of 
side scan sonar images using ray tracing techniques". Pro- 
ceedings of the Institute of Acoustics 15(2): 99-106. 

BLINN, J. F. 1978. "Simulation of wrinkled surfaces", Computer 
Graphics 12 (3): 286-292. 

BUCKINGHAM, M. J. 1992. "Ocean-acoustic propagation models", 
J Acoustique (1992): 223-287. 

HOLMES, R. 1981. " "One of our aircraft is missing"— for 40 
years in Loch Ness", International Journal of Nautical Ar- 
chaeology and Underwater Exploration 10 (3): 267-268. 

HOLMES, R. 1992. One of our aircraft — the story of R for Robert 
the Loch Ness Wellington. Quiller Press. 

KAY, D. S. 1979. "Transparency, refraction and ray tracing for 
computer synthesised images". Masters Thesis, Cornell Uni- 
versity. 

KLEIN, M. & C. FINKELSTEIN 1976. "Sonar serendipity in Loch 
Ness", Technology Review December 1976: 44-57 

KucHKADA, R. 1987. "An introduction to ray tracing", in Eamshaw, 
R. A. (ed.). Theoretical Foundations of Computer Graphics 
and CAD, NATO ASI Series F40: 1039-1060. 

43 



VANESSA BLAKE 

MORRISON, I. A. 1981. "An application of sonar controlled diving 
to the history of technology in Scotland", in Watts, G. P. (ed.). 
Underwater archaeology: the challenge before us, Proceed- 
ings of the twelfth conference on underwater archaeology, 
pp. 285-291. Fathom Eight Publication. 

NAS 1992. Archaeology Underwater. The NAS guide to princi- 
ples and practice. 

REDKNAP, M. & M. FLEMING 1985. 'The Goodwins archaeological 
survey: towards a regional marine site register in Britain", 
World Archaeology 16(3): 312-328. 

STEWART, W. K. 1989. 'Three dimensional modelling of seafloor 
backscatter from sidescan sonar for autonomous classifica- 
tion and navigation", Proc of the 6th International Sympo- 
sium on unmanned untethered submersible technology, pp. 
372-392. 

THROCKMORTON, P. 1987. History from the sea. Mitchell Beazley. 

URICK, R. J. 1983. Principles of underwater sound. 3rd edition. 
McGraw-Hill Book Company. 

VELEGRAKIS, A., D. J. TOMALIN & M. B. COLLINS 1992. "Poole Bay 
project: an appraisal of the seabed archaeological potential, 
based on the analysis of geophysical data", SUDO Technical 
Report SUDO/TEC/92/13/C. Southampton University Depart- 
ment of Oceanography (SUDO) 

WATT, A. H. 1990. Fundamentals of three-dimensional computer 
graphics. Addison-Wesley Publishing Company. 

WHITTED, T. 1980. "An improved illumination model for shaded 
display". Communications of the ACM 23(6): 343-349. 

Vanessa S. Blake, 
Dept of Computing and Electrical Engineering, 
Heriot-Watt University, 
GB-EH14 4AS EDINBURGH, Scotland. 

44 


