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ABSTRACT

This paper describes the mental performance of human male
divers during a series of eleven dives simulated in a
pressure chamber. Eight of the dives were in oxyhelium
to maximum depths that ranged from 300 metres of sea water
(msw) to 540 msw. Our results showed that divers' mental
abilities were impaired by about 15 to 20% at 300 msw.
Impairments were greater with greater depths, and
performance at 540 msw was impaired by as much as 80% in
some cases. At 300 msw performance after 24 hours was
better than that shown on initial arrival at this depth.
At stable depths of 420 and 540 msw performance
deteriorated over time. These results could not be
explained by sleep loss or mood changes in the divers,
the time of day that testing was carried out or by the
long periods that divers are required to spend in a
cramped environment,

One dive to 660 msw investigated claims by Bennet that
an alternative mixture, TRIMEX (helium, oxygen and
nitrogen) may -prove beneficial. However in this dive
performance was worse than that found in oxyhelium at
equivalent depths.

One other 'control' dive is described. This involved a
maximum depth of 61 msw in oxynitrogen, where the partial
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pressures of these gases were identical to those in the
deep TRIMIX dive. This dive suggested that the earlier
results with TRIMIX could not have been due simply to
the partial pressure of nitrogen involved. They were
much more likely due to an interaction between the gas
mixture and overall pressure. The 61 msw dive also
showed that performance impairments at 55-60 msw in air
are of the same order as those found at 300 msw in
oxyhelium.

In open sea diving, errors of judgement could prove
dangerous or even fatal. Performance in the open sea is
unlikely to be any better than that shown in a pressure
chamber. Our results therefore have important
implications for maximising the safety of human divers in
an extremely hazardous environment.

INTRODUCTION

In order to survive the diver must breathe a gas mixture
that is at a pressure equal to the external pressure on
his body. If the gas is pure oxygen, depths of 15 to

20 metres of sea water (msw) can cause oxygen poisoning
leading to convulsions and even death. If a diver
breathes compressed air, then at depths exceeding 30 msw
he will show symptoms of nitrogen narcosis; a state
similar to drunkenness produced by the nitrogen in air.
For a trained diver, the maximum practicable working
depth on air is around 50 msw (Shilling, Werts and
Schandelmeier, 1976). This depth has been adopted in
the Diving Operations at Work Regulations 1981.

Even at this depth, the increase in gas pressure results
in an increase in gas density, causing resistance to gas
flow in the breathing apparatus and lungs. If a diver
is working hard at 60 msw, the resulting loss of
respiratory efficiency can be quite distressing. In
addition, decompression has to occur over a lengthy
period to avoid 'the bends'.

The problems of narcosis, gas density and bubble
formation can be significantly reduced by replacing the
nitrogen in air with helium. The use of an oxygen helium
mix has enabled commercial, open sea diving to depths of
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around 180 msw, although even this gas mixture is not
without problems. Rapid compression with oxyhelium can
result in tremor, vertigo, nausea and a general
impairment in performance; symptoms that are
collectively known as the High Pressure Neurological
syndrome (HPNS). The effects can be minimised by careful
control of the compression profile where periods of
compression are interrupted by lengthy 'holds' to enable
recovery from the effects of HPNS. Under these conditiors,
a number of dives have been simulated in a pressure
chamber to depths in excess of 500 msw. These depths
require several days for safe compression and in the case
of the deepest dives, several weeks for decompression.

It is therefore possible for a diver to reach considerable
depths, while minimising the danger to his physiology.
However, even if the severe physiological effects are
minimised by such procedures, the diver may still show
significant impairments in his cognitive abilities. Any
difficulty in his ability to think clearly or remember
instructions, could result in errors that may prove
dangerous or even fatal under these extreme conditions.
Therefore even if the diver is still alive on reaching
maximum depth, he maynot remain so for long if his mental
state is impaired. This paper reports the cognitive
performance of a number of divers over a series of
simulated dives ranging from 300 to 660 msw. The aim is
to investigate the extent to which mental or cognitive
performance is impaired at high pressure.

Design of performance tests

How can be best measure the mental state of a diver? One
way would be to give him a task that he would be required
to carry out during the normal course of his duties.
However, the particular task chosen may not be sensitive
to the effects of depth. Also. even if we found that
divers were impaired on such a task, it would be unwise
to assume that such a result would apply to any other
task that he might be required to carry out. The normal
practice therefore is to choose tests that measure the
mental skills that may underlie the many different jobs

a diver is required to do. These tests can then be taken
as indicators of mental state at any one time in a
similar way that a thermometer serves as an indicator of
one aspect of physiological state, namely temperature.
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Generally, the tests will have been used by other
investigators in a wide variety of applications, and we
would be fairly confident that they measure as wide and
representative sample of mental performance as is
practicable.

Difficulties in Diving Research

Research in this area presents major problems of
experimental design. Normally in such studies it is
desirable to vary the order in which dives at a given
depth take place. For example, divers may show an
improvement in performance at depth because of prior
practice on the tests used in earlier dives.. However

for reasons of safety, the diving programme must begin at
a relatively shallow-depth, with depth increasing on later
dives if all goes well. Second, for practical reasons
(the dive series took place over several years), and to
minimise the risk to any one diver, it is not possible to
have the same individuals tested at each depth or on
every dive. Therefore there is a danger that any effects
of differing depths may be due to differences between
divers in their ability to cope with stress. Third, a
given diving chamber can typically accommodate two or

at most three human subjects on any one dive. This
research is extremely expensive (in excess of £100,000
per dive), and the number of suitable chambers is small.
Therefore the research involves very small numbers of
subjects., This makes it difficult to predict whether our
results could be applied to divers other than the ones we
tested,

We have dealt with these problems in part by examining
performance over a series of eleven dives, involving a
total of 16 subjects (24 man-dives were completed in all).
In some cases this has allowed comparisons between the
same subjects on different dives and at different depths.
This is a small sample given the complexity of the
research questions involved, but is a large sample by the
standards of diving research.

The dives reported were all carried out with the support
of the procurement executive, Ministry of Defence, at the
Admiralty Research Establishment Physiological Laboratory
at Alverstoke, Hampshire. The psychological testing was
only one of a number of studies for which these dives
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were carried out. The dives also studied effects on

the nervous system, haematology, respiratery physiology,
metabolism and biochemistry. We had little or no control
over the design of the dives and particularly during the
early dives, we were permitted very little time during
each dive to carry out the cognitive performance testing.

Initial Questions

This review is organised along the lines of specific
research questions, and we have attempted to present these
in a reasonably logical order. The first three questions
are relatively straightforward and provide a basis for
the remainder of the review.

(1) Despite the control of the symptoms of HPNS, are there
nonetheless detectable impairments in cognitive
performace when breathing oxyhelium at pressure? If so,
which functions are impaired?

(2) Are there mood changes at high pressure and are these
related to changes in performance efficiency?

(3) Are there alterations in sleep pattern at high
pressure? 1f so, are these related to cognitive and

mood changes at depth?

DIVES 1-5

Procedure

We attempted to answer these first questions by
collecting information from a series of five dives,
ranging in depth from 300 to 540 msw. This involved
seven different subjects over ten man-dives. Results
from these dives were originally reported by Lewis and
Baddeley (1981).

Test battery Cognitive performance was measured using
an extensive selection of tests. For the purposes of
this paper we shall describe three of these namely adding,
visual search and grammatical reasoning. The adding test
involved presenting the divers with a sheet containing
columns of five 2-digit numbers. The diver was required
to add up the numbers in as many columns as possible over
a 15 minute period. The visual search task involved
presenting a sheet containing strings of random letters.
Occasionally one letter was repeated, for example
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GBAWKFFONDHT. The diver was to detect and mark as many
repeated letters (FF in the example) as possible .in two
minutes. In the grammatical reasoning test, the diver
was presented with short sentences followed by a letter
pair. The diver had to assess whether the sentence
described the order of the letter pair. For example:

A TFOLLOWS B - AB (false); B IS NOT PRECEDED BY A - BA
(true). The remaining tests are described in Lewis and
Baddeley (1981).

In addition two questionnaires were completed by the
divers. One of these was concerned with the quality of
sleep, and the other with their mood state. These
questionnaires were completed every day from about one
week before the dive through to about one week after the
dive was completed.

During each of the dives, four testing sessions were used.
The first session occurred prior to the dive and acted as
a training session. Session two took place about one
week before the dive. Session three took place
approximately 24 hours after reaching maximum depth and
session four occurred during the decompression phase at

a depth where any impairments should be minimal.

Results and Discussion

Results from the cognitive performance battery suggested
that there were indeed detectable impairments at depth in
oxyhelium. The majority of our tests showed some
impairment with depth and Figure 1 shows the results for
the adding task. However, the effects were not shown by
all of the tests. For example grammatical reasoning
(shown in Figure 2) appeared to be unaffected at depth.
In addition, even for those tests that were affected
overall, it was clear that the individual divers varied
widely, not only in their overall ability on the tests,
but also in their sensitivity to the impairments
associated with breathing oxyhelium at pressure.

Results from the questionnaires suggested that sleep
quality did deteriorate, particularly during the
compression phase, while mood varied very little during
the dive. However, neither measure was related to the
changes in cognitive performance during the dive.
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Figure 1. Adding performance in Dives 1 - 5,

However, neither measure was related to the changes in
cognitive performance during the dive.

It appears then that we have fairly clear answers to our
first three questions. Yes, there are decrements in
performance with depth. Mood state is largely unaffected
although sleep quality does appear to suffer. Finally
the performance decrements cannot be explained by changes
in sleep quality or mood.

The next stage was to look at the performance decrements
in rather greater detail. In particular, there were
impairments on mest tests when the data were averaged
across all ten man-dives. Obviously it would be
desirable to hdve some indication as to the impairments
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Figure 2. Grammatical reasoning in Dives 1 - 5.

associated with different depths. It is possible to
gain a general impression from this first series of
dives, and an analysis across dives suggested that
impairments on some of our tests, including adding,
varied with depth. However, Figures 1 and 2 show that
individual divers differed widely in the extent to which
they were affected at depth. These 'individual
differences' may underlie any between-dive differences
and as such, it would be unwise to place too much weight
on these comparisons,

In Dives 1 to 5 we had available only a limited time for
testing during each dive. However, since it appeared
that our preliminary results were likely to have
important implications for diving, in the subsequent
dives the time available for testing was rather more
extensive. This allowed for a more sophisticated
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method of assessing the effects of different depths by
testing at various depths during a single dive.
Therefore we could make direct comparisons between the
same individuals at different depths. This procedure
has the disadvantage that divers may improve their
performance as a result of carrying out the same tests
repeatedly. This would tend to act against any
performance decrements associated with increasing depth.
Thus any impairment detected is likely to be a
conservative estimate. One way to combat this problem
is to ensure that the divers are well practiced on the
tests before the dive, and this procedure was followed
in the remaining dives to be reported.

Therefore, question 4 is as follows:

(4) Is there a relationship between degree of
performance decrement and simulated depth in oxyhelium?

DIVE 6

Procedure

This involved a simulated dive to 540 msw in oxyhelium,
with two male divers. In order to test at several points
during the dive it was necessary to reduce the size of
the test battery. This was done so as to ensure that

the modified battery would continue to test a wide range
of cognitive abilities, but still allowing comparisons
with a subset of the tests used in the earlier dives.

The mood and sleep questionnaires were also included.

The divers were tested at 300 msw and 420 msw during
compression, at maximum depth of 540 msw and at 420 msw
and 300 msw during decompression. In addition, surface
control testing took place before and after the dive,
and during the last stages of decompression. This dive
was first reported in Logie and Baddeley (1985).

Results and Discussion

Results for the adding test and grammatical reasoning
test are shown in Figures 3(a) and 3(b) respectively.
As before, there are individual differences in each
diver's sensitivity to the effects of pressure on any
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particular test. However, the general pattern across
divers is fairly consistent. It appears that neither test
-was dramatically affected at 300 msw. On initial
exposure to 420 msw, neither test is particularly
affected. However, with increased exposure to this depth,
both tests show a steady decline. Compression to 540 msw
shows a further decrement, and it appears that continued
exposure for several days at this depth resulted in a
substantial impairment.

As before, sleep and mood changes were unrelated to
changes in cognitive performance.

Unlike Dives 1-5, the grammatical reasoning test was
affected in Dive 6. One possible reason may be the
increased sensitivity of using a profile of depth
against performance, a conclusion that supports the use
of this procedure. However, by no means all the tests
showed such consistent decrements. For example one diver
was largely unimpaired at any point in the dive on the
visual search task (see Figure 3(c)).

These data supported our earlier results in showing
impairments at depth in oxyhelium. It is now clear that
on most of our tests there is some relationship between
degree of decrement and depth. It is also clear that the
length of time at a given stable depth can also affect
performance. There are a number of confounding factors
in any comparison between dives, because of differences
between dive procedures. It is encouraging therefore
that some consistency appears across dives.

DIVE 7

One potentially important factor in these dives is the
length of time spent in the relatively cramped space of
a diving chamber ('caging'). This may be several weeks
in the case of the deeper dives, and it may have had an
effect on performance independently of any effects of
depth. This is unlikely to account for all of the
decrements shown since performance during the later
stages of the dive (during decompression) is generally
better than that at maximum depth, which occurs only a
few days after the start. However, there may be some
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period of 'acclimatization' to the cramped physical
conditions and this may have had some effect on
performance.

Question (5) is therefore:
(5) Can any of the performance impairments detected at
depth be attributed to effects of 'caging'?

In order to investigate this possibility, we carried out
a control dive in oxyhelium. This reached a maximum of

6 msw and involved two divers who were in the chamber
for a period of 9 days. The divers were the same as
those involved in DIVE 6, and this dive took place a year
later. It was originally reported in Logie and Baddeley
(1985).

Using the same test bettery as for Dive number 5, it was
clear that there was no effect of 'caging' on any aspect
of cognitive performance as measured by our tests.
Therefore, this cannot be used as an explanation for our
earlier results,

DIVE 8

The extent of the performance decrements, particularly at
540 msw was fairly substantial. Also the time taken
to reach this depth was around five days. For most
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Procedure and Results

This dive reached a maximum of 660 msw in TRIMIX, and
involved the same two divers as in Dives 6 and 7. We
used the same test battery and testing procedure as
before, with testing pre-dive, at various depths during
compression and at these same depths on decompression.
This dive was originally reported in Logie and Baddeley
(1983).
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Coggin and McLeod, 1982) have suggested that a small
percentage of nitrogen by introduced into the oxyhelium
mixture. With this gas mixture known as 'TRIMIX', they
have reported significantly faster compression times and
much reduced effects on performance at depths in excess
of 600 msw.

Our next question was therefore:

(6) Is it possible to decrease compression time and
ameliorate the decrements associated with depth, by
using a helium-oxygen-nitrogen mix (TRIMIX)?

Figure 4. Adding performance in TRIMIX to 660 msw,

Results for the adding test are shown in Figure 4.
Results were remarkably consistent across the two divers
in showing increasing impairment with increasing depth,
and a massive impairment at maximum depth of 660 msw.
The result at maximum depth was true of all of our tests.
Indeed one subjéct was unable even to attempt the tests.

It would be useful to have a direct comparison between
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performance in oxyhelium and in TRIMIX at equivalent
depths. Mean data for the two divers in TRIMIX are

shown in Figure 3 for arithmetic grammatical reasoning
and visual search. It is clear that performance in
TRIMIX was noticeably worse than in oxyhelium for adding
and grammatical reasening at 420 msw and 540 msw. Only
after several days at 540 msw in oxyhelium did performance
deteriorate to the levels found after 24 hours at 540 msw
in TRIMIX. With the visual search task, the difference
between gas mixtures was less marked, but was nonetheless
lower in TRIMIX during compression than at equivalent
depths in oxyhelium during compression.

It is possible that our results reflect a compression
rate that was too fast or that the percentage of
nitrogen in the mixture was too high or too low. Bennett
and McLeod (1984) have reported more encouraging results
with TRIMIX using a lower percentage of nitrogen and
longer compression times. However, lengthening the time
for compression significantly reduces one of the main
benefits claimed for TRIMIX. In addition the percentage
of nitrogen used in this dive (10%) was considered to be
optimal on physiological grounds (Simon, Katz and
Bennett, 1975). TRIMIX may yet prove to be useful.
However at present it does not appear to offer a neat
solution to the problems already encountered with
oxyhelium.

DIVE 9

Procedure

The gas mixture in the TRIMIX dive was made up such that
at the maximum depth of 660 metres (around 65 times
atmospheric pressure), the majority of the pressure was
due to oxyhelium, and 0.4 bar (atmospheric pressure

=1 bar) was oxygen. Some 10%Z (around 6 bar) of the
pressure was made up with nitrogen. It is not clear
whether the decrements found in TRIMIX were due to the
pressure of nitrogen alone or some combination of the
overall pressure and the presence of nitrogen.

In Dive 9 the gas mixture was designed to equate the
pressure of nitrogen with that used in the TRIMIX dive.
As such this next dive (Logie and Baddeley, 1985)
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involved a maximum depth of 61 msw (around 6 bar) in a
mixture of oxygen and nitrogen.

This dive also had a secondary purpose. As we mentioned
in the introduction, the extent of performance impairment
using compressed air at depths around 50 or 60 msw are
relatively well known (Shilling, Werts and Schandelmeier,
1976). These have been used to establish the 50 msw
recommended maximum on air. Therefore it would be useful
to compare the performance decrements obtained in
oxyhelium at depths on air. At one stage in the dive the
mixture of gases approximated very closely the proportions
and pressures of these gases found in air at 50 msw. We
used the same test battery as before, although the two
divers were different from those involved in Dives 6, 7
and 8. Any between dive comparisons would of course have
to be tentative given the small numbers of divers involved.

Therefore, our next two questions were:

(7) How much, if any of the massive impairment in
performance found in the TRIMIX dive was due to the
partial pressure of nitrogen present in the gas mixture?
(8) Can we compare (on a rough and ready basis) the
performance found at 50 msw in air to that found at much
greater depths in oxyhelium?

Results

Results for the adding test on this dive are shown in
Figure 5. Both divers showed impairments on most of the
tests. However the maximum decrement was around 30%
shown by one diver on the arithmetic test at maximum
depth. It is clear that the massive impairments shown
at 660 msw in TRIMIX were not due to the equivalent
partial pressure of nitrogen at that depth.

At the simulated depth equivalent to 50 msw in air,
neither diver showed impairments on any of our tests. In
the oxyhelium dive (Dive 6) we detected very little
decrement at around 300 msw, with noticeable and
increasing decrements at greater depths. However we
should remember that these dives involved different
individuals and therefore any direct comparisons

should be treated with some caution. Particularly in
view of the large differences in semnsitivity shown by
different individuals on the same dive.
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DIVES 10-11

Introduction

In all of the dives that we have reported so far, we

have concentrated on the effects of simulated depth on
performance, with very little consideration of how a
given depth was achieved. Typically, compression
consists of periods of compression followed by 'holds'

at a given depth. The hold is intended to allow

recovery from any effects of HPNS that may have been
induced by compression. Thus for example, Dive 1 in this
series consisted of a fast compression rate of 1 m/min,
followed by a hold at 225 msw for one hour before further
compression to 300 msw., Dive 2 was achieved with the
same compression rate but with a hold of 24 hours at

225 msw,
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Decrements appeared in both dives. However, the
individuals who took part in those dives differed widely
in their sensitivity to the effects of depth and it was
not entirely practical to make meaningful comparisons of
performance between these dives because of the large
individual differences in performance. Also, only one
testing session at depth was possible in these earlier
dives.

Therefore it would be useful to examine in a more
systematic fashion, the effects on performance of the
compression profile: the combination of compression rate
and 'holds' at intermediate depths. The relatively
shallow depth of 300 msw involves rather less risk to the
divers and is flexible enough to allow systematic
variation in compression profile in comparatively short
dives.

Duration of exposure to a given depth is a further
important aspect of the dives we have reported. It was
clear from Dive 6 that an exposure to 540 msw for around

6 days resulted in greater impairments in performance than
shorter exposure to this depth. It would be useful to
know whether exposure duration has similar effects at
somewhat shallower depths in oxyhelium, where only small
decrements have been observed.

Therefore our final questions in this review are:—

(9) How is performance at depth affected by the profile
of compression?

(1)) Does exposure duration affect performance at depths
where only small decrements are detected?

Procedure

Two dives were carried out. Both dives involved a
maximum depth of 300 msw in oxyhelium, and three divers
were involved in each dive. One diver took part in both
dives. Dive 10 involved a compression rate of 5 m/min
with 'holds' at 120m for 2 hours, at 180 m for 15 hours
overnight and at 240 m for 2 hours, giving a total
compression time of about 0.82 days. Maximum depth was
maintained for 2.36 days. Dive 11 followed the same
compression profile. However maximum depth was maintained
for 5.9 days. *
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Figure 6. Adding performance in oxyhelium to 300 msw,
in Dive 10.
Copyright (C) Controller HMSO, London, 1986.

A more detailed report of these dives is given in an
unpublished report by Williams (1986).

Results

Results for the adding test are shown in Figures 6 and 7
for Dives 10 and 11 respectively. As previously there
are large differences in the results for different divers.
However in Dive 10, two out of three divers showed
decrements on arrival at 300 msw, with a suggestion that
some recovery occurs after 24 hours. In Dive 11, only
one diver showed performance impairment on arrival, with
recovery 24 hours later. Only one diver in Dive 11
appeared to show an increasing impairment with continued
exposure to 300 msw.
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Figure 7. Adding performance in oxyhelium to 300 msw,
in Dive 11.
Copyright (C) controller HMSO, London, 1986.

Dives 1 and 2 involved performance tested 24 hours after
arrival at 300 msw. In those dives, decrements were of
the same order (15% to 25%) as those obtained on arrival
at 300 msw in Dives 10 and 11. In the later dives, a
period of 24 hours was sufficient to allow recovery in
some divers. However, at least one diver in Dive 11 did
not show this benefit. These between dive comparisons
must of course remain very tentative. Nonetheless it
appears that the particular compression profiles chosen
may make a difference to the level of performance at
depth. Also, the effects of exposure duration at 300 msw
appear to be rather different from those found at 420 msw
and 540 msw in Dive 6.

A number of studies (eg. Folkard 1975) have shown that
cognitive performance may vary as a function of the time
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PREDICTING TARGET DETECTION DISTANCES IN VISUAL SEARCH

TASKS UNDER WATER

P.G. Emmerson
Department of Vision Sciences, Aston University,
Aston Triangle, Gosta Green, Birmingham B4 7ET

ABSTRACT

The prediction of visual performance in dynamic viewing
conditions has been viewed as an engineering problem
that can always be solved if adequate input data are
available. Consequently there is a temptation to modify
mathematically the simple model that exists for static
viewing conditions, until observed and predicted
performance match. Experiments were conducted with
experienced divers in a swimming pool and a laboratory
(using an aquarium) in order to determine the detection
distances of various targets when the target or diver was
in motion. The data did not agree with predictions
calculated by incorporating the specified corrections to
the basic model. The data are discussed in relation to
the potential use of visibility models in search
operations.

INTRODUCTION

Visibility is an important factor to be considered when
planning an underwater search. For example, knowing the
maximum distance at which divers can detect an object
might help to minimise the spatial overlap between
successive search sweeps or lines of a search grid.
Considerable advantage could be gained if the visibility
could be predicted without first having to send divers
into the water. A model for doing this has been
available for many years (Duntley, 1960), but has been
little used, partly because it left unsolved the problem
of how to measure some of the necessary optical
characteristics of the water. Recent research has shown
that this difficulty can be overcome (Emmerson, in press).
The model was primarily designed for use with static
observers and targets, but it was considered possible to
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