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PREFACE
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Gershon Weltman, Principal Investigator and Glen H, Egstrom, Co-Principal

Investigator, in the School of Engineering and Applied Science, University
of California, Los Angeles.

This study was supported jointly by the Engineering Psychology Branch
(Code 455) of the Office of Naval Research, and by the Bureau of Medicine
and Surgery, Dcrartment of the Navy,
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I. INTRODUCTION

This is the fourth and last report in a series describing vearly
progress of the UCLA Rescarch Projcct on Mptimunm nderwater Worl Measur -ment
Techniques. The previous reports have covered studies conducted in 1967,
1968 and 1969. This report, in addition to presenting the two mujor studics
carried out in 1970, also provides 1 summary of werk over the four year period.
With the cumulative list of project publications, the summary allows the
intcrested reader to identify a topic of concern, ‘dctermine our primary
findings, and, later, ecxplore the topic further in the literaturc or by
reprint request.




[T, SU™UARY OF WOPK MEASURIMENT STUDIES

INTRODUCTION

This chanter provides a surmary of the investircations, findines,
and recormendations compiled by the UCLA Underwater PMesearch Group in its
studv of Optinum Undervater VWorl Measurement Techniques. The references
given appear in the cummulative publications list of Chapter III.

Experimental investigation of diver performance is complicated by a
nunber of factors. In addition to the difficultics which always attend
neasurement in the field, therc is the extra logistics problem of
supplying an experimental site widerwvater, the inherent complications
causced by the subject's breathing apparatus and life support gear, and
the frequent need for the investigator himself to participate in, and be
likewise affected by, the diving activities under examination.

Developing optimum techniques for conducting work measurement studies,
in the broad sensc, was the nbjective of the UCLA program. The approach
was to examine the applicabilitv of cstablished techniques, select the
better, modify them as rcquired, derive new ones where necessary, test and
cvaluate them in actual underwater experiments, and bring the resulting
methodology to the diving research community in the form of project
reports and journal publications. Examinations of work measurcment
techniques was divided into three main areas: (1) work performance per
se; (2) the physiological responses that accompany underwater work; and
(3) psychological factors that influence work accomplishment. With two
additions, General Apparatus and Computer Applications, the following
review of topics adheres to this division of interest.

2. METHOD AND APPARATUS

2.1 Underwvater Research Facility

Description

The Underwater Research Facility has heen a mainstay of experimentation
through the study program. Located within the engineering complex at
UCLA, it consists of an open 16° diameter by 16' deep bholted steel storage
tank fitted with plexiglas viewing ports, electrical pass-throughs, and
pipe connections for breathing gas input and output. An instrumentation
structure adjoins the tank itself, and provides protection for the
apparatus required ia specific experiments. Access to the tank is by
means of a stairway and platform constructed integral with the instrumenta-
tion structure. A half-ton hoist allows experimental apparatus to be
casily lifted into and out of the water. Standard pool filtration is
provided. An oversized hcater and 25-ton refrigerati8n unit permit exact
regulation of tank water temperature between about 40 F and 95°F. Lxcept




for paint flaking and rust on the inner surfaces, particularly at the
overlap of the bolted p.ates, maintenance has not becn overly timc consuming
or costly. A variety of naint types failed to cndure more than a year;

in fact, thc more expensive the trecatment the less the endurance.
(References 6, 7, 8).

Conclusions and Recommendations

a. An open tank of about this size, similarly outfitted, provides a
most uscful and rclatively incxpensive test locale for all but
hyperbaric experimentation.

b. For maximum effectiveness, the tank should he made of sonme
non-rustine material  If of steel, it should be welded rather
than bolted, and a 20' by 20' size would accommodate working
tcams morc comfortably.

2.2 Diving Task Simulation

Description

The UCLA underwater construction task has cvolved through several
stages to its present form. It is a pipe structurc, standing about 7'
high on a 4' x 5' basc, fabricated of 2" galvanized pipe and corrcspond-
ingly sized flanges, elbows, valves, ctc., with an associated pressure
test console containing a bottled gas supply. Two-man diver tcams holt
the structure together from preasserbled sections stored on the base,
inserting open or closecd gaskets as required., The resulting pipcwork is
pressurized and testcd for leaks, then disassembled and the sections
stored again. The "pipe puzzle'" requires a diversity of diving skills,
including selection and fine manipulation of bolts, nuts, and washers.
torquing from various oricntations and stabilizations, as well as
nan-handling and positioning thc heavy sections. Tearwork is necessary
for cfficient completion, and communication between thc divers is a
requisite for certain task elements. Commletion times, errors, and
activity analysis arc the primary performance measures. Pre-task and
post-task written problems have gencrally been apnlicd in experimental
studies to provide an additional measure of cognitive function (Refercnces
6, 7, 8, 14, 17, 21).

Conclusions and Recommecndations

a. Repeatcd application in a number of tank and occan studies has shown
the UCLA pipe puzzle task to be rcadily transportable and
conveniently deployed.

b. Diver subjects from novices to professionals and military personnel
accept the task because of its scale, its face validity, and its
demanding nature.

c. lask performance is sensitive to experience, practice, and environment.




d. The task can be quick!' and cleoply duplicate: wvith materials
available at any plumbing supply house. (Detiailed plans are
nresented in Appendix I of this renort).

c.  The BCLA "sine nuzzle ' is recorsended as o standard percentual-rotor
tasl for vndervater assembly.  ° family of staadard tasks should be
cstablished to cover all aspects of diver perfornance.

205 ] }'ndcm:xtcr Lrporcter

Deseription

The UCLA crgometer measurcs fin thrust produced by a diver held in any
orientation (but nmost usually horirontal). The diver swims statically
apainst shoulder bars, and his horizontal thrust is transduced by a load
ccll attached betwcen the force platform and the fixed base. The load cell
output is recorded. It is also averaged electronically and displayed to
the diver on a meter nounted on a bracket in front of him., The ergometer
has been used to detecrminc the timing and masnitude of instantancous thrust
forces in swimming, in a comparison of fin types, and as a means to vary
work load in a study of oxygen uptake underwater. (References 2, 3, 7, 8,
17).

Conclusions and Recommendations

a. Thrusting with fins is a fundamental sustained underwater activity,
and forms a morc natural basis for ergometry than more artificial
tasks such as cranking, weight lifting, etc.

b. lllectrical measuremcnt and display of thrust has several important
advantages over mechanical means. These include the ability to
record instantancous forces, and to have the subject vary his output
rapidly and exactly.

c. Physiological work on such an ergomcter is most correctly presented
in terms of thrust alone, but by using known relationships betwcen
swimmer speced and drag, it can be cquated with more commonly used
units such as watts, ft-lb/sec, kcal-m/sec, ctc.

3. MEASUREMENT OF PERFORMANCE

3.1 Activity Anqusis

Activity sampling was used in conjunction with the several phases of
the pipe puzzle construction task as one means of evaluating differences in
performance among diver pgroups, or for individual divers under various
undervater conditions. Diving activities were defined in specific,
job-related terms, such as: '"torque holt', 'transport part or tool", ''read
instructions'’, ctc. The ''observe/idle' category encorpassed nondemonstrative
cognitive activities as well, since it is gencrally immossible to tell
when the diver is thinking, problem solving, recalling, etc. Diver observers
and investigators outside the tank were able to assign activitics of two-man
teams into 9 categories, sampling every 15 seconds, without appreciable




error. Errors arc morc frequent when observation is by television, resol-
ution being the most critical factor (References 6, 14, 2).

Conclusions and Recomcnd_nt iopi

a.  Activity catezories vroved relatively sensitive to differences in
performance cxhibited by novice and experience! divers, for examnle,
or by novices in tankL and occan. Tor well-chosen caterorics, the
technique adds useful information to basic rcasnres of tire and
errors.

b.  Accurate recording depends on a well-trained obscrver and a good
visual 1link. For remote viewing by tclevision, careful attention
must bc paid to system fidelity, carmera angle, tank illumination,
and diver identification. Initial validation of 1V recording apainst
direct recording is recommended wherc feasible.

3.2 DProcedural Recording in the Ficld

Procedural recording on a large diving job was conducted during the
shallow water (50 ft.) trials of thc Sealab III Divercon project, which
utilized a tethered clectrohydraulic 1lift device to transnort antd assemble
underwater the sections of a large habitat-like structure. The purpose of
recording was to permit comparison of the asscmbly scquence and component
times for the SO ft. and thc planned 600 ft. depths. Initial reliance on
a single diver-observer proved unsatisfactory, duc primarily to the
observer's inability to determine, by himself, the purpose of observed
activity, and accordingly, its rcl-tiion to the current assembly scenario.
The eventual work obscrvation system centered on a topside station, where
incoming information from the oncrations center, from diver control, from
underwater TV, and from the diver-observer was conbined to form a complete
picture of what was happening and when (References 4, 5, 14, 15).

Conclusions and Recommendations

a. Thc observer tcam should understand thoroughly the technical aspects
of the diving job in order to follow the scenario through its
inevitable changes.

b. As much as possible, macro and micro task elcments should be identified
before the operation begins. Micro-elements which take about three
minutes to complete are the shortest practicable. !Macro-clements will
vary with the job, but will gecnerally occupy 15 to 100 minutes.

c. Responsibility for decision making resides with the topside nember of
the observation tcam. If therc is a diver-observer, he is told to
watch for landmark events and report when they occur; intcrrogation is
also useful. Narrative reports by the diver are counterproductive.

d. Diving experience is more important than technical knowledpe in the

diver observer. The usefulness of his communication will be proportional

to his familiarity with the dcpth and conditions of the dive.

(s




3.3 Dbiving gucstionnaircs

Description
Divine questionnaires werce usced in the Sealab TII study to extract

froir the cxnerienced divers their ideas of the aunan factors important to

the project, in a manner anenable to statistical ana’vsis. Two tynes of

questionnaire vere used: (1) a trouble shooting check list, whicl required

the divers to estirmate the derree of difficulty associated with 19 specifiz

task elements, and to checl appropriate items from arong 12 possible reasons

for difficulty; and (2) forced choice ranking forms, which required the

divers to rank in order of difficulty the same 10 factors, and to rank in order

of importance to the tash at hand 1) generalized diviag factor.. Both the

Divercon and salvage teams were queried (Refercnces 14, 15).

Conclusions_and Recommendations

a. Despite the intense aversion of divers to paperwork, cooperation can
be obtained if forms are kept short and the questions obviously
relevant, and if the divers are prepared by nrior explanation of aims.

b. On the whole, better results were achieved with the ranking forms.
These, although unfamiliar to the divers, yielded significant values
of concordance and test-retest rcliability, and discriminated well
between diver groums.

c. Forced choice froms should be pretested, and revised if necessary, to
insure that thc choices offered are meaningful to the divers as well
as to the cxperimenter.

3.4 Effects of Lnvironment and Experience

99§crintiqﬂ

Two studies cxamined diver performance on the pipe puzzle task and on
written problems in the tank and in the open ocean. The first study
involvec two subject groups: novices and experienced divers. Ideal
conditions were maintained in the tank (80°F), while the ocean _test site
was relatively shallow (20 ft), clear, and not unduly cold (62°F). The
sccond study utilized experienced divers only: performanse was compared
between a more demanding ocean cnvironment (50 ft., 55-60°F, poor
visibility) and the tank cooled and clouded to match the ocean., Results
indicated that novice divers performed slower than the cxperienced divers
in the tank, and showed a marked decrement in both assembly time and
problem-solving accuracy in the ocern, most likely duc to psychological
factors. Diving motor skills, rather than work strategy, differentiated
the groups. Experienced divers alwayvs showed about the same task completion
times in tank and ocean. lowever, there was a tendency to hurry judge-
mental portions such as pressurization, and to perform less well on
problem solving in the occan environment. (References 14, 17, 21, 22).




Conclusions and Rccommchg}ions

a. Design or cvaluation studies corried out in the ocean rust nse
subjects hiphly experieence ! under those conditions. The responses
of inexperienced subjects are narkedly different and potentiallv
misleading.

I For subjects highly faniliar wita the condition:, there sceus te be
no significant "occan cffect’ for perceptual-notor tasks. Accordingly,
tank simulations, equated for temperature and visi™ility, arce cefficient
and economical experinental environments.

c. Decision-makhing and problem-solving in the ocecan remain onen questions, I
cven for cxperienced divers. This irplics a psychological effect even
at moderate depths, and suggests that work measurement include these
factors whenever practicable.

d.  The teirdency to perform less deliberately under stressful occan 1
conditions should guide the obscrver to look for and record errors,
onissions, ctc., as well as performance time itself,

¢. The ocecan decrement of novice divers could be a critericn of training
cffectivencess. That is, onc test of new training techniques would be:
Does it reduce the decrement?

f. These findinps reinforce the nced for the cstablishment of underwater
observor reliability and rcnote observation backup for undcrwater data
gathering.

3.5 Effects of Water Temperature

Dcscrintion

A tank study usin: cxperienced divers comared nipe puzzle assembly and
problem solving at 44°F to performance previously obscrved at GO F ynd 80 T
water temperatures. Manipulative opecrations such as assembly and
dissassembly were lengthened by the cold, while other task portions, such
as pressurization and problem solving, werc shortened. University
subjects, experienced in solving similar written problems, showed negligible
cffect of cold on nroblem accuracy. FP.lice and professional! divers, on the
other hand, showed a marked decrease in accuracy from the beginning to
the cnd of the approximately 45 minutc runs. (Reference this report).

Conclusions and Peccommendations

a. NDecreasing water temperaturc does not invariably lengthen perceptual-
motor task performance. Performance measurement should senarate the
task into '"compressible' and "incompressible' components to obtuain a
true picture of diver adaptation.

b. Cold water may contributc additional degradation in decision making
and problem-solving to those otherwise associated with stressful diving




conditions. This is accentuated for prolonped cxposure, and for
divers gencrally unpracticed in such tasks.

2.6 Performance Basclines

DEECIUEAER
Piver work measurcment is concerned primarily with the question: "How
vwell is the individual or tcan doing under these specific conditions?"
The immediate corollary is: "Compared to what?'" QOur vicwpoint is that
the comparison should be with how well the job can be accomlished under
ideal diving conditions. This means cleuar, still, comfortable water, and
a minimum of protective gear. It is patently impossible to transfer all
uulerwater work to dry land, and at any rate, the neans of doing work is
uniquely different underwater. Thus, comparisons with suctace performance
tend only to perpetuate the common fault of considering diving tasks as
familiar tasks done underwater. Such an approach is counterproductive to
the analysis and immrovement of underwater work skills, and confuses the
issue of actual decremeats. Surface comparison may be useful in describing
and understanding physiological and psychological response to the underwater
environment, its use in such studies should be clearly defined and
circumscribed.

Conclusions and Recommendations

a. Task performance under "ideal diving' conditions is the only valid
reference baseline for work measurement in more adverse environments.

b. Investigators measuring diver work performance should include in
their study data on the samc task taken under ideal conditions.

c. Since bascline commarisons arc not always practicable in field work,
a '"refcrence library' of diving standards should be established for
well-defined, realistic task components. A nartial estimatc of base-
line performance, at least, could then he constructed by combining
equivalent task elcments.

4, MEASUREMENT OF PIHYSIOLOGICAL RIISPONSE

4.1 lMeasurement System

Description

Physiolorical measurcnent at !'CLA has focused on a set of basic
variables: hcart rate, respirator ratc, insniratory minute volume, and
deep body temperature. These arc usually recorded as follows. Diver
subjects breath fron a bottled comprcssed air supnly. Inspiratory air
flow is measurcd l'y a laminar flow clement and associated differcntial
pressure transducer placed in the 135 psig input line of a standard,
single-hose regulator. Tlow is intcrnrated by oncrational amplifier over
onc-minute intcrvals to provide a scquential rccord of minute volume.
(Volume is corrected for depth.) lPesniration ratec is derived from the
integrated signal by counting the ''steps' in each onc-minute serment.
Flectrocardiorraphic (ECCY signals arc detected by water-proofed
silver/silver chloride eclectrodes, connected by 100 ft or morc of shiclded
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cable to a high input iipedance preamplifier. Deep body temperature is
obtained from thin and relatively flexible rectal thermister probes.
Continuous records are made on a multi-channel strip chart recorder, and
are reduced manually after a run. This system has heen operated at the
tant for onc and twa divers, and in the field (pier and shiphoardj for

one diver. Jt is currently beinp couverted to tape recording and computer
data analysis (see Section 6.2). Urart rate Las also been measured by
ultrasonic telemetry using a cormmer:ial voice communicator. (Z2eferences

6, 9, 14, 17).

Conclusions and 'ecommerdations

a. The basic nhysiolopical variabl~s, recorded by hardwire, hive proved
reliable in a number of experimental sitaations. They provide
information on «all three meior oompensatory nedhanisns, cardiovascular,
respiratory, and thermorem lat ry, and thus constitute a logical
"nuclear” set for underwater work nmeasurcment.

b, Diver acceptance of bininstrumentation has renerally been high, if
adequate explaination of aims is provided. 7The rcectal probe is a
possible exeecption: although one-time use has not been a problem,
repeated application to military or professional divers weold likely
lcad to eventual lack of coaperation.

C. If the divers are on umbilicals, as in most actual work situations,
hardwire physiolo~icnl recording does not interfere with norial
movenent . Where lires are 'mrealistic or danveronus, telemetry provides
the best monitoring means.

4.2 Dasic Physinlogical lesponsc

pcscription

In the initial study, subjects in the tank were administered a battery
of various surface and underwvater tacks, including standarized cxercise and
sclf-paced work., lecart rote wndervater ranged from 45 heats/min toabout
180 begts/min. Respiratory response covered a range of from 0.1 ft7/min to
2.8 ft'/min for inspiratory volume, and from about 4 breaths/min to over
25 breaths/min for rate. Response underwater corresponded well to responsce
on the surface, althouph there was a tendency to observe lower leart rates
for physically cqual underwater work. Using heart ratc and inspiratory
minute volume, it was possible to order vith some consistancy surface and
underwater tasks of known relative worlload. Subisequent observatinns on
cexperienced divers in the ocean for the same tasks showed similar levels
for the physiological variables. And divers worlinpg on actual construction
jobs exhibited nearly the same ranp~ of physiological respense. It has
heen possible in these cases as well to correlate physiolopical response
with known demands of the diving task. (References 6, 11, 22, 24).

yggplusions and Recommendations

a. Basic physiological measurements talen during diving operations
permit reasonable estimates of imposed workload as 'light',
"moderate’ and "hecavy.'




b. Physiological response underwater is influenced by several unique
cnviroenmental and experential factors, depressed heart rate and
"skip Yreathing'” being cases in point. More accurate indirect
deterrination of workload depends on further research to deliniate
these relationships.

4.3 {Corrclations Anong Pkygig}ogicnl Measurcs

stgsztiqn

Pank correlation analyvsis was applied to the results of the study
outlined above to determinc how consistant were subjcct responses over
the various tests, and how well the several measures correlated on a
particular test. It was found that in general, a subject having a relatively
low heart rate or mirute volume on one test also tended to rank low in
these variables on other tests. Corrclations were particularly high in
the surface-surface case, and, for hcart rate, between surface tests and
heavy underwater exercise. For the individual subject, the results indicated
that while the three physiologeical measures werc closely interrelated, heart
rate and minute volume were most highly correlated, while minute volume
and respiration rate were least highly correlated. Separate analysis
indicated that respiration rate was the least sensitive measure, and that
minute volume showed more variability than heart rate for moderate workloads.
(refereiices 6, 8, 11, 12).

Conclusions and Recommendations

a. Assuming that thc relative level of physiological response 11 a valid
measure of capacity in a particular task, it appears feasible to
estimate underwater work capacity through surface tests.

b. Where a choice must be made among physiological variables, hecart rate
is preferable for underwater work measurcment. It has low variability,
is easy to obtain, and correlatcs well with other variables, including
oxygen consumption (as discussed below).

4.4 Oxygen Uptake

Description

A brief study was conducted in the UCLA tank to examine the corrclation
between oxygen uptake and heart rate during underwater swimming. Subjects
swam statically in the ergometer at three thrust levels, 9 1lbs, 12 1lbs, and
15 1bs, corresponding roughly to relaxed, moderate, and strenuous cffort.
Cxpired gas was collected through a special exhalation regulator, which
permits direct exhalation to one atmospherc of pressurc. The results indi-
cated that both oxygen consuiption and heart ratc incrcase linearly with
thrust. loreover, the observed ratio of oxygen consumption to heart rate
(about 40 beats/min for each 1.0 liter/min 0,) was the same as that previously
reported for threadmill work on the surface 4nd arm exercise underwater
(References 17, 22, 24),
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Conclusions and Recommendations

a. Preliminary analysis indicates that hecart rate is a good index of
swimminp work underwater. lorc detailed studies examining deptl.,
water tenperature, and other worl types are required before this
relationship can bhe reliably quantified.

¥

b. Collection of exhalced gas is o reasonable metho! of determining
oxygen consumption for tank studies. Major proclem arcas are
exhalation resistance and (O, absorption by moisture in the cxiiaust
lines. N

c. Swimming thrust appears to be a diving equivalent of walkine and
should be adopted as a standard measure of undervater exercise.

4.5 ILffects of Water Temperature

Descrintion

llcart rate, respiration rate, inspiratory minute volume, and rcctal
temperature werc measured continuously as expericnced dévers rested and
cexercised (pipe puzzle assembly and block moving) at 44°F in the UCLA tank.
Deep body temperaturc dropped steadily over the 45 to 60 rinute exposures.
Decrease was more rapid during the light assembly task than during rest.
Apparently, increased blood flow to the periphery, with consequent bload
cooling, morc than offsct the increascd metabolism. liglier exercise levels
attenuated this heat loss. llecart rajec and inspiratory minute volume during
thg assembly task wcrc grecater at 44 I' than previously observed at 60°F and
807F; the difference increased as exposure lengthencd. (Reference this report).

{lonclusions and Rccommendations

a. Results of this study indicate an increase in the physiological cost of
work with decrcases in water temperature,

b. The data also suggests a loss of normal voluntary control over respiration
for prolonged cold exposure. This may be an additional reflection of
the narrowing in attention previously associated with stressful
environments.

c. Prediction of work tolerance is particularly critical at reduced body
temperatures. Additional information is required regarding physical
as well as mental capabilities under these conditions.

3.6 Stress _and the Physiological Indices

Description

In the UCLA studies, heart rate and the respiratory paramctcrs have
been applied at times to estimate physical effort, and at other tires as
indicators of psychological stress. Such dual utilization is common in the
literature; it is rare, however, to find it in the same investigation.
Unfortunately, diving nearly always combines physical effort with sonc depree
of arousal or anxiety. Both of thesc factors are important to underwater
work measurement; and it is therefore incumbent upon the investigator to
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try and scparate them in his analysis. Our experience has provided
some guides to this process. (Refercnces 4, S, 11, 14, 15, 23).

Conclusions and Recommendations

a. Basclines of phvsiological recponse should be obtained for experimental
tasks in a cleuar, comfortable, safe underwatcr cnvironment.

b. Flevated heart ratc and respiratory resporse is more likely to indicate
anxiety under non-bascline diving conditions when: (1) it is more
pronotmced in less cxperienced divers: (2) it decreases with cxposure
rather than increcascs; (3) it is not corrclated with improved
performance times or outputs.

c. Independent psychological or biochemical tests of stress should be
applied whenever fcasible to confirm the cardio-respiratory indications.
A questionnaire test for anxiety is described in Section 4.4.

S.  MEASUREMENT OF PSYCHOLOGICAL RESPONSE

5.1 Perceptual Narrowing

Qgscrintion

Two experimental studies examined the effect on visual perception of
the typc of diffuse risk-stress generally associated with diving. The first
followed a group of novice divers through surface, tank and occan exposures.
Subjects monitored a peripheral light alone, or while simultaneously
performing an attention-demanding visual task. On the surfacc, the central
task had no effect on peripheral vigilance. During diving, a identifiable
subgroup of subjects showed markedly incrcased response times to the
peripheral lights, sugpesting that diving risk also causes the perceptual
narrowing previously seen in other stressful situations. This hypothesis
was investipgated in a more carefully controlled study on dry land: the
object was to demonstratc narrowing under similar psychological stress
without associated physiological change. A nonfunctioning altitude chamber
was refurbished to resemble a high pressure facility; descent to 60 ft was
simulated realistically by means of hissing air, moving pressurc gauges, etc.
The central task was a sclf-paced automatic presentation of Landolt ring
targets; detection of a light flash in the diving mask periphery was the
criterion of narrowing. Anxiety was measured by heart rate and a question-
naire. Two groups participated; one in the chamber, the other as controls
outside. Central task performance was the same for hot® groups; but the
chamber subjccts detected significantly fewer peripheral lights. The
chamber group showed a significantly higher heart rate, while the anxiety
test scores indicated a normal state for the controls, and ''mild" anxiety
for the chamber subjects, It was concluded that the results validated the
hypothesis., (References 4, 23),
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Conclusions and Recommendations

a. Detection of peripheral lights is a sensitive indicator of shifts
in attention. Preferably, the lights should be bilaterally presented,
at short, randon-appearin: intervals, and in the same field location
for cach subject.

bh. Diffusc anxiety associated with risky undertakings, like diving, can
cause a marhed reduction in peripheral attention.

c. Planning of practical diving tasks should include the possibility that
the diver's functional vision, already constricted by his mask, will
be further constricted during periods of stress.

d. Future rescarch should focus on the quantification of the narrowing
effect, its actual influence on performance, its suspectibility to
training, and its use to estimate immediate ability to perform.

5.2 Visual Adaptation

Description

A series of tank and pool studies was conducted to investipatc how
divers adapt to the distortion of object size and distance caused by
underwater viewing through a facemask. Size estimates obtained by adjusting
a linc to an estimated length of 12 in. indicated that upon entry to the
vater, novices experienced more size enlargement than experienced divers
(Experienced divers were also more accuratc when viewing through a porthole,
indicating the effect was not ''situation contingent'). Lxperienced divers
reported objects as closer underwater than they actually were. Adaptation
during underwater exposure was demonstrated to size but not to distance.

In fact, a negative correlation between size and distance adaptation scores
indicated that most divers adapted to one dimension by counteradapting to
the other. That is, some subjects improved their judgments of size by
degrading their judgments of distance and some the other way around.
(Refercnces 10, 16, 18, 19).

Conclusions and Recommendations

a. Overall diving experience is probably the main determinant of perceptual
accuracy underwater. During a dive, judgment of objcct sizc improves
more than judgment of distance, but the effect is poorly predictable
and not significant practically.

b. For most divers, adaptation to size and distancc distortion does not
normally occur simultaneously. The necgative correlation should be
considered when attempting to train divers to improve both aspects of
perception.

c. Classical methods of measuring visual adaptation can be applied
successfully underwater.
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5.3 Diver Personality

Description
One hundred and forty scven UCLA diver trainces were given the
Pensacola T-Survey of personal autonony. Findings revealed that the

student divers described tlhemselves os individualistically as did astronauts
and Antarctic scientists, hut not siynificantly morce so than did other

canpus groups. lHorcover, the O Scale did not differentiate betw-en

successful trainees and dropouts, although there was a weak relationship
between autonomy and hiyl. performance scores during pool testing. Individuals
of exceptionally low or cxceptionally high autonomy were less likely to be
food performers. These results matched those of a similar study undertaken
simultaneously in England by ll. Ross. (Reference 13),

Conclusions and Rccommcnﬂptions

a. University diving programs provide a large number of motivated,
articulate divers. ‘any futurc undersea workers will be drawn from
a similar population. Thus, determining any special personality
attributes of thesc pecoplc could help greatly in program planning and
evaluation.

b.  Although the Pensacola ?-surve did not prove particularly fruitful,
other tests of personality should be applied to diver groups.

c. All trainees perform about the same on the 'all-or-none'' criteria of
training success, but separate over the long run in their development
of diving skills, their ability to handle adverse ocean situations, etc.
Accordingly it is more likely that the correlation of personality
to performance will increase with diving experience,

5.4 Anxicty Questionnairc

Qgﬁcription

Psychological stress is frequently a significant concommitant of work
underwater, and its determination an important part of work measurement.
In several UCLA studies, successful use was made of the Multiple Affect
Adjective Checklist! This is a questionnaire test of anxiety, hostility,
and depression, designed specifically to mcasure the immediate level of
those variables in an individual. This test is easy to take and to score,
and in our experience, sensitive enough to discriminate reliably mild
anxicty from normative response. C(ther investigators also have applied
paper-and-pencil tests of anxiety in experiments involving dangcrous
cxposure (References 17, 23).

lIucl.crman, M., and lLubin, B. Manual for the multiplc affect adjective
checklist. San Diecpgo: Lducational and Industrial Testing Service, 1965.




Conclusions and Recommendations

a. The Multiple Affect Adjective Checklist has been demonstrated to
mcasurc anxiety induced by risky exposure.

b.  The test, or another like it, should be applied as a primary or
sccondary measurc in diving weork measurement where psychological
stress is a known or suspected factor.

c. Investigators should exchange Jata on anxiety levels measured for
specific diving situations in well-defined su®jecct proups. A data

bank of diving stress would aid in predicting performance and
identifyving anomolous response.

6. COMPUTER TECIINIQUES

6.1 Secalab III Scenario

pescrintion

A computer program was writtcn to permit translation of the Sealab TI1I
Operations Scenario from typewritten form to computer storage. [I'rintout was
provided in thc original format, but at grecatly speeded rates. The principal
innovation was in the area of scenario modification. Under control of the
program, the sccnario was modified on the alphanumeric display scrcen of an
interactive computer terminal (TV monitor plus keyboard). The system was
working well when cancellation of thc Scalab cxperiment halted vork on
cxtensions cf the basic program. (Reference 20).

Conclusions and Recommendations

a. Computer storage of cvent descriptions for a ccmplex and lenpgthy diving
program proved highly cfficient in time and storage spacc.

L. llodifying the events and their timing in an interactive mode was
cffective, and casily learned by sccrotarial help.

c. Extension of this approach would permit automatic optimization of the
scenario, as well as comparisons between the scenario and the actual
procedural record, or betwcen the final scenario and its predccessors.

6.2 Physiological Data Handling

pcscrintion

A computer program was decveloped to rcduc~ automatically records of
diver physiological response which had formeriv been rcduced by hand.
Fxperimental data is first recorded on analog tape at the tank or in the
field. This tape is converted to a digital tape, which is fed to the data
proccssing computer. The program derives beat-by-beat heart ratc from
the digitized LECG signal, calculates breathing ratec and volume from the
integrated inspiratory flow signal, and logs dcep body temperaturc. Print-
outs arc provided for 1-minute cpochs (six 10-second segments’ throughout




the run, along witl the sun summary report. Two divers are accommodated.
(Reforence this report).

Conclusions and Recormendations

a. Computer aralysis 1s o fast, ecconomical means of reducing physiological
data from diving cxperirents. It provides data which is more accurate
and complete than that fron manual techniques.

b. Faster data turn-around permits the experimenter to keep closer control
over the investigation, as well as to utilize interim results for
validation procedures.

O

. Usc of a central computer facility and peripheral tape recording brings
the potential for computcr analysis to a broad variety of studies, in
many locales.

d. Extension of the present progronm would provide on-line safcty monitoring
at critical dive sites. The advantage of the computer is that it can
incorporatc morc complex safecty criteria than can the more usual meter
limit alarms.
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IV. COMPLEX TASK PERFORMANCEF.
IN COLD WATER

LITRODUCTION

The physiologic mechanisms that come into »lay during coid wites
immersion and the variables that affect these mechanisms are of obvious
irportance to the working diver. The detrinmental effect of extrencly cold
water on underwater work was supgestced by Puph et al  (19603) and ‘eatinge
(1961). Others, Costill et al. (1907), investipating these mechanicms with
warmer water temperatures came to the conclusion that water temperature
would not significantly alter the mctabolic responses of men during
submaximal work. Craig and Dbvoral. (1968) attempted to combine this
conflicting testimony into a unificd theory relatin~ water tempcraturc to
corc temperaturce drop at different work levels. The deleterious ~ffect of
low water temperaturc on work performance nas been demonstrated for
isloated tests by Bowen (1968), Miller et al. (1969), Stang and Wicener (1970),
and others. Intervening variables such as equipment, type of worl, ctc.
have not been well cuantified in the literature.

Our aim in the present study was to surply a broader view of the
phsiologic and performance picture of a diver as he vorks in cold water
on a comprchensive divinp task with typical Jeep diving gear. Our ajproach
was to utilize past cxperimentation, Weltman, Fgstron et al., (1969, 1070),
as a comparison to similar expoeriments at colder watcer temperaturcs. A
25-ton capacity water refrigeration unit added to the U'CLA Underwater
chc.rch Facility cnabled us to reduce water tcmperature to an average of
447F. In this environment performance and physiolcegical data werce taken
on 2 croup of subjects during rest, during construction of a standard
pipe assembly tasl, and also while performing a blocl -moving taslh.

2. HETHOD

2.1 Assembly Task

ngcrigtigu

The assembly task was the same as that previously used by Weltman,
Lpstrom, ct al. (1969, 1970), for mecasurcment of complex underwater vork
performance. The structure, shown in detail in Appendix I, consists of
four subasscmblies and a manifold made of 2 inch diamcter galvanized pipe,
with appropriate flanges, gaskets, valves, and conncctors. It stands
about 7 fect high on a 4-foot by 5-foot hase. A team of two divers lLolt
the structure together with appropriate washers and spacers, pressurize
it from a yus console, then disassemble it. In order to add a degrece of
mental reasoning to the task, five diving physics problens were added,
three before assembly and two after. The five phases of the cornstruction
task were;

1. Pre-Problems. Three written problems requiring the calculation of
pressures and volumes as a function of deptl were presentc!’ hefore
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the assembly of the structure was begun. Each problem required

several steps to arrive at the correct answer. Each diver was

required to fill in all bLlank . He could use mental reasoning alone

to solve the problen or Le co 1d calculate on any available ~nace on
the answer sheet. A tyiical »re-problem that related to the subsequent
task was: "Caue prescure wndervater cquals depth in feet timen 0.5,
This is called "ambicnt’ pressure. The structure leak check pressure
is 15 PSI atove ambicent pressurc. At your depth of 15 feet, what
should the console puupe read for leak check pressure?

What should th~ console nauge read for sealing pressure?
Similar problems were utilized in all runs.

2. Asscmbly. Three pipc subassenblics and the manifold were bolted to
the structure using 1/2-inch nuts and bolts and a specified combination
of open and solid gaskets. The pipe sections weighed 39, 44, and 50
Ibs. It gencrally rcquired both members of the team to place and secure
cach of them. The nuts and bolts were tightened with an adjustable
wrench and a torque wrench to 30 ft.-1lbs. of tension on cach bolt.

3. Dewatering and Pressurization. The assembled portion of the pipe
structure was dewatered and pressurized. Both sides of the assembly
leading to the manifold were tested independtenly for leaks. Air was
introduced into the sclected side of the structure by appropriate
manifold valves. The air was supplicd from a gas console through a hose
which the divers connected to the manifold. Once the section had been
dewatered, one diver closed the vent valve and the other diver increased
the structurc air pressure to a specified level. The first diver then

1 rcopened the vent and lowered the air pressure to a second specified

level. The sccond side was then dewatered and pressurized by the same

procedure. The tash always required the coordinated efforts of both divers.

4. Disassembly. The three subasscenblics and the manifold were unbolted
from the structurc and placed within the rcmaining framework. Nuts and
bolts were returncd to a container and the pasket., were hung on a wire hook.

[#2]

Post-Problems. The post-problens were identical in naturc to the
pre-problems, except that two instcad of thrce problems were completed.

2.2 Block Moving

pgipriptigﬂ

A self-paced block moving tash was used to cxanine the physiological
response to ¢ moderate work load. The task was to repetitively move five
concrete blocks between a floor-level pallet and a threc-foot-hiel pallet six
feet away. The blocks measured 51/2x71/2x151/2 and weigned 39 pounds
submerged.  The taslk required use of numerous nuscle groups both in the
lifting and transport segments. Previous studies, Weltman, [gstrom, ct al.
(1968), had demonstratcd rclatively high work levels for this task in the
underwater cnvironment.
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The bloch moving task, which lasted for a period of fifteen ninutes,
vas preceded by thirty rinutes of precooling. The precooling period
required the subject to remain quict and provided tiric for recording an
approximate physiological baseline with which to compare the work lecvels
of the construction task and the blocl noving tas! . “fter comvletior of
the Plock moving task, the subject remained in t'ce woter for five more
minutes while post-exercise data was rcecorded.

2.3 Personal Equiprent

bivers wore Tull ncoprene wetsuits, cloves, and booties for cold
protcction. Instead of a demand repulator as previcusly used, the divers
wore Kirby-Morgan band masks. This is one of thc commonly used underwater
work masks, and provides facial protection apgainst ccld vater. The masks
were surface-supplied through umbilical hoses. The Kirby-Morgans permitted
two-way communication with the surface, but not hetween divers. The divers
worc fins and a weight belt and were instrumented as described Lielow,

2.4 Performance Recording

pcscrintion

Two variables of interest in the diving situation arc uscful work output,
and the quality of that work. Construction task completion times werc uscd
as a measurc of work output, while assembly errors and problen corrcctness
were used as a rough mcasurc of the quality of diver output. lach diver was
provided with a plastic tablet which contained: (1) The pre-problens; (2)
brief assembly, dewatering, and disassembly instructions; (3) a diagram of
the completed assembly; and (4) the post-problems. Spaces were provided on
the tablet for the subject to record his phase completion times and problem
answers. The investigators also recorded completion times on the physioleogical
strip chart record (sce below). Times were later cross-checked to verify
their accuracy. The subjects' problem answers and time Jata were transferred
to subject data sheets immediately upon the complcetion of each run. The
problem answers were later checked for correctness.

The objective of the block moving task was to determine the physiolopical
response to a substantial work load in the underwater work environment, A
record was kept of the number of blocks repetitively moved during the 15-minute
task period.

2.5 Physiological Recording

Description

Heart rate, minute volume, respiration rate, and rectal temperature
mcasurcments were taken on all subjects throughout cach run. Body weight
was taken pre and post exposurc to sece if any large weight loss.s occurred
at this water temperaturc under normal diving conditions.




Both divers wore water-proofed shin clectrode« connected to the
prcamplifiers of a multi-channel strip chart recorder. Inspiratory flow was
measured by means of a laninar flow clement and associated differential
pressure transducer placed in the air supply line., The flow sicnal was
integrated over onc-minute intervals usiag an operational amplier. The
amplificer output vas then fed inte tle strin chart recorder.  Alternate
minute data vere obtaincd for hoth divers vorliny on tiie construction task
by rrcans of a flow switching devicc. Data were taken continuously on the
subject performine the block moving task. Vhen the data were later reduced,
volurnes which were neasure at atnospleric nressure, vere corrected to a
depth of cleven feet, Respiration rates were derived by counting the
betveen-breath platcaus on the integrated minute volume recordings.

The difficulties associated with measuring the temperaturc of the
hypothalmus in a subnerged, working diver are considerable., thile external
auditory canal terperature is an excellent measure of core temperature for
non-subnerged subjects, damming of the car is risky for divers, becanse
increased water pressurc may drive the dam into the sensitive eardrum,

We thercfore scttled on rectal temperitures, a relatively casy measurcment,
as the best available estimate of core temperaturcs. A speciallv-preparcd
flexible thermistor probe was inscerted approximately four inches into the
rectun. Data were taken throughout the run. A switching device was used
to obtain alternatc minute rectal terneratures for cach diver during the
construction task., ‘leasurcrnent was continuous during the block moving task.

Weight losses were recorded by accurately (0.50z) weighing the nude
subject before and after cach experirental session. The subiect wvas weighed
after he had voided and beforec suiting up, lle was reweighed after he had
thoroughly driecd himsclf with a towel and voided if necessary.

2.6 Eﬁﬁgxipcntal Locale

hcscrintion

All experimental scssions were carried out at the UCLA Underwater
Research Facility. The Facility's opcrational versatility was cxpanded with
the installation of a Dunham-Bush 25-ton water refrigeration unit. In
addition, cquiprent was added to monitor, by switching, minutc volumes and
rectal temperature of two divers during experimentation.

Mean Water terperatury for both the construction task and the block
moving task was 44°F, The range during the construction scries was
42-50"F, The high temperaturc was the result of a onc_day outage of the
unit. The range for the Hlock moving serics was 43-45"F, Outside air
terperature averaged about 83°F, with a ranpe of 75-04°F.

2.7 Subjects

Description

The subjects for this experiment provided as representative a population
as was possible from the diving commmity available to us. Twenty-five
subjects particinated in the construction task. They varied in age from




18 to 43 years; their averare age was 20 years. Diving capericerce ranged
frem 3 nonths to 16 ycars, and averuged 31/2 years Light subjects
participated in the block noving tasii. They averaped 37 vears of ape with
a range of 22 to 43, Their diving cxpericrce varicd from 1 to 14 vears and
@lso averaged 31/2 vears.

The backprounds of our subjects varied: MRG t FU WL rL e Slusien
and staff (4), seone Los wocles cowmty sherifts fier ot D Services
betail (8), and sone vere studeits in a loci cory ) BRG] sl 115,
Three subjects participated in hoth tle construct;nn ~a’ and tie oloc

moving tashk,

3. PROCEDURE

Qg§sfiptioq

For the construction task the twentv-five subiccts wvere forred into
two-man teans. Light teams ran twice and six teams onl, cnce. liiree merbers
of these six teams narticipated in two runs. Thercefore nineteen subjects
participated twice and six participated once. All sunjects were givea at
lecast one dry run on construction proccdures and all aquestions concerning
the task were answered. They were encouraged to discuss their plans and
decide which diver vonuld do cach task. Signals werc vprearranged by the
subjccts sincce they could not commnicate verbally uncerwater. The subjects
were given onc or two practice diving physics probleis cnd all had had
noving experience with problems of this type. The tloc! roving task
involved individual runs. The cight subjects werce civen brict instructions
on procedures. The simplicity of the task provided wiifermity.

Upon arrival at thc lescarch Facility the subjects were first bricfed.
They were then weighed and dorned wetsuit bhottoms and bootics. The rectal
thermistors and clectrades were next applied. The subjocts finished dressing.
then ready they went to the diving platforn to put on the Kirby-lorgan
helmets and weight belts, and to corncct their senor unbilicals. They then
entered the water and began the experinent.

4, RESULTS AND DISCUSSION

4.1 Performance in Cold later

Description
- e ————tl - e

Asserbly, dewatering, and disasserbly phase complction tines for the
present cold vater series and comparallle datn from nast experirentation at
6OOF and 80°F are tabulated in Table IV-1. The cight subjects for the 60°OF
runs had been divirs for an average of 4 years. All had at lcast 1-1/2 vears
diving experience. They were given two practice runs. “he data listed is
the results of the two experimental runs for the nine teams which particivated.
Five divers who had been diving consistently for at least 2 vears were the
subjects for the S0°F runs. For a conservative cormarison, the data prescnted
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for this rmore confortable vorl in, chvironnent arc the first four runs
that ecach of the divers participatew in.

CABLI ]
Corstraction Vask Phase Coupletion Vines
(Minutes)
Water Teimeraturce
Q. 0. PNV I
Miase LE 6OF 50T
Anserbly 24.5 LN
- - : 19.'%
Devaterine 5.0 6.7
Nisasserbly 10.5 §.0 6.7
Totals 40.06 38.3 26.0

The two completion times of most interest are thic assembly and
disassembly phascs. These task phases are the least compressible.  That
is, cach step in cach phase requircs the cormletion of the previous one.
Therefore therc are no ncthods other than increasced efficiency that will
result in their shortening. The extreme hand cooling in the 44%§ water
necessitated the wearing of neopreiie diving cloves, while gloves were
worn by only two subjects during the GO°F runs and by nonc at all during
the 80°F runs. The incrcase in hand insulation most likely offset the
cxpected decrement in manual perfornance due to cold. It is felt there-
fore that the initial coastruction phases, particularly the assembly
phase, are somewhat shorter than they otherwise would have becen.

The total time required for the assembly and dewatering phases was
10 minutes longer in the G0OF water than in the 809F exmosures. The 44%§
subjects wearing rloves reouired about two minutes longer than the ¢0°F
subjects for assembly. ‘lhey completed the dewatering phase, however, in
less time than the 60°F subjects.

The divers in the 44°F exposurcs bhad tynically been in the water
about 34 nminutes bv the start of the disaseenbly phase. Even vith the
diving ploves, hands were numb and in some instancc< ctinging lv this tire.
The decrements in completion time for the 60°F and the 440OF dlsasqomhlv
phases over the 80°T series were 24% and 57% respectively. The decrement
observed in the 44°T cxposures over the 60°F runs was on the same order as
Bov.en (1968) observed in his group assembly task.

The faster nroblen sct and dewatering completion times scen at 44°F
corroborated previous findirps (Weltman, Eostrom, et al., 1969 and Bowen,
1968) of an apparent speced-up in compressible dive phases as environmental
stress increases.

Performance of our subjects on the dive problems in the 44°F vater sugpested
a division of the penulation into two groups. In the first pgroun were all
those subjects who had extensive backgrounds in nuncrical computation, such
as engineers, scientists, and physical science students. The other group
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consisted of thosc subiccts who did not have this extensive rmathematical
background, the sheriffs deputies, conrcrcial diving students, ctc.

Table TV.-? summariczes perfori tnce scores for the two types of subiccte
in water of three temmeratures. Althouph 21l sul iects were ‘netructed on
the method for solving the problers and were given eyvmle proo orms urjor

to the dive, the group that did not have numerical bockroronnd! rformed guite
poorly thrcughout, and showed o consistont decrease in accurac)y fic re o tn
post task testin:;. The “mathenatical' groun, on the other hand, was not

. . 2O
uniformly affectcd cven by the 44T cxposure.

It is concluded that for those individuals il practiced in solving
written problems, watcr temperaturc will not cause siznificant decrenents
in performance. [lowever, subjective renorts of cxtreme diffic:1ty in
concentration on the tasl. at hand cuggests an increased cost of nmaintainin:
normal mental performance in cold water., This finding is in o ree: :nt with
Bowen's rcport of ''cold water cnvironmental distraction' associated with
tasks requiring the usc of short-term memory, on which our "non-nmathematicnl'’
subjects perhaps had to rely on almost entirely.

TABLE IV-Z

Dive Problen Performance (Percent Correct)
o water Tcmpcrsturc o
33°F GO T | 50
Subjects Pre Post Pre Post | Pre Post
University Divers | 80 0 02 79 9N T3
Regular Divers 30 24 063 23] -~ --

4.2 Work Level and Physiological 'csponse

Description

llcart rate, minute volume, and respiration rates for the five nhases of
the construction task are presented in Table IV-3. Similar data for the
block moving task is presented in Table IV-4. The data reflect the difference
in work levels. During the 3N-minute pre-colling period heart rate averaged
86 beats/rin, while during the construction task the average was never wunder
103 beats/min. The block moving phase was obviously more stressful than any
period during the construction tiosk, with heart rate averaging 123 beats/min
during this period. On the average the subjccts roved 2,106 pounds (54 blocks)
from the low pallet to the higl pallet and back acain during the fiftcen
ninutes of this phase.




TABLY
SUPCARY OF CARDIO-RESPIPATO"Y DATA

v

-3

DURING CONSTRUCTION TASKS

SUIMARY OF CARDIO-RESPIRATORY DATA

DURING BLOCK MOVING

(N=25)
Heart I'ate Minutc Volume Respiratory Rate
(Beat/Minute) (Liters) (Breatns/Minute)

Phasc l

igh | Ave Low High, . Ave | Low High | Ave | Low
Pre-Problens (140 107 70 36 21 1 31 17 7
Assenbly 150 114 24 38 2 17 28 19 9
helvater 142 107 83 44 29 19 32 19 9
Dissassenbly |[144 113 89 16 31 20 32 20 10
Post-Problems |129 103 76 49 | 29.7 20 32 19 9

TABLLE 1V-4

(N=8)

Heart Rate Minute Volume Respiration Rate
(Beats/Minute) (Liters) (Breaths/Minute)

Phase
lligh | Ave | Low High | Ave | low High | Ave |Low
Prc-Cooling (104 86 78 22 14 9 13 8 6
Block Moving [159 122 110 43| 34 24 25 16 12
Post-Cooling {121 89 73 e | 24 18 18 12 5
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Average rectal terperaturcs for the first 40 minutes of the construction
task and the block moving are presented in Figure IV-1. Only runs lasting
A0 minutes or morc arc included in thc averapes to prevent shifts due to
the loss of data points. During the activity of the construction task rectal
terrperatures initially dronped slightly, while during the rest period (30
minutes) beforc block moving they did not. Craig and Dvorak (1768 observed
similar results in warmer water. Lven with the necoprene diving suits adding
insultation, light exercise produced larger falls in rectal termeratures than
rest. This is consistent with thc view held by Keatinge (1961) . Push and his
coworkers (1955, 1960), and Craig and Dvorak (1968) that the increasc in
extrenity blood flow accompanging cxcrcise causes incrcases in bedy heat loss
that arc larger than the heat produccd by that exercisc. The moderate cxercisc
of the block moving produced a slower fall in rectal temperatures than did the
less strenous construction task. This suggests that light exercise is the
worst situation for core temperaturc loss in cold water.

100 —o§-o—o—o>.

<IN

RECTAL TEMPERATURE (°F)

995 |
[ ]
| Q=0 REST AND BLOCK MOVING (N=9) \
° ® CONSTRUCTION TASK (N=20)
(
99 1 ] | 1 ] ] ] ] 1 ]
1 4 8 12 16 20 24 28 32 36 40

EXPOSURE LENGTH (MINS)

Figure IV-1. Awersgs Restsl Tempesotures During Cold Water Expasure

The sudden increase in work level after chilling encountered in the
block moving task resulted in three subjccts reporting nausea during and
after the block moving phase. Onc subject fclt nausecus for tvo hours
after the exposurc. Thesc subjective reports ermphasize the stress produced
by the combination of cold and hecavy exercise.
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Wicight loss for the cight subjccts who particinated in thec block
rnoving averaged 7.4 ounces, and ranged from 0 to 20 ounces. For thc
construction tashk it averaged 6.9 ounces, varying from 3 to 15 ounces.
These snall weight losses were felt to be more a result of sweating on
the surfacc than to any diuresis that could have devcloped during the
cxposures.

4.3 Vater Termerature and Physiolo;ical Response

pescrintiqg

Phasc-by-phase cnvironmental corparison for heart rates during the
construction task arec presented in Table IV-5, the same data arc plotted
in Figure IV-2. lieart rate increased as water terpcraturce decrcased for
all five phascs, and the samilarity in rcsponsc patterns is striking. It
is felt that the initial increase, particularly in the pre-problems and
the beginning of the assembly phase, may be duec to a cold-induced reflex
such as Keatinge ct al (1964) found in his subjccts suddenly subjccted to
cold showers. As the period of exposure continues the increcascd heart
rates arc probably maintained by incrcased metabolism. In earlier work
Kcatinge and Evans (1961) found similar incrcases in their nude subjects
resting in water at about the same temperatures. At water tcmperaturc of
95°F and higher they obscrved incrcasing heart rates. Craig and Dvorak
(1968, 1969) observed that this increase started at slightly lower water
termperatures, when the subjects incrcased their work output. loore et al.
(1970) working at water temperatures of from 61 to 86°F saw minimum heart
rates at 72°F at rest and low work levels and at 61°F at higher work levels.

TABLE 1IV-5
HEART RATES DURING CONSTRUCTION TASK AT DIFFERENT WATER TEMPLERATURES
Heart Rate
(Beats/Minute)
Phase
44°r 60°F 80°F
(N=25) (N=8) (N=15)
Pre-Problens 107.5 92.2 78.3
Assembly 114.2 107.5 91.3
Dewatering 107.8 99.3 81.3
Disasscmbly 113.9 107.5 86.7
Post-Problems 103.7 93.2 75.7
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Figure 1V-2. Heart Rates During Construction Task st Diffe-ent Water Temperatures

Not REPRODUC)g,

Costill et al. (1967) ou the nther itand, observed 1o s mificint char « in
heart rate with water terperature.  ihuvever, Mis subiocts were cxereic oo
at work levels necessitatin: 3 litere o0f oxe ~n mer ~irute and heart v o5
near 150, This hipgh work rote offectively pashed anv differences pres  t,

. ) o
inute volunes ard reen ratinn catee for 447 ol F runs are

presented in Tahle IV-6 and Vieure TV-3, The wes=iraison manitorine
cquiprent described in this renort o rot voed Anrin the 60T exposure s
hecause the initial intent of those yu-s did not necessitate exact
measurements.  Scuba tank nressure dvens were uced as a mugh indicatoer
of air consurmption, but this method i- ot sufficiently nccurate for our
present comparision. Therefore that dnta is oritted.

The minutc volumes and resniration rates in all nhases incveased
from the 80°F runs to the 44°T runs. lLike the initinl incroase in heart
rate, the initial increase in respiraticn is €21t to be reflex in nature,
Keatinge and Nadel (1965) suvport this reflex lhvpotheses. They furthor
reported that their subjects could net volustarily cortrel their breathine
during the beginning of ice-cold shevera, vhich ould rresent an addod
danger to a diver in an cnergeney situation ‘n cold vater, As the lenoih
of the exposure continues, incrcased netabolisn nndoubtedly contritntes to
the increases in respiration., Craig ard Dvoral (10062, 190 pevorted
increased oxyren conswemtion in rest rp and crercisine halivildu ls wie
decrcases in water ternerature, loore ot al. (127M observed lower
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ventilation rates in their subjects in 86°F water than was scen in 72°F and
61°T water for all work rates. Costill et al. (1367) similarly observed
increcascd ventilation rates in 63OF water over 80 T cxposures.

TARLL IV-G
RESPIPATORY RESPONSL DHURTLG CONSTRUCTION TASK
AT DIFFLERENT WATLIN TEMPLPATURES

Water Tempcrature
Phase 44°r 80°F
(N=25) (N=15)
Minute Respiration Minute Pespiration
Volume Rate .Volume Rate
(Liters) (BPM) (Liters) (BPM)
Prc-Problcens 21.1 16.9 17.0 10.3
Asscmbly 27.2 18.9 24.3 12.3
Dewatcring 28.7 19.2 20.7 11.3
Disassembly 31.1 20.4 21.7 12.3
Post-Problems 20.7 19.4 19.3 11.3
: 35 —
44°F
—/‘ ® L
E ]
z 5~ 0
5 . \ Y 80°F
g 20 |- ° ---“‘-¢
- 0
15 |-
10 | | | | J
PRE- ASSEMBLY DEWATERING DISASSEMBLY POST-
PROBLEMS PROBLEMS

Figwre IV-3. Minute Volumes During Construction Task st Different Water Temperstures
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Craphical presentation of the “cart rate and ventilation rate data
indicates that tlicre rust also be ancther fuactor involved. Fipure 1V-2
demonstrates a realtively constant increment in heart rate throu;hout the
exposurcs. Figure IV-3 shows that the increasce in ventilation rates
hoeecome larger as the cxposure lerothened,  Minute volures during the
pre-problems were 4 liters/minute laraeer in the 4497 series thae in the
30°C runs. The differcnce had irceveascd to 10 liters/minute b it e
post-problens.

Lxamination of Kea*inge and Lvan's data (1961) reveals similar
differences between watce. termeraturces. If the increase in ventilation
was due solely to increascd metabolisn, these increases should he natched
by corresponding increases in heart rates. It is himpothesized that as the
duration of the cxposurc continues. the diver is rore highly stressed, both
physiologically and psychologicnlly. Increcasing stress results in an
inability to control respiration. During the initial stages of cx»hosure
the divers often controlled tneir respiration to lessen interference with
the task at hand. Thus vhen a diver is atterpting to thread a nut on a
bolt, he may suppress his breathing momentarily. The small difference
in minutc volumes during the assembly phase supports this observation.

As exposure lengthens and his stress load increases, the diver must channel
morc of his attention to the central task and less to those that are
sccondary. Diminished control over sccondary phcenomena is manifested in
incrcased respiration. This hypothesis is an extension of the concept of
perceptual narrowing on task performance (Weltman, Ipstrom et al. 1969)

to include psychological control of respiration.
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V. COMPUTER HANDLING OF
PHYSTOLOGICAL DATA FROM DIVEPS

INTRODUCTION

1.1 .P.uckg'rmmd
!E§cription

Measurcment of diving work performance at the UCLA Underwater Research
Facility has depended heavily on physiological data. The physiolopical
rccording systems used at the facility and in the field have bceen described
fully clsevhere, and are rcviewed only briefly below.

Ilectrocardiographic (ECG) sipnals are recorded by means of waterproofed
clectrodes connected by shiclded cable to a high-input impedance amplifier.
I'spiratory air flow is mecasured by a differential pressure transducer located
across a laninar flow clement in the diver's air line. Flow is integrated by
an operational amplifier to give consecutive minute volume. Recently, temperature
measurcment from rectal probes has been added to the bioinstrumentation system.
Generally, the three basic paramcters -- ECG, inspiratory minute volume, and
deep body temperature -- arc measurced for two Jdivers simultancously over runs
typically one hour long.

To date, physioleagical measurement, whether at the Facility or in the
ficld, has yielded continuous strip charts on which arc recorded the various
pararicters for cach particular run. Figure V-1 is a sample record, showing the
paramcters anl their ranpe of values. Strip chart recording is not unusual
for such experimentation. lowever, manual reduction of these paper records
has occupicd a considerable number of man-hours over the past fcw years, and
yiclds at best partial information.

An automatic on-line data rccording and reduction system was developed
as a means of improving these procecdures. The system takes advantagc of a
standard computer facility and of magnetic data rccording techniques for
obtaining fast and cfficient data analysis. Among the advantages of this
approach arc the following:

The need for manual data handling and reduction is eliminated.

Whencver further computer analysis is required there is no need for
additional card punching or other manual data entry.

The accuracy of the experimental data improves.
Larger amounts of data can be reduced in shorter time -- the

experimenters arc provided with the possibility for early
identification of sensitive test parameters.
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The system takes advantage of standard computer facilities and
multichannel analog recording technique--no special purpose
hardware is required.

The system gencrates orcanized and ordercd summaries of the
physiological datn in the form of printd reports and craphical plots.

1.2 System Concept

pccription

Fipure V-2 illustrates schematically the system concept. On-line
computer analysis of the physiological data is performed in threc phases.
The first phasc is the experimental run, where data is acquired by the
bioinstrumentation system and recorded on an FM-F!t tape recorder. The second
rhase is analog to digital conversion, where the recorded analog data is
converted to a computer compatible digital tape. Digital tape provides a
means for direct data transfer to thc computer facility (an IBM 300/90
computer is available on the UCLA campus). In the third phasc the experimental
data is processed, and summary rcports and graphical plots are generated. The
program is stored on cards and entercd in to the computer before processing.
In later versions, program modifications might also be made by means of inter-
active terminal.

2. THE COMPUTER PROGRAM

2.1 General Orpanization

Description

The general organization of the program is shown in Figure V-3. Starting
from the top of thc figure, the program reads in a rccord of one minute of
digitized data samples. The data is then organized in core for processing.
Heart rate and minute volume values are calculated. A report image is
formulated and a onc-minute report is printed. The above process continues
until all the cxperimental data is processed. The following sections of this
chapter provide detailed descriptions for the heart rate, minute volume, and
summary report subprcprams.

2.2 ECG/Hcart Rate Analysis

Description

The function of the ICG program is to automatically and continuously
cxtract heart rate information from o digitized ECG signal, on a beat-to-beat
basis. Dirital samples of the IICG signal are rccorded on a digital tape.
Beat-to-beat heart rate is derived from the measured interval between successive
'R' waves. Thus the fundamental processing task is to recognize with certainty
that an 'R' wave has occurred in the digital data record.
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Figure V-2. The Physiological Deta Processing System
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The approach adopted is based on onc first used by Caceres and his
group at IIFW, Washington, D.C. The technique rests on using the derivative
of the LCG signal, rather than the raw signal itself, as the basic reference.
Differentiation climinatces most of the problems associated titl trying to
apply strict amplitude-threshold criteria to a conmplex, multiphasic, variable
anplitude vaveform.

Ficure V-4 illustratcs a typical LCG signal (continuous processing
includes the following steps (see Appendix II):

The incoming signal is digitized at the rate of 240 samples/scc.

The differentiated waveform is obtained by computing the slope
DV(I) as follows:

DV(I) = V(I+4)-V(I) where V(I) is the ECG signal level at
the Ith sample.

An initial 2-sccond scgment of waveform (which contains at lcast
onc QRS complex) is sclected for cxamination.

The greatest negative value of the derivative is located and
established as u reference point. (This usually occurs on the
descending portion of the 'R' wave.)

The threshold limit valuce is established for determining equivalent
reference points on succeceding complexes. The threshold is maximum
negative derivative value plus one-sixth the range between the

maximum negative and maximum positive values and can be written as:

REF=DV (I)MIN + (1/6DV(I)MAX - DV(I)MIN)

A positive threshold value is established for determining a lower
acceptable limit for the positive derivative POSR. This limit is
determined as:

POSR = D(I) MAX + 1/6 (DV(I) MAX - DV(I) MIN)

The presence of an 'R' wave is checked for by sensing that a maximum
positive derivative of sufficient valuc (e.g. 9.38 mV/sec) has
occurred within a fixed interval (c.g. 128 mscc) beforc the reference
point. (This shows that the sharpest wave in the complex was

positive going, and that it was sufficicntly sharp to he an 'R' wave).
If an 'R' wave is present its peak is located at the point of

maximum amplitude in the ECG signal within about 64 msec before the
reference point.

The next 'R' wave is found by applying the above rules cach time a

potential reference point occurs. (negative derivative below threshold.)
R-R intervals are measured by counting the number of samples between
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'R' waves, or by using internal timing information. Beat-by-beat
heart rate is obtained by taking the reciprocal of the R-R interval.

The heart ratc within each 10 second interval is calculated by
averaging the Reat-to-Beat rates which occur over this period.

A one minute rean hcart rate is calculated cach minute by averaginge
six consecutive 10-second heart rate means.

As noisy data occurs, it i3 deleted from the process by the progranm.
That is, when an 'R' wave dcetermination cannot be made, the prooram
ignorcs that interval and goes on to the next. The missing data do
not influence the statistical averages.

2.3 Minute Volumc Program

Pescription

The object of the Minute Volunme Program is to analyse the integrated
respiratory waveform in order to compute the volume of air (in liters) that
the working diver inhales ecach minute. The typicel minute volume waveform

appears as follows:
INHALATION

RESET

V (LITERS) EXHALATION

-

TIME (MIN.)

The ramps correspond to inspiration while the plateaus reflect the
expiratory phase of the respiratory cycle. In order to measure the amount of
air inspircd each minutc, the program must compute the amplitude of the
waveform just before it is reset to the zero baseline.

Due to variations in the recording equipment, the program was also designed
to perform a calibration procedure. FEach minute volume run beeins with a
calibration (cal) signal. This cal signal sets up in the program the lower
baseline leve (V . ) and upper values corresponding to the full rangc of
minute volume, (V:;i). The following is a typical cal signal.

V (LITERS)

5&-...-.-—-—-—._ el gV —

ﬂ o
TIME

1"’




The progran converts digitized data readinss into the appropriate
air volume measurcments. The progran was also designed to filter out
inaccurate data caused by frece-flow leakages of air. This is done by check-
inpg rate of chanece for the integrated minute volume. If invalid data is
cvident (rate of chanece to high) the entire method is discarded, and the
program procceds to. the following minute senment.

The operation of the program can be followed from the flow chart of
Figurce V-5, and is summarized as follows:

The program first detcects t!c calibration signal. This is done
by checting whether the slope of the signal cxceeds a present threshold.

Minimum and maxinum calibration sienal levels are read by the program
and a calibration constant, KV' is calculated as follows:
K, = 50 liters/volt

max min

. The program checks for the beginning test run data and checks whether
frce flow cxists. The rate of change of the signal occurring within
the first 15 seconds of run is calculated in order to detect a
platecau, as shown below:

PLATEAU

gp——— 15 SEC ——————

Vp and Vg are determined. Trec flow exists if (Vy - Vb) vhere is the
free flow slope threshold.

If free flow cxists, the program deletes the 1 minute scgment of data
containine free flow volume value.

If the data are ‘ralid, the program rcads the amplitudc at the end of
] minute and calculates the volume as follows:

The above procedure is repeated with subsequent 1 minute data sepments.

Although the program does »ot presently do so, it is planncd to use the
internal identification of inhal:ition to determinc respiratory rate for cach
1 ninute interval.




START

COMPUTE
DERIVITIVE DV
V(iI+1) = V() § = NEGATIVE CAL THRESHOLD
v = POSITIVE CAL THRESHOLD
« = PRESET FREE FLOW SLOPE
THRESHOLD
CALCULATE R0
CALIBRATION 0g. K, = .
CONSTANT max — Tmin

i

SKIP TO FOR 15 SECONDS DETECT
NEXT
S PLATEAU CALCULATE
MINUTE EAU CALcUL
SEGMENT Dp =Ve -V
YES IS
e
D, 20
NO

COMPUTE AMPLITUDE OF SIGNAL AT

THE END OF 1 MINUTE
CALCULATE MINUTE VOLUME

!

STORE
VALUE

FOR
REPORT

Figure V-5. Minute Volume Program
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2.3 Corc Terperatire Program
Ot TP

feSariptionl

Tlie function of the core temperiture proeram is to calibrate the data
ard calculate the average temperatu~e level in cach 1 minute interval.
Calibration is performed the same as in the minute volume program, i.c., a
calibration constant Ky of °F/Volt is established. Data is sampled cvery
10 scconds and a onc minutc average is computed every six samples.

2.4 Analysis Report and Graphical Plots

Iygcriptgyl

The basic analysis report consists of a 1 minute time line prescritation
of the processed data. Ulach onc minute of data makes up a page in the
report. An cxample of a page is shown in Figure V-6. The report contains
physiological data from two divers. There are three basic columns for each
diver which are: lHeart rate, !Minute Volume and Cor Temperaturc. [Lach line
of the report represents data of a 10-second time interval of experimental
run. The Heart Rate represents a 10-second mean of the beat-by-beat mean.
The 10-second !lMinute Volume value represents the intepgrated valuc to that
point. A minutc-by-minute summary is produced at the run end.

As an option the program can also produce graphical plots of cxperimental
data as a function of time. The graph is gencrated by a CalComp plotter
which is driven by the IBM 360/91 computer.

The Y-axis of the plot represents the hecart rate values obtained by
averaging the bhcat-to-heat rate over pre-set time segments. The X-axis
represents the time scale. The time scale can be selected according to the
range of time sclected. The main value of the graphical data plot is to
enhance visualization of trends and relative variations in the physiological
parameters.

3. CONCLUSIONS

The computer analysis program provides an automated procedurc for
physinlogical data rcduction and summary. Aside from eliminating the need
for cxcessive manual work, it offers accuracy and clegance in data analysis
and presentation in the form of printed reports and graphical plots. The
compatability of the system with an FM/FM analog tape provides an option for
remote data rccording. A compact tape recorder can record data at rcmote
cxperinental locations such as boats or other diving platforms. The recorded
tape can be then shipped to the computer facility for data analysis.

Tests of the physiological analysis program have demonstrated the
capability o€ the program to calculate heart rate ond minute volume adquately
and cfficiently from real data. The cost of running the program was found
acceptable and dceper then manual work. Costs can be further reduced to
about a quartcer by a minor modification in the organization of the program.
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As tested, the propram actually consisted of a set of separate subroutines
which Lad to be called cach time the beat-to-bheat heart rate was calculated.
Linkage of the subroutines into a single larce program, as shown in the
flovchart vill reduce the processiny time siepificantly.

Since the progranm wos coded in Fortran IV it is compatible vith most
corputers as well as with the general class of mini-computers.  This fcature
provides the possibility of rurning the program at other computer centers.
In addition, the program could also he used in an on-linc, real-time, node
to perform safety monitoring of divers while they perform underwvater work
tasks. In such applications the program will run on a dedicated mini-computer
cauipped with a continuous output display to indicate the physiological
state of the divers. Such a display could be in the form of digital meters,
or of an CRT screen. Since the UCLA facility has ordered a minicomputer it
will be possible to apply the program to continuous monitoring in the ncar
future,




APPTXDIX 1

THE UCLA PIPE PUZZIT ASSEMBLY TASK




PIPE PUZZLE

The pipe pus-le is contructed of two inch palvanized pipe and
standard galvani-ed fittings. The pine lenpths shown on the drawing
arce the lengthe that the pipe should be cut and threaded. A thread

renctration of one half inch is allowed for.

The indicated spot welds are intended to prevent twisting during
assembly and disassembly .

To complete the hasc, it is necessary to cut once of the base
members without threads at one cend and to weld this end to the last

side outlet ell.
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TO STANDARD SCUBA BOTTLES
PRESSURE REGULATED WITH
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3/8" GAS VALVE

— 5/16” BRASS PLATE CUT TO
FIT COMPANION FLANGE
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GASKET
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(.

MATERIAL LIST

- ——— e —————

Item

2" clbows

2" tees

2'" crosscs

2" side outlet ells
LY

2" x 2" close nipples
2" x 5" nipples

6" dia., 4 hole, 2" pipe companion flange
2" plug

' 2" palvanized pipe

2" pate valves

1/4'" stopcocks

3/8" x 6" eyrbolts and nuts and washers
5/8" x 2" holts and nuts

5/8" bLirass washers

1/8" aluminum backup-plates

1/8" solid rubber gaskets

1/8'" holed rubber pgaskets

1/4" aluminum plates

Manifold:

5/16" Brass plates
Cut and drilled to fit companion flange
3/8" pipe, brass close nipples
3/8" bhrass pipe
3/8" gas valves

A-5

Nuanitity

Approx. 48 fecet
2

]

N JgJO O oo

2

2
Approx. 6"
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APPENDIX II
HEART RATL PROGRAM FLOW CHART




HEART RATE PROGRAM FLOW CHART
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