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The Mission of AGARD

Acearding to its Charter, the mission of AGARD is w bring together the leading personalities of the NATO nations in the ficlds
of selence und technology relating to aerospace for the following purposes:

— Recommending effective ways for the member nutions to use their research and development capabilities for the
common benefit of the NATO community;

— Providing scientific and technical advice and assistance to the Military Committee in the field of acrospace research and
development (with particular regard to its military application);

~ Coatinuously stimulating advances in the acrospace sciences relevant to sttengthening the common defence posture;
~ Improving the co-operition nmong menther nations in acrospace research and devdlopmoent;

— Lixchange of scientific and technical information:

— Providing assistanee to member nations for the purpose of increasing theif seientific and technical potential;

~ Rendering scientific and technicalassistance, as requested, to other NATO bodies and 1o membet natious in connection
with research and development problems in the acrospace field.

‘The highest authority within AGARL is the National Delegates Bourd consisting of otticially appointed senio. representatives
from cach member nation, The mission of AGARL is carried out through the Panels which are composed of experts appainted
by the National Delegates, the Consultant and Exchange Programme and the Acrospace Applications Studics Programme. The
results of AGARD work are reported to the member nations and the NATO Authorities through the AGARD senes of
publications of which this is one,

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations,
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Preface

In the predicted combat environment for future single-seat fighter wireradt, it is expeeted that the pilot will be exposed to o high
mental worklond and physiologicul stresses which may Induce total or partial incupacitation. 1t is enviseged that support
systems will be required to enable the pilot to function effectively in this environment,

1t has been reported that G-induced loss of consciousness (G-LOC) has led to the loss of aircraft and airerew, Furthermore, itis
believed that combat effectivencss has been reduced by pilot performance degradation, caused by the high warkloads imposed
by manipulating the aireraft systems, The “Safety Net” concept, purports that a system could be devised which can initiate a
temporary override in pilot authority until such a time as the pilot is able to resume full control of his aircraft.

The development of such a system, rests upon the premise that real time measures, which can indicate the onset of G-LOC or
performance degradation, can be derived and used as inputs to such o safety net system.

The Acrospace Medical Panel (AMP) of AGARD considered it to be timely to review the current status of the relevant rescarch
and technology, and to provide o platform for the discussion of the pertinent issues which might affect the development of such
systems.

Preface

Lenvironnement de combat du futer chasseur monoplace imposera au pilote une charge de travanl intellectuel élevée winsi
(u'un stress physiologique pouvant conduire & lincapacité patielle ou totale de ce dernier. Des svtémes de soutien sont
envisagés pour permettre au pilote de poursuivre sa mission de facon efficace dans ces conditions.

Des cas ont étéd signalds ou la perte de connaissance sous I'effet de Macedlération de la pesanteur (G-LOC) a causd ka perte de
I'apparcil et de son équipage. En outre, il y a licu de croire que Pefficacité opérationnelle est réduite, en raison de la
ditérioration des performances des pilotes due aux charges de travail levées impusées par la manipulation des systémes
avioniques. La notion d'un “rdseau de séeuritd” implique la réalisation d'un systéme qui permettrait Je surpassement provisoire
de 'autorité du pilote jusqu’au moment ol celui-ci serait en mesure de reprendre les commandes de son appareil.

Le développement d'un tel systéme repose sur ba supposition selon laquelle des mesures en temps réel, susceptibles d'indiguer
lamontée en G ou la détérioration des performances, peuvent étre déduites et utilisées par la suite pour alimenter un tel réseau
de sécurité.

Le Panel AGARD de Médecine Adrospatiale a jugé opportun d'examiner I'état d'avancement des travaux de recherche dans ce
domaine ainsi que les technologies disponibles, afin de eréer un forum pour la discussion des gquestions gui pourraient
influencer le développement de ces systemes,
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THE_SAFETY NETWORK IN AN OPERATIONAL ENVIRONMENT

Sqh Ldr T R Adoock MRAeS RAF
Royal Air Force Institute of Aviation Medicine
Parnborough
United Xingdom

INTRODUCTIUN

I helleve it sensible to bapgin this address by outlining my professlonal credentials,
since I am unknown to the majority of thoses present here today. Currently, I am
serving at the Hoyal Air PForce Institute of Aviation Medlioine as a Test Pilot, My
front line flying background has been as an air defence pilot, flying both eingle and 2
seat alroreft, with a total of 9 years experience, My main speclalist rola has been as
a military teet pllot and, currently, I have 10 years experience, buring my flying
career I have flown 31 aircraft types and achieved a total of 5300 hours, mainly on
fast Jjet alrcraft.

Turning to the subject of the symposium, 1t will, T am sure, oome a8 no surprise to you
that the 1inltlal response of the majority of military pilots to the concept of the
Safety Network la viptually guaranteed to be negative, Military pilota are deeply
sceptical with remard to the reliable, correct and safe operation of such advanced
aystema; particularly once they are removed from the flight test environment and are
exposed to the rigours of front line operations., For instance, many pllots have
axperlenced some very unpleasant situations resulting from aircraft autostabllisation
system malfunctionas, Such systems are dellberately deslgned with a very limited
control authority, sc¢ a full authority syatem has the potential to seriously spoll a
pllot's day.

Anticlpated advances with performance degradation and 1incapaclitation scnsing systema
coupled with modern alrceraft flight control systems will undoubtedly provide the meana
to develop a workable safety network aystem. But the average militapry pillot will
require a great deal of convineing that the advantages of the system will significantly
outwelgh the disadvantages that are likely to be present.

I will now briefly diacuss specific Ltems that I consider to be relevant to my
thoughts., I emphdslse that I am remaining strictly within the scope of the operational
flying environment and am making no attempt to consider the flying training
enviponment.

CONSIDERATION OF QOPERATING ENVIRONMENT

Essentially, operational military aircraft fly within 2 environments, peacetime and
wartime. The lesaons of hiastory clearly show that the realitles of combat rarely mateh
our anticipationa, Aircrew inevitably have to operate thelr alircraft in a totally
dirferent manner to thelr previous peacetime operational training experlencea,
Therefore, I have some doubtas regarding the role of a safety network usystem durlng
operational wartime sorties, Any system that uses aircraft parameter cues, such as low
alreraft height or the exceeding of alrcraft epeed limits, as part of the triggering
sequence will be obsolete on Day 1 of a war, Assuming pllot 1incapaaltation, what
alrcraft recovery manoeuvres could be used during wartime? There 18 no polnt in
presenting a stralght and level target for the ernemy to engage. The alircraft system
would initlally be required to malntaln any previous evasive manceuvring, then to
reapond senslibly as curreat threats were cleared and new threats were presented. Baslg
responses to threats detected electronically can easily be programmed, but threats
normally perceived by the Mk 1 eyeball! would remain undetected and the neceadsary system
response would not occur, Under certaln civcumatances the syastem might be able to
allow pllot recovery following a short term lncapacitation during an operatlional
sortie, Howevepr, 1t 1s difficult to define such sltuations since tncapacitation
implies aome form of enemy engagement and the engagement would surely contlnue. A
longer term 1incapacitation would obviously be even more prohblematic. Could we
anticipate the aircraft attempting to complete 1tm preplanned misslon? Il this were
truly possible then an extremely complex aystem would be necessary and, as a sideline,
I would expeot an immediate revival of the old arguments for pilotless alrcraft, I
submit that the role of a safety network system in wartime would be very limited. We
should certainly awalt the availability of hard facts, following an extensive flight
teat programme, before conaidering the viability of anything more than a limited
wartime role. Congsequently, I belleve the benefits and usage of a safety network
system must lie, initially, within the scope of peacetime operational training, The
gituation 18 analogous to the 2 engines versus 1 engine argument with reapect to laat-
Jet military alrcraft, There 1s ample evidence that many alrcraft have been saved from
luosa 1n peacetime by having the redunddancy of 2 englnhes. But, once wartime battle
damage 18 considered the advantages of a 2 engine configuration are significantly
reduced with regard to aircraft survival,

When consldering the peacetime environment there 1a one partlcular incapacltating
situation that provides a clear and obvicus reason for consldering a safety network
ayastem and that {5 G-LCC,
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0=LCC has been identified as a major threat to military pilots since the introduction,
and subsequent build up, of highly aglle aireraft capable of achieving, and suataining,
high levels of positlve G,. There 1a reliable evidence that some 10-12 military pilots
have already been killed %ue to -LOC incapacltation. In addition, there are many 0=
LOC rolated inecidents reported every year which, thankfully, have not reaulted in
ratalities. Consequently, military pllots can readily see and understand the need for
greater protectiori in this particular area. Obvioualy, enhanced G protection systems
comprise one such protection option already under development, There can be little
argument that the development of a safety network system deastgned solely to provide
gafe recovery following (-LOC incapacitation deserves every encouragement. The f{acts
speak for themselves, and the likely coasts of tailing tc resclve the problem, both in
pillot fatalities and aircraft losses, will be high.

PILOT INCAPACITATION DUE TQ OTHER CAUSES

The RAF has evidence that a omall number of accidents and assoclated fatallties can be
attributed to other causes of pllot incapacitation, This incapacitation was due elther
to medical condlitiona or as the result of an external source eg alrcraft collialon.
Whilst it would be unlikely that a safety network asystem could cope with the assoclated
control probleme consequent to most alveraft collisions, the aafe recovery of a pllot
suffering from a medical incapacitation phould be feasible. Incapacitation due to
hypoxlia 1s always a possibility, although the RAF has no recent experlence of any
accldenta/fatalities due to this cause.

BASIC RESERVATIONS

Notwithstanding my previous commenta, I reiterate that there will be significant
military pilot reservations to accepting such a syastem. I will now diacuas what I
belleve willl be the maln areas of concern for military pllots.

a. Alrcrew Equlipment Assemblies. Military pllots are already heavily
overloaded witﬁ Tlylng clothing, survival atds and helmet mounted devices,

The requirement to wear so much equipment causes discomfort and, dependent
upon amblent alt temperatures, heat stress problems can ocecur. The sheer bulk
of the clothing and equipment seriously impairs mobility, both internal and
external to the cockpit. The time taken to dress correctly for flight 1s
becoming longer and in some situations the pllot actually requirea asalstance
to don the equipment. The need to lnclude NBC protection slgniflcantly
exacerbates the problem, You ruat expect that the addition of even more
equipment, auch as bodily mounted senaora, to detect pilot performance
degradation ~r incupacltatlon will be strongly resisted, unleas the equipment
is totally uncobtrusive and does not require tiresome donning procedures. Any
requirement for pre=light testing of the syatem must be minimel.

b. Punctions Triggering the System. System trigger functlions will require
careful consideration, Rellable aensing of total pillot incapacitation would
provide an obvious, unambiguous trigger, I anticipate that the difficult
problem areas will be assoclated with reliably determining inciplent or
partial pillot incapacitation and, particularly, measuring pillot performance
degradation., Individual pilots employ a wide spread of techniques to fly and
operate thelr alrecraft to achleve the same taak or reault, 1 suspect this
factor will make 1t very difficult to define a level at which performance 1is
considered to be degraded and a safety network system triggers. A posaible
aystem based on the monitoring of control activity aurely requlrea some
template cr atandard to compare against. I suspect that there 1is no auch
usable standard capable of being determined within the pilot community,
Within the military environment fiexibility is the key to everythlng; hence,
anything defined today willl probably be out of date before 1t can be
incorporated 1nto a flying avatem.

¢, False Alarms. False alarms, or other system malfunctions, will alienste
the system to pliots. Clearly, there are situatlons whereby the triggering of
the system by a false alarm could even be hazardoua., Two specifiec situatlions
come to mind, namely, alrcraft flying in close formation or engaged in slow
apeed, c¢lose range air combat manoeuvres, They could be particularly
vulnerabie to mid-alr collision following a false aystem trigger. Any
problems within this area would simply result in pllots flying with the system
awitched off,

4, Definition of Recovery Manoeuvrea, Once the system 13 triggered what will
determine the optimum recovery manceuvre? Would lt be possible to define a
single recovery manoeuvie that would be acceptable for all antlcipated
circumatances? Personally I doubt 1t, since there would be too many variables
involved. The system will need to compute lts recovery manoeuvre having
consideration for, at least, the aircraft's current flight parameters, the
current rates of change ol those parameters, the alrceraft's current
aerodynamic capabllities and the capabllitles of the flight control system,
These requlrements will generate a glgnificant software programming and
computing task and military pilots have good causce to be clrcumapect about the




correct operation of duch iyastema, Whilst a recovery nanoduvie to astralght
and leval flight would be acceptable for short term incapacitations, eg 4-.L0OC,
for longer term incapacitation, eg serious intercurrent illneas, full recovery
of the alroraft to a prunway, or even an alrcraft carrier, would be required,

TESTING THE SYSTEM

If the development of the system proceeds, I anticipate considerable Jifficulties 1in
achieving adequate and fully repreesentative rlight testing of such a asyastem, Deslgning
sUitable triala to confirm the oorrect operation of the performance degradation
detectlion modulea would, I suupeot, be taxing, Filnally, what would be the extent of
the system/software tests required to satisfy the normal airworthiness safety
requirements,

CONCLUSIONS

I have deliberately expanded my discusaions to include factora outaide of your
particular specialities, Military pilots look at the complete plcture to determine
thelr teaponse to any new aystems. I appreciate your interests lle predominantly
within your own speclalist fielda, but you must always be aware of the addlitional
problema that must be solved If the safety network system la to proceed beyond the
experimental stage. [ am 3utre that mllitary pilota generally will come to accept that
the concept of a asafety network aystem 1s sound. However, all too often advanced
syatems cnter service with capahilities that rall to match up to the initial proposals.
I would atrongly recommend concentration on a sydtem designed to provide protsesction
from (-LOC incapacitation rather than the more complex possibilitles. In the final
analysis, military pilot acceptance of a safety network aystem would be based, as
alwaya, on the following:

a, Do I really need such a ayatem and will it be a sale and rellable ayatem?

b. What additional equipment will I need to wear and how will thet affect my
comfort and mobllity?

c. Will 1t make the successful achievement of my primary flylng tasks eaaler
or more difficoult?

Ladles and gentlemen, I hope that I have explained the operational pllot's views to you
clearly and without appearing to damn the safety network system, I am sure that the
sysatem has potential, but I urge you all to realst any temptation to promote the
devel opment of an overly complex aystem,
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Navy Aircrew Opinion of Pilot Monitoring
and Recovery Systems

LCDR Dennis K. McBride
PM, Simulation Technology
Defense Advanced Research Projects Agency
Tactical Technology Office
Arlington, Virginia, USA 22209-2308

Mr. R. Douglas Eddy
Program Manager
Veda, Inc,
300 Exploration
Lexington Park, Maryland, USA 20653

Mr. Robert S. Portillo
Industrial Engineer
Code SY-72
Naval Air Test Center
Patuxent River, Maryland, USA 20670

SUMMARY

Navy tactical pilots and NFQ's were provided a multiple- item questionnaire with instructions to indicate flight
history and other demographic information, and to respond to ci sse-ended queries ubout a theoretical, generically
defined, pilot monitoring advisory and recovery system. The queries were design d to ascertain user opinion of
system acceptability, tactical viability, and other merits or shortcomings. Respondents also provided illuminating
commentary. There was guarded acceptance of PMRS, mote so among senior, more experienced officers, despite
general opinion that GLOC is not a problem in fleet or training operations, that a safety net device would likely be
butdensome and niot of fully trusted reliability, availability, or tactical utility. Acceptance was generally higher for a
system which (1) would recover the aircraft from an uncontrolled flight path (vs. merely advising pre-LOC), (2)

provided an on/off selection capability, and included in adc'ition, (3) a selectable “soft deck,” absolute altitude, to
warn the aircrew of impending GLOC, and (4) a selectable "hard deck,” absolute altitude, to initiate flight path
recovery. Given gptimal engineering solutions (system reliability, etc.), the officers expressed strong (junior
officers) to very strong (senior officers) approval for PMA/RS, introduced no earlier than at the Fleet Readiness
Squadron level, despite universally conservative estimates of potential tactical improvetnent afforded by the system.

LIST OF SYMBOLS and TERMS

PMAS: Pilot Monitoring and Advisory System
PMRS: Pilot Monitoring and Recovery System
MTBF: Mean Time Between Failures

GLOC: G-Induced Loss of Consciousness

0-2: Lieutenant (Junior Grade)

0-3: Lieutenant

0-4: Lieutenant Commander

0-5: Commander

FRS: Fleet Readiness (Training) Squadron

INTRODUCTION

Of fundamental importance to the successful development of any on-board pilot monitoring and recovery
system (PMRS) is the effective integration of the system within its complete tactical context--i.e., within the
aircraft's mission supersystem. Adequate rcpresentation of the mission supersystem entails analysis not only of
essential engineering and safety issues, but of training ramifications, operator employment, and tactical utility. In
the case of PMRSs, the supersystem is a multi-dimensional one. Included are hardware, software, the interaction of
hardware and software with "organware," the logistical support trail, and very significantly, the tactical and
doctrinal "drivers” that can determine whether the incorporation of the proposed system will ultimately represent a
significant, net improvement in the weapon supersystem.
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Formal evaluation of all gircraft mexdifications including PMRS--in the context of mission tacties--is not
typically perfonmed until Operational Test and Evaluation stages of the acquisition process. Here, tactics and PMRS
will be assessed and honed, until final recommendations are derived, and decisions for fleet introduction are made,
The final product will most certainly not be isomorphic with the original design. Rather, the PMRS candidate AND
associated tactics will undergo iterative adjustment until a satisfactory composite is achieved. During test and
evaluation, the tactical contribution of PMRS will be given exiensive consideration.

Significantly, the design community must understand that PMRS--is any aircraft improvement product--
MUST be regarded as a mission cnhancement, envelope expansion, or like upgrade 1o the supersystem. Expressed
the other way, PMRS must NOT be regarded solely as an augment whose purpose is to remove i behaviorally
avoidable, even if deleterious aspect of mission accomplishment. This precept has revealed itself historically, and
will Tikely continue, particularly in cconomic circumstances of finite or decreusing sesources, Thus, the safety net
must be engineered as a weapon improvement rather than merely as a safety net.

None-the-less, a comprehensive view of the supersystem includes a look at the negative factor, viz., G-
Induced loss of consciousness (GLOC) and the degree to which this reachervus factor "pulls” PMRS, First, is the
rather unequivocal issue of GLOC incidence. Figure (1) provides an indication ol the frequency of Class A
accidents which were concluded to be GLOC associated for U.S. tactical aircraft between 1982 and present. ‘The
figures are rezarded as conservative. since GLOC is very difficult to contirm in Class A accidents. Clearly, even
with conservative data, GLOC oecurs, and it appears analytically to be a significant threst in high performance
aviation.
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Flgure 1. Numbars of Class A accidents in U.S. aircralt irom 1982 to present.

Second, and perhaps more importantly, is the perception of G/GLOC threat among aircrewmen. The G
“threat” can be considered as two-fold: Mediated and absolute. The absolute threat is a function of the actual
limitation of aircraft structures and human physiology to instantaneous and sustained G. This limitation should be
regarded more as a defensive than an offensive limitation; ncne-the-less the limitation 1s in fact a written, “legal”
one. As is shown in Figure 2, the solid line indicates the level of safe aggressivencss afforded with current G
protection, and thus the turning limitations imposed by the G/GLOC threat.




ov-1-3

AIRCRAFT ACCELERATION (G3)
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Figure 2. Nohonal advantage gained for tactics with salaty net This advantage oblaing onbly if the pitot beligves it.

The mediated threat, on the other hand, is charucterized as a perceptual one: it is more an offensive than
defensive limitation. “The notion here is that the pilot will scek to avoid not only breaking his wings, but also losing
consciousness, because in either case the outcome is disastrous. This G butfer limitation suggests that without a
“safety net,” the pilot simply will not fly as aggressively in an offensive mode as he would 1ly with a net. With
respect to Figure 2, then, the pilot without fear of the copsequence of PMRS is one who "flies” the solid bold lines.

“The preseat effort sought o derive o betier understanding of G/GLOC buffers and limitations, and of the
ramifications of introduction of PMRS machinery into the mission supersystem. This was accomplished by
collecting and evaluating the opinions of experienced fleet aviators.

METHQOD

Navy tictical pilows and flight Officers (NFOs) were provided a multiple-item, multiple-choice questiohnaire,
with instructions to indicate, anonymously, flight history information, and other rzlevant demographical
information. The 23 close-ended queries (15 questions with 8 sub-questions) were to be answered with two
hypothetical PMRS designs in mind. The first was one which detects GLOC or near-GLOC, and wams the
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aircrew, The second detects GLOC, wamns the dircrew for some period of time, and then recovers the aircraft until
the point of pilot override. ‘The questions were designed to ascertain general opinion about user acceplability,
tactical viability, and other polential merits or shoricomings. The respondents were also asked o provide open-
ended commentary on key specifics associated the introduction of PMRS. (The survey questions are disclused in
the Findings section.)

FINDINGS

The demographical characteristics of the respondents are summarized in Table 1,

TABLE |

Low High Mean Mode
Rank 0-2 0-5 03
Fit. Hrs. 375 3,700 1,520

There were 26 pilots and 12 NFOs among the respondents; 24 junior (0-2, 0-3) and 14 senior (0-4, 0-5) officers.
No respondent disclosed having ever experienced GLOC.,

Results of the substantive questions are indicated below. The bold entries indicate modal responses for junior
officers; italics for senior officers. Sclected commentary is appended to cach item. The commentary was taken
from respondents who answered the particular question with the mode, or in some particularly interesting wity.

1. Do you think G-induced loss of consciousness (GLOC) is a probiem in fleet (TACAIR) operations?

Strong No Neutral Yes Strong
No Yes
1 2 3 4 5 6 7
SUM 2 6 6 10 6 6 1

COMMENTS, selected response preceding, officer rank following,
4, Occasionaily we lose an aircrafairerew to the problem. (0-5)

3, Flect pilots apply g by feel. The more experienced pilots will not let the onset of g exceed body limits.
The only time it is a problem is when inexperienced pilots are too rough and apply g too quickly. (0-4)

4, [ never met anyone who experienced GLOC. (0-4)

2. Do you think GLOC is a problem in the training pipeline?

Strong No Neutral Yes Strong
No Yes
1 2 3 4 5 6 7
SUM 3 4 5 11 10 4 1
COMMENTS:

4, Once aware of it in the Fleet Replacement Squadron it was not a problem. Really was not addressed in
the training command. Should be an item for the tactics phase of advanced jet NFO training. (0-4)

5, A few problems in ACM with students. M-1/L-1 techniques are not emphasized as much as they could
be. (0-5)

4, 1never met anyone who experienced GLOC. (0-4)

3. Do you think that girgrafl structural g limitations (¢.g., 6.5 for F-14) are a problem in potential fleet combat
operations?




OV-1-§

Strong No Neutral Yes Strong
No Yes
1 2 3 4 5 ] 7
SUM 2 3 4 2 4 1 12
COMMENTS:

6, Toolow! Need ahigh g capuble alrcraft, (0-4)

7, We need to have the capacity to tum with the current threat aircraft. We have the engine in the F-14A+
to perform with, now we niced the airframe to rate with the threat aircraft of today and tomorrow. We need at
least 7.5 g's. (0-4)

4, If more g were available, would you use it to tactical advantage?

Strong No Neutral Yes Strong
No Yes
1 2 k] 4 5 6 7
SUM 0 1 l 0 k) 9 24
COMMENTS:

7, For missile defense and defensive maneuvering. (0-4)

7. 1don't need 8.5 g's in non-combat situations. 7 to 7.5 g's would be nice to practice with for physical
appreciation and training, and for heightened awareness of the functional (human) limits under sustained high
gsat8to9g's. (0-4)

5. If more g were available, and fleet aviators routinely used it, would GLOC become a problem?

Strong No Neutral Yes Sreong
No Yes
l 2 3 4 5 6 7
SUM 1 k! 3 7 10 1 2
COMMENTS:

S, Initially, however as time passes aviators would adjust. (0-4)
S, It could if proper preparation and conditioning weren't accomplished. (0-4)

. 5. We need to train ourselves physically to handle the demands on our bodies in high g's. If we don’t get
serious here we could get into trouble with GLOC. (0-4)

7. Mainly due 10 lack of g tolerance, due in part to lack of regular high g type flying. The aircrew think
they have the physical capacity to tolerate high g. (0-4)

e 5, May be hard to get sufficient onset rate in non fly-by-wire aircraft to induce GLOC. (0-4)

6. Do you think that human g Lolerance limitations are a problem in potential flect combat operations?

Strong No Neutral Yes Strong
No Yes
1 2 3 4 5 6 7
SuM 3 6 9 2 1J 6 2
" COMMENTS:

5, Not now, but depends on how advanced tactical aircraft become. (0-4)
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7. Pilot monitoring and advising systems (PMAS) are technologically feusible. PMAS would monitor pilot state
[either with bio-medical sensors, or by inferring pilot state based on computer analysis of pilot control inputs (or
lack of)]. Having decided that the pilot is incapacitated, PMAS would alert {e.g., with loud waming sounds) the
alrcrew, What is your opinion of such a system?

a.  Strongly Distrust Neutral Trust Strongly
Distrust Validity Trust Validity
(false positives too high) (false posltives ok)
1 2 3 4 5 6 7
SUM: 9 2 7 13 2 1 1

COMMENTS:

4, Might rate a score of § if there are no false alers, (0-4)

4, Though unfamiliar with the system, initially feel that it is 2 good idea. 1 wonder if the pilot could hear
the warning under GLOZ. (0-4)

3, Good education on g tolerances would be as good. Too many bells and whistles already. (0-4)

4, Very dependent on what you use it as. A warmning tone will not accomplish much in an F-14, If the
plane is suddenly not maneuvering, the RIO will start talking 1o the pilot. No response from the pilot would
indicate he's unconscious. The R10 cannot fly the aircraft unless the pilot recovers, and ¢jection would be
required. Some sort of awto leveling option in the autopilot would be necessary. Blackout would trigger
PMAS which would trigger the quto leveling. (0-3)

b.  Strongly Burdensome Neutral Transparent Strongly
Burdensome Transparent
(to pilot) (to pilot)

1 2 k] 4 5 6 7

SUM: 3 1 13 12 3 0 2

c.  Strongly Distrust Neutral Trust Strongly

Distrust System Distrust System
Availability Availability
(low MTBF) (high MTBF)
] 2 3 4 5 6 7
SUM: 1 6 10 15 1 0 0
d.  Strongly Disadvantapeous Neutral Advantageous - Strongly
Disadvantageous Advanlageous
Tactically Tactically
1 2 k) 4 5 6 7
SuM: 3 3 9 16 2 1 2
COMMENTS:

4, 1would lock at PMAS more from a training aspect (fewer losses in training) than as a combat tool. (0-5)

e.  Strongly Distrust Neutral Trust Strongly
Distrust Reliability Trust Reliability
(fail to detect GLOC (almost never (ail
too often) detect GLOC)
1 2 3 4 § 6 7
SUM: 1 7 10 15 0 0 1

8. Pilot monitoring and recovery systems (PMRS) are also technologically feasible. PMRS would detect
incapacitation, as in 7, above, but would, in addition, continuously calculate time to earth impact, and when a
threshold is exceeded, cause the jet to fly straight and level until the pilot recovers control of flight path, What is
your opinion of such a system?
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a.  Strongly Distrust Neutral Trust Strongly
Distrust Validity Trust Validity
(false positives too high) (false positives ok)
1 2 3 4 A} 6 7

SUM: 4 5 10 6 7 1 2

COMMENTS:
4, A false recovery could kill you in combat. (0-4)
3, Could be used as o crutch, (U-4)

6, lamnot sure it would work but T have lost three close friends in F-16 GLOC accidents and fecel
something, even IF it is not perfect, is better than nothing, (0-3)

b.  Strongly Burdensome Neutral Trnsparent Strongly
Burdensome Transparent
{to pilot) {to pilot)

1 2 3 4 5 6 7

SUM: 2 4 13 8 6 1 0

c. Strongly Distrust Neutral Trust Strongly

Distrust System Distrust System
Availability Availubility
(low MTBF) (high MTBY)
1 2 3 4 5 6 7
SuM: 3 6 12 Y9 4 0 0
d.  Strongly Disadvantageous Neutral Advantageous Strongly
Disadvantageous Advantageous
Tactically Tactically
1 2 3 4 5 6 7
SUM: 5 4 9 12 3 0 2
COMMENTS:

3. A malfunction ut the wrong time could be yery bad. (0-4)

4, Not really tactically advantagenus. You still can't afford to bluck out. Recovery straight and level makes
you a sitting duck for the guy you were fighting. (0-3)

¢.  Strongly Distrust Neutral Trust Strongly
Distrust Reliability Trust Reliability
(miss rates too high) {miss rates okay)
1 2 3 4 5 7
SUM: 2 7 5 11 6 2 2

9. If PMAS werc sclectable (on/off) what would your opinion be?

Strongly Dislike Neutral Like Strongly
Dislike Like
1 2 3 4 5 6 1
SUM: 3 2 3 10 8 7 3
COMMENTS:

5. Like it "on" in training, off in combat (concerned about false alarms.) (0-5)

5. It might be appropriate for less experienced pilots like FRS pilots and first tour fleet aviators, (0-4)
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10.  If PMRS were selectable (on/off) what would your opinion be?

Strongly Dislike Neutral Like Strongly
Dislike Like
1 2 3 4 5 6 7
SUM: 3 2 4 9 1 7 3

11, If PMAS coupled with PMRS were selectable (on/off) AND a soft deck (for auditory waming) and hard deck
(for flight path recovery) altitudes were selectable, what would your opinion be?

Swongly Dislike Neutral Like Strongly
Dislike Like
1 2 3 4 5 6 7
SUM: 2 1 2 8 6 12 6
COMMENTS:

6, useful in training. (0-3)
6, System shouldn't be selectable, but overridable. (0-4)

6, This idea sounds good. Combining waming and recovery is meaningful. Waming alone is not enough.
(0-3)

12, If PMA/RS were engineered well, would such technology enhance the offensive capability of tactical jets?

Strong No Neutial Yes Strong
No Yes
1 2 3 4 5 6 1
SUM 4 2 7 10 4 6 5
COMMENTS:

3, ‘The pilot must decide what is necessary in a given situation, not a machine. (0-3)

13.  Same as #12, but selectable (throttle or stick switch) commensurate with employment of high-G (or other)
last ditch defensive maneuver?

Strong No Neutral Yes Strong
No Yes
1 2 3 4 5 6 7
SUM 4 3 1 1 8 5 4
COMMENTS:

5. Selectable off, 1 don't want it in last ditch combat maneuvers. (0-5)

14.  From a tactical point-of-view, would a reliable, valid, and available PMA/RS improve combat effectiveness
(Pk, defensive mancuvering, bombs-on-target, etc)?

Strong No Neutral Yes Suong
No Yes
1 2 3 4 5 6 7
SUM 6 6 10 8 K 3 2
COMMENTS:

2, If installed, no one should be put into the situation to require its use. Better basic aircraft, seat, g-suit
design along with g tolerance training are better answers to the problem. (0-4)
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7, 1t would not add any combat capability to the jet itself nor will it change pllot behavior during combat,
What it will do is save lives and aircraft that we can use in the next war, In this way, combat eflectiveness
will be enhanced. (0-3)

2, Siill feel it should not be used as a crutch, Pilots still need to fight their plane to the limits they are
capable of but never exceed them. (0-3)

15.  If PMA/RS were to be Introduced, where in the pipeline makes the most sense?

PIPELINE
T-34 T2 TAd FLEET JET FLEET JET Nowhere
{training) {operational)
Junior
Officers 0 1 2 15 k) 5
Scnior
Officers 1 0 0 10 1 0

DISCUSSION and CONCLUSIONS

‘I'he data collected indicate that there is an apparent guarded acceptance of the safety net concept. The
acceptance is higher among scnior, more experienced. officers than among juniors. Mild acceptance was inferred
despite the fairly generally held belief that GLOC is not a significant problem in flect or training operations.
Whether GLOC js a significant problem s, of course, an opinion that is more important at policy levels than at flect
aviator levels,

The respondents indicated a desire to have more G legally (structuraily) available, and that if it were, it would
be used to tactical advantage. Afforded more "legal" G, however, the officers perceived that GLOC might become a
significant fleet problem. The junior officers were more skeptical of the insidiousness of G, regardless of G
available.

The participating officers were neutral about impending-GLOC ADVISORY -only systems. ‘There was little
demonstrable trust for PMAS validity (false positives might be excessive, which would be quite distracting), or
reliability (toe many misses). Similarly, PMAS was not pereeived 1o be a welcomed logistical addition (system
availability would not be high), and (though no physical deseription was provided to the respondents) PMAS was
not predicted to be unburdensome. The tactical utility of a desiyn-free PMAS was generally inestimable by the
respondents. The altractiveness of PMAS improved if the theoretical system included a selectable “on/oft™ feature.

Pilot monitoring and RECOVERY systems were perceived 10 be more atiractive than advisory-only candidates,
though predominantly among senior, more experienced officers. Though not estimated Lo be particularly
unburdensome, reliable, valid, or available, the senior officers preferred the PMRS with an "on/oft™ switch,

Sentiment for PMA/RS proved to be highest if, in addition to “on/off™ selection, a soft deck [selected during
flight preparation of situationally as absolute altitude (for the pre-G advisory)| and a hard deck [selected as absolute
altitude (for flight recovery)] were afforded.

Provided with the best engincering solutions (presumably, the respondents inferred from the guestionnaire that
this meant acceptable reliability, validity, availability, and burden), the senior officers expressed strong acceptance.
If selectability were also incorporated, junior officers indicated strong sentiment; senior officers indicated very
strong approval. The provisional approval of a perfectly designed PMRS was provided by respondents despite only
modest estimates of tactical value (e.g., improvement in kill probability). The almost universally nominated
introduction point for a PMRS was at the FRS level--the pipeline point at which graduate aviators begin flying their
first fully complemented aircraft (e.g., F-14, F-18) prior to assignment as a deployed, fleet aviator.

In conclusion, junior officets tended to view PMRS as an unreliable solution to a (safety) hon-problem. Senior
officers, on the other hand appeared to regard PMRS as a candidate avenue to improving aismanship. More
generally, the data collected in the present study suggest cost-related design boundarics, and they suggest that a
safety net might improve not only safety, but, perhaps, tactical success as well. Consideration of tactical variables
introduces myriad, quantifiable factors, These factors must be examined fully.
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Le concept de fllet de sauvegarde
The sately net concept

René Amalbertli & Jean-Plerre Menu

CERMA, Division d'srgonomie adrospatiale
Bass d'essais en vols, Bretigny sur Orge, 91220 Cedex, FRANCE

Résumé Le filet de sauvegarde est un systéme de récupémtion de situations par prise ¢n main  autoritaire-mais temporaire- dy
pilotage en cas de pente de connalssance du pilote ou de A foumir en urgence, Les problémes posés sont de trois ordres:
opérationnels (comment couplex un tel systtme A la situation), psycho-physiologiques (comment détecter I'éiat du pilote: perte et
reprise de conscience) et informatiques (quelle architecture pour le sysieme). L'article résume I'état des connaissances dans les trois
domaines et suggére un sérle d'étapes intermédinires avant d'arriver & un systtme possédant toutes les fonctionnalités (notamment en
mmﬂow tules pl:c’pmdm sévires mebub:. par une r;cu-lcgﬁ:wmnps de w;e cm sysueme semi- nuﬁmnnque mendmlt des conﬁmudcnons du
p est t qu'un sysitme AU temps posera des mes :&éridmne s en tem erre

ue dhabitudes, effeis de transfert négatifs, sur-confiance, ¢ic). Quelle que soil le niveau de In collnboznon ﬂim
enue spécialisies des trois disciplines appariit comme I clé du succés.

Ahatract The safety mmdesamednwmpomyovemdeﬁnpﬂouuﬂm in case of the suspicion of pilot's loss of
consziousness or in case of aneedej ponse 10 An immediate threat, Probktnlo:ﬂbutumhlyﬂmmof&mmtum
(1) operutional (tasks requirernents), (1) psychophysiologicn (how to detect the pilot awareness : loss and retum of consciousness).
(lif)computational { system architecture), The paper summarizes the state of the art of these three mentioned above domains. Priority
mmdmawlkﬁmnﬁwmuuofemﬂmﬂondhbmwuﬂloﬁwty result of the analysis of cument goals and
know-hows, but operational requirements (namely confidence effect and negative transfert) could in tum reduce the interest of using
1 Hmiled Eucc time safety net sysiem. Aayway, the key for success remains in a close cooperation between the various disciplines
involved in the concept of safety net.

L:Intrpduction:

Le filet de uuvegnde lﬁut-eue défini comme un systtme de récupération des situations dans lesquelles le pilote est
incapable d'assumer 1a le Homme-Machine ), loi;ﬁpweqml & perdu conscience (cas général du Gloc), soit
parcequ'il ne dispose plus des msoum intellectuciles et motrices suffisantes pour parer A un pénil im\&m (cas général des
réponies reflexes i des missiles), Dans les deux cas, le probidme d'incapacitation est évidemment lemparaire, I'action d'un sysidine
est donc celle d'un relaj visant A rendre les commandes A Fopérateur au plus vite,

Le nt rapide de ce concept (les premiers ravaux remontent A peine & 1980) cst dé A Ia mise en service d'avions
de combat A hautes performmces ( Al0, F16, F15, Mimge 2000, etc). 1l s'inscrit dans le cadre plus général des études sur les
sysitmes d'aides embarquées basés sur une inversion du flux H/M ; la machine prenant de l'information sur I'homme ponr différents
usages ( dépistage d'emeurs, reconnaissance d'intention, copilote électronique) |

Dans m lucu.h mise ) pointdun tel :}'nhne capable de relayer efficacement le pilote au bon moment, suppose un

Honnelle (comment coupler un tel systtme dans Je cadre de Ia thche), en psycho-

doloﬁe (évaludw de l' ﬂm} ﬂ en lnfotmtique (comment traiter Je probléme de V'indécision, quelle architecture), A ot

Iabmwe quasi-sotale Sur Jes premices cognitifs des pertes de connalssance interdit d'tmmner un systéme préventf,
mndmexutmmntpﬁnunmmledandmdcv tlcﬂtL.

omfclle filet de sauvegarde exige une collaboration entre les différents spécialistes sus-cités et la définition de L]

(sécurité des voly/ efficacivé en combat/ té par les usagers). Ce sont précisément ces deux s

-disciplinaire et définition du compromis) qui ne sont par maitrisés & ce jour et qui limitent le développement de

wil oonmémm mqﬁnﬁonneue. psycho-phy: ue, informatdque) articulent naturellement les chapitres

du préoent pmnih\'. propose une clussification fonctionnelle des différents types de files de sauvegarde en fonction

chm thche ts de vue nel).hmﬂepnrdeémdae plus particulitrement V'état de I'ant en matitre de

dugnonic de I'ém du pilote t de vie psycho-phytiolomuc) ¢t la woisidme partie analyse les architectures informatiques
sucoeptibles de répondre au (point d¢ vue informatique) ,

:Discussion gur les coptraittes opérationnelies

Selon Gilligham (1988), 7 accidents de F16 (Airforce) et 2 accidents de F13 (Navy) ont €t causés depuis 1983 par des
penes de conscience du piloe. untmauuuajomeqmm oosmalumeusu;mmnm en moyenne ue année en

ennhm..tchudeséltvupﬂomdeﬂ? un questionnaire Aux pilotes opérationnels indique que 30% des pilotes de F16

surait connu rmblhm et 14.3% des pilotes de la Navy. Ces chiffres, repris ou confirmés par d'autres statistiques de sources

Bﬂ:upduw (Clire & al,1987; Kulpen & al, 1989) suffisent par cux mémes A justifier les études visant & diminuer ces
O}

Le probidme médical seralt résolu si on acceptait de limiter les performances avions; il n'en est malheurcusement pas question
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pour des misons opérationnelles. On salt par allleurs que In marge d'évolution des sysitmes anti-g individuels est malnienant
comptée; l'espoir ne peut donc venir que de la formation des pilotes (entrainement en centrifugeuse) ¢t du développement de
sysidmes de filet de sauvegarde. Nous nous cenirerons dans cet exposé sur cette demidre perspective tout en soulignant gue les
efforts devront néoessairement étre réalisés également pour l'entrainement des pilotes, le filet de sauvegarde n'éant qu'un pis-aller
(V'Armée de I'Alr Frangaise va bienidt &tre équipée d'une centrifugeuse d'entrainement).

De la méme fagon, les missiles disponibles sont devenus si performants que, surtout en cas d'épulsement des contre-mesufes,
les parades efficaces nécessiteront de plus ¢n plus des trajectolres inductrices de pertés de connaissance, LA encore, l¢ filet de
;mln,\lrcgﬂdc appamit comme une réponse de pis-aller permettant ponctuellement de dépasser les limites psycho- physiologiques

abituelies.

Quelle que soli application, les exigences opérationnelles d'un iel systéme de sauvegarde sont (i) de détecter le moment ou il
faut prendre les commandes, (ii) de gérer au micux ces commandes en I'absence du pilote dans la boucle, (ili) de rendre les
commandes au plus vite & un pilote redeveny efficace,

(1) L prise de commandes autoritaire peut-étre envisagée sous un mode autonialique ou semi-automatique.

En mode automatique, le niveau de réglage du systéme est crucial : en cas de mise ¢n route par excds, le sysidme désoriente
sévérement le pilote en limitant son champ d'action et son domaine de vol, voire l'engage dans des positions tactiques dangereuses;
en cas de non-détection, le sysitme perd son interét. Une éventuelle limnitation au temps de paix élimine beaucoup de ces exigences:
un systéme intervenant parfols par excés pourrait alors étre acceplable, méme s'il est désagréable; le temps de paix élimine également
tout le domaine des parades réflexes.

En mode semi-automatique, un dislogue de confirmation systématique avee le pilote réduit considérablement les problémes
d'indécision: le systéme pourrait en effet, sur Ia hase de parumetres ayant franchi un seuil critique, demander au pilote une
confirmation de son éat de conscience; la non confirmation dans un délal donné déclencherait le processus de transfert des
commandes vers la machine,

(i) l en va de méme avec la gestion des commandes:

Pour la perte de connaissance en temps de paix, chacun convient qu'un systeme de remise & plat, wltitude non conflictuelle
avec le terruin, est suffisant pour assurer la sécurilé des vols, En temps de guerre, cette position en combat serait dramatique; il faut
done gérer la situanon avion (trajecioire mais aussi état global des sysiemes de l'avion) en fonction du contexte de combat, et
idéalement poursuivre la manoeuvre engagée par le pilote pour diminuer le temps nécessaire & sa compréhension de la situation
tactique une fols qu'il aura repris conscience (on sait que le pilote subit une amnésie quasi totale dans les Gloc, donc il raisonneia A
la reprise de conscience sur la demiere situation qu'il a connu avant le Glov).

Pour la parade de type réponse réfiexe, le probleme est d'effectuer cene parade dans le cadre de I'enveloppe physiclogique
du pilote, au l;le. en lui falsant perdre conscience temporairement, et de toutes fagons en évitant tout traumatisme (en particulier de la
colonne cervicale),

(iii) Le remise des commandes au pilote peut-étre envisagée sous trois modes ; & la dermande (on attend que le pilote reprenne de
ui méme les commandes), en évaluant activement I'état du pilote (avec un sysiéme d'évaluanon de la qualité de l1a reprise de

conscience; cette solution vérifie gue le pilote reprend les commandes dans de bonnes conditions de conscience), ou encore en

fonction de la situation tactique; compte tenu de Famnésie du pilote, il pourrait étre géné pour comprendre, et donc pour poursuivre

e manoeuvre engagée par un systéme d compétence tactique; le systdme pourmait done attendre la fin de cette manocuvre avant de

rendre la main au pilote: il faut noter également qu'un gestionnaire tactique ne touchera pas qu'd la trajectoire; il pourra -ou devry- se

servir du radar, des contre-mesures, de certaines ressources systémes; en bref, il positionnera le sysiéme avion dans une

::‘on]ﬁgur:tion nouvelle dont I} faudru rendre comple au pilole sachant que ce demier yalsonnera comme si rien n'avait changé (du fait
e I'amnésie).

Ces différents niveaux de réalisaiion possible conduisent A cing types de systémes:

sont les sysiémes de bases, encore appelés “recovery systems”: ils ne s'appliquent que temps de paix et
comporient une détection semi-automatique de perte de connaissance (supposant une interrogation directe du pilote) déclenchée sur
des paramitres trds simples A récupérer et non invasifs (jolt, g, atitude avion, pression commandes, position 18te, etc) ; le sysidme
effectue une remise A mt autoritaire ¢t une recherche d'altirude non conflictuelle avec le terrin. La reprise en main seffectue sur
décision du pllote. Le déclenchement peut-étre Jimité & un volume aérien donné (une altitude seuil par exemple); dans ce demier cas,
ils sont moins contraignants pour le pilote.
La force premiére de ces sysiémes de type | est leur prugmatisme: il n'exigent aucune théorie de Ia situation, qu'elle soit bio-
médicale (théorie du Gloc) ou tactiyue (théorie sur la compréhension de scéne). lis sont quasi-opérationnels sux USA et pourraient
écre rapidement disponibles en France (1992-1995).

Les systémes de type 2 sont des “recovery systems” plus suphistiqués que les précédents essentiellement parcequ’ils sont busés
sur une théorie bio-médicale du Gloc. Dans ce cas, le recueil de tres peu de parumetres clés bio-médicaux est suffisant au diagnostic:
le sysiime est normalement glus efficace que le sysitme de type | (3 4 réserve prés de la qualité d'extraction du ou des signaux
biologiques); ils peuvent étre & déclenchement complitetnent automatique (évitant uinsi les dialogues de confirmation) mais ils restent
des systdmes temps de paix puisquiils sont démunis de modeles tactiques. Des sysiémes hybrides enire le type | et le type 2
(utilisation d'indices bio-médicaux sur des hypoth2ses théoriques, couplés A des indices pragmatiques de type contextuels) pourraient
gre en service assez rapidement mais ils n'ont pas encore fait la preuve qu'ils étaient meitleurs que des systémes plus simples de lype
1. Des systémes de type 2 complétement automatiques ne devraient pas étre disponibles avant 2000- 2005.

sont des systémes temps de guerre destinés & suppléer aux pertes de connaissances pilotes; ils
comportent un module de diagnostic de la perte de connaissance et de 1a reprise de conscience: provoquant moins de faux-positifs que
les sysi2mes de type 2. lls sont couplés A un gestionnaire tactique de la trajectoire ( partie du copilote élecronique) qui ne fait pas
partie du filet de sauvegarde au sens propre mais qui en dirige 'usage. Ils doivent donc éwe basés sur une théorie de la sitvation (Yui
peut se limiter aux aspects tactiques: les aspects de diagnostic de perte de conscience peuvant 8ire réglés sur le méme mode semi-
automatique que les systémes de type 1). lls ne devraient pas étre disponibles avant 2005-2010.

sont des systémes temps de guerre destinés A crurcr aux menaces immédiates en respectant 'enveloppe
e perte de conscience. lls comportent un modeéle de

physiologique du pilote, mais allant éventuellement jusqu'au risque
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'envel hysiologique du pilote, un sysiéme de test de reprise deé conscience et un gestionnaire tactique de la trajectoire. lls
pourrlloe‘:\‘:eég?ydlsﬁibles pour la génération d'uvions A venir : 'EFA Anglais, 'ATC Américuln et peut-dre I'ACF Frangais (2005-
20100

Enfln, les systhmes de type 5 seralent des systémes cugnbles de prévenir les pertes de connalssance; bien que ces systémes
paraissent déjk peu réalistes pour des ralsons purement techniques (absence de modéles théoriques des prémices de 1a perte de
conscience), ils posent une autre question qui tient & leur Interét stratégique : les pilotes opérationnels accepieront-ils de se priver du
dontaine de vol atieint avec la perte de connalssance?

On constate b l'examen de ces systémes une évidente hiérarchie de complexité qui se retrouve dans les délais de mise en
service, La logique voudrait que l'on implémente trds vite les systdmes les plus simples. Mais cette évolution pur paliers successifs,
temps de paix, puls temps de guerre, n'est pas sans poser questions sur l'usage que pourront en faire les pilotes : les pilotes habitués
4 ces sytémes auront peul-&cre du mal & s'en passer, les prises de risques scront peut-étre excessives en l'absence du systéme...ou
Inversement; la philosophie d'emploi opérationnelle reste complétcment 3 définir en ce domalne; l'aticle de Mc Bride & al{méme
ouvrage) introdult ce type de discussion,

A-Discussion sur les sspects psycho-physiologlguss

11 y a quelques années dans les congrds de médecine adrospatiale, un des thémes essentiels était celui des renes de
connalssances brutales en vol lides aux accélérutions de haut niveau et engendrant des accidents avec penie d'avions et de pilotes. Les
différentes nations possédant de tels avions présentaient leurs statistiques et essayaient de dégager des mesures de prévention
(Johanson & Pheeny, 1988). Certains facteurs comme l'dge. le poids, la taille ne semblent pas déterminants. Par contre
l'efficacité des protection antiG et l'entrainetnent physique des pilotes paralssent essentiels,

A lheure actuelle les GLOC sont toujours évoquées dans les congrds mais c'est beaucoup plus pour discuter les
mécanisries physiologiques liés de leur déclenchement, et discuter les moyens de les prévenir. Le débat s'est dépassionné, des
travaux minuticux doivent étre menés pour micux connaitre ces phénomines. De nombreux laboratoires de recherches dans le monde
travaillent en profondeur sur ce sujet,

3-1 Particularités des Gloc:

De nombreuses publications ont présenté la description et les particularités des GLOC, Nous ne ferons que reprendre
rapidement le:“roims essentiels qui peuvent étre dégagés de l'ensemnble de la litérature (Me Naughton & Gilligham, 1983,
Burton, 1988),

' -Le nombre de GLOC augmente tous les ans du fait de l'accroissement des possibilités techniques des avions dans le

domaine de leurs évolutions rapides. Les GLOC tuent, non seulement pour les avions 2 hautes performances, mais aussi pour des
avions plus humbles mais dans lesquels les pilotes ne sont pas équipés de protection antiG.

-La marge entre l'apparition de signes visuels et la perte de conscience es: vraimznt tr2s étroite. Avec des mises en
accélérations rapides, la perie de connaistance peut apparaitre sans prodrome, en purticulier visuels,

-La perte de connaissance peut durer longtemps (10 A 20 secondes),

-L'amnésie de cet évenement est larégle.

-Certaines pertes de connaissances peuvent Etre prévenues par un entraincment, une préparation et un équipement
approprié. De nombreuses mesures ont été prises dans ce domaine. Nous les mentionnerons ultérieurement.

Il 'y u toutefois un point qui n'est pas bien connu et souvent mal exploré, c'est la période d'incapacitation. Nous
reprendrons la description qu'en a fait Whinnery & al (1987). L'incepacitation towle est la somme d'une incapacitation absolue
ol le sujet a complétement perdu conscience et d'une incapacitation relative ol il reprend progressivement conscience (mais il
éprouve des difficultés pour réaliser des traitements d'informations sophistiqués comme on en renconitre couramment dans la tiche de
e‘l,Jouge). Cette période d'incapacitation relative a éié étudiée par Houghton et al (1985), Forster & Whinnery (1988),

hinnery &al (1989) sur le plan de la performance. Des tdches comportant des mesures de temps de réaction, de résolution de
probléme et de tracking ont éié réalisées en cenwrifugeuse sur un petit nombre de sujets. Pour toutes les tiches complexes exceplé le
tracking les performances sont moins bonnes dans la minute qui suit la perte de connaissance. Houghton considére aussi que la
normalisation de ces tdches secondaires nécessite de 2 & 3 minutes en fonction des sujets. Cest ce temps qui semble le plus réaliste A
prendre en compte dans le cas d'une tdche complexe comme le pilotage d'un avion.

3.2 Théories sur leurs apparitions:

Létiolngie hypoxique de la pente de connaissance induite par les accélérations est admise par I'ensembie des spécialistes de
médecine aéronautique mondiaux (Borredon (1987), Clére & al (1987), Burton (1988), Whinnery (1988)). Quand
l'intensité des accélérations centripttes est suffisamment grande et Jeur vitesse d'application suffisamment lente, le sang a tendance 2
s'évacuer dans la partie basse du corps. Cette explication des modifications de la perfusion cérébrale a trouvé de nombreuses preuves
expérimentales. La plupart des méthodes d'exploration s'attache A suivre des paramétres physiologiques impliqués dans cette théorie.

Les mesures de protection et de prévention des pertes de connaissance liées aux accélérations sont aussi dérivées direciement de celle-
ci.

Mais les pertes de connaissance en vol des pilotes subissant des accélérutions de forte intensité et de jolts élevés, sont uu
plan clinique différentes des pertes de connaissance provogquées par des accélérations plus lentement établies (faible jolt). Quandieu
(1989), considérant que les forces engendrées par ce type d'agression sont des forces de volume et non des forces de surface,
propose une explication purement physique de ces pertes de connaissance sous jolt élevé. Par augmentation des contraintes
mécaniques intratissulaires, une hypertension intracranienne peut se produire. Cette hypothese est en cours de validation. Si elle
savérait confirmée, celd aurait pour conséquence de remeitre directement en cause les méthodes de protection utilisées jusqu'alors.
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3-3 Méthodes d'exploration:

La démarche expérimentale pour valider ces théories porte sur le recueil d'un ou plusieurs parametres physiologiques en relation
avec les théories évoquées précédemment.

Ainsi de nombreuses méthodes d'exploration cardio vasculaire non invasives et invasives ont éié utilisées pour valider les
hypothéses. On citera , cans étre exhwsuF. les enreglstrements de rithme cardlaque, les mesures de pressiol anterielle. D'autres
paramétres prennent en compie la perfusion cérébrale: cions la mesure de la vitesse d'écoulement sanguin au niveau casotidien,
te:nporal ou de l'artére cérébrale moyenne, . .

Parmi les méthodes lourdes, citons Gluister (1988) yui emplole un détecteur de l'oxygéne intracellulaire in vivo en utilisant 4
longucurs d'ondes dans le proche infrarouge (OMNI-4). Cet apparell est capuble de mesurer au niveau du cerveau, les quantités
relatives d'hémoglobine, doxyhémoglobine, de volume sanguin et I'état oxydatif de la cytochrome-c-oxydase, Cet appareillage
fonctionne en centrifugeuse. Se posent des problémes d'industrialisation et d" avionabilité”, o .

Whinnery & al (1987) ont analysé les différentes techniyues de détection de perte de connaissance. La vélocimétrie parait
dtre une méthode intéressante d'autant ?u'elle permettrait de détecter limminence d'une perte de connaissance. Les résultats
tapportés en France par Ossard & al  (1990) utilisant le Doppler transcranien ne sant toutefois pas aussi convaincant.

3.4 Meaures actuelles prises pour éviter les Gloe:

Pour linstant ces mesures sont toutes orientées par ln théorie cardio vasculaire. 11 fuut éviter le stockage sanguin
périphérigue afin de faciliter la perfusion cérébrale et éviter ces épisodes d'hypoxie cérébrule. Par conséquent les moyens suivants
sont utilisés:

-Sitgeincliné

-Manoeuvres de contraction des muscles abdominaux (type M1) .

-Pantilon antiG et améliorution des lois de gonflage avec éventue’ et anticipation

-Respiration en surpression.

-Entainement physique général

-Entralnement ¢n centrifugeuse ) )

Ces mesures, si ¢lles s'avérent d'une cfficacité variable, ne sont que des mesures & prion préventives, Elles dovent permettre
théoriquement en jouant sur les facteurs physiologiques réputés en cause de diminuer loccurence des Gloc. Elles ne permettent en
aucun cas de diagnostiquer en temps réel I'état de conscience du pilote.

3.5 outils de mesures physivlogiques utilisables en vol, et donc potentiellement intégrables i un filel
de sauvegarde

Les vutils de mesure de paramétres physiologiyue utilisables dans le cadre du filet de sauvegarde doivent satisfuire plusieurs
contraintes: contrainte de qualité et de stabilité du signal sous facteurs de charge, contrainte d'éyuipement , de confor, et de sécurité
pilote, et comtpatible avec des analyse temps réel (probléme d'échantillonage et de raitement), )

LA encore, comime pour le paragraphe précédent, A Theure actuclle les paramétres 3 prendre en compte appartiennent pour

beaucoup au sysiéme curdiovasculaire.

Le plus facile 3 enregistrer ¢st sdrement I'électrocardiogramme, méme dans des conditions de vol extrémes (Quandieu & al,
1988). Ce seul facteur est toutefois insuffisant pour établir un diagnostic de Ciloc. 11 en est de méme des diftérents recueils
clectrophysiologiques (EMG, EOG...).

Le duppler transcranien intégré au casque du pilote, évaluant Firrigation sanguine cérétwale a égalernent &€ proposé. I est
utilisé en centritugeuse et il est déjd “avioné” aux Etats-Unis. Mesure prometteuse, mais la qualité , la stabilité du signal et ta
contrainie pout le pilote sont encore 4 améliorer,

Le rythme respitatoite est facile & recueillir, mais comme I'ECG, difficile & coméler au Gloc.

Diautres ¢léments comme la pression sur les commandes sont des paramétres communément suivis en centnfugeuse; la
variabilitd des résultats ne permel pas une utilisation simple de cet €lément.

La voix est enregistrée sysiématiquement mais non analysée en ligne. Il semblerait que certains composants (fofnans) soient de
bons indices pour estimer la qualité de la reprise de conscience.

Pour un pilote équipé d'un disposiuf de visuel de casque avec détermination de la position de 1u 18te, la position de la téte
pourrait également étre un facteur bien corrélé au Gloc mais il mangue I'existence dune base de données : en dehors de quelques
travaux menés en centrifugeuse, aucune éiude ne peut faire état des "enveloppes” de mouvements de 1éie dans les vols réels
implicuant des phases de vol susceptibles de produire des Gloc. Enfin, 3 'avenir, en plus de la détection des mouvements de téie, le
couplage de Foculométrie permettrait non seulement de connaitre la direction du regard du pilote mais également |'état de scn systéme
visuel (fermeture temporaire des yeux). Dans ces demiers cas tout un champ d'études est 3 entreprendre. De tels eritdres sont peut-
étre trés intéressants mals I'éaat dey recherches ¢st soit confidentiel, soit absent.

Dans tous les cas, nous en sommes encare au niveau de la faisabilité de la prise en compie de certains paramétres spécifiques du
pilote. 1l ne s'agit pas d'une fin en soi. ni du filet de sauvegarde lui-méme. Une buse de données et 'Swblissement des références
doivent éwre établis. Clest seulement 3 pantir de 12 que I'on pourra envisager I'étape suivante permentant d'¢flectuer un dingnostic de
I'état de conscience du pilote.

d-Discussion sur les aspects informatiques

L'architecture informatique doit répondre & trois types de questions : diagnostiquer 1a perte de connaissance, diagnostiquer la
reprise de conscience et rendre les commandes duns de bonnes conditions, et enfin donner des informations sur lenveloppe
physiologique humaine au module chargé de la trajectoire.

Il doit par ailleurs, des lors 1u'il s'agit de gérer tactiquernent la trajectoire (applications temps de guerre), tre connecté A des
fonctions supérieures de I'appareil : gestionnaire wctiyue, systdme de contre-mesures, eic, qui peuvent étre centralisées dans un
copilote électroniyue ou distribuées dins un réseau de modules spécialisés (figure 1),

Le choix de l'architecture informatique scra dépendant (i) de la définition de la lisie des tres & prendre en compte : indices
psycho physlologiques, variables de I'environneinent, etc: (il) de la manitre de résoudre le probléme de la décision sur la prise
autoritaire des commandes.

{i) Sur un plan formel, compte tenu de l'incertitude assez forte de chacun des paramtres pouvant éire pris en compte, gu'ils
solent contextuels, comporternentaux ou psycho- physiologiques, il sera nécessaire de recouper les informations entre elles et de
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conslidérer plusieurs parambires, mals pas trop pour ne pas ralentir les performances. Des lors trols types de critéres peuvent
permettre de trier les parimitres tetenus dans le sysidme opérationnel; leur pertinence en regard de Ia perte ou de la reprise de
conscicence, leur sim})llché d'scquisition (minimiser les cad)teurs biologiques), et leur fiabllité. Les parameties de contexies
permettront de toutes fagons de rédulre le domalne de surveillance en élitninant les contexies ob le risque de Gloc est res faible
(croisitre, nav TBA, eic) ; lamise en tnode combat poutrait &tre l'argument déclenchant,

Rappelons ici que les sysiemes de type | représentent un cas particulier et trés simple de solution d'wrchitecture du filet de
uuvegnut. Ces systtmes semi-automatiques sont en effel basés sur une grande pragmatique du domaine, ne nécessitant pas de
théorie pour choisir les parametres,: ls sont trés imparfaits mais pondérent leurs insuffisances en utilisant un dialogue de

tion systématique avec e pilote. De tels sysibmes peuvent etre utilisés sans geshonnaire tactique (simple remise 2 plut) ou
couplés & un gestionaaire tactique (et dans ce cas applicables au temps de guerre).

(i) La meilleure architecture informatique seralt celle qui minimiserait les situations d'indécisions. Une telle architecture devrait
alors étre nécessairernent basé sur l'analyse d'un nombre trés limité de paramiires, 1 Jéalement un, parfaitement correlé aux Gloc; on
Ixut penser que de telles mesures existeront le jour ol les scientifiques posséderont une théorie homogene du Gloc et des mesures &
2 hauteur de cette théorie.

D'ici 14, Ie probléme de lindécision est bien le probleme mujeur & résoudre. Deux stratégies peuvent e envisagées:
I'approche statistique et l'approche [A.

Dans le premier cas, le systéme est basé sui des analyses multi factoriclles; on recherche les comélations entre un ensemble de
valeurs disponibles et des groupements de valeurs déja rencontrées dans des Gloc (“patterns”) et mémorisés duns le systéine. Si une
identification suffisante est oblenue, le sysiéme reprend autoritairernent les commandes. Cette solution st simple & mettre en ocuvre
mais suppose I'existence dune base de données (patterns) fiables et représentatifs; or cette base est difficile & obtenir puisque sa
tichesse tient A I'expérience de situations réelles (évidemment limitée en matiére de Gloc).

1i s'agit 12 d'un véritable probieme méthodologique de fond yui est propre & toute démarche empirisie dans le domaine qu'elle
soit statistique ou IA: on peut recueillir des dizaines de parametres en centrifugeuse lors de Gloc provoqués mais les variables
comportementales (¢.g. position de la téte, pression sur les commandes, refiexes de réponses A des stimulations) ne prennent jamais
les mémes valeurs que dans le réel car il n'y a pas de tiche A effectuer-et pas d'enjeu réel; une base de données constituée en
centrifugeuse est donc exadmement approximative €t probablement insuffisante pour une approche staistique aboutissant 3 une
décision aussi grave que la reprise en main autoritaire des commandes. La solution d'une centrifugeuse pilotable par le pilote avec
univers de travail réaliste (du type de celle du NADC-Warminster) est sans doute plus valable. Mais c'est la solution du vol réel qui
parait de loin la plus efficace, non pas pour recueillir des données sur la perte de connaissance, mais pour recueitlir le volume de
variations es des parametres A surveiller (c.g: enveloppe des mouvements en combat, mais aussi variation du doppler, etc).
Dans la mesure ob aucun paramétre n'est décisif en lui-méme, situer qu'il est dans un domaine anormal constitue une information
essentielle pour e systéme.
Enbref il convient de faire une distinction fondamentale entre
-l'obtention de données expérimentales qui valideraient une théorie précise du Gioc ou qui valideraient des outils de
mesures {capteurs divers, etc); il s'agit alors de recherches psycho-physiclogiques et fa centrifugeuse est sans doute un outil

essentiel

-la constitution d'une base de données pragmatiques en rapport avec la présence ou l'ubsence de Gloc qui servimit un
sysitme concret de filet de sauvegarde: dans ce cas la meilleure base de données sera issue du vol réel et construite sur les enveloppes
physiologiques et comportiementales normales de pilotes observées lors dé situations de combat;

. Lalternative a lapproche statistique consiste 4 envisager une architecture 1A (Blackboard?) succeptible de raisonner sur les
divers parametres avec un sﬂstéme de regles de décision. Ce type d'architecture est sirement plus robuste pour faire face A des
évenm;rl(l)?kmmrémsmns de la base de donnes; les régles risquent cependant d'étre difficiles A écrire et Fapplication temps réel peut
poset me.

S.Conclusion

. Le filet de sauvegarde est un concept récent apparu en réponse & la survenue de Gloc sur les avions de nouvelles technologies.
11 $'agit d'une réponse pragmatique & la perte de contrble par le pilote de la situation et non d'une explication de la cause de cetie
de contrdle (mais cette demidre peut évdimment faciliter ['érablisserent de la réponse). Comple tenu de ambiguité flet de
sauvegarde-Gloc, la plupart des publications portent sur ies mécarsmes des Gloc et non sur des systémes de sauvegarde; elles sont
de nature médicales. or la technologic des sysi2mes de sauvegarde reléve plutdt du champ de lingénicur, implique des savoirs-faires
A protéger, ¢t se retrouve peu dans les publications. C'est précisément une des raisons essentielles qui ont présigé & I'organisation de
cette rencontre scientifique pour que des échanges puissent avoir lieu entre les différentes communauiés scientifiques et qu'une
discussion puisse s'insuaurer directement avec ds usager pout mieux définir le besoin immédiat et futur..

Dans tous les cas, le systbme de sauvegarde doit étre le plus efficace possible pour le moins de contruintes sur I'usager. Sur un
plan opératioanel, un filet de sauvegande utilisable en temps de guerre doit etre nécessairement lié au copilote électronique; A ce jour,
on ne dispose ni de l'un, ni de l'autre. Par conséquent, soit on envisage un systéme temps de paix rapidement disponible limité au
diagnostic de perte de connaissance, soit on remet A long terme le projet d'un filet de sauvegarde qui puisse étre utlisé temps de
guerre; deux interrogations découlent de ce constat: est-il pertinent d'entrainer les pilotes sur un systéme dont il ne disposeront plus
en temps de guerre, est-il envisageable de se contenter d'un systéme trs simple?.

En France, I'état-major de F'Armée de FAir s'est engagé A fédérer les différents partics impliqués dans la conception d'un filet
de sauvegarde pour le prochain ACF (opérationnels, avionneur., équipementiers, informaticicns, crgonomes, médecins...), La prise
en compte immediate de I'ensemble du probléme (y compris Je temps de guerre) devrait permenre d'aboutir raisonnablement vite a la
conception d'un sysitme récliement utile-et utilisable- pour les pilotes .
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CERBBRAL OXYCEN STATUS AND C-1NDUCED LOSS OF CONSCIOUSNESS

Gp Capt David H Otaister, RAF

Royal Ale Poece Inatitute of Aviation Medicine,
FParnborough, Hants, GUl4 682, UK

Sumeary G-induced loss of conscioushess (G-LOC) is a common event and has
led to the loss of many aircraft and ajrcrew, While most body systems are
ultimately affec ed, the final common path for its initiation {s an
inadequate supply of oxygen to the brain. Thus, a measure of cerebral
anygen sufficlency could provide a specific monitoe for incipient G-LOC and
sarve either as a waerning to the pilot or 4s a trigger for an autorccovary
system. Multiwavelength near-infrared spectrophotomutry permits the non-
invastve In vivo measurement of the oxygen content of bloed within the
carebral microciceculation, and also of the oxygen status of cytochrome-c
oxidase within the brain cells, This technique has been vaidated in human

subjects during exposura to hypoxia;

negative pressure; and duritg +GC

in presyncope induced by lower body
induced loss ol consciousness, It is

considered that, as well as providing an important new tool for
acceleration research, the technique has the potential to he developed into

an jn-flight monitor for alvcrew,

Based upon several surveys cof aircrew popu-
latiuns, G-induced loss of consciousness, or G-LOC,
has an incidence of some 12-30% (1-3), The fipgures
var) depending upon aircrew experience {common
during tralning); aircrafc type (more common on
alecraft with a high sustained G capability); the
use and reliabitity of anti-C equipment (many
teaining aircraft are not fitted wvith an anti-G
system, yet avd capsble of pulling +3-6G,, whilst
inadvartent digconnection of the NATO standard
anti-C suit conneclor is not unkiown); the accuracy
of reporting (centrifuge C-LOC subjects are often
uhaware of their G-LOC episode and the same may beo
true in flight); the G-onset rate; and & nost of
other [actors. However, the overall finding is
that ona in five alrcrew will have experienced at
least one episode of in~flight loss uf
conscigusness duy to +G. acceleration during their
fiying career. J¢ is not surprising, therefore,
that losses of aircraft and alrcrew attributcble to
G-LOC wre ceputedly into double figuees in the US
elane, though to date, no comprehensive survey of
accidant statistics specifically related to G-LOC
has been published,

While recent {mprovements in G-protective
systems, particalarly the combination of extended
coverage anti~G trousers and pressure breathing
(PRC) have nroduced a dramatic increase in
tolerance such that aircrew can be <wxpected to
vustain at lesst +8G, without the nead to perfarm
an anti{-G straining manaeuvee (AGSM) (4), the +9G,
capability of the currtent guneration of apiie
aircraft. means that goma voluntary efforc will
stiil be required even when these new systems
be~ume operstinnal. There will, therafore, remain
situations in which G-LOC will bhe en operationsi
poasibility, either because of Failure te perform
an effective ACGSM, or through the failure to
perceive its need vith a rapid onset of
accelaration, under which condition G-LOC may occur
without tha promonitocy warning of visual symptoms.
Furthermore, no anti1-GC system can be sade 100X
teliable and future sirvcraft can be expected to
excoed comfortably the +9G, perfurmance of current
aivcrafe., Undoubtably, G-LOC will remain a
potential problem for as long as wen fly agrle aic~
cralt whyleat seated in such a posture thst a
gignificant component of the G force i3 direcied
siong the +G,mas of the hody.

[f the possibility of G-LOC cannot be precluded,
then tha coensequont risk of aircratt loss and
aircrow fatsaliiy can stil) be avoided 1f the G-LOC

cah be detected in time to initiate an Aautomatic
recovery system (3), One possibility 1s to mumitor
the perfurmance of the pilot i1n ordet to detect, as
soon a4+ possible, some reliable indication of a G-
Loc. Such a gystem could monitor the pilot's
intelligent use of the controls, or even make use
of EEC analysis. A major disadvantage of this
approach is that the G-LOC must be allowed to
develop before any corrective actlon can be taken,
Even If the autorecovery werw effectivn, the
pilot’s ability to fight would be denied to him at
the very time that it was most needed and his
chances of surviving a combat engagement would he
close to maro, For application to the training
role, though, this approach has the merit of
simplicity an that it could make use of state-of-
the-att technology, most of which already exlists in
a combat aircraft's control computers. FPlgure 1
shows the logic for a proposed system vuhich
monitors thres inputs - aircraft acceleration, the
position of the pilot’'s head (up or down), and his
grip on the stick,

G level Itead Hand Action
posiilon grip
(OSGZ and Up or down  ‘Tense or slack hil
>OQGZ and Down or Slack tnterrogation
>0501 and Down and  Slack Autorecovervy

Fig. 1. Operation of a cthree sensor G-1LOC
detector system,

Thus, if the aircrafL remains balsw +3G., no
action 1s taken whatever the pilet is doing, while
at preater G levels he will be interrogated should
he nod his head, or slacken tho grip ol his hand on
the stick, Failing & positive response, G-10C
would by assumned and the aircraft recovered
autematizally. Since intercogation takes furthar
time, a third mode of 1mmediate 1initiation of
recovery would opevate above +5C, when the head
nods and the hand bocomes slack simultancously. To
reduce the incidence of inadvertent operat:en, the

R
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G sehtor would reviaw the rvecent alrcratt history
of O exposure and apply a sultable algorithm based
upon a consarvative G/time colerance curve.

A more rewarding approach to the problem of G-L0C
in flight is to monitor the pilot in such a way
that incipient loss of consclousneas {s detuctaed
and a warning given such that he c¢an remain in
control, albeit at a voluntarily reduced level of
+G,. This is a far havder problem becuuse, despite
the vast literature, littla is khown about the
pracise machanism of G-LOC - other than that, in
general, it follows & period of inadequate bload
supply to the brain with a resulting deficiency in
oxygan supply to cerebral tissue,

Short term (1.0s 4}
Increased pressure drop, heart to head
&= HRediced atierial pressure at hrad level
Inadequate cerebral blood flow

Cerebral oxvgen insufficlency -0

Lose of consclousness

Longer term (5-10s +)

“—~Reduced venous return and eardine oulpat

Ventilation/perfusion mnegunlities =t

Fig. 2. The basic mechanism of G-1OC,

This mechanism is summarised in Figure 2, from
which it may be seen that the G-induced hydrostatic
presgure zradient causes a fall in blood pressure,
and consequently in blood Flow, at the level of the
haad, In tha longer term this fall 1s exacerbated
by a decreased output ot blond and pressure at
heart level, while the ensuing oxygen insufficiency
is further exacerbated by a decrease in the oxypen
content of any arterial blood which does reach the
Lbrain caused by G-induced ventylation/perfusion
inequalities in the lungs.

Sevaeral approaches have been made in order to
monitor chdnges in the circulation more or less
related to cerobral perfusion, These have included
ear opacity (6) (the pressure or absence of
arterial pulsation at brain lavel); blood pressure
at head level {now obtainable non-i{nvasively from a
Einger (7)); and blood flow in a superficial artery
(suct: as the temporal artery) using Doppler
techniques (8). All of these measures have been
shown to change during, nr preceding G-LOC, but
thay all also show comparable changet at high
levels of +G, in the absence of G-LOC, This is
unsurprising as they are all related 1n some way to
pressure and flow in the external carotid artery,
while the brain gets its supply from the internal
carotid artery. Cerebral blood flow depends upon
specific control mechanisma (for example, uxcess
CO, dilates cerebral vessels but reflexly con-
stricts those elgewhere in the body), and unique
vascular mechanics. Tha brain is encloged 1n rthe
rigid ¢ranium and blood flow will be modilied by
changey in intracranial pressure as well as by the
venous siphon effect demonstrated by Henry et al as
varly as 1951 (9), Fur obvious technmical and
ethical reasons, little i3 known about the role of
cerebro-spinal {luid (CSF) praessure in controlling

cerobral blood flov in man at high +G,. An
increase in CSF presiure impedes flow in other
experimental situation and o decrease, caused by

the hydrestatic pressure geadient doun the spinal
cansl, would be expected to keep the cerebral
capiliacics and veins open and to enhance flow

during exposures to +G,. Gross diucrupanciec in
flow between the two branches of the common carotid
artaery ara, therefore, likely under conditions
pradisposing to G-10OC. '

To be effective in anticipating G-LOC, therefore,
a monitoring system must be directed to phenomena
trelated to (lov in the Internal carotiu artery and,
ldeally, at the final common path to G-LOC,
cerebral tissue oxygen sufficlency at the cellular
level,

A monitoring system [or use oh alrcreow must not
add to pilet workload and, If aircrew are to have
confldence in it, fts application to autorecovery
must be free from false positive, or false negative
responses. In addition, the system must be non-
invasive, non-cumbersome, compatible with other
aircrev equipmenc and, ideally, the subject should
be uhavare of its presence. Oune possibility (s the
use of transcranial Doppler to monitor blood flow
in Lha middle carebral artury. This wvnossel
supplios a larg” area of the cervcbral cortex and a
critical veduction in flow would be oxpncted to
precede a G-LOC by several seconds. However, the
positioning of Lhe sensor has to be very precise,
probably more so0 even than that for hulmet mounted
sighta and displays, and though the principle has
been demonstrated in centrifupe studies (Marcuss
Clére: personal communications), it should be notnd
that 1t would farl to detect any component te G-1.0C
contribuyted by arterinal oxypen desaturation,
Another possibailyty which has been evaluated on the
centrifuge and which overcomes this criticism is
the use of multiwavelength tear-infrared spectro-
photomettry to monitor the oxygen status of the
brain tissua (10).

The production of energy within the brain, and
hence the maintenance of brain function and
consciousness, is dependent upon a series of
chemical reactions in which, basically, glucose 18
orxidiged to produce carbon dioxide and water. The
last link in this chain involves the enzyme
cytochrome-¢ oxidase which controls 90% of the
brain's oxygen utilisation. In 1ts oxidised state,
this enzyme has A weak absorptioh band tn the near-
infraved region of the electromapnetic spectrum
which disappears upon reduction, Reduced and
oxygenated haemoglobing alse have specific, and
stronger absorption spectra tn the near-infrared

(Fig ). While skin, bone And brain tissue Are

Hb

HbO, -

aa,

[V ST U SR

720 750 800 850 200
Wavelength (nm)
Fig. 3. Near-infrared absnrption spoctra

for hasmoglobin (Hb), oxyhaemo-
globin {HbO,) and for oxidised
miaug reduce} cytochrome-¢ "widage

(a,a3). (Neo to scale).




relatively opaque to light in the visible part of
the lﬁuclrum, and water prasent in tissues absgorbs
photons ouver most of the infrared region, there is
a window in the near-infrared within which aome
102 of photons are transmitted per centimetra of
tissue, By studying the relative transmission of
selected wavelengths of the near=infrared and
applying appropridte slgorithma, it is, therefore,
rosaible to monitor changes in the tisuue
concyntrations of reduced haemoglebin (Hb), ony~
haeraglobin (HbO,) and oxidated cytochrome-c
onidase (a,a3). %urthermorn, the sum of Hb and
Hbo, concencrntlons affords a meastrae of cerchbral
blood wvolume, since the vtotal gquantity of
haemoglobin in the red blood celis (and, hence in
blood) remains effectively canatant.

Thia tachnigue, developed at Duke University
Medical Contre ard incorporated into and instrument
known as C(MNI-4 (for Oxidative Metabolism Near-
Infrared using 4 Wavelengths) was avaluated at the
USAF School of Aerospace Medicine {(while the authar
was an RAF Exchange Officer thrre) in a series of
experiments using hypouic/hyperoxic breathing
gases, lovwer-body negative pressure (LBNP) and +G,
acceleration,

Figure & ghows the effect of changing the oxygen
content of the gas breathed by a subjeC1 seated at
rest. With hypoxia (9% 0y 1n the ¢oncan-
tration of reducad haenoglobxn ﬁb) rose, whiig
that of oxy-haemoglobin (HbO,) fell. Chsanging to a
95X 0,, 5% COp misture (the €O, being added to
maintain cerebral blood flow) caused reciprocal
changes in the haemoglobins, Hyponia alsc caused a
shift in cytochrome oxivess {(a,ay) towards reduc-
tion, Cerabral blood volyme (BVi vemained fairly
constant until return to air breathing, whereupon
it fell with a coincident reduction in cardiac
pulsation - evidence for the pre-existing
vascdilation and increased flow invoked by both the
hypoxia and hypercapnea.

An energetic Valsalva manoeuvre (Fig. 5) in-
creased cerebral blood volume (CBV). but the
increase comprigsed solely reduced haemoplobin and
cytochrome-c oxidase moved towards rveduction. This
shous the increased volume of venous blood in the
brain and reduction in flow produced by a damming
up of the brain's venous wvutflow,

Figure 6 shows ,verage changes in measures of
cerebral oxygen status during the last 100 sec of
lower body negative pressure exposures which were
terminated following symptoms and signs of presyn-
cope. Tha slight increase in reduced haemoglobin
is in striking contrast to falls in oxyhaemoglobin,
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cargbral blood volume and cytochrome-c¢ oxidase, all
of which preceds the well documented bradycardia,
aor cardiovascular decompensation by some 20 s,
Prasumably, the first sign of lailure to compensate
for the circulatory stress was a fall in cerebrs

blood flow and the a,ay ceduction in particular
could have provided an earliecr warning of the
impending syncope than the generally accepted
criterion of a developing bradycardia,

Pinally, flgure 7 {llustratex changes which
occurrad during a4 G~LOC {nduced by exposure to +5C
with the subject relaxed and unprotected. G-LOC was
pruceded by a rapid fall in cerebral blood volume,
whilst a recovery im blood voluma heralded retuen
of conaciousness, Unfortunately, the cytochrome-¢
oxidase signal was not obtained during this run.

Fig., 5. Elfect of a Valsalva manoeuvre at
1G. Recording channele as for

figure 4.
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Fig. 4. Response to hyperoxic
: fflfs and hypoxic breathing gas
INARS T mixtures. The four recording
S LA L chnvnels are to the same scale
equais a 10 fold change
in llnsue concentration) and

show changes 1n hasmeglobin
(Hb), oxyhaemoglobin (HbO,),

cerebral blood volume (By) nnd
oxidised cytochraome-c oxiduge
(n.aJ). The subject wasg
brething the hyperoxic mixture
At the start of the recording.
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the four OMNI-4 outputs
(haemoglobin, Hb} oxyhasmo-globin,
HbO,} cerebral blood volume, BY;
and oxidised cytochrome-c oxidase,
4,83). The results are averaged
for” four subjects over the 100s
precading, and 10s folloving
termination of lower body negative
presaure exposutes which caused
symptoms and signs of presyncope.

From the tests carried out it 18 clear Lhat the
change in haemoglobin concentrations and cerebral
blood volune provide & valuable, but still in-
divect, real time monitor of cerebral axyrun
swtatus, byt differences berween this G-LOC incident
and other high G exposures without G={UC were not
great enough to constitute & reliable warning. In
theory, changes in cytochrume=c¢ oxidase should
prove more reliable, but appeared to suffer from a
number of technical problems. Predominant amongst
these was the lack of sensitivity {n this channel
due to i*; rather weak wpactral absorption, and the
fact that it could not be detected in its reduced
sLate other than by disappearance of the oxidated
cytochrome-c oxidase signal. The usa of additional
vavelengths and a more sensitive detector should
solve these problems, A further problem stemned
from movement artafacts - slight displacement of
the optodes through which the near-infrared signals
vare pasted into and received back from the brain
led to erronecus signals which could only be
overcomd by very rigid mounting of & head harness.
Hovevar, Delpy (personal communication) has
suggested that an alternative means for controlling
the level of near-infrared energy at the {oput
optode {other than relyihg on a reflected signal)
would eliminate this problem. Thirvdly, since the
path laength threugh which the signal passes within
the brain is wunknown, aberolute valuas for
concentrations of the chromephores cannot be
calculated, only changes. Whilst this is praobably
not & great disadvantage in & monitoring system,
techniques do now exist whereby absolute valuas
could be obtained (l11). Finally, the need to carry
the signals Lo and from tha head .n fairly bulky
fibreoptic bundles could be eliminated by the use
of lightweight, halmet mounted, solid state
devicas.

In conclusion, muyltiwavelength near-infrared
spectrophotomaetry offers & method for monitoring
changes in cerebral oxygen sufficiency at tissuu
luvel which appear to corralate well with the
changes expected under a number of stress condi-
tions, including +G, acccleration. However, the
methodology needs cunsiderable further development,
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RESUME: L'utilisation d'un Doppler transcrinien a été préconisé pour détecter la
survenue de pertes de connalssance induites par les accélérations. Un appareil de type
Doppler pulsé transcranien a été developpé spécifiquement pour fonctlionner eon
centrifugeuse ¢t un autre pour étre installé dans un Mirage 2000, ce gul a impliqué des
cohntraintes supplémentaires pour respecter l'environnement de sécurité imposé par son
utilisation on vol. Au cours Jd'une étude menée pour évalucr la tolérance dc 9 sujets
soumis & des accélératlions i +8 Gz, le Doppler transcrdnien a permis de montrer qu'il
existalt dans 23 cas une relation entre la véduction du signal vélocimétrique de 1la
clrculation dans l'artére cérébralce moyenne et la diminution du champ visuel; dans 9
cas, cette relation n'a pas été observée et dans un cas une faible diminution du signal
Doppler a &té sulvie par une perte de connalssance. La détection des pertes de
connalesance en vol implique l'utilisation de plusieurs paramétres physlologiques et de
paramétres de vol qul devront &tre analysés avant de- déclencher une procédure
automatique dc sauvegarde de la part de l'ordinateur de bord. Cecl nécessite le
développement dec procédures nouvelles et complexes. Daneg cette attente, le melllour
traitement des pertes de connalssance conslote A se Dplacer dans des conditions
préventives optimales grace aux récents moyens de protection anti~G6 (siége inciiné,
respiration en presslion positive, pantalon anti-G couvrant complétement la parie
inférieure du corps).

1. INTRODUCTION.

L'existence des pertes de connalgsance en vol est connue depuls la premliére guetre
mondlale. A ce Jour, les pertes de connalssance en vol sont redoutées car elles
surviennent la plupart du tempe au cours du combat aérlen et dans certains cas, elles
entrainent non seulement la perte d'un avion, mais surtout celle de 1'équipage.

Des études récentes, en partlculier celles de PLUTA (1984) et de WHINNERY (1986)
ont montréd qu'il existait en temps de paix une nette recrudescence de ces phénoménes
avec les avions de la classe F 16 cu avec des avions d'entrainement chez des pllotes en
cours de formation.

2, COMMENT PREVENIR OU TRAITER LA PERTE DE CONNAISSANCE?

A ce jour, plusieurs solutions sont proposées aux Etats Majors :

= Limiter les performances des avions afin d'éviter gqu'ils n'attelgnent des
accélératlions ou des taux de mise eén accélération élevés. Ce seralt alors le systéme
d'arme (radar, missile trds manoeuvrant, contre-mesures électroniques) gqui devrait
compenser cette réduction de performance. Actuellement, cette solution ne semble pas
retenue. Toutefols, une intervention sur 1les algorythmes dez commandes de vol
électroniques peu.-8tre réallsée on rédulsant légérement les performances de 1l'avion
sans pénaliser pour autant ses évolutions.

~ Augmenter la protection anti-g. Clest le cas pour les Armées de L'Adr qui
utilisent des avione avec slége incliné et gul pratiguent l'entrainement physique ct
l'antrainement en centrifugeuse. Ce sera le cas pour celles qui utiliseront 1la
surpression respiratoire. L'augmentation de la tolérance das pilotes aux accélérations
regte la solution la plus rationnelle.

= Détecter 1'imminence de la perte de connaigsance ou soh oxistence. 11 s'agit
d'une ultime sauvegarde qui semble t~il a pour principal intéréde d'étre utillsée en
temps de paix. Elle préservera de toute fagon la vie de nombreux pilotes. Cette
derniére solution peut co-exister avec l'une ou l'autre des solutions précédentes, Mals
comment détecter ces pertes de connalssance?




2-2

J. DETECTION DES PERTRS DR CONNAISSANCE.

Dans le cae ol la perte de l'aéronef ou du pllote lors du combat aérien est
uniguement 1llée A une perte de connalssance, 1l faut mettre au point des systémes
axperts capahles de détecter la perte de connalssunce de fagon flable puis de renseigner
1'ordinateur de bord. Celui-ci devralt ensulte effectuer automatiquement une manoeuvie
de sauvegarde.

Les paramétres utllisés peuvent 8tre t¢

« des informations de vol,

- des variables physiologiques.

WHINNERY at Coll., (1987) ont rappelé los principaux paramétres physiologiques
utilisables dont la mosure du déblit sanguin cérébral.

4. INTERET DU MONITORING DE LA CIRCULATION SANGUINE AU NIVEAU DU CERVEAU.

Deux raisons sont en faveur de cette solutiom

Lore du combat aérlen, leg accélérations de niveau élevé et rapldement Lnstallées
peuvent entrainer une réduction ou un arrét de la circulatlion sanguine au niveau du cer-
veau. Il est donc loglgue de chercher 4 détecter une éventuelle chute de déblt.

Les technologlies modernes permettent de disposer de systémes non  invasifs
d'évaluation de 1l'hémodynamique des dgrands aXes vasculaires cérébraux. Le Doppler fait
partie de ces moyens. Le systéme peut-étre mlnlaturisé et facllemant installé dans un
aéronef,

Ces différentes ralsons ont condult le Laboratoire de Médecline Adrospatiale
(LAMAS) A mettre au point un systéme de cec type. Celui~-ci aura non sculement pour
intérét d'appréhender les varlations de débit sanguin sous facteur de charge chez
1'homme et de détecter l'imminence d'une perte de connalssance mais également d'évaluer
la gualité des nouveaux concepte ou des nouvelles technologies de protection anti-aG.

5. MATERIEL.

Le LAMAS a bénéficlé de l'expérience du Laboratoire de Bilophysique Médicale de
l'Université F. Rabelals de Tours en matiere d'électronique écho-Doppler. Ce
laboratolre a développé un systéme fonctionnant sous fort facteur de charge. Un premier
apparell muni de sondes couplées écho-Doppler (photographie n® 1) a permis de falre une
étude cc-cernant les varlations du débit de la carotide primirvive sous accélération
{Florence et coll. 1989), La visuallsation en image ¢échographique de la carotide et de
l'angle dc¢ pénétration du falsceau Doppler assoclé a la mesure de la vitesse
d'écoulement a permis de calculer le débit en fonction du niveau d'accélération,

Photographie n® 1: Apparell cchoDoppler monté & l'intérieur de la centrifugeuse.
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A la sulte de cette Atude, il a paru intéressant de compléter ce travall par la
masure du débit sanguin au niveau du cerveau. Pour cela une carte électronique
spéclfique a 6té Installée dans cet ensemble.

Il s'‘aglit d4'un Doppler pulsé dont les prinelpales caractéristigues comportent

- une émisslon-réception A 2 MHz,
une fenédtre de mesure de largeur fixe, ajustable en profondour ontre 30 et 100

3

mm
' = un systéme permottant de détecter le caractéro antéro ou postérograde du flux
sanguin,
- un flitro BF do bande paesante 5 & 150 KHez,
-~ une sortle audio analogique.

6. PROTOCOLE,

Uno premiéro oxpérimentation a é6té effectude A l'aide de cet apparell au cours de
1'évaluation de lols da gonflage de pantalon anti-G (Lejeunc et coll. 199%0).

Neuf volontaires masculins ont été soumls A trols profils d'accélération 3 + 8 Gu;
doux d'entre eux ont effectué 1'expérimentation deux fols c¢ar 1ils ont particlpé a la
mise au point. Ils n'effectuent pas dc manocuvre anti-G mals portent un pantalonh anti-G
actuellement on scrvice dans 1'Armée de 1'Alr frangalse. Trente trols tracés de signal
Doppler ont &té recueillis au cours de cette expérimentation.

La 1ol de gonflage du pantalon anti-@ est différente pour chaque profil
d'accélération.

La limite de tolcérance a été définic comme la perte de 60 pour cent du champ
visuel périphérique selon 1'axe horizontal.

La mesure de la vitesse d'édcouloment du sang est cffectudée au niveau de l'artére
cérébrale moyenne (ou artére Sylvichne) dont l'abord est aisé (photographic n® 2). Une
analysc spectrale de la vitesse sangulne dans la fcnétie de mesurc est réalisée grace a
un analyseur de spectre de type Angloscan.

Photographie n° 2: sujet d'expérimentation équipé de la  sonde Doppler
transerdnien,

7. RESULTATS.

Sur 33 tracés obtenus lors des 33 lancements en cenkrifugcuse, dans 23 cas il
exlste une réduction du champ visuel précédée par une diminution du signal Doppler.
Pans 9 cas, la diminutlon ou la disparition du signal boppler n'est pas sulvie par une
diminution du champ visuel. Dans ces 9 cas, la disparition du signal doppler s'ctfectuc
durant les accélératlions élevées et le signal réapparalt lors du retour a une gravité
normale {1 6). Dans un dernlor cas, 11 y a une perte de connalssance avec une discréte
réduction du signal boppler.




bhotographic n* 3: Sujet soumls & une accélération de +8 Gz,

8. DOPPLER EN VOL.

Parallélement, un apparclil Doppler transcranlen utilisable en vol a ¢té développe.
11 préschte les mémes caractéristiques que ceclul décrit auparavant. 11 s'agit toutefols
4'un enscmble qui doit répondre a des spécifications aéronautiques supplémentalres:

- installation dans un boiticr spécltique pouvant etre monté a bord d'un avion.

- abscnce d'intcrférence avec 1l'environnement c¢lectromagnétique de 1'avion de
maniére a ne perturber ni  l'équipement électronique de celui-ci, ni  la mesure
vélocimétrique sanguine.

L'expérimentation sera cffectuée en vol sur un Mirage 2000 spécifiquement adapté
aux cssals on vol,

Le signal est :ecuecilli sur un enrcgistreur analogique multiplste installé dans un
pod, sous l'avion. L'ensemble pout supborter des accélérations jusqu'a +9 Ga.

L'électronique est installée dans un boitier OTAN 2 U de dimension et de poids
rédults; la consommation électrique est faible (5 W.)

En face avant du boitier sont installés :

- le connecteur pour la sonde

- le réglage de la profondeur de la fenétre

- le connecteur pour l'écouteur utilisé lors de la mise en place de la sonde dans
1'avion,

En face arriére sont installés :
- le connecteur d'alimentacion
- les deux connecteurs de sortic audio du signal,

Il a fallu développer un support spécifique de sonde a4 l'intéricur du casque gqui
permette de positlonner celle-cil de fagon alsée sans gqu'clle soit mobile pour autant.
Cet cnscmble prend cn compte les normes de sécurité appliquées aux avions de combat en
cas d'éjection.

Lec cable de sonde comporte donc un connecteur a dégrafage raplde installé sur la
Mac West,

Les vols vont avolr lieu durant les mois de septembre ¢t octobre 1990, Les pllotes
d'essals ou les expérimentateurs auront a se soumettre a des profils d'accelérations
dent certains seront reproduits sur la centrifugeuse du laboratoire.

Decux comparalsons pourront étre mendes
- une premlére eontre situation de laboratoire en centrifugeuse ot situation de vol
réelle.

- unc deuxléme entre pilote situé en place avant ct expérimentateur situé en place
arricre.

Ces comparalsons permettront de distinguer les ecftets sur la circulation sanguine
cércbrale :

- des accélArations +Gz subies d'unc part en centrifugeuse et d'autre part en
avion

-~ des accélérations en vol gu'un pilote anticipe parce qu'il les commande, de
celles qul le surprennhent parce gu'll est copllote expérimentatour.

Quol gu'il en solt, les premiéres données recueillies peuvent se discuter en terme
de régulation sanguine cérébrale et en terme de détection des pertes de connaissance,
volre en torme de qualité de métrologle.




9. DISCUSSION.

En résumé, nous avons trols situations ol

- la réduction ou l'abolition du signal Dopployr est blen sulvie d'une réduction du
thamp visuel; solt une bonne concordance des deuxX paramdtres.

= 1'abolition du signal Doppler n'est pas suivie d'une réduction du champ visuel,
goit une mauvalise concordance ontre ces deux signaux.

= la diminution du signal Doppler est faibles et une perte de connaissance
survient, ce qul correspond A un seul des cas observés,

Dans le cas ou la diminution du débit sanguln précéde blen la diminution du champ
visdel, on peut penser gque la diminution de la pression de perfusion sanguine liée aux
acoélérations entraine blen une diminution du débit sanguin cérébral. Cette dimlnution
de débit, on la retrouve A la fols au niveau de la vascularisation rétinienne, mais peut
étre aussl au niveau de la zone occipitale ol se situent les alres visuellos .

La loi de Bernoulli liant pression de peorfusion et déblt serait respectée. Il y
aurait en quelque sorte avec nos vingt-trois cas une triple fonction qul lie:

~ accélération et pression de perfusion,

- pression de perfusion et débit,

- déblt et champ visuel,

Les relatlions faltes ci-dessus ne prenhent pas eon compte la pression velneuse de
la clirculation sangulne de retour gui semble également importante dans la régulation du
débit sanguin intracérébral.

Par allleurs, Kontos et Coll. {(1978) ont montré chez le chat anesthésid¢ que 1la
régulation du déblit sanguin dans les valsseaux cérébraux était fonetion de leur
diamétre. L'abolition du signal Doppler non sulvie d'une réduction du champ visuel
observée dans neuf cas pourralt étre oxpliquée par un régime vasomoteur spécifigue.
L'importante réduction du signal Doppler pourralt ne pas correspondre 4 un arrét de la
cireulation cérébrale. Il s'agirait d'un phénoméne similalre & celul de la circulation
pulmonaire ou la presslon de perfusion est faible ainsi que la vitesse d'ecoulement mais
dont le débit est important. Par cette analogie, Il est 1llcite de penser gu'une
oxygénation suffisante des "territoires clés de la conscience" et de la rétine solt
obtenue.

Enfin, dans le dernler cas, ol apparait une perte de connalssance avec une
réduction du signal Doppler, cette situation a déjA falt l'objet d'une discussion (Clére
et coll., 1989) o est rappelée l'affirmation de Werchan (1989) selon laguelle une
diminution de 40 pour cent du déblt sanguin cérébral peut é&tre suffisante pour falre
apparaitre des t.oubles EEG. Cette hypothdsec se présente en qguelque sorte en opposition
avec l'hypothése précédente.

Aingi, le signal Doppler paralt complexe & analyser. Son abolition n'est pas
équivalente A une perte de connaissance pour plusicurs raisons physiologiquers mails aussi
d'ordre méthodologique et métrologique.

Sur le plan méthodologique, 1'artére cérébrale moyenne n'est peut d&tre pas
l'artére qu'il faut explorer, méme si son abord est relativement aisé.

Sur le plan métrologigue aucune certitude n'existe quant a 1'immobilité de
l'artére et du capteur sous accélération.

L'6évaluation du débit sanguin dans l'artére cérébrale moyenne parait a ce jour
insguffisante A elle seule pour détecter l'imminence d'une perte de cohnaissance. Scul.,
un systéme Ilhtégrant plusicurs paramétres physlologiques et de vol sera a méme de
prédire 1l'imminence ou de détectur la survenuc de la perte de ¢onnalssance. Cecl ne
pourra étre mis au point qu'aprés une expérience comportant des pertes de connalssance
observées en centrifugeuse avec des sujeis équlpés de capteurs. A cc jour, pour des
railsons éthigues 11 est trés difficile en France d'effectuer une oxpérimentation
spécifique concernant les pertes do cohnaissance sous facteur de charge. Seules les
pertes de connalssance accidentelles obscrvées au cours d'expérimentations permettront
de statuer sur la valldité d'un paramétre physlologlque, débit cérébral ou autre, ct de
définir les critéres prédictifs d'une perte de connalssance.

10. CONCLUSION.

La détection des pertes de connalssances pourrait étre effectuée a 1l'aide de
paramétres physiologiques. Pans cette étude, 11 est montré qu'elle eost basée sur
l'utiligation d'un Doppler transcranien. Il n'existe pas de relation simple entre
arrét du signal Doppler ct perte de conhalssance. Ces paramétres devront sirement étre
multlples et compldtés par des données de vel. Une analysc pertinente volre empirique
de ces paramétres devralt informer 1'ordinateur de bord d'une situation d'état lul
permettant d'effectuer unc manoruvre de sauvegarde. La complexité de ce systéme fait
penser qu'll s'agit d'un ensemble gqui ne pourra &tre utllisé gque dens un futur
relativement lointain.
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SUMMARY

Duriny this past decade, fourteen U.S. Afr Force pilots lost their lives and afrcraft to gravity
induced 10ss of consciousness, or GLOC. GLOC is not a new problem, it has been around for over 70
years, Because of the emerqgence of high performance aircrafi such as the F-16 and F-15 and the fact
that these aircraft can perform beyond the acceleration tolerance 1imits of the human, GLOC has become
the U.$. Tectical Afr Force's second most serious human factors problem, second only to spatial dis-
orfentation. To date, there exists no monitoring system in USAF aircraft to detect when a pilot has
become {ncapacitated due to GLOC, The incorporation of high G onset training and a special centrifuge
training facility will help reduce, but nat eliminate, the GLOC problem. This paper presents the
current status of a loss of conscliousness detection and recovery system being developed by the Air
Force,

PREFACE

There is virtually no cardiovascular, cardiopulmonary or encephalographic physiological variable
which cannot be meastred in flight, Venous and arterial {n-dwelling catheterization with pressure
transducers can provide realtime cardiovascular information, and electroencephalography can provide a
very precise Indication of the loss of consciousness event in realtime as well,

The acquisition of these kinds of data In a two place fighter-class afrcraft under carefully
controlled in-flight conditions 15 one thing, Their acquisition and utility in the setting of the
operational cockpit is guite another, In the Loss of Consciousness Monitoring System (LOCOMS) effort
at the AAMRL the original approach to monitoring was based upon these kinds of metrics. They were,
however, abandoned 1h the face of the stark realities of getiing and using such information in the
afr combat arena,

Subsequently our approach has been that of relying only upon those physiological metrics which
might be obtain unobtrusively, which would be essentially transparent to the fighter pilot, and which
(ideally) might be reliably obtained without sticking inte or onto the aviator ?Van Patten, 1986).
Qur subsequent efforts have concentrated on the following:

a., Eye blink rate,

b. Head slumping.

¢. Strength or absence of grip on stick, and spectral content of stick inputs.
d. Head level arterial pulsations.

e, Acceleration-sensitive eye leve)l blood pressure madel,

f. Arterial oxygen saturation percentage, presance of pulse pressure.
g. Spectral shift in frequency of Electroencephalogram (EEG).

h. Presence and quality of straining maneuver,

i, Anti-G Suit (AGS) function,

J. Pilot response to voice synthesized interrogation.

k., Potential resuscitation measures.

The stne qua none of any practical LOCOMS will be a low false alarm rate, A system that {s
constantly querying the ptlot as o his status will not find a high level of user acceptance and
will be turned off, Consequently it will be necessary to combine evaluation of physiological
metrics with evaluation of the past and present status of the atrcraft in terms of:

8, Altitude
b. Recent time history of:
1) Gz exposure above +4 Gz
%) Onset rate of the exposure
3) Duration of the exposure
¢, As well as:
El Current Gz
2) Cumulative G-time maneuvering metric

In our canceptual design philosaphy these six maneuver-related metrics would be combired with
the eleven physiological metrics with the outputs of these two systems serving as input attributes
to an artificial intelligence-based inference engine capable of making decislions based on the data.
Sufficient in-house research has been done with such an interence engine to make it clear that this
portion of the concept poses no technological problems (Van Patten, 1988}. Figure 1 shows some of
the interrelationships in this concept.




Before proceeding to a discussion of the status of current research it is necessary to briefly
touch upon an fssue that is raised frequently by potential operstiond) users., Given the assumption of a
practically {nfallible LOCOMS, what form must recovery of the aircraft take? In the combat setting, re-
covery of the alrcraft to straight and level flight, it s feared, would place the unconscious (but re-
covering) pilot in the role of easy prey for any attacker,

In their GLOC studies atthe USAF School of Aerospace Medicine, Whinnery (C. Whinnery, et a1, 1990)
has found that subjects experiencing GLOC recovaer faster when returned to a higher thun 1 G threshold,
such as 3 Gz, This finding is good on two counts: 1} the total {ncapacitation period of the subject,
or pitot, can be reduced and, 2? the atrcraft in which the GLOC-pilot is a passenger (since he/she
surely 1sn't flying the aircraft, can be placed by a LOCOMS/flight control computer system into o 3 G2
turn or evasive maneuver until the pilot is no longer totally incapacitated.

Although far beyond the expertise of those of us working the physiological side of this problem, it
seems plausible that current work on automated maneuvering attack and missile evasion systems could pro-
vide relief. In a combat situation in which a recovery is taking place, {t seems reasonable to assume
that an attacking aircraft or missile would be "painting” the target aircraft with gun or missile quid-
ance radar and that on-board receivers and radars would be capable of detecting the emissions and/or the
presence of an attacking afrcraft or missile. That being the case pre-programmed evasive maneuvers
coutd be automatically commanded while resuscitation measures were being applied to the pllot. For the
moment, we assume that by the time an operationa! LOCOMS system could be deployed the technology for
automated evasive maneuvers will be in hand,

1. CURRENT DEVELOPMENT STATUS
a. Eye Blink Detection

Blink rate is a well known indicator of arousal and is much easier to detect then eye position, In
our program a miniaturized device was developed under a Small Business Innovative Research effort
{Energy Optics, Las Cruces, NM} which uses infra-red 1ight to illuminate the eye. The device mounts on
the oxygen mask out of the line of sight and reacts to the change in reflected light from the area when
the lids close (Figure 2), The detectnr is about the size of the metal ferrule on a common lead pencil
and has been shown to be over 90% reliable under sustained acceleration, yielding good results
irrespective of skin pigmentation (0'Brien, 1987)., Evaluation of a zero blink rate 15 not without some
difficulties. Some (consclous} Individuals virtually cease blinking when concentrating intensely under
sustained acceleration (Albery, 1989), Consequently a zero blink rate in the presence of an erect head
would not be as significant as would a zero blink rate in the presence of a slumped head., These two
signs, taken together, would provide a reliable indicator of unconsciousness.

b, Head Slumping

At the onset of loss of consciousness a total body muscular flaccidity takes place. Since the
center of gravity of the head/helmet 15 not aligned with its support (the neck) the head will slump in
whatever direction is dictated by the local gravity “ector. This phenomenon can be detected by means as
simple as three mercury switches to as complicated as the techniques used for measuring head position in
helmet mounted sight systems, This information could serve double duty in a LOCOMS. A system developed
in ur laboratory {s shown in Fiqure 3.

c. Strength or Absence of Grip on Stick

Because of the muscular flaccidiiy described above, the characteristics of the pilot's grip on the
stick will charge markedly with the onset of unconsciousness. Many researchers have suggested that this
51gnal should be the easiest and most reliable signal to detect because the GLOC should cause the pilot
to release the contrgl stick, This has not been observed in all of the 500 cases videotaped and archived
in the USAF School of Aerospace Medicine library, however, More precisely, one needs to monitor the
force being exerted on the control stick in light of the previously menticned aircraft metrics. A
variety of pressure sensitive or infra-red chips could ~asily be incorporated uncbtrusively into the
control stick to monitor this phenomenon. A pressure sensitive chip would provide the advantage of
quantifying grip strength vis-a-vis normal in cases (about 50%) in which an unconscious subject does not
completely release the grip. Such a device could also be used to obtain information ahout the spectral
content of stick inputs. A force measuring control stick has been developed in our laooratory and is
shown in Figure 4,

d. Head Level Arterial Pulsationt

From the early work of E, H, Wood it has been observed that loss of circulatory pulsations at ear
level is followed, given a sustained acceleration stress, about five seconds later by loss of
consciousness. Devices such &s the ear opacity detectors used by Wood and subsequently by others would
be ¢ifficult to incorporate into a LOCOMS and would vinlate the dictum that the sensor sulte must be
transparent to the pilot since the pilot would have to don the sensor, Several alternatives are
currently under development.

One approach is based upor a dielectric patch antenna operating at 2,4 gigahertz and low power
output {1 ow), This device is extremely sensitive to motion and is shle to detect arterial wall motion
when placed against the skin aver an artery. Such a system has been developed for us
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by the David Sarnoff Laboratories at RCA (now MMTC Inc,, Princeton, NJ), and an array of minfature
sensors have been shown to work, At present a system using five such sensors built into an array inside
s flight helmet has been constructed and tested {Mawhinney and Kresky, 1986: Mawhinney, 1988}, The
array 1s positioned over the occipital branch of the superficial tempora) artery at the back of the head
and can be integrated into a flight helmet, The system is very sensitive to helmet motion, however, and
needs further development before 1t can become a potantial LOCOMS “Juror”,

Current laser technology forms the basis for a second approach te the acquisition of pulse
information, A commercial laser Doppler device (TSI Incorp, S5t Paul, MN} is under investigation for an
unobtrusive method of obtaining transcutaneous capiilary perfusion/pulse data and offers the potential
for a system that could be incorporated in the oxygen mesk without interference to uther functions,
This device is currently being evaluated using the Dynamic Envircnment Simulator,

A third possibility combines arterial oxygen saturation data with the acquisition of pulse data. A
commercial product has been successfully integrated into the nasal portion of an oxygen mask (Tripp,
1988). The infra-red sensor reads 3a02 and pulse data in the vicinity of the ethmoid artery on the nose
and has been successfully tested under sustained acceleration., A side benefit is that this system may
be capable of ylelding Sa02 data over extended multiple repetitive exposures which might be correlatable
to ratigue and tolerance tn a predictive manner {n real time. This system is shown in Figure 5. Recent
tests of this system at the Naval Air Development Center, Warminster, PA,, have validated its potential .
as a non-intrusive LOCOMS,

A fourth possibility 4s the Transcranial Doppler (TCD) (Eden Medical Electronics, Kent, WA)., This
device actually monitors the flow of blood in the vertebral arteries. By directing high frequency, high
intensity sound waves through the skull, the device is capable of recording arterial flow several inghes
fnto the skull. Thought, at first. to be the end-al) sensor for a LOCOMS suite, the TCD has demon-
strated that monitoring vertebral artery blood flow is not the ultimate ohysiological variable to
monitor in determining loss-of-consciousness. Studies involving centrifuge sublects at AAMRL,
Wright-Patterson AFB, USAF School of Aerospace Medic'ne, Brooks AFB, and more recently, at the Naval Alr
Development Center, Warminster, PA., have Shown that even though vertebral artery blood flow can slow,
and even stop temporarily, subjects can st1l1 maintain consciousness and pertorm (Werchan, 1990),

e, Spectral Shift in Frequency of EEG

0f a1l the sensors investigated to date for reliably determining GLOC, perhaps the most reliable -
indicator has been the EEG, In her studies at the USAF School of Aerospace Medicine, Lewis recorded the
EEG on centrifuge subjects who voluntartly lost consciousness on the USAFSAM centrifuge (Lewis, 1988).
She observed i1n the ten subjects who lost consciousness on the USAFSAM centrifuge, spectral changes in
the EEG which are similar 1h ndture to those observed during unconsciousness due to anesthesia, f.e., a
striking power shift to lower (Delta) frequencies. Her conclusion was Lhat the EEG can be used %o
detect unconsciousness in the high G environment, if the signal be can reifably and unobtrusively
obtained, This requires the development of special electrodes.

Special, "dry" electrodes are currently being developed on a Small Business Innovative Research
grant to Alan Gevins at SAM Technology, San Francico, CA, Thase non-preparatory electrodes require no
gel or special preparations and could be integrated into a flight helmet. SAM Technology reports that
this new system of “non-prep" electrodes has recorded EEG signals from subjects that are
indistinguishable from those obtained using conventional EEG electrodes and amplifiers,

f. Presence/Quality of Anti-G Straining Maneuver {AGSM) and Anti-G Suit (AGS) Function

Both of these functions, assuming the necessary preliminary research, can easily be assayed by
pressure transducers in the oxygen mask and the abdominal bladder of the AGS. Investitgators have noted
that the AGSM tends to "fade away" as a subject loses consciousness in a GLOC episode, It may be
possible to quantify this "fading" in the form of an algorithm relating the pressure magnitude of
exhalations, their pacing and intensity. AGS funcilon can be made a simple go/no go cignal from the
ahd:mina1 bladder. McDonnell Ayrcraft, St, Louis, MO., has developed a transducer to menitor oxygen
mask pressure,

g, Pilot Response to Voice Synthesized Interrogation

A system that does not provide the opportunity for pilot over-ride of the system is not 1ikely to
achleve user acceptance. For this reason it {is assumed that, aiven a system decisfon in favor of GLOC,
the LOCOMS should fncorporate a voice synthesized query system for interrogating the pilot prior to
intervention in aircraft control. This system will have to incorperate means for recognition of a
response within some timeframe before intevvention.

2. Integrated LOCOMS

An integrated LOCOMS Fas not been completed, to date, The candidate "jirrors" in such a suite have
been described above. The schomatic of such a system {s shown in Figure 6, where the best candidates
are assembled 1n an artificlal-intelligence driven package that is: 1) invizihle to the pilot and, 2)
fnrerfaced with the 1553 mux buss of the aireraft, The AAMRL will continue pursuing the development of
a LOCOMS which can be demonstrated in the nesr future,
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3. Future Research

A research program for the investication of the basic physioIo?y of GLOC fs currently underway at the
USAF School of Aerospace Medicine (Werchan, 1989), This program will investigate the cellular basis for
GLOC and hopefully lead to a better understanding of the phenomenon, Until a cellular basis can be
fdentified, it may be useful to test a number of promising methods to shorten the periad of pilot
incapacitation following GLOC., Promisiny measures fnclude the sustained or puisatile inflation of the
anti 6 suit, This measure would increase the recovering pilot's blood pressure by approximately 25mm Hg
with Lhe present generation AGS and wou:d pruvide powerful kinesthetic stimulation to afd arousal, Such a
system would require an electronically controllable AGS valve interfaced with the mux buss and the LOCOMS,
Such a valve 1s being developed at the Armstrong Aerospace Medical Research Laboratory.

Loss of consciousness research at the AAMRL will focus on 1) recordina as many physiological and
psychological variables as possible from the volunteer subjects and 2) testing of the candidate juror
subsystems in a LOCOMS. GLOC study results from both the USAF School of Aerospace Medicine and the Naval
Ajr Development Center will be inccrporated with the findings at AAMRL to develop a prototype LOCOMS by
1995, A future development will be the microprocessor-based algorithm that will analyze the aircraft
and rhysiological metrics of the LOCOMS and de:ide whether or not the pilot 1% incapacitated.

Since the LOCOYS concept was Introduced, the advances being made in neural network computing
machinery have necessitated a complete re-thinking of the conventional serial von Neuman machine
approach to the artificial {ntelliyence aspects of the system, Today therc are conmercial off-the-shelf
genera} purpose neurocomputing systems costina luss than $20,000 which have been demonstrated to be
cepable of recognizing individual faces. A special purpose system of this type could be trainnd to
recognize the physical/postural behavior of individuals losing consciousness under sustatned
acceleration and obvitte most of the necessity for 0 sensor sufte jury for the estimation of pilot
physiological status. Such a system could actually be trained in a two seat fighter aircraft using
unprotected subjects in the aircraft cockpit in order to obtain » wider and deeper knowlcdge base after
having first been tra‘ned on video images cbtained in human centrifuges. Such a systcm has been
developed by the Information Systems Research Laboratory {1SRL) at the David Sarnoff Research Center,
Princaton, NJ. ISRL developed the system for the Nielson Media Research Company. Nielson, the ratings
company that helps networks determine what Americans watch on television, wants to place the systems on
top of televisions in the homes of those 4000 dedicated TV viewers who are selected by Nielson in
determining the most popular American TV programs. The smart sensing system recoorizes faces {n near
real-time ?Popu1ar Science, 1990). Such a develovpment would have tremendous potential for use in a
LOCOMS. The problem of identifying a slumping head, with a helwet (visor up or down) is a much simpler
problem than that of fdent{fying an individual's face. Combining such a system, utilizing 4
minfaturized video camera, with a simple von Neuman expert sye*em tracking aircraft altitude, attitude,
and maneyver parameters would he a methodology offering great putential for an accurate and relisble
LOCOMS. An initial list of attributes and values for a LOCOMS program is shown in Table I,

4, Enhencement of Recovery from G-LOC

An additional useful feature that might be added to *he LOCOMS system would enhance recovery from a
G induced loss-of-consciousness. During G-LOC there is a period of total Incapacitation during which
frank unconsciousness prevails. This has been termed the period of absolute incapacitation (Whinnery,
1986). Following nominal recovery, when the individual 1s "awake" and nominally responsive, theve 15 an
additional pertfod during which the individual is in a confused state and not capable of purposeful
action, This has been termed the period of relative incapacitation (Whinnery, 1986). It was sufngested
by Whinnery (1987) that attertion ought to be given to reducing this period of partial incapacitaticn.

it is likely that the brain has baen re-oxygenated to some threshold level when nominal recovery
occurs. The arterial blood may well be resaturated, but it can be speculated that there is a
biochemical/biophysical transfer function that defines the time required to transport oxyger across the
cell walls in order to complete restoration of brain tissue oxyqen leveis, The use of 100% oxygen might
shorten that time, and could be used on an experimental basfs 1f the realities of cerebral
neurophysiology indicate that there is any 1ikelihood that it would be effective.

During this recovery period it is certatn that artificially raising the pilot's blood pressure
would cause no harm and could, conceivably, shorten the length of time for ful) recovery. There are at
least three methodologies by which this might be done - hydrostatically, mechanically and pharmacolog-
ically. After a GLOC has been confirmed, a low negative Gz could ie placed on the pilot by rolling the
aircraft or placing 1t 1n an attitude that would result in negative Gz, Of course, such a maneuver
could severly discrient a pllot recovering from 3 GLOC episade; this technique which relies on hydro-
statics and the direction of the gravity vector, would necessarily require pilot advice for development,
A recovery system to raise the blood pressure mechanically would require that the pilot's anti-G suit be
inflated, A sequentially inflating anti-G suit {Van Patten, 1985) might be even more effective in this
rote because {1t would encourage the rveturn of blood to the central circulation in a more natural manner
than a conventional enti-G suit. This technique would require the use of an electrically or electron-
fcally controllable valve (Van Patten, 1985; Van Patten, 1086},

There are a number of pharmacological candidates. Carbon dioxide is known to enhance G tolerance
because 1t increases peripheral vascuiar resistance and cardiac output, thus increasing mean arteria)
blocd pressure, Yor a short period of time a mixture of 95% oxygen and 5% carbon dioxfde could easily
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be administered via the oxygen mask, Acetazolamide, a compound similar in action to carbon dioxide and
commonly used for the rellef of altitude sickness, could be admiristered in the form of an aerosol to
the oxygen mask and might be easfer to implement than 3 carbon divxide system unless such a system had
" been provided 45 a routine portion of an acceleration tolerance enchancement measure,

Subjucting the individudl to a noxfous smell could be of value in this period of GLOC recovery.
Smelling ‘sal+s have a long and time honored reputation and have the advantage of v1?orously arousing the
“reptile" brain cince smell 1§ the most primitive sense. A painful olfactory stimulus combined with
voice synthesize. exhortations might succeed tn Arousal in the cockplt as well as similar measures do in
the intensive care unit,

What fs certain 1s that the etiology of G-induced loss-of=consciousness and ity sequelae are
incompletely understood. Past research (Squires, et al., 1964; Berkout, et al,, 1973; Cope, 19704
Reader, 1979, Marks, et al,, 1969; Mitarat, et al,, 196K; Jasper, et al., 1942; Adey, 1975} and Herraro,
1973) leads to the conclusion that some effect other than simplie hypoxia is involved, It {s hoped that
work now in progress at the USAF School of Aerospace Medicine, the Naval Air Development Center and the
Armstrcng Aeropspace Medical Research Laboratory will yield new insights into this process.

5. Conclusion

The crucfal Yssue of operational utility of a LOCOMS system {5 pilot acceptance, Experience with
the auto-save system demonstrated in the AFTI/F-16 has shown that a logic and aircraft-state system
could do much to clleviate the lcss of pilots and afrcraft from the sequelae of G-induced
loss-of-consciousness. A physfological state variable based system such as has been described here
seems a natural for combination with an duto-save system and would result in enhanced reliability and
reduced false alarm {ncidents, both of which would lead to greater acceptance and reliance on the
system,

The development of high G training curricula for USAF pilots anrolled in lead-in fighter training
at Holloman AFB, should greatly reduce the risk of GLOC. The development of an assistad positive
pressure-breathing system, called Combat Edge, will better protect Afr Force pilots from long duration,
kigh G exposures, and hopefully, help reduce GLOC statistics. Nelther one of these developments, singly
or together, will totally eradicate the GLOC problem.

Several individual sensors, which have been developed and tested at the AAMRL, offer promise to the
eventual development of a Loss-of-Consciousness Monitoring System (LOCOMS) for high performance
alvcraft., The development of a microprocessor«based artifictal {ntelligence system for a LOCOMS has yet
to be dJeveloped but 15 entirely, technically feasible. A1) of this technology is commercially available
at present and would ullow the rapfd development of such a system,
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~Initial List of Attributes and Values for
Loss of Conscluusness Monitor (LGCOMS) Expert System -

. AC. ALY {AIRCRAFT ALTITUDE)

Qver, 10K (Current altitude is above 10000 FT AGL)
Under . 10K {Cutrent altitude i below 10,000 FT AGL)

. AC. ATT (AIACRAFT ATTITUDE)

Naza. Up

Nose . Dn

AC. KNOTS (AIRCRAFT SPEED)

QOver . 40 {Currant aircralt speed is above 400 knots)
Under . 40

. AC. GEES {CURRENT Gz STATUS)

Any valua between =5 and +12

AC.QDOT (CURRENT RATE OF CHANGE OF G2)
Any value between 0 and +6 QISEC

PAST . GEES (HIGHEST Gz VALUE PULLED IN PASY
30 SECONDS)

Any value between -5 and +12

PAST . GDOT (HIGHEST ONSET RATE PULLED IN
PAST 30 SECONDS)

Any value between 0 and +6 GISEC

GSUIT FN (IS G SUIT CURRENTLY PRESSURIZED)
Yos/No

PAST . GSUIT (HAS G SUIT BEEN PRESSURIZED IN
LAST 30 SECONDS)

Yes/No

GHIP . STIK (DOES PILOT HAVE A GRIP ON THE
STICK)

Yas/No

GRIP . THROT (DOES THE PILOT HAVE A GRIP ON
THE THROTTLE)

Yes/No

. HEAD . POSN (IS PILOT'S HEAD UPRIGHT)

Yes/No

. HEAD . MOV (IS PILOT'S HEAD MOVING)

Yos/No

14,

15.
16.

17.

16.

19.

20

21,

22

23

STRAIN. NOW (IS PILOT STRAINING RIGHT NOW)

Yes/No :

PAST . STRAIN (IF PAST . GEES > +4, HAS PILOT
DONE STRAIN)

Yes/No

BLINK . RATE (HOW MANY TIMES HAS PILOT
BLINKED IN THE PAST 10 SEC)

0 1. >1

PULS . PAST (HAS THE SUPEAFICIAL TEMPORAL
ARTERY PLLSE DISAPPEARED AT AMY TIME IN THE
PAST 30 SEC)

Yes/No

PULS . NOW (IS THERE A SUPERFICIAL TEMPORAL
ARTERY PULSE NOW)

Yes/No

EEQ . STAT (HAS THE EEG SPECTRUM SHIFTED
FROM ALPHA TO DELTA DURING PAST 10 SEC}
Yes/No

SEIZE STAT (HAS SEIZURE DETECTOR INDICATED
SEI2URE ACTIVITY DURING THE PAST 10 SEC)
Yas/No

STICK , STAT {HAS THERE BEEN STICK ACTIVITY IN
THE SEIZURE FREQUENCY PASSBAND IN THE PAST
10 SEQ)

Yas/No

BLOOD . PRESS (HAS EYELEVEL BLOOD PRESSURE
MODEL INDICATED 2ERO BLOOD PRESSURE IN THE
PAST 10 SEC)

Yes/No

MARBLES . OK (HAS PILOT RESPONDED
COHERENTLY TO SYNTHESIZED VOICE
CHALLENGES)

Yes/No

Block Diagram
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Figure 1. Interrelationship of Aircraft and Physiologicai Metrics in a LOCOMS
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Two Filter GLOC Monitor

LCDR Dennis K. McBride,

PM, Simulation Technology,
Defense Advanced Research Projects Agency
Tactical Technology Office
Arlington, Virginia, USA 22209-2308

Ms, Ellzabeth A. Davies, Physicist
Manned Flight Simulator
Systems Engineering Test Directorate
Naval Air Test Center
Patuxent River, Maryland, USA 20670

SUMMARY

A multiple-filter GLOC design framework was derived. The framework recognizes the computational
limitations of current and modified airborne avionics suites. The sequential gating approach minimizes load on
supporting computer resources. As context and symptoms dictate, however, appropriate processing is applied. The
framework is introduced as a provocative statement of design constraints inherent in 1970's jet architectures. The
simplicity of design and implementation minimizes software engineering requirernents, and holds hardware/interface
development to but one requisite innovation--a helmet-integrated, ICS-capable earplug that would serve as a blood
velocity, Doppler sensing and transdusing agent,

INTRODUCTION
Future tactical aircraft will be capable of phenomenal velocities, accelerations, as weil as climb, and fum
rates. According to many sources, included and summarized by the U.S. National Research Council (NRC; 1),
vehicle dynamics improvements will be supported by nur.erous technological advances. A non-exhaustive
summary of identified engineering gains i3 indicated in Table 1.

Table L.
Technology Targed Enprovement Enabler
Asrodynamics
Drag reducton Lawning flow contral 20-26% Activa/passive concepts
Turbulen! tow control | 26-30% subsonic Pressure giadwent muds, wic.
Wave otig 1041 5% superaonic
Induced drag 40% lof fghters Plantorm 8 svucturid changes
Intertetence drag Juncture & slores geomatry
Vortex management
Active vortex conol Departute fres conliguration
‘TA0-landing separation | 40-50% Wake vortex ateation
Aero/propulsion
wtagraUon
T landing distances | Subsiantial Thrust vectoring/revering
Litt snhancements Double max Ukt Low engine bised propulslve kit
Weight reduction Improved perlisurv, Adaplive iniste'nozzies
Propulsion
Engine inlamal empa | 400%80C°F Implovemaents.
Compressor afficiency | 80-00% for moderate-size
COMPIotsors
Bearlng rotational speed | To 3.5 miion DN
High spaed propulsion | To mach3 5 A12 regime
Swuctures Speciflc perd. patametens | Maximize asro. pef. Adaptive wing shapes
Chordwise, spanwise
Tampatatste fobusiiess | To lemps sxp-ected on Luw welgh, composhes
surlacit of cruise missies
Propuisive systems 25.50% more eificient
50% leas contly
50% T:W raio
160% longer lite

The human consequence of vehicle dynamic improvements is very significant. Current 1actical air missions
are already recognized as being limited by human physiology and psychology. Without adequate protection (e.g..
from G) or suitable enhancement (e.g, from informational overload), the improvements predicted for future aircraf}
in Table 1 will be only minimally exploitable by human gircrews.
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Projected protections and enhancements will necessarily rely considerably on computational advancements.
Data acquisition and processing capabilities, as indicated in Table 2, will accelerate much as those listed in Table 1.

To the extent that they are exotic (e.g., physiological inferencing techniques), successful pilot monitoring and
recovery systems (PMRSs) will require robust sensors and very high speed data sampling and processing (DSP)
capability, As indicated in Table 2, future aircratt will carry sophisticated computer machinery, with presumably
adequatz provision In software and hardware to incorporate exotic PMRS requiremenis,

B Table 2, 7
__ Yachnology Tarp#l  Improvemeant
Componentey Cont sleciiveness 2 arders of magnaude
Size
Supercomputation | Processing Ta 100,000 slements
Random sccess memory | 10 QWords
Execution rate 1,000 GFLOPS
Mainisnance No unscheduled
MIL-STD sysiems Brocessors 1,000 MiPS
RAM 50 MWords
Fibar Optics Capacly 256-50 Gbit/sechiber
Dlsplay sysiems Assolution 8K x 0K pixels
Local procsssing
100-1,000 MIPS on
32 bt operands
50 MWords RAM
10:100 MWords totating slotage
Soltware Architecture Distribution
| Hd-moﬂny -

The number of processors and processable bytes likely to board emerging aircraft is growing very rapidly,
Future tactical aircraft, for example, will include 3-D digital integrated circuitry, as well as highly advanced
componentry. Memory density will probably continue to increase--by an order of magnitude every five years. The
avionics-computer industry expects to achieve between .5 and 1 gigabyte per sec, per optic fiber by year 2000,
Likewise, processor organization will make tremendous gains: Massively parallel, distributed architectures will
solve the enigmatic von Neumann ceiling, and we are likely to see airborne computers capable of 1,000 GFLOPS
with upwards of 10 GWords of Random Access Memory (RAM) per processor. Similar advances will be
evidenced in software techniology. So-called artificial intelligence, including very sophisticated pattern recognition
routines, expert advisory systems, and theorem provers will likely prove to be flight worthy within 1en years,

For current inventory aircraft, the picture is soberingly different. Computer capability aboard current, and
modified/current-generation tactical air platforms is quite modest by tomorrows standards. The current F/A-18, for
example, is configured with two MIL-STD AYK-14 mission computers. Each AYK-14 supports 128K of core
memory, 128K of EEPROM and 64K of RAM for a total memory capacity of 320K. Each AYK has five channel
accesses to a8 MIL-STD 1553 data bus. This configuration, with both mission computers in operation, has a
processing power of approximately 1.6 MIPS.

The F/A-18 C and D (lots 15 and above) architecture is based on a VHSIC (very high speed integrated
circuitry) Processor Module (VPM) in each mission computer. The VHSIC processor will, in the near term,
increase the processing power by half an order of magnitude, enabling the system to support approximately 8
million instructions per second. An additional channel will also be added to the F-18 architecture, resulting in six,
total. These modifications are scheduled to be introduced by 1995,

Similarly, the current Navy F-14 is also configured with two AYK-14 mission computers, each with five
MIL-STD 1553 data bus channels. The mission computers are not engineered like those of the F-18, however:
Total memory capacity for the Navy Tomcat is only B68K. Memory is partitioned into 64K of core memory, 640K
of EEPROM and 64K RAM. The net processing capability of the current F-14 mission computers is approximately
16 MIPS--similar to that of the F/A-18,

Within the context of the development of PMRS candidates, the importance of a clear understanding of on-
board computational resources is essential. Whereas exotic means of pilot monitoring may be reliably supponable
on future aircraft, today's computer memory and speed represent hard boundaries for the design of monitoring
wechniques in state of the art jets,
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APPROACH

The present effort was aimed at producing a general framework for the design of a FMRS for current
inventory tactical aircraft. The globa! engineering considerations for such a system are characterized in Figure 1,

An implicatlon of Figure 1 is that, today, we are probably limited to human body interfuce design
enhancements, These may be partitioned into two fundamental types: Those which require no physiological input
(1.e.. open toop) and those which do. The first are prophylactic measures; they are designed to improve net system
O capability to some finite end point. One emerging example s a system which predicts O based on control stick
dynamics to support the timely (pre-) inflation of pneumatic germents, Another is the baseline, or G-actuated
elevation of the pelvis and lower limbs.

Physiologically-closed measures inciude (1) sophisticated means to assess conditions for GLOC occurrence,
in order to condition a physlologically-based indication {e.g., impending GLOC) which then wam the pilot in order
to allow him to relax stick pressure, reduce G, and restore physiological reserve: and (2) mecans to sense or jnfer
pilot incapacity, and subsequently to recover control of the aircraft. The approach taken presently incorporated both
of the closed loop measures.

System

= f
(&) Hw/SwiOw
6 l (Pre-mflat.onrfﬂg&. PMRS)
o}
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& Y
L O Tralning
8 - (Awaﬁﬁﬂ)alning

—— u
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m 1

AIRCRAFT G CAPABILITY
- . - e _ad

Figure 1. Requirements for G.protection, Progress in aircraft G ability has thrust us almost
exclusively into the DESIGN-reliable phase

DESIGN FRAMEWORK
The design framework offered presently, honors the following five assumptions:

(1) demands on very limited computer resources must be prioritized throughout flight,

(2) context may be inferred on the basis of the physics of flight, and must serve as an input for prioritizing
compulter resources,

(3) a sequential gate system can be mechanized such that processing priorities may be managed with
sufficient speed,

(4) a relinble helmet-integrated car plug sensor can be engineered such that blood velocity Doppler soundings
can be detected as depicted in Figure 2, and transduced, and, finally,

(5) such a system can be effectively integrated into, perhaps a not so accommodating human-machine system
within which it is closed.
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The fundamental logic is portrayed In Figure 3.

Ac‘tlva
Noise
Redgetlon

1553 Data Bus

Figure 2, Earplugs enginecred to sense blood flow acoustics. Doppler packaged and sent to
mission computer via MIL-STD 1553 data bus. Active noise reduction could be integrated as
well,
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Figure 3. Basic Design Logic

Impiementation

Implementation of the foregoing logic, as shown in the computer architecture diagram in Figure 4, requires
software and hardware changes that imply modest engineering effort. The Operational Flight Program (OFP) )
resident in the AYK-14 would be modificd to call a software routine designated FILTER 1. This subroutine is an
algorithm which provides a two-filter GLOC monitor.

The first stage of the algorithm takes the value of Gz from the 1553 databus and calculates a sliding numerical .
integration over time. This provides a measure of the totai Gz sustained over a period of time termed, G-density
(GDEN). When GDEN reaches a criterion value, the output from the Doppler sensor is monitored. It is not
necessary (o monitor the sensor output below criterion value, hence the extra load on the system is minimized,
However, it must be cnsured that the limen value is set low enough to allow for the wide variety of G levels at
which GLOC occurs. ‘The experimental data (Houghton, McBride, and Hannah, 1985, 2) show a tructable range
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across subjects, although research should focus on idiographics rather than group modeling. Most work, however,
has concentrated on the construction of models based on nomothetical data (e.g., Burton, 3).

Ii. the second stage of the algorithm, Doppler output is monitored and compared with a critical value. When
the output falls below critical value, indicating imminent GLOC, a discrete variable is set true. Detection of the
loglical true state causes an aural waming tone to be emitted through the pilot's headset. When the pilot reduces the
G load, the Doppler output falls below the critical value and the waming ceases. The measurement and monitoring
of the Doppler output thus form the second filter.

Modifications Required to Existing Avionics

The two-filter GLOC monitor, as outlined above, can be incorporated into the OFP of the AYK-14, The
primary modification to existing avionics required to implement the GLOC monitor is the addition of the algerithm
FILTER1 to the OFP. The algorithin is short and does not require complex, time consuming operations.

Modifications to the 1553 databus traffic are such that the Doppler output of the sensor and the Gz are inputs
to the AYK-14, The flag set within the OFP to indicate imminent GLOC must be output from the AYK-14 onto the
databus, There are a number of spare discrete variables available within the OFP so the modificiation of softwure
reyuired is minimal. The flag should be monitored remote from the AYK-14, possibly within the comn:unications
(ICS) software, in order to generate the aural warning when the flag is set “on".

1553 Databus i ATK-14 1553 patabus .
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Figure 4. Avionics architecture for leading indicator, and first stage concurrent indicator GLOC
gotes




Concurrent Determinations of GLOC

If, despite the GLOC waming system, the pilot becomes unconscious, additional computing power is
required to determine GLOC and to control the alrcraft, There are & number of algorithmic methods to confinm (with
Doppler data) GLOC, which could be operational based on selection by the pilot. For example, if the pilot has not
made a "sensible” control input for a specifiable ot context-dependent elapse of time, override is executed, The
algorithms would likely use information from a ground proximity warning system. When GLOC occurs,
computing resources would be reprioritized, With the pilot unconscious. of course, it is not necessary to maintain
allegiance to ongoing computer regimen. In such case, the AYK-14 nced not update the aircraft displays at their
normal rate. Priority would dictate, rather, that adequate compuier resources be directed to the GLOC problem,

CONCLUSIONS

A leading indicator filter was derived in order 10 (1) minimize da sampling and processing required of
coi..2mporary computer cupability for predicting GLOC:; the leading indicator filter in turn (2) actuates a concurrent
indicator GLOC filter which is designed to ascertain pilot state accurately (with considerable but tactically accepuible
cemputer burden) and initiate recovery. It appears that the processing load required to suppont the proposed
architecture would be readily accommodated by U.S. Navy tactical aircraft avionics upgrades.
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Summary

The requirement for aviators to operate under atressful
slroumstances ralsas concerns over both safety and efrectiveness.
Although appropriate countermeasures ror streas-induced performance
deteriorations are avallable, the implementation of these counter-
measures raquire that commanders Xhow the time-course and extent of
the problem. PFor this reason, the U,8., Army Aeromedical Ressearch
Laboratory has focused research on the practical agsegsment of
helicopter pilot degradation using flight performance assessments
which combline enhanced automation and objectivity with optimized
data analysis procedurea. Recently, the senasicivity, accuracy,
and consistency of these assessment systems were demonstrated while
dtudying the effects of atropine sulfate on aviator performance.
Both simulator and helicopter aystems detected atroplne-related
performance problems across a var'ety of alrcraft control parameters.
Also, analysis of comblned simulator and helicopter uata showed
remapkable consistency = effects across the two light platforms,
This verification of performance measupenent using computerized
schemes in both simulator and alrcraft has not only substantiated a
feasi{ble methodologioal approach, but has furthered the conceptual
development of newer, portable assessment devices,

Introduction

Accurate measurement of pllot perfermance has been of Interest to the aviation
community for years, The implementation of new operational procedures, the flelding of
appropriate pharmacological interventions (1like antldote, pretreatment, and performance-
enhancement drugs), and the improvement of training and tactical operations all would be
facilitated 1f thelr erfectas on aviator performance c¢ould be accurately assessed.
Particularly during the past 20 years, substantial progress has been made toward develop-
ing and refining varlous performance asseasment strategles. Various approaches, both
subjective and objective, have been developed and used, but many unanswered questions
remaln concerning the sehastitivity and reliablility of each approach.

Probably the most widely used amsessment technliques involve subjective ratings made
by elther the pllot himself or a passive observer., Subjlective ratings have beaen used to
evaluate both alrcrn{h handling qualities and antual pllot performance. For review see
Lees and Ellingstad. These pating systems have the advantages of face validity, low
coat, and relative simplicity; however, they are susceptible to the sort of rater- 2
induced variabllity which is particularly a problem in difficult or ambiguous taska’

Objective ratings of pilot performance bypass many of the undeasirable factors
assoclated with subjective assessments because the collectsd data are recorded dlrectly
from mechanical or electronic senso.rs and are analyzed by a computer., ObjJective
measurement schemes have the advantages of belng rast, erficlent, and free of rater blas;
however, they are often expensive and complicated, and stralghtforward data interpreta-
tions are sometimes elusive,

In aplte of the current drawbacks with regard to the avallable asaessment tech-
nigues, clearly there 18 a need for both gubJective and obJective measures of pillot
performance which can be used in research and opuraticnal settings. FEach atratagy
poasesses relative atrengths and weakneaases which must be considered on a sjtuational
basia before the optimal approach can be chosen and applied. It 18 then the task of each
investigator to establish the mensitivity, rellabllity, and reneralizabllity of any
selacted approach.

Regsearchers at the U,5, Army Aeromelical Research Laboratory (!SAARL) capltallze on
computerized aasessments of pilot performance to examine the effects of a wide array ol
atressora in the bullef performance changea can be accurately and objectlvely detected.
Research performed in a 2-degree of motion helicopter operational trainling (HOT) ailmula-
tor and an instrumented UH-=-1H helicopter relied upon3ggmputer-based measurements to
detect performance degradations Induced by atropine.

Here, we will demonatrate the feastbllity of asasessing pilot performance with
computerlzed aystems as well as the degree to whilch potential in-flight problema mey be
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acourately established using a ground~based simulator, Singe this report stems from two
studies involving the same stressor (atropine) and stmilar dedigns, we will also show
both the senaltivity and consiastency of two analogous computer-based performance
assessment systems.

Method

Subjects, Twenty=four U.S, Army helicopter pllots were used to collaoct the data
reported here. Twelve of these subleots participated in s simulator assessment of
atropine, and 12 were involved during in-flight atropine testing. These subjects were
between the ages of 21 and 3%, and possessed uncorrected 20/20 vislon and normal hearing.

Apparatus., The performance measurement system uaed in the simulators collected data
on henﬁgng, altitude, airspeed, pitoh, roll, trim, elimb rate, tuvrn rate, instpument
landing system (ILS) localizer, ILS glide alope, and deveral other parameters. Data were
collagted from the 2-degree of motion simulator using an Electronic Aassocilates
Incorporated (EAI) 681 analog computer interfaced with a Digital Equipment Corporation
(DEC) LPA-~11K microprocessor and a DEC VAX 11/780 computer. Channels were aamplied At a
rate of up to 20 times per asecond. Speclallzed software provided real-time processing
capability, oontrol of maneuver sequencing, and data storage, but the performance data
wera analyzed off~llne.

The hellcopter Lln=«flight ayetem6 collected data on aircraft measures asimilar to
those collected from the simulator. However, rather than tranamitting these data
directly to the VAX computer, the data were stored on magnetlce tape during flights and
ltater tranaferred and prepared for analyses, Sixty-four channels wepe available, but
only a sudset was used for thls study, Again, a maximum rate of 20 asamples per second -n
any glven channel was employed. This wa. accomplished with a helicopter-mounted system
consisting of a computer unit, signal corditlioner, and tape-terminal unit, The system
was powered elther directly from the helicopter's 28 volt supply, through DC/AC
converters, or through a 115-volt power inverter (depending upon the component).

Flight performance data collected from both the simulator and the hellcopter were
analyzed with the same type of scoring routines., These routines calculated root mean
square (AMS) errors for each measured parameter (atrspeed, altitude, ete.) during each
naneuver (delimited by a marked starting and ending point), The RMS errors deplcted the
dtandard deviation of a subject's performance arcund some ideal standard. For {natance,
Il a subject conslstently flew at 991 feet when he was aupposed to fly at 1000 feet, this
resulted 1n an RMS apror of 9 feet,

Procedure. In both the aimulator and in-flight phases of thia research, each b
subject was exposed to three dose conditions (placebo, 2 mg, and U mg atropine sulfate)
on different days. Subjects did not know which drug dose they were recelving, The drug
or placebo was glven via injectlon Into the thigh muscle immediately preceding the
morning flight. Each subject flew two flights on each doaage adminlatration day, with
the first flight occurring lmmediately after injection and the second flight occurring
about 5-6 hours later. Each flight lasated approximately 2 hours, during which asubjects
flew a varlety of maneuvers. Each day on which an active drug was glven was followed by
a control day to provide 24 hours for the last dose to clear the body before the next
doase was glven.

The flight profile In the simulator study conslated of several components of a
standard Lnstrument flight which included an instrument takeoff, navigation and flight
to a deavination alrport (which centained a straight-and~level segment), holding at the
inatrument landing system (ILS) outer marker, and an ILS apprcach. The lnstrument
takeofl( and holding at the ILS outer marker were not scored by computer, but they were
graded by a safety pllot. At one point during the profile, subjects were required to
complete a varlety of precision maneuvers in which apecific¢ headlngs, altitudes, and
alrspeeds were malntained for designated perlods of time, Additlonally, sublects were
required to perform a 1B0-degree standard-rate climbing turn and a 180-degree standard-
rate descending turn.

The in-flight profile conslsted of a serles ol upper-alr maneuvers which Included
two standard-rate flat turns, flve stralght-and-level segments, two ateep turns, a 360-
degree descending right turn and a 360-degree climbing left turn, a stralght climb, and
a atralght deacent. This gection of the profile was followed by confined area
operationa, low-level and nap-of-the-earth (NOE} navigation, and 4 vertical helisopter
inatrument flight rule (IFR) .ecovery procedupre--these last four maneuvers were scored
only by a safety pllot and not by computer. The proflle terminated with a final
instrument atralght-and-level and an ILS approach Into an Army atrfield.

Resulta

Data were analyzed with SMDPUV statistlcal sortware7. repeated measures analysis ol
varlance, The factors were dose (placebo, 2 mg, U mg), flight (a.m,/p.m.), and sometimea
maneuver (where similar maneuvers were analyzed together). WMissing data from one flight
of one sublect durlng the ln-flight atudy, resulting from a flight termination because of
excessive heart rate, were estimated with BMDPAM (Dixon et al,, 1983) using the cell
means of axisting data, Missing data because of ILS glide slope malfunction on three
fltghta (alao during the in-rlight study) were estimated with the same procedure.
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Although a large number of signiftcant effects were obtalned {pom both studies, thin
paper presents only the algniflocant dose main effects and dose by maneuver interactions
when consldepring the two studies meparately., When both data sets are comhined, all
significant effects are reported.

To addreas 1ssues regarding the sengitivity of computerized assessmenta of pllot
performance, the simuilatopr and in-flight data Were analyzed asupapately. For this level
of analysis, the RMS errors from the similator study were corrected for practice effeats
and subjected to log=natural tranaformations prior to unalysla., The RMS errora t'rom the
in-flight astudy were only log-natural tranaformed slnce practice effects had been
mintmized at the outaet of this study by implementing training sesalons on the flight
profile prior to the first doae adminiateatton.

To address lsauesa vegarding the comparability (and consistency) of simulator and in-
flight asasessmentsa, the simulator and In-Flight data were analyzed In sombination. For
this lavel of analysis, it was necessary to standardize the data from each set before
they Were comblned and analyzed, Thus, each data set was indapendently subjected to a
2=-dgc¢ore transformation which resulted in comparable measurement units between the two.,

Simulator Performance

Descending and climbing turn. There were no main effects of atroplne on any pilot
performance measures for the descending turn; however, the ciimbing turn showed an effect
on vertteal speed accuracy (M(2,22)=4,49, p=0,0232), Here, pertormance was poorer under
4% mg atroplne than under either 2 mg or placebo (p<.0%5).,

Straight and level. The atralght and level segment was affected by atropine on a
number of measucres, <hete woere doss effects on control of heading (¥(1,28,14,13)e7,47,
p=0,0i77), altttude (F{2,22)=8,17, p=0,0022), alrspeed (P(2,22)=13,30, ps0.0002), and
vertical speed (F(2,22)=10.,60, p=0,0006). Heading and vertical speed errors were greater
urder U mg and 2 mg than under placebo, while the altitude and alrspeed errors were : !
significantly greater only under the U mg dose (p<,058).

Sequentlial upper-ale maneuvers. The serles of maneuvers whic¢h required sublects to
execute changes (h heading, altitude, and/or alrapeed Tor a specific period of time also
indicated an atropine-induced performance decrement on heading (F(2,22)=7.42, p=0.,0034}).
?eadin? control erpors were greater under U mg than undepy sither the 2 mg or placeho dose

p<.09).

natrument Landing System (ILS) approach. Analysis of performance measures on the
{nstrument landing system approach revealed only a marginal atroplne-related effect on
runway localizer {(centerline) ervor (p®,0541), Posthoc analysis ahowed thia affect
resulted from a higher RMS error under 4 mg atropine as compared to 2 mg (p<.05).

Stratght and level. During the In-flight investigatlon, subjects performed several
dtralght and level (SU) maneuvera. The first five of these (SLa 1-5) were conducted
using visual references, and the last one (SL 6) was conducted using instruments only
while "under the hood." There were atropine effeects across all of thesae maneuvers on
heading (8L 1-5, F(2,22)=4,10, p=0.0307; and SL 6, F(2,22)=4,59, p=6,0215), and on the
lugt one (SL €), there was also an elflect on alrspeed cortrol (F(2,22)=6,15, p=0,0075),
Heading control during the flrst flve atralght and levels waa aubstantially reduced
(p<.05) under 4 mg as compared to placebo and marginally reduced (p=0.059%) under 4 mg as
compared to 2 mg. On the sixth straight and level, heading control was worse under U mg
than undep elther of the other doses (p<.0%). Alrapeed sontrol was apparently improv=d
under the 2 my dose In comparison to placebo and 4 mg (p<,05),

Standard-rate and steep turns. Examination of performance during the two standard-
rate level turns dld not reveal any dose maln effects or dose by manetiver interacticns,
Also, performance on the two steep turnd was unaffectad,

Stralght climb and descent. Analysis of the stralght climb and the straight descent
indicated atropline effects on both heading eontrol (F(2,22)=6.64, p=0.0056) and roll
control (F(2,22)=3,54, p=0.0U46l), Subgequent contrasts showed hoth of these measures
suffered from lnecreasded error under the 4 mg conditton A3 compared to placebo (p<.0%).

Climbiny and descending turn. The climbing and descending turns, analyzed together,
also revealed atroplne effects, Specifically, there was a duse maln effact on the
alrspeed control measure (F(2,22)=3,61, p=0.0L41) which at first suggested alrapeed
errotrs were increasnd by atropine during both of these maneuvers., However, there was
Also an Interaction between dose and maneuver (F(2,22)¢5,98, p=0,0085) which subsequent
analyses ol simple effucts Jndicated to be because of a dose effect durlng only the
climbing turn (F(2,22)=9,18, p=0,0013). PFurther examination of atraopine effects durlng
Just the climbing turn showed that alrapeed errors were greater under 4 mg than under
alther 2 mg or placebo (p<,0%),

Instrument Landlng System approach. Performance with regard to alrapecd control

during the Instrument landlng system approach also was aflected by atrojlne
(F(2,22)=4,09, p=0,0308), In thila case, the 4 mg dose contriduted to greater control
error than did the placebo dose (p<.05%) as was found in sevaral other maneuvars.

&
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Combined Simulator and Tn-rlight Performance

To establiash the comparability of performance evaluations made in the aimulator and .
in the helicopter {and the consistency across time), maneuvers which were common to both .
- studies were extracted for additional anailysea. Also, only the identical measuves (i,e.,
atrapeed, heading, altitude, ete.) t'rom both data sets were used since any other approach
would have yielded an {ncomplete design structure, The maneuvers and measurea analyzed
are presented in Table 1 {along with the average elapsed time from dose for each),

After dissimilar maneuvers were discarded, both sets of tpansformed RMS errors were
standardized by applylng z-score transformations to all measures from each maneuver
(treating each rlight as a separate case) in the two data files separately. Following
the tranaformations, the two data flles were merged for repeated measures analysia of
variandge,

The maneuvers selected fopr analyasis conslsted of 1) inatrument straight and level,
2) elimbing tuen, 3 descending tuen, and 4) TLS. larh maneuver was analyzed in a
sepavate analysia of varlance with a single grouping factor (simulator va. alrepraft) and
two repeated measures factors (dose and flight)., The primary reason for conducting these
unalyass waa to determine whether simulator performance was affected the same way by
atropine as was in=rlight (or aircraft) performanze, because thls would offer Inalght :
into the comparability of pllot performance In the two devices (slmulator/alrcraft) and .
the comparabllity of computerized measurement aysatems used in both. Therefore, the
extatence of devica {slmulator/hellaopter) by dose Intepactionsa deserves the most
attention of any of the observed effects.

Straight and 'zvel, The ahaiyals Wwhere the lnatrument stralght and level in the
simulator was compared to the lnatrument stralght and level 10 the alecraft revealed dose
maln el'tectys on control of heading (FK(2,48)=10.%94, p=0,0001), nltitude (R(2, 4u)=8,20,
p=0.0009), atrapeed ‘F(2,44)=16,03, p=0,0000), and vertlcal speed (PF(2,44)=11,17,
p»0,0001), These ware dus to mor2 control errora under 4 mg than under both 2 mg and -
placeho (p<.0%). However, there was not a <ifference between the 2 mg and placebo
conditions (Figure 1).

.

Thera were also A cnouple of device (simulator/helicopter) by dose Interactions, one
of whiech was found opn sirspeed control (F(2,4M)wh,75, p=0.0136), and the other of Which
was found on vertlics! apeed control (F(2,ul4}s5,52, p=0,0073), Analyses of simple eftects
revealeu the alrspeza control effect was somewhat complex since there was a dose effect
{n both tue simulator (Fi2,44)=15,94, p~0.0000)} and the hellaopter (F(2,44)=L B4,
p*0,0126), llowever, the dose effect in the simulator was the larger c¢f the two. In the
simulator, the effect was attributed to greater alpspeed control srrors under 4 mg than
under both 2 mg and placebo {(p<.053). 7Tn the alrepraft, the dose effect was due to greater
arrors under U mg than under 2 mg (p<.05), This interaction is depicted in Figure 2.

Analyses of simple effects »n the vartical speed interactlion showed there was also a
douss affect in the almulator (F(2,44)=15,38, p=0.0000), but a aimllar effect was absent
itn the alrcraft (see Flgure 3). Contrasts revealed the dose effect In the almulator was
due to higher eprors uader 4 mg and under 2 mg than was the case under placebon,

In addition to theae doae~-related effects, several differences were attributable to
wWwhether the flight took place in the morning or afternson on altitude (¥(1,22)=10,01,
p=0.0045), airsprod (F(1,22)=27.13, p=0,0000), and vertlcal speed control (F(1,22)=42.53,
p=0,0000), Alao, there was 4 device by flight interactlion on these same measures with
the sdditinon of heading (altitude: #(1,22)=14,93, p=0.0008; alrapecd: F(1,22)=30,86,
p=0,0000; vertical speed: F(1,72)-30.57, p=0.0000, and heading: F{1,22)=8,54,
p=0.0079). Overa'l, performance on altitude, airspeed, and verti.:al speed seemad best in
the alternoon.

When the devices (aimulator ur alreraft) were examined in faolation, !t could be
seen the amount of chnnge from ona flight to the other was greater in the aireraft than
in the simulator on every mezaure except heading as can be seen in Flgures 4, 5, 6, and
7. Lastly, for the atraight and level data, there was a significant 3-way Iinteractlion
(device by doas by flight) on altitude control (F(2,14)23,21, p=0,0502), This effect was
apparently due to an Interaection In the alreraft data between 4ose and flight. However,
the effect was oniy marginai (p=0,0618), 80 1t was not pursued further,

Climbing turn. Analysls of alirapeed and vertlical speed control during the climbing
turns in the simulatoc and in the alreralt showed relatively lew elfects. Un the
airspeed control measure, there was only one slgnificant eftect, and thls was an
interaction betwoen device and dose (F(2,84)=3,70, peC,0326), Analysem of simple effecta
tndicated the eflfect was because of differences among the dose conditiona in the alpcraft
(F(2,Ul)ub,04, n=0.0050) which were absent in the simulate~ (see Figure 8), Subanquent
contrasts plnpointed the nature of this effect as reductiona 1n hellcopter control
wccuracy under U mg as compared 5o both 2 mg (p=,0526) and placebo (p¥.0%38)., That thia
same effect was nob present In the almulator may have heen parcially because only a halfl
turn waa pequirec in the simulator rather than the full turn used in the hellcopter.

E<amination of the vertical speed measure detected no similar device (simulator
varsus helicopter) by dose Interactlon; however, there waa a Jose maln effect
(R(2,b0)el,78, p=0.0006) and a device by flight interaction (P(l,<2)e6,66, p=0.0171).
The overall dcse affect was due to significant decreases in conrnrol accuracy under U mg
as compared to both the 2 mg and placebo doses (p<.05), This may be seen in Figure 9,




.5

The device by I'light interaction (Flgure 10) waa due to a subatantial Improvemunt in
vertioal speed control in the airoraft during the afternnon as compared to the morning
{(p<.05)+ This name effect was not prasent in the simulator data.

Deacending tuvrn, Analysis of airapeed and vertleal speed durlng the descending turn
indicated there were no dose-related effscts v1 this maneuver in the simulator or the
hellcopter, However, thuevre was an overall {light (merning versus afternoon) mailn effnct
on airapeed control (F(1,22)=5,46, p=0,0290). and thers was a device by rlight
interactlon on both airspeed {¥(1,22)=7.,75, p=0.0108) und vertical apaed measurecu
(F(1,22)=9,27, p=0,0059), The main affect i{ndicated better overall scontral tn the
aftepnoon than in the morning. However, the Interactlions were duw to better aontrol in
the afterncon than in the morning during only the In-flight study {p<.05), as can be sven
{n Flgures 11 and 12, There were no morning versus Af' ephnoon effects in the almulator.

Instrument land’.ng system, To examine performarce on the IL3, muanuraes of alrapeed,
localizer tracking, and glide slope tracking were analyzed., Dose maln offects were found
on both alrspeed (F(2,44)=4,21, p=0.0212) and locallzer (F(2,44)=3,68, p=0,0334), These
wete attpibuted to poorer control under 4 mg than under etther 2 mg or placebo (p<.05
except Tor the 4 mg te placebo compariaon on localizer where p=.0603)., These alfects are
deplcted Ln Figure 13,

In addit'on to the dose-related effects, there were also flight maln effecta on
alrspeed (F(1,22)=15,81, p=0,0006) and glide slope errora (F(1,22)85,78, p=0,0251), and a
device by Plight interaction on glide slope errops (F(1,22)=7.86, p=0.0122), The flight
main effae%s indicated bettepr overall performance in the afternoon than in the morning.
The interactlon on glide s8.ope control waa due to the same type ol flight affact which
wa3 large ensugh conly under the 1n-flight ¢onditions to attaln significance (p<.06),
There was no differance between the twa flights in the simulator data., This lnteracttion
is depicted In Figure 14,

Discussion

The overall pilcture presented by the analyses of flight performance data from the
aimulator and in-flight atropine studiea suggests 1) high sensitivit; of computerized
aasessments, 2) basic comparabllity between assessments made in the two {l1ight platforms,
and 3) consistency of these assssaments acrous time, Of the 11 measures (from 4
maneuvers) examined, there were 7 dose main effecta and only 3 device (gimulator vs.
helicopter) by dose 1interasctiona, These findings suggest performance {n both slrulator
and aircraft, and the measurement schemes used to assess thla performance were scnaltive
to the effects of atropine. Also, the level of sensitivity was largely comparahle
between the simulator and helicopter environments, A visual examination of standardized
mean performanJde Acrosa the variety of measures used haere deplcts strikingly similar
effects of the two atroplne doses on flight performance regardless of whether 1t was
observed In the simulator or in the hellcopter.

Atropine main effects were significant on measures of heading, altitude, atlrapeed,
a:d vertical speed control during the straight ana level maneuver., Theie were alao
significant atropine effectas on vertical gpeed control durlng the climbing turn, and on
airsgeed control and localizer tracking during the instrument landing. In averv case,
the mg dose produced the pocrest performance, In flve of the seven cases, there
appeared to be a linear decline in performance as a functlon of dose, hut the difference
betWween 2 mg and pleceho was not significant. In the remalning two cases, it appaared
that performance was hest under 2 mg, but the differences bhetween 2 mg and placeho was not
aignificant here sither,

The interactiona which wers inapected to detect differing dose effacts as a functlon
oi whethep pllots were flylng the simulator or the aircraft were very few in number.
Only three of these uavice by dose interactions were significant. Measures of airapeed
and vertical speed control during the stralght and level maneuver revealel a greater
“tropine impact Iln the simulat -r than in the alrcraft, Hare, there was an atropine
effect in the simulator with regard to both of these measi--es, whereas there was only a
difference in the alreraft on airspeed control.

Visual inspection of mean purformance revealed a tendency for aelinropter control to
have often remalned about the same under the placeho and 2 mg conditions (vwccasionally
there appeared to be an improvement under 2 mg), while simulator cantrol generally seemed
to be reduced by the 2 ng dose relative to placebo, This made it appear that similator
control often was better than aireraft control under placebo, whereas simulator control
often appeered worae than alreratt control under both 2 mg and 4 mg. This plcture of
atropine effccts was observed on almost every measure during the atraight and level
maneuver; however, the differences were not significant.

The device (Blmulator va, hellcopter) by dose interaction found on alrspeed control
diring the olimblng tuen was differsant from what was seen in the straighi and level.
Atropine apparently exerted no influence aver alrapeed control tn the a‘mulator, whereas
significant decrements due to U mg was seen in the alrcraft. It ia poasible this
difference was duc to the use of a 180-degree tupn in the simulator as ¢pposed to the
36n-degrne turn in the helioopter.

Taken togetier, these findings support tue suggratlion that atropinc erfects were
comparably asssssad in the simulator and the alrceaft. Two of the three algnificant
interactions between device and dose {ndicsted similar atropine effects In both.
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However, a visual inapestion of some of the data suggests t“ere may have heen lean of a
difference batween placebo and 2 mg in the alroraft than in the aimulator. Susch a
difference (often not sighificant in this atudy) may have been because 1t was sasler to
precisely 1y the simulator than vhe airoralt under placebo aince factora like alp
turbulence were not present in the simulutor study. Such differences probably were not
attributable to unreliable performance measurement,

Cne other set of findings which deserves notice relates to the comparabiiity ot
simulator and aircraft with regard to time=of-day effecto, Hape, it v 8 obaerved there
were devide by flight internctions on 8 of the 1l measures, Control accuracy on heading,
alt'tud~, airapeed, and vertical apueed during otraight and level; vertlosl speed during
the climbing tumrn; alrspeed and vertical speed during the descending turn; and glide
slope tracking during the instrument landing were all arfeated diffarently hy time of day
in the alraraft as opposed to the simulator, 1In every aoade except one, there waa
significantly better performance in the afternoon than in ths morning in the Atreraft,
but not in the slmulator., The single oppoalte effect involved heading ¢ontrol during
atralght and level whepre there was a flight difference (morning better than afternoon)
in only the atmulator, Reasons for this single divergent effect stlll remaln unclear.

Sings these deviae (simulator/helicopter) hy flight (a.m./p.m.) intecsctions ware
independent of any dose effecta, aome other factor 1a pesponaslble for the observed
differences. One plausible explanation centers around aubjects' apprehensions congerning
the poasible dose effects, Each subject received an {njection prior to each morning
(light, and ha was not told which dose would be administered, Thus, he simply tegan Lhe
flight and waited for whatever drug efteeta were antlcipated, Once ¢'e druz effecta
becams evident, he no doubt w¢idesed how axtensive ths je affecta woula ha hefore thay
laveled off'. It i resaonable to apeculats there was a great deal of anxlety duping the
morning flight, However, by the time of the altetnoon FPlight, the aubjeats not only were
aware of whathepr they had pecelved an actlve or piacehe Jdone, they were also aware of how
extensive the drug effacts would be and how mu.h of a perfarmence prehlen tie drug would
create, No doubt, by the time of the altaprnocon flight, most subjects Wers sonvinced they
could perform the required tasks even under the influence of atroptne, Thus, they were
able to aoncentrate more on controlling the alreralt without heing dlstracted hy worrying
ahout the potential impending effeats of atroplne,

The fact that thils significant improvement From mornlng bto Afterncon was usually
seen in the alrcraft and not the simu’etor probably stems from the subjects! having more
reason to worry about drug effects in the alr. Crashing a simulater 18 really
incondequential in compariscn to crraking ar eiperaft, Thus, tl.ls Aifference {in flights
between the two devices (simulator ve. alr.raft) probably reflects the sul.jects’
reallatic awareness of the consequences of a serious performance ducrement {n the
diffaprent situations.

This awaraneas i .80 may explaln at least papr+t of a couple of device ty dnae
interactions discussed earlier, During the stralght and level mancuve— i@ the
hellecopter, there was no reduction in performance between the placebo and 2 mg Jdosas
whareas the 4 mg dose, at least In one case, produced a significant decrement, Viaual
tnapection of tha means suggested the 2 mg dese was sometimes asaoclate] with performance
which appeared better than performance under placebo (in ths hellcoptaer), Howaver,
during this same maneuver in the simulator, a Aif'ferent relatinnahip was sensn., H:ire,
there was A falrly llnear decrease Iin perfcrmance as a funation of dos. particularly with
regard to vertical speed control. Perhaps the subjecta fiying the alrcraft worked hard
to combat the performance degradlng effects of atropine, and thils work patd off under the
amaller dose, Conversely, since the suhjects Tlying the almulator were not tn a
potentlally life-threatening altuation, they did not feel the need to exert this extra
energy to guard againat alight performance decpementa, ao thelr performance under the
smaller dose appeared degraded. Of course, once the larger dose of atropine was
adminlatered, 1t did not appear to matter which device the sublects ware flying. The
4 mg dose was usually powerful enough to produce a reliabhle woraening of performanc in
both aituations,

In summary, the important findings are that both simulator and halleopler
computerized measurement systems are corsistently sensitive to the effegts of atropine,
and any differences betwean simulator and helleopter results aan be explained on the
baslo of actual differences in pilots' performance rather than Lnakabllity of the
performance measurement schemes., Whethar In the simulator or in the heltespter, the
computerlzed monltoring aystems generally provided reilable asaessmenta of atruplne
effects. Also, 1t should be noted that the almulator and In-flight studlea wera
conducted about 2 years apart, and the consistent resvlts substantlate the dependabllity
of nccurate computerlzed assessments over time.

Conclusions

Analysls and comparlaon of the results from similar portions of a almulator atropine
study and an in-flight atropine study wers conducted to determine the sensitivity of
computerizea asaesaments of pllot performance and the comparan{lity of assesaments made
in a almulatsr and {n an actual helicopter. GOenerally, 1t was Found that hoth flight
platforms and their assocclated performance measurement aystems were zsenaltlve to ateopine
effects and this senaltivity was consistent across time. There wepe a Tew instancesn
where the Impact of atroplne was signiflcantiy differant depending on whether 1t was
observed in the simulator or in the alrcraft; however, in mosut Inatances performance as a
function of atropine In the two devices (simulatos/aipcpaft) did not Jdiffer. In
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addition, a couple of the observed tlmulator/hellcopter differences probably reaulted
from a combination of environment an. motivation prather than from a lack of measurement
reliablliity. Specifically, in the slmulator there was no alr turbulence and there was no
threat of actual loas of life, The firet factor may explain the tendency toward better
simulator than ailpcraft performance undep plarebo, while the second factor may explatin
the absence of a performance decrament between the placebo and 2 mg conditions in the
aircraft., Also, the simulator and 1%a assoclated meamurement system probably did hot
offer the fidelity found with the hellcopter, However, it ashould be relterated, there
were mpat frequently no differencea hatween the atropine effects as a funetlon of which
device (aimulator/hellcoptar) the pllots were fiying.

These results lead us to conclude that the computerized meaaurement dcheme, which
was analogous in the simulator and in the heliocopter. provided a dependable way In which
to measure pliot performance, It {s concluded that computerized measurement of pllot
performance 1s: 1) mensitive to potentially dangsrous flight control degradations,

2) compapable from one type of flight platform to another, and 3) conatatunt acroas time.
These findings clearly support the continued use and reflnement of computerized pllot
performance evaluation systems in research. Additlonally, the depltyment of aimilar
aystems in the operational environment seems both feasible and useful,. At present, newer
portable computerized systems are belng evaluated for this type of fesearch and
operational,use,
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Table 1

Maheuvers and measures used in the combired data set

Maneuver Measures Time from dose
. ) _ L L _ _ Simulator Alrcraft
Climbing turn AS, V8 00:37 00:52 (a.m.)
05:21 06:16 (P-I‘ﬂ-)
[}

Deacending turn A8, V8 00:39 00:45 (a.m.)
05123 06:10 (p.m.)

Straight and level A8, V8, HDG, ALT 01:10 01:52 (a.m.)
05:54 07:11 (p.m.)

1LS approach A8, LOC, 08 01:41 02:03 (a.m.)
: 06'2“ 07126 (poﬂll)
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EEQ Indicators of Mental Workload : Conceptual and Practicel
Iswues in the Development of a Measurement Tool

M.R. Hicks

British Aerospase PLC
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FPC 267, PO Box § 4
Filton
Bristol BS12 7QW
United Kingdom

SUMMARY

A first objective in the davelopment of a pilot state
moniter la the development of a laboratory tool capable
of measuring mental workload. Several general performance
'benchmarks' are identified that facilitate the evaluation
of such techniques and a recent programme of xagearch is
described ond assessed in the light of these criteria.

1. INTRODUCTION

The mental workload of the military aircraft pilot has increased as aircraft have
become mora complex and as flight and operational envelopes have expanded. This
phenomenon has bean exacerbated by the increasing emphasis on monitoring and decision-
making within the pilot's range of duties. The move towards single crew multi-role
military aircraft with enhanced sensor and communications capabilities will increase
the likelihood that the pilot will become overloaded with information and unable to
perform coritical decision-making tasks whilst managing the alrcraft sysatems.

Over tha past ten years several psychophysiological measures have been investi-
gated in the search for an objective tool that will help predict or detact performance
daegradations due %o cognitive overload. A longer term aim and the goal of many such
programmes is to achleve a real time, online mentil workload aspessment capability, In
due course, this may open the way for features such as dynamic 'reallocation of
function' and 'pilot state-monitoring' to be integratad within a 'pilot safety network®
in tha cockpit.

Much work has specifically investigated tha relationship betwaun thae electrical
activity of the cerebral cortex and human information processing activities.

This paper considers certain performance standards that must be me*t before
alactrosnceaphalographic (EEG) measures of mental workload can be usefully integrated
within a 'pllot safety network'. The paper concludes with an evaluation of a recent EEG
rasearch programme ia tha light of these vrequircemants.

2. THE CONCEPT OF A SAFETY NETWORK

In the late 1970's there was a halt and down turn to the trend of installing
increasing numbers of controls and displays in the cockpit. Since this period both the
physical and human sclences have engaged in reszearch with two related aims: (1) to
undarstand and subsequently enhance the pillot-aircraft interface in the cockpit and
(14) to fully exploit the natural capabilities of the pilot. Developments such as the
wide angle collimated head-up display: multifunction 'soft' displays: head-movement
slavad tdargat designation systems and synthesised speech warnings besr witness to the
effactivaness of applying human factors technigues to the Integration of crew systems
support technologies.

Optimisation of the man-~machine interface has bacome a rejuiramant for all craw
gystams intagration and a philosophy that will endure while the pilot remains
physically stationed in the aircraft cockpit.

Further exploitation of the pilot's capabilities will bae demunstrated in the
coming dacade by the introduction of high technology items such as eye-point directad
tarpot dasignation systems, tolerant direct voice input/output systems, 3D auditory
thrrat displays and low technology items such as high angle inclinaed pilot scating
(designed to increase 'G' toleranca).

The next 'wave' >f craw systems technology integration lies furthor in the futura.
This will allow a profound shift in emphasis to take place within tha convantional man/
machine ralationship. This shift will enable the onboard aircraft systams to monitor
the psychological and physiological state of the pilot and to 'act' when tne resultws of
these diagnoses excead normal or acceptable limits. The function of such systams will
ba twofold: (1) to detact performance degradations arising due to cognitive factoras
such as mental overload and extrema apatial disorientation and (ii) to detect pilot
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Incapacitation ardeing from factors such as 'G Induced loss of Conaclousness' (G-LOC),
retinadl laser damage and otiher combat Lhjury A driving fdactar in chis resesrch is the
belief that the pllot is (or will ba) unabla to usefully indicate to the aircraft
systeina his physelological or psychological state,

It is envisaged tnat following detection of performance dagradations or incapaci-
tation the aircraft systems will assume 'graceful' and fluid cuntrol of eome or all of
the pilot's duties. Thase concepts are integral to that of the safety network.

It may be a little premature to direct attantion to the problams of safety network
integration, especially as it is not yet possible to reliably sense, detect and
diaghose certain phyaiological nnd practically all psychological states,

The biggest challenge facing the development of a safety network systam lies in
the sensing and diagnosis of peychological state changes associated with mental
overload, Physiological and gross psychological state changes (such as blackout) may be
datected chrough the use of aexisting Knowledge and technologies (e.g. alectrocardio-
gram, blood pressure and resgpiration monitors), but it is not yet equally porsible to
reliably identify mental workload states., Resaearch into the paychophysiological
correlstey of mental workload ie stil) at a fundamental level (1,2) and robust,
acceptable bio-gensor thuchnologles are under development,

3. SAFETY NETWORK : PSYCHOPHYSIOLOGICAL CRITERIM

The purformance &nd safety problems that may affect the pilot during high levels
of mental workload are contidered at length in the literature [e.g. 3]. Given the need
for a esatety network, a major resaarch requirement is to identify robust psychophysio-
logical corralates that can rellably index mental workload states, particularly those
states that point to approaching or actual performance breakdowns.

3.1 The Requirement

A tool is needed that will enable researchers to identify pilot mental workload
gstate in relation to a known mental workload 'overload' or ‘ceiling' state.

Several research programmes have identified EEG activity as a promising indicator
of montal workload and have pointad to this as a possible basis for such a tool. Tha
type of activities that have been investigated in this context range from straight-
forward frequency recordings to the collection of evant related potentials (4,5,6].
Although encouraging results hava been reported, the research does not yeét appear to be

sufficiently mature to support the integration of EEG based technology in the
operational cockpit.

1t appears likaly that no one ‘type' of EEG activity will be able to provide an
adequat. index of mental workload but rathar that numerous EEG data sources will prove
to ba the only way to gain a comprehensive 'picture’. Currently, research is aimed at
validating these measures in both the air and in the simulator [4,71.

3.2 Performance Benchmarks

Apart from the identification cf workload ceilings there is a nead to identify
othar performance criteria by which tha affectiveness and usefulness of a workload
measurement tool cen be judjed. It is suggested that the following criteria represant
the minimum performance reguirements of such a system. These criteria are derived from
the recommendations of several researchers in the field (e.g. 8].

Sensitivity - The sensitivity of a tool refers to its capability to discriminate
aeffectively between mental workload statas, For example, although thare are many event
ralated potential studies that have found P300 amplitude and latency changes that are
gensitive to varlations in mental workload demand (9,7) in gimple tasks, it is not
clear whather this potential is able to index actual or approaching overload 'caeilings'
or provide meaningful measurements during complex tasks. Thaese requiremants will be

essential in the military cockpit. Tha sensitivity of such a tool will ultimately
determine itsg utility.

Diagnosticity - The diagnosticity of a tool refers to its capability to discriminate
betwean the types of workload demand that contribute to a given mental state. Whethar
or not this is important will depend upon the proposed function of a safety network, 1f
a smooth and 'graceful' reallocation of function between pilot and aircraft is a goal,
then it may be necaessary to detarmine tha nature of the problem so that appropriate
tfunctions can be reallocated. If purely 'global' maasures of workload are rogquired then
the measures that are currently being investigated may be adequate as these appear to
respond to changes in mental workload state as if it were a unidimensional phenomenon,

Selectivity - The selectivity of a tool determines its capability to respond solaly to
mental workload state changes and not to changes in other variables such as fatigue and
emotional stress. For axample, there are meveral reports claiming that EEG frequency ig
highly correlated with task complexity [10], howavar fraquency is also assoclated with
variations in fatigue and wakefulness, Clearly any tool based upon fraquency must be
able to discriminate selectively between frequency changas that are driven by task
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complexity and changes that are driven by variations in afousal, otherwise it ie of
littlia operational valuea,

Implementation Reguivedents - Esse of implementing a safety natwork is critical to its
success, Blo«sensors that are uncomfortable, liabla to either displacement or
electrical noise interference will not be acceptable in the operational environment.
Likewise lengthy preflight instrumentation, calibration and fitting will aleo raduce
tha likelihood that such technology will be accepted within the cockpit.

Reliability - This requirement simply underscores the need for all the above criteria
to be met with a high degree of reliability. If pilots don't trust safety network
gystems they will oppose their integration and turn them off.

4. EEG RESEARCH PROGRAMME EVALUATION

In 1986, a programme of collaborative research! was launched with the aim of
identifying robust EEQ indicators of mental workload., Particular emphasis was pald to
the existence of slow EEG potantial shifts that appeared to ba 1nh gome way assoclated
with variations in task difficulty. Whilst this programme has met with both success and
sethack, progregs hag been made towards the development of a tool capable of indexing
mental state. This section summarises the development of this research with reference
to the performance benchmark criteria proposed earlier in the paper.

4.1 Phase I

Results of the Phase I study indicated that the slow potential shifts (or 'DC'
shifts as they became Known due to the data gathering technique), appeared directly
related to task difficulty. Increases in tracking task difficulty appeared to directly
result in lncreases in waveform negativity (Figure 1l). Interaestingly, tha DC shift
response to variations in the difficulty of a short-term memory task (a Starnbarg task
{14] with varying positive set size) diffaered from that of the tracking task in that
the greater the demand the less nagative the DC shift (Figure 2).

As has been frequently reported in the literature [e.g. 6,9), ERP P300 amplitudes
were found to decrease with increasing tagk demands,

Although the task (simulated missile engagement) was relatively simple to perform,
it was more difficult to analyre and link specific changes in task demand to changes in
EEG activity. This occurred because the 28 second task contained several different

Figure 1
Slow Target Tracking Fast Target Tracking

- /
/]
V N

—

¥

I3 Seconds

+ DC Response to Variations in Tracking Task Difficulty (Part-Trial Example)
(Fast Targets/Slow Targets)

sub-tasks including those of wvisual and manual tracking (varying in speed and
perturbation), decision moking and memorisation, and some of these tasks ran
concurrantly with other tasks. Interpretation was further confounded by the high levels
of statistical significance found between EEG activities and almost all dependent
variables.

Consequently, apart from the very clear ERP and DC shift differences observed
during tha short-term memory task, it was not poasibla to identify exactly the under-
lying cause of many of the changes in the EEG waveform. However on the bssis of the
differences observaed between EEG activities and task condition there did appear to be
grounds for continuing the research and further exemining the DC shift phenomenon.

Unsurprisingly, at this stage in the research none of the performance benchmarks
proposed earlier in the paper had been achievad.

1. Undertaken betwoen BAa, Sowerby Research Centre and the
Burden Neurological Institute, Bristol.
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4.2 Phase 11

Phase II [15] was developed with the intention of evaluating (i) the selectivity
and (i1) the sensitivity of the effeots that had been observed.

It was c¢onéluded that either the tracking or memory elements (or both) of the
Pnase I task were related to the observed variations in DC shift. Two experiments ware
designed to independently address the effects of variations in both memory and tracking
demand :

(1) The memory or 'cognitive' task ware designed to place selective demands upon the
gtorage and manipulative processes associated with a limited capacity working memory
{16). It was intended not only to replicate the type of demand observed during the
memory task in Phase I but also to assess the sdenaitivity of the DC reaponse by
increasing task demand to a point at which performance would break down., This was done
to determine whether or not a ceiling effect could be found in the EEG DC shift.

(i1) The tracking task was designed to place several levels of task difficulty
selectively upon those motor procegses agsociated with tracking., It was intended to
axamina sensjitivity by foreing task difficulty to the point of breakdown,

Figure2  jpem 3ltems  6ltems

-
L

- ' i 13 Seconds

DC Response to Variations in Memory Demand  (Part-Trial Example)
(Number of Items Held in Memory)

Surprisingly, upon analysig neither the cognitive nor the tracking task difficulty
manipulations could be found statistically reldated to changes in EEG DC waveform,
although tha task difficulty variations were accompanied by significant differencas in
performance.

Cognitive task ERP P300 amplitudes were found to distinguish between target and
non-target items as well ag batween difficulty conditions (Figures 3). Interestingly, it
was noted that over all Phase I and 1I tasks a positive going DC shift could be
observed whan task relevant visual information was prasented at the start of each trial
(Figure 4).

Parformance varied in both Phase 1l tasks roughly according to task difficulty
condition. In the working memory task these variations were also supported by P300
amplitude changes. Thea resgults of Phase 11 indicated that DC negative shifts did not
appesr to be related to mimple increases in tracking difficulty or in working memory
demand.

As the Phaze II task conditions wera hardar than in Phase 1 it could be argued
that the Phase II task conditions were outside of the sgensitivity band of the 0C
negative shift.

Thug it was not clear whether the DC negative shifts observed in Phase 1 were
(1) connected with aspects of the Phase 1 task that were nhot present in Phase II, (4ii)
related to some non task-related differences betwaen the Phase I tasks (e.g. emotional
responses) or (1il) entirely artefactual.

Aftar studying the results of Phase II in some detail it was postulated that the
'DC' producing element present in Phase I but missing in Phase 11 may be related to
factors such as: 'tas' relevance', 'involvement', ‘salience’' or 'engagement'. This
hypothesis was slightly supported by the observation that positive going DC shifts were
congistently observed in both Phase 1 and Phase Il during the fivst period of each
trial over those perlods when taosk relevant information was presanted (Figure 4).

At this point in tha research nona of the performance benchmark crilteria referred
to aearlier had bean met to any usoful dagrea, although it had been found that DC
negative shifts did not respond to variations in tracking and memory demand difficulty
when these tasks were undertaken in isolation.

4.3 Phase IXI

A third study was designed with the aim of replicating the DC shift differences
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observed during the Phage I astudy, but under more controlled task conditions than in
Phase I and with a more realistic, ‘'engaging' and salient task than in Phase II. Tha
task was designed to minimise purely 'motor' elements and to enhance the cognitive
elaerents assoclated with visual monitoring of displayed information -« the sub-task
elemnant during which consistent DC negative shift variations had been observed in
Phare 1 and Phase 1I. The task was also designed to overcome a repaated single trial
paradigm so that a constant, uninterrupted level of task involvement could be
maintained over the whole axperimental period.

. Figure 3

€z Lowest Difficulty Medium Difficulty Highest Difficulty

\\
W\

Target

ERP Variations with (i) Running Memory Task Difficulty
(4i) Target / Non-Target Conditions
The task redquired the subject to monitor a number of moving gauges that simulated
changes in a hypothetical gystem's status and to respond when readings exceeded certain
limite. The experiment manipulated a variable related to the perceived likelihood of

the systam exceeding these limits, the psychological corollary of which may be a
variation in attentional demand, but not necessarily in task difficulty.

Figure 4

Cz

+ \

Positivity above Baseline
| i |

Apparent DC Shift Response during Presentation
of Task Relevant Visual Information

Results of the experiment [17) ware encouraging. D¢ nagative shifts varied
significantly according to most manipulations in task variables, apparently indexing
task related differences (Figure 5). Three out of the four levels of task demand were
gignificantly dissociated demonstrating that DC shifts are not oimply two-state
(on/off) indicators of variations in attentional demend but that they also appear to
hold somo lavel of wsensitivity to incremental varlations in attentional demand.
Phase 111 resuits indicate that the selectivity of the DC negative shift may ba quite
high. Although speculative, the diagnosticity of the tool does appear to bn lesms
related to an 'information processing' view of workload than to a nebulous collection
of psychological variables including those of task sallence, task involvemant and an
integration of the factors of controlled processing [18) and focused visual attention.
The lack of DC shift difference obgerved batwean the two most demanding levels may be a
preliminary indication of a low ceiling of sensitivity (see Figure 5).
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4.4 Phase IV

Phase IV was designed to further address the issus of sengitivity. A similar
paradigm to that employed at Phase III was developed but with a greater emphasis placed
upon overloadinig the subject. This was done to force a breakdown in performance so that
concurrent DC shift activity could be observed.

Although this experimental work is still ongoing, interim analysis of results
indicates that there is a clear DC shift diseocciation between task variations. Howaver,
it has not yet been possible to evaluate the DC shify correlates of performance

Figure §
Highest Demand
_ Possible Ceiling Bffect
i Medium Lowest Demand  between Hi & Med Hi

Demand Conditions
Lowest Demand ] ,

Cz

17 seconds

DC Shift Response during Variations in
Focused Attentional Demand

breakdown as aome subjects have coped with the highest difficulty levels whilst others
have not. It is important that these groupe sre analysed separately and as yet too few
subjects have been run to make this worthwhile.

5. CONCLUS1O0N

To date the raesearch programme has progressed steadily towards the goals inherant
in the performance benchmark criteria. Perhaps oddly, the programma has ldentified task
conditions that appear to be reliably assoclated with variaticns in the slow potential
tarmed the DC negative shift whilst the underlying task-relatad cause of these
variations is still obscusa. However, it doaes appear that the observed variations may
be quantitatively related to several factors including that of focused visual
attention,

It would appear that as with other potential EEGC measurament tools, DC negative
ghifta may eventually provide a unique perspective upon the mental workload problem,
rather than ¢ comprehensive view,

Bafore thig potantilsl measurament tool can be employed in the laboratory or
deployed within an opaerational safety network it must be aestablished that (i) the
task-raelated ‘cause' of variations in DC shift response are selectively and
diagnostically linked 10 attentional processes and (ii) that the sensitivity response
of the DC shift is sufficlently broad to encompass performance breakdown without
hitting a response ceiling.

it ia proposud that similar psychophysiological techniques are evaluated with

reference to the ‘performance benchmark criteria' so that a degree of correspnondence ig
achisved in tha assesgment of developing 'safety network' tools.
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SUMMAR'Y

The object of the researcu-rrogvumme at RAE ia to identify and nasess extremes of operational work-
load uslng either exiatlag measurs3, for example, HASA TLX, SWAT, etc together with Neurological measure-
menta, DPata siready exiats from speclalist laboratorles which shows n relinble {ncrease ln the DC levels
of brain activity with incrensing w»orkloads.

In order to ptimise workloada, the objectives of future misaionn will be predicted and mnalysed. !
Following this detalled task analyris, timeline analysis and attentional demand annlynis will be used to
identify the extent to which particuler cognitive channels, eg visual, audltory, and paychemotor are being
used at any ong time. In parallel with thls analysla evoked responne techniques will be developed from
the laboratory studies towards man-mountable apparatus for in-flight use. Thls will require the develop~
ment of low noise eleetrically laolated OC mamplifiers of high dynamic ronge design to obtuin physiclogical
data from the man with the minimum of cperator support,

In recognining that at high worklead levels, tuere is a strong possibility of Subjects ignoring
verondary tasks during laboratory trials, the aim will be to provide a high degree of perceived realism in
iaboratory tasks, 7o achieve thia aim o low-coat, mlc¢rocomputer based flight/combat simulator is under
development to allow tasks of varlable complexity ta be fully integrated into an ensemble that 1s perw-
ceived by subjects as realistic.

From these analyses arcas of task conflict and work overload can be predicted with the aim of assimi-
latlug the total worklond to a conzistent optimal level throughout the mission, Optimleation will be |
achleved eliher by presenting a more even distribution of taska, or by reassesaing tasks ac aB not to over«
load any one channél at any one time,

IHTRODUCTION

In voth civil and military flyi.g a major cause of performance degradation is the axistence of periods
of excessive wirkKloud when the operator is faced with demands on his procesging abilit.ies which simply
cannot be fully mel, no maiter what the effort he Is capable of applying.

workload has been defined in many ways; as "tae cost incurred by the hemun operat.s 1 achwing o
particular level of performance” (1), "the operator's evaluation of the attenrional load margin (between
their motivated capacity and the current task demarda) shile achievirg adeq:at: :tagk performarce in a
mic. tton-rulevant context” (2), o~ sven as " ,... a hypotietical construct that rcrlecta'the interaction
betwren a apecific individual and the demands imposed by a specifi. task' (J).

However workload is defined, for practical purposes it is often uaeful to conatler Lt as ore of the
stressors imposed on the eoperator, and, to sxtend the meshanicnl analogy, Lhe rasultant strai as being
e efToct on the operator's performance,

THE PZRCEIVED ®ROBLEM

vorklond Aemanda may arlse from a variety of #Hources or may be the result of a ccncerted denand on
Jusr one proceasing nadalily, sich os moy occur when aircrew are required to deal with incoming and out-
doing cammunications with a num.er of other units, or are required to monltor and read displays while
obsarving the terrain outslde (he aireraft and simultanecunly reading a map.

Denling with warkload peakts by using a variety of ergonomic techniques including enhancement of the
man-machine 1 ler.acc, r-distribution or tasks between crew members and, in the future, applying artificial
utelll ence Lo support the human operators' capacity depends critically on identification of the precise
Aou: ce of the overload and how it affects the processing abilities of the operuior., Workload assessment

is most often of two types: subjective o objective, Figure 1.

SUBJECTIVE WORKLOAD

The subjective type, in which data from carefully structured questionnaires wnd interviews with
operators of the oirc., “ft, {or of a similar alrcraft or system to that under development), are analyced
and inteprated to give nn overall picture of the subjec.ive der .ada of the tagks for different miss. o
typos.

Probably still the most widely used of this typs of assesument {8 the Cooper -Harper scalé and ita
modifllcations, Cesignrd ariginally un n technique for asgessing alocre®t handling qualities using o ten-
point scale derived from a decision treoe, it hag been uged in a todified form as a meane of ansessing
wrri'lond.

The SWAT techrique {ao glco widely used for a vartety of purposea; three aspects of workload, temporal
effort, mental effort and streus are rated on 3 threee-point pesnle, and subjects are then asked to rank
order all 27 possibie comninations so that the model they use can be determinad, and an Jnterval scale
developed uBing n eenjoint sceling technique,




SUBJECTIVE/EMPIRICAL | [ OBJECTIVE PREDICTIVE/ANALYTICAL

r CA
0g NASATTLX, SWAT / \

modifled Cooper-Harpar Time-line analysis Attentional demand

Questionnalre-based tachniques techniques techniques
. A Provide a generalised Provide a probabilistic
Quite sensitive and rallablo and avoraged analysis of potential

but essentially post-hoc and assessment of total  overloads in each
ingvitably Intrusive workload modality

N/

Stress related physiological Function related These tachniques can
measures physiological be combined?o givc:
6g Heat rate variability. measures a prediction of workload
Pupil dilation etc EEG based in future srstems
for example the Analytical

Ganerally non-intrusive Predictive Workload

but difficu't to Interpret
and someatimes Inc%nslstent ?ggsﬁ%ent Technique

Flgure 1 Techniques Of Workload Assessment

TASK ANALYSIS HUMAN RESOURCES MODEL

Five levels of function analysis Describes visual, auditory, ¢cognative and
describing tasks carried out during a psychomotor modalities required by the
prodicted mission provides a time-line operator for each task ..: the mission,
analysls Provides an attentional demand analysis

~ e

TASK CONFLICT MODEL

Pairwise comparison of concurrent tasks within modalities. Matrices
provide scores of acceptable, marginal and unacceptable worklioad

SAINT SIMULATION NETWORK

Attentional damand analyses are plotted over 100 runs along timeline
analyses as a percentage of total workload which Is
acceptable/unacceptable

OUTPUT

GraEhs of timeline and attentional demand analysis, which establish
peak workload areas and conflict between concurrent tasks

Figura 2 Summary Of Analytical Predictive Workload Assessment Technique
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NASA Ames have developad their Task Load index {TLX) technique which hna some almilaritien to the
SWAT aystem, The TLX aystem la buaced ah aix sub-scnlen consinting of =ental, physical and temporal demnnda,
and the subjects' asmesnment of tarlpr own effort, frustratlon aed performance. TLX also nses n conjoint
scallng technique in which the sublects muke palrwine comparisons of the eix fuctors which allow compara-
Live welghtings to be sstablished tor a particular Lask, and then rate the mnpsitude of' that faetor betlween
'low and high' on a 12 ¢m line.

OBJECTIVE WORKLOAD

Alternatively to these essentinlly subjective techniques, or as n part of a comblned test battery, n
variety of objective physiologicnl techniques cah be used, In addition to the neurolopisni methodn de-
serihed 1n this paper, objective measures such as heart rate nad variubility, eyz2-blink rate and even
auditory canal temperature have beer. uted to glve a relatively non=intrusive {but not always totally
reliable) workload aseessment, which how the advantage thoat L can be made concurrent with the performance
uf the flylng task.

EVOKED RESPONSES

Evoked response, or event reluted potential, technlques, involving studles of braln electiacal
activity immediately following a stimulus, have been gaining credibility in recent yearu ac a meann of
studying juformation processing and cognitive activity within the brain (4,5,6,7). Advinces tn lhe lache
nology have led to a considerable e:pansion In the application of these techniques to studies aimed at
tdentifying various components {n brain activity during the performance of u wide range of laboratory
taske,

Posaibly the greateat increase ln applications has been in the area of mental workload. An oprratora
of systems of all Kinds are encountering an increase in the rotio of mental to phyafcal workload, 1t ia
becoming 1ncreasingly degirable for destigners of systemg to be able to define the performance rnvelope !
nperators, The endogencus components of event related braln astivity, particularly F30G, nave been uned
to 2xplore the allocation of 'rusources’ #ithin the brain durting task perfarmance,

Work using tual-task paradigme (8,9,10) has shown resoursze reciprocity. As primary task load
Increased the primary task P300 alsc Increased as more resources were allocated to that tperk and awny
from the secundary task, where s correaponding decrease in P00 level was obacrved, Other workera
(11,12,13,14,15) have related foatures of P300 and other early signal componenta to workload factors.

The signals in the work described above, all vccur within a few hundred m{ll{saconds of the eliciting
event, However, changes in EEC petivity have been observed over much longer perilods. Slowly changing PC
levels have hoen noted which have been connected with levels of arcusal or activity (16). TIn particular
a slow ~otentiul change wnown ap the Continygsnt Negative Variation hus been shown to be associnted with
changet. In attention, motivation, snticipation and tnsk complexity.

1t ia the laat of these which is of interest to the programme discussea herc. Data are already
available (17, which show reliable increnses in DC levels of evoked potentials with increasing workload.

Thess tachniques are currently restricted to laboratory applications. However, b focusing effort
solely on the cheracterisation < workload, in particular, the ldentification of apprcaching excesn worke

load, and, i1mproving the techrology involved, RAE intend to progress towards a man-mountable apparatus for
in-flight use.

In the past research iuto human performance and workload hag sufferad from twe main problems: :he
lack ¢f relevan~n of laboratory pinduced data to current practical probleme and the lack of a reliable
megsure of workload, The work programme pruposid at tne Royal Aerospace “atnblishment (RAE) 15 aimed nt
solving both problems by u series of research tasks including both the physioloqiral and psychological
agpects of workload,

REQUIREMENTS FOR NEUROPHYSIOLOGICAL MONTTORING

To attempt to measure brain activity several apecific problems must be nddreased to ensura good
alectrical signala under condltiona of absolute safety. Thla lart factor I8 of paramount importance ac
the introduction of any unwanted electrical signals into the brain would be counter productive to the
survival of the pilot, the very thing that the workload atudy is supposed to improve, The design of any
head amplifier must therefore, meet the following specification “or electrical nafety and mensurement in
a non-obtrusive fashion,

INPUT AMPLIFIER SPECIFICATION

Differential input, single ended output Power by imolution power supply (iC70V protection)
Galn switchable between 10 or 100

Input nolee <luV pp (.1 Hz-100 Hz) <2uV pp (.1 }'z=100 Hz)
DC atability <1 uV/hr

Thermal range -10 to 30°C

Low thermal drift (as small as ponsible)

Low input bias current <10 pA

High input impedance >10000 Mn

High CMR >100 dB

Bandwidth DC to 10 KHz

bynamic range + 10 Volts

Such an amplifier is under development by the RAE in collaboration with the Burden Institute for both
a laboratery multi-channel resesrch inatrument and ' yable pilot maonitoring aystem,
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PROPOSED COGNITIVE RESEARCH PROGRAMME

Although present techniques are very useful in the asnecsamment of current nymtema, thelr value in
equipment procurement, where the pomsible performance of a ayatem for {ta operators muat be previcted nt
a very eurly atagn, ic limited by the extent to which subjective asswesument by c¢apert operators of an in-
Service aireraft or aystem can be extiapolated to what may be a totally new concept, Wit Ly needed (e a
predictive-analytical workload assesesment technique whlch can, given the anticipated misslle profiles,
analyse the workload demunds made on the operator throughout the mission, both quantatively, and, momt
importantly, qualitatively, Such a predictive technique nas to have the bllity to incorpcorate probe-
abilistic data into a detalled task analysis from which a mode! &f the pvrdicted moment-to-momeny Jsmands
on the operator's processing capaclty ¢an be made, together with an analysis of the modality or
modalities which are under pressure.

At RAE Farnborough we are developing such a predictive-analytlcal syntem for use inltially as o pro-
curement tool for assessment both of doveloped alrceraft and systems which are under consideration for
procurement, and as a direct aid in the development of new concepts.

The aim ia to predict arens of high workload during a mission using a technigue developed by
McCracken and Aldrich (18), and then apply unme of the sxigting medsures such as NASA TLY and SWAT, in
order to validate the model. The predictive technique haa fts advantages in that:

it is a probabilistic model,

it followns a top-down process,

it looks at the mission as a whoie, ahd nct at gprelfically celected tasks,
it ineludas both timeline and attentlonal demand analyses.

Do -

The timeline analysis is required to see what proportion ¢f any one mingion lhe operator apends on
any one tamk and the attentional demand analysis is required in opbder to delermine shich modalities the
human uses Lo cAr*ty oul each task.

This predicvtive tecnnique (Figure 2) Involves analysing the expected miguion profile tor Lhe
particular alrcraft, and tha physiological and psychologlcal wspects of carrying out the mission aid then
to see where the areas of task confllict lle. Consequently it is split into three parts, the task ahulysis,
a human rasources model, and a task confllet model, which Liea together the first two usections.

Inftially, there are five levels to the task analysis. The first leve indicates the major functions
to be perforred to complete the miasinn and then levels two and threc break thege functions dewn inte
further functions. A furth level provides the information requirements ond initiating conditions and a
fifth level of tasks required is made. For each of the tagks Lt hus to be decided whether they are better
done by man or machine and then o task description la written,

The human resources model is then looked at to 5ee which modalities are uged for each task., From the
McCracken and Aidrich model there arc four modalities uaed, visunl, auditory, copnitive and psychonotor
(commonly known as VACPe). The visual, cognitive and psychomotor modalities each have seven dracriptors,
although currently there are only four for the auditory modality., Consequently this does not fall 1n line
with the other scales st preaent. but a seven point scale for the auditory modality 1s under development
and we hope to implament thim as soon as possible. Each descriptor i1n then allaeated o weighting of 17
or l-4 respectivaly., For each task from the task unalyais a VACP 14 asuipned. However, tasks arc net
all serially placed throughout time during a misston, that is, there are lots of concurrenl tasks, some of
which lead Lo very high workload sreas and arcas of task conflicl,

The task conflict mooel brings together the first two sections and 1g used o determino whether the
concurrant tasks are compatible., By rating one modality of one Laak along ane alde of a syuars and rating
the same modality of the concurrent task along the parpendicular side a matrix can be praduced nar each
modallty. The corresponding cell of the outcome matrix is then described In one of Lheee aays, aveeptable
(A}, marginal (M) and unacceptable (U), Figure 3 iltuatrates thn Situation Outcome Matpicen [or the vigual
and auditory modalities, * =irple set of rules 18 devised in order te delermine the overall workload
gituation for any Beriesa of concurrent taske, for example, If any attentionsl demand category Is unaseptle
able the gltuation is unacceptable,

The predictions as to whother two concurrent tasks are acceptable, marginal or unacceptable nre
carried out by the SAINT Simulation Programme, Prior to stmalating the initiation of gach task the
programme <aompared the attentlonal demand rating of the itask to be performed againat the patings of ongsing
tasks, The outecome of thiis prediction 1o then preaented in two formats: (1) tabular and (2} graphical,

By overlaylng the timeline analyals graph on the frequency of océrrrence graph it can he seen that for

poma areas of a mingion, where tasks may be very short and simple the pilol can be occupieod 100% of the
tire, bBut that overload can mtill vecur when anly 20% of the time tu gecuptled,  Overload on a task may

occur just beciuse the outcome matrlx of twe concurrent tasks show an unacceptoble nituntion either for
one particular madality or for the overall ajtuation due 'o Lhe defining rules.

We air to apply this Lechnique to new proposed afrcraft hoth Mixed wing and rotary, as well nu o
thone airceraft currently in service, although the model aan be adapted o suit operalor workload th other
vehicles and situations. By comparing the predictive resulis with resuitns of other wubjective techniyuesn
guch ad NASA TLX and SWAT and physiological meagures such ns EEG we will e able to validate the model,
The tachrique will then be evolved and adupted as o atandm'd assessment and deaipn tool for atreralt under
development and under consideratlisn for procurement.,
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VISUAL QOUTCOME MATRIX
" First task Concurrent task

Description Rating 1 2

o
F-N
N

Monitor, scan, survey i

Detect movement, change in intensity

Trace, follow track
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Discriminate on the basis of symbol 5
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Read, decipher text, decode

AUDITORY OUTCOME MATRIX

First task Concurrent task ‘

Description Rating 1 3

Detect occurrence of sound 1

Detect change in amplitude, pitch
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2
A
A
M
M

clciz|>

>»|>»|>»|>

2
Understand message 3
4

Discriminate signal patterns

Figure 3 Situation Outcome Matrices
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SIMULATED FLIGHT ENVIRONMENT

Recognising that, at the high workload levels to be studled, tliére le 4 strong possibility of subjects
lgnoring secondary tasks during laboratory triale, the aim will be to provide a high dagree of perceived
realiasm in laboratory tmsks., A lowscost, microcomputer-based, flight/combat simulator is under devalop-
mant, Thia allows taaks of variable complaxity to be fully integrated into an enserble that fa perceived
by subjects as realistic.

The syatem under development im one of a new generation of microproceasor vused iimulators desighed
to complement rather than replace high level ayamtama, They are i{ntended t-» show how an individual will
reapond under the mtress of the activity rather than measure the response w'.en operating u piece of harde
ware in a4 controlled environment.

The eystem comprises a network of nine microprocessors providing inecockpit controls, instrument
dlaplays on four in-cockpit screena, three real-world views and operator control over eventa occurring
within the scenario. A high speed, multi-parallel connection box allows data flow umongst procassord
sufficient to achiesve a retfresh rate on all acreens of greater than 25 Hz,

Aerodynamic performance, weapon capability and adversary tactical ayssution are modulled simply
uslng & few baslc parameters on the basie of energy manoeuvrability. Threat indicator diaplay and radar
performance are modelled in a similar manner, the key feature in all cosee being the speed with which
reprogramming can be completed. The force ratios, mission scenarios, type ol threat and quality of
threat con be varied at run time and a spread sheet will give the ability to programme exact performance
and operational limits when required., Initially a minimal version of the simulator will be used,
conflgured such that the task to be performed mapo closely to a laboratory task used for sarly work oh
slow potential and proving of the EEG hardware,

A history of events within the model will be available from the network firstly for synchronising
those events with recorded brain nctivity and secondly for the extraction of subject performance data for
analysis.

Following a satisfactory proving period, the ease and speed with which the model may be reprogrammed
#ill allow a series of triale in which the number and complexity of tasks to be performed is gradually
increased,

It is planned to define the type of relationahip between workload and slow potentiale and ERP over
a much wider range of workloads, to establish the effects of different categorlaes of workload (visual,
cognitive etc) and to establluh the behaviour when workload is incres~ad to the print of overload.
During thiz period the subjective workload measursment techniques will be used to quantify the workload
at each significant stage and show how the two technigueus may be used to complement aach othet,
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RESUME

Les variations de I'état d'évell et de la perfurmance au cours d'activités monotones ont ¢té montrées par de
nombreux auteurs. Dans les transports aériens, 1a monotonle se trouve souvent associde avee des cycles
freéguliers de travail et des déealages horalres Importants. Les Interactions cntre ces facteurs contribuent
A amplificr 1a baisse des performances et de la vigilance. Afin d'éludicr le comportement des piloies au
cours de vols long-courriers, une recherche a été entreprise. Elle a comme objectif d'identifier les phasces
d'hypovigitance et d'évaluer leurs répercussions sur la perfortmance des pilotes. La méthode d'étude
retenue repose sur une évaluation objective des fluctuations de Péveil des pilotes & partir de parameétres
physiologiques, complétée par une analyse des activités des différents membres de I'équipage. Dos
techniques ambulatoires sont ulilisées pour recueillir I'électro-encéphalogramme (EBCG), I'électro-
oculogramme (EQQ) et I'¢lectrocardiogranmme (ECG) au cours des vols, La fréquence cardiaque ot lactivité
motrice du poignet sont également enrepistrées au cours des vols et pendant les périodes de repos.
L'activité motrice du poignet permet d'oblenir des informations sur les cycles activités-repos dos pilntes.
L'observation des activités ot de 1a tache de I'équipage est réalisée simultanément & ces enregistroments
en ulilisant une grille codée. Huit vols long-courriers, transméridiens et nord-sud, ont été effectués au cotirs
de la premidre étape de mises au point des protecoles. Les premicrs résullats montrent d'iniportantes
varlations dans les spectres d'EEG quantifiés et dans la fréquence des mouvements oculaires, Des
alternances de phases durant lesquelles les pilotes présentent une vigilance dlevée avee des phases de
somnolence ont été observées pour chaque membre de I'dquipage. Les privations de sommeil an cours des
escales ont des répercussions sur le comportement des pilotes. En particulier, la baisse de vigilance parail
plus prononcée pour les vols qui suivent une nuit avee privation de sommeil, méme si ce vol est effectué
pendant la jourade.

INTRODUCTION

L'évolution des postes de pilotage ou de conduite ainsi que Faugmentation de la durde des trajets,
que ce soit dans le transport adricn ou ferroviaire, conduisent & une redéfinition du role de Popérateur
humain. Cette ¢volution qui concerne & la fois la nature de la tdche el Porganisation du travail dans le
lemps st & Forigine d'une séric de recherches destindes 8 évaluer les capacités de lopérateur humain en
lermes de vigilance et de performance pendant de longues durdes.

Les modificalions survenues dans les transports se traduisent dans de nombreix cas par une
diminutlion du niveau d'¢veil de P'opérateur. Dans le domaine ferroviaire, des travaux réalisés on
laboratoire sur une tdche de conduite simplifiée (1, 2) ont permis d'objectiver cetie réduction de Ia
vigilance des conducteurs. Ces résultats se confirment sur le terrain (3, 4).

Paralltlement & ces transformations dans le contenu de la tiche on conslate tune augmentation de la
durée des trajets lide A Fautonomie accrue des moyens de Liansporls, ce gui est 1rés nel dans aéronautioue
civile pout les nouveaux avions, nalamment le Bocing 747-400), ¢t dans un prache avenir IAirhus A340,
Compte tenu de la fdgislation sur la durde du travait au cours des vols long-courriers cos durées élevies
conduisent & des changements radicaux dans la composition des Squipapes el par voie de conséquence dans
la répartition des tdches entre les différents membres de I'équipape. Par adleurs, fes pilotes de vols long-
courricrs sont soumis aux horaires allernanis et aux décalapes horaires dans fe cas de vols transméridiens.
Cette situation peut accroitre les baisses de vigilance par les perturbations qu'elle occasionne sur le
rythune veille-sommeil (5, 6, 7) avee notamment une diminution de Ja qualité et de T durée du sonmmeil




Les études réalisées au cours de vols long-courriers demeurent primordiales car elles vont permettre
d'évaluer la répercussion des contraintes lides A la tAche, notamment la monotonie, les horaires
irréguliers ot les décalages horaires sur Pefficience des pilotes.

Les balsses de vigilance en laboratoire lides & la monotonie de la tiche ont é1é montrées par
plusicurs auteurs (8, 9, 10, 11), Dans le cas des études réalisées sur le terrain, un certain nombre de
problémes de méthode se posent, notamment dans l'analyse de la thche et de la détection de baisses de
performance, La plupart des études menées sur le terrain utilisent des techniques de monftoring
ambulaloire afin de recucilliv des paramétres physiologiques, Grice 3 ces méthodes, il est possible de
metire en évidence les perturbations du cycle vellle-sommeil conséeutives X des changements d'horaires,
Cependant ces ¢tudes demeurent généralement limitées aux perturbations des rythmes biologiques et sont
peu otientées vers les relations entre la nature de la tdehe et fes modifications de 1'état physiologique.
C'est pourquoi deux types d'expérimentations sont en cours sur la conduite ferroviatre et sur des vols long-
courrlers. Les recherches destinées 3 objectiver des batsses de vigilance du conducteur dans le domalne
ferroviaire ont débuté par des expérimentations de laboratoire utilisant une tdche de conduite simplifide
(1, 2), Ces recherches onl permis de moettre en relation les varlations de L'état d'éveil évaludes par
I'électro-encéphalogramme avee d'une part des omissions de réponses aux signaux provenant de la voie et
d'autre part des perturbations de Faction motrice du conducteur sur le systéme de séenrité utilisé dans los
cabines de train, Ce systéme fondé sur le principe de “Fhomime mort” est constitué de deux pédales ot d'une
commande manuelle (systitme VACMA)., Le conducteur doit acliver ce systéme ot le relicher
périodiquenient altestant ainsi de sa présence. L'identification de perturbations motrices offre un imoyen
de détection de ces hypovigilances lors de la conduite réelle. Une étude de validation d'un systéme
analysant en temps réel Faction du conducteur sur le sysieme de séeurité est actuellement en cours. Si celte
mdéthode de délection est validée, des moyens de réactivation devront &tre élabords, nolamment par
l'utilisation de modifications de la @che.

Dans le contexte de 'aéronautique, la détection des hypovigilances parait plus difficile & réaliser
dans la mesure ol les pilotes ne sont pas astreints A Iutilisation d'un systéme de sécurité pour attester de
leur présence, D'autres moyens devront 8tre imaginés pour permelire d'éviter ou de délecler Vapparition
de ces baisses de vigilance. Compte tenu de la présence d’au moins deux pilotes dans la cabine, ces
méthodes pourront par exemple s'orienter vers 1a gestion de cycle aclivité-repos permettant une
récupération optimale de chacun des membres d'équipage.

Le but de la présente recherche est d'évaluer 1a variabilité du niveau d'éveil des pilotes ot
d'étudier des possibilités de réactivalion ou d'assistance.

METHODE

La méthode et les résultats oblenus sur les premiers vols ont été présentés récemment (12), Cette

méthode repose sur le recucil de donndes physiologigues ot sur Pobservation simultande de chaque membre
de Féquipage.

Recueil des données physiologiques

Quatre types de mesures sont réalisées :
I'électro-encéphaiogramme (EEG), afin d'étudicr, apres analyse spectrale, les variations des
principaux rythmes : bita, alpha, thela ct delta,
I'édlectro-oculogramme (EOG) dont est extraite la fréquence des clignements oculaires
- la fréquence ct la variabilité cardiaque,
I'activité motrice du poignet (actométrie).

[

L'EEG et 'EOG permeltent d'évaluer en continu e nivean d'éveil, ¢ de détecter des périodes de
somnolence. Pour PEEG il a é1é retenue d'enregistrer une seule dérivation paridto-occipitale. Celte
dérivalion nécessite 1a pose de quatre électrodes collées au collodion @ une électrode occipitale, une
électrode paridtale, ot deux électrodes de terre placées au vertex. Pour le recueil de FEOG deux élecirodes
sonl fixées : 'une sur unc zone Glectriquement inactive, la mastoide, Fautre A un centimétre au-dessus de
Focil. La fréquence cardiaque a élé enregistrée au moyen de deux dérivalions de type CMB5 (creux axillaire




droit, ereux axillaire gauche) el nous nous intéressons Il davantage A fa variabilitg eardiagque dont les
vatiations sont lices & la eharge de travail mentale,

Pour la mesure de I'actométrle, un capteur de mouvements fixé par un bracelet sur le poignet droit des
pilotes a é1& utilisé. Ce capteur comptabilise les déplacements & partir d'une déiection d'accélérations, Ce
parameétre perimet de suivre sur des enregistrements de longues durées le déroulement des cycles activité-
repos.

Au cours de la rotation le recucil des paramétres est différent au cours du vol et et des repos A

I'escale :

- Tactométric a &té recucillic au moyen du systdme Vitalog ct malntenant avee le systéme Actigraphe qui
se révele plus souple d'emploi, les résultals sont ulilisés afin d'identifier les phases de repas des piloies
et deo mettre en évidence d'éventuclles privations de sommedl,

- au cours du vol, 'ECG, 'EEG et I'EQG sont recucillis sur le systéme d'enregistrement magnétique
Médilog afin d'étudier les varlations de la période cardiaque, le specire de puissance de PEEG, le
nombre de clignements des yeux.

Qbscrralion de la tdche el de Uenvironnement des pilotes

Paralltlement au recucil de cos mesures physiologiques, une observation chronomeétrée de 1a tache et
de l'environnement des pilotes est effectuée. Celte observation est réalisée A partir d'une grille de rodage
(figure n°1) qui prend en compte divers ¢léments susceplibles de faire varier I'état de vigilance du pilote,

Les phases et la gestion du vol, l'environnement opérationnel, les communications, la répartition des
tAches entre le co-pilote et le commandant de bord, les communications et la météoe sont prises en compte
pour 'ensemble de Féquipage tout au long de expérimentation, La tAche et I'état sont notés pour chaque
membre d'équipage.

Les résultats sont analysés :

- en fonction du temps, ce qui permet de détecter les fiuctuations les plus margquantes de la vigilance et de
la charge de travail,

- en fonction des segments lemporels identifiés par I'observation et caractérisés par un code de phase de
vol, d'activité des pilotes, etc,...

Cos résultats sont & présent intégrés dans une base de données qui devrait permettre de micux évaluer
les variations physiologiques en fonction du contexle du vol.

Vols effectuds

Deux types de rotation ont &6 effectuées au cours de la phase de mise au point de la méthode :
- des vols transméridiens : Paris-Winnipeg-1aris sur 3-747 et Paris-Cayenne-l'aris sur DCB
- des vols nord-sud : Paris-Libreville-Paris ot Paris-Brazzaville-Paris sur B-747,

Les vol, prévus pour la phase expérimentale, vont conceher en plus des rotations précédemment
citées
- des rotations Bruxclles-Libreville-Bruxelles sur Airbus A310 et prochainement Bruxelles-New York.
Bruxclles sur Airbus A-32(0.
+ des rolations de longunes durdes @ Paris-Singapour-Paris sur B-747-4(0),

Au cours de cetle phase expérimentale, 50 vols de longues durdes seront effectuds. En complément de
l'observation de la tiche ¢t du recucil des parametres physiologiques, des questionnaires de sommeil
seront ulilisés, Ces questionnaires ont ¢¢ ¢laborés et seront exploités par le CERMA.
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PREMIKERS RESULTATS

Evaluation de la vigilance

L'¢évaluation au cours du lemps de la vigilance est fondée sur l'analyse des spectres EEG alnsi que sur
la fréquence des clignements oculaires. Du point de vue EEG, la baisse de vigilance se traduit par une
augmentation de la puissance dans les rythmes lents (della, théta) ou du rythme alpha. Dans le méme
lemps la fréquence des clignements oculaires augmente. La baisse de vigllance peut également ére
objectivée par une augmentation de la puissance totale du spectre EEG ou par I'étude des rapports de
spoctre entre les bandes alpha et thita ou alpha et delta

Pour un vol transméridicen qui s'cst déroulé entre 14h30 et 23h30 GMT, on constate pour le co-pilote
Fapparition d'une période d'hypovigilance 4 heures aprés le début du vol. Cetle hypovigilance se traduit
pat unc augmentation de puissance dans les rythmes EEG lents delta et théta alnsi que par une
augmentation de la fréquence des clignements oculaires (figure 1°2). Dans I'ensemble le commandant de
bord présente au cours de ce vol une vigilance stable (figure n® 3).

Le vol de retour s'est déroulé aprés une période de 16 heures de repos & Winnipeg, entre 15h00 et
22h00 GMT, Environ 4h30 apres le début du vol, on conslate pour le conunandant de bord une diminution de
la vigilance caractérisée par une augmentation des rythmes delta et atpha ot de la fréquence des
clighements oculaires (figure n®). Une seconde période d'hypovigilance apparait a 1a fin du vol. Chez le
copilote, il est dgalement possible de detecter deux périodes Jde baisse de vigilance, Fune enviton 2 heures
apres le début du vol Fautre un peu plus de § heures apres le décollage (figure n°5).

Les périodes d’hypovigilance sont done plus nombreuses lors du val retour que lors du vol aljer. Par
ailleurs ces hypovigilances apparaissent plutét lors des périodes de vol de croisitre. Les pilotes
présentent un état d'éveil attentif lors des périodes d'approche et d'atlerrissage. Le pius grand nombre
d'hypovigilances lors du vol de retour s'explique en grande partic par la privation partielle de sommeil
lors du repos A l'escale.

La figure n®6 présente un autre exemple de résuitats obtenus sur un vo! nord-sud pour le co-pilole ot le
mécanicien. On constate pour ce vol que les périodes d'hypovigilance apparaissent au méme moment pour
ces deux membres d'équipage au cours du vol de croisitre, environ deux heures aprés e début du vol.

Etude des rythmes veille-sommeil

Cos parametres permettent d'évaluer les cycles aclivité-repos au cours de la rotation (figures n°7 et
8). A partir de l'actométrie, il est notamment possible de délerminer avec une bonne précision les heures de
lever et de coucher, ainsi que la qualité du sommeil par la fréquence des réveils per-somniques. A Fexamen
de ces figures, on note pour ce pilote un nombre important de réveils per-somniques ¢ ractérisés par une
augmentation de activité motrice ce qui traduit un sommeil de qualité médiocre.

Observations

Sur le plan de Pobservation, il est possible d'évaluer la répartition des taches, des durdes de
comimunication entre le commandant de bord el le co-pilote ainsi que lour éat respeclif (figures n*9 et 10},
L'évolution des communications (figure n”11) constitue également un facteur susceptible d'influencer la
vigilance des pilates. On constate que les baisses de vigilance apparaissent surlaut lors de périodes de
silence. La diminution des sollicitations survenant lors de ces périodes a un effet sur le niveau doe vigilance
des pilotes.

Cependant, il est pour Finstant difficile d'associer ces observations avee les variations des
paramitres physiologiques tant que l'ensemble de ces paramitres n'est pas intépré dans la base de
donnces.

Néanmoins une premitre analyse de ces observations a permis ae meltre en évidence des faclears
prédominants influengant 1a vigilance des pilotes :
- la période au cours de laquelie se déroule le vol (de nuit ou de jour),
- les activités antéricures du pilote (repos, décalages horaires, rolations noctiirnes),
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Figure n°2

Evolution des rythmes EEG el de la fréquence des clignements oculaires
d'un co-pilote lors d'un vol esl-oucst
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Figure n°3

Lvolution des rythmes EEG et de la fréquence des clignements oculaires
d'un commandant de bord lors d'un vol estouest
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EVOLUTION DE L'ACTOMETIUE ET DE LA FREQUENCE CANDIAQUE
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- la réglon survolée (zone atlantique A faible trafic aérien, zone terrestre A trafic aérien faible ou
important).

Ces premiers résultats devront 8tre confirmés sur les données recuelllies lors des prochalns vols.

CONCLUSIONS

Compte tenu de l'automatisation de plus en plus importanie des postes de pilotage ot de
Faugmentation de la durée des vols, le probléme du maintien du niveau de vigilance des pilotes de vols
long-courriers constitue un des problémes essentiels. L'autre point important réside dans la détection de ces
balsses de vigilance au cours du vol,

Dans le but de déterminer les différents facteurs susceplibles d'influencer le niveau de vighlance, une
¢lude a &té entreprise dans des conditions réelles de vol.

Le recuell des paraméties physiologiques ainsi que l'observation de Vactivité et de 'environnement
dos pllotes sur des vols long-courriers a permis, lors de cette premibre élape, de mettre en évidence los
points sulvants !

- les périodes d'hypovigilance apparaissent en majorité lors du vol de croisitre au cours duquel Factivité
de I'équipage est faible,

- la diminution des communications et l'apparition de périodes de silence coincident avee lapparition de
baisses de vigilance,

= sur le vol ransméridien étudié les baisses de vigilance sont plus nombreuses lors du vol retour en raison
des privations de sommeil et de la fatigue provoquées par la rotation.

La seconde étape de cette recherche se déroule acluellement. Elle porte sur 50 vols long-courriers
avec notamment des vols de trés longue durée (14 A 16 heures) sur B747-400. L'analyse des donnéoes sera
centrée sur l'identification des phases d’hypovigilance, la répétitivité de ces phases, leur interaction
avee les taches ct les activités des pilotes ainsi que sur V'effet cumulatif de la monotonie, du “jet lag” et de
la privation de sommeil,

Les résullats attendus devraient permettre d'établir des recommandalions relatives aux horaires et
4 Forganisation du travail des équipages. Par exemple, des sommeils de courte durée avec une périodicité
ct une durée & définir pourralent dtre proposés dans le but de maintenir I'efficicnce de chaque membre de
I'équipage.
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COMPUTER AIDED PHYSIOLOGICAL ASSESSMENT OF THE
FUNCTIONAL STATE OF PILOTS DURING SIMULATED FLI1GHT

Kurt Offenloch and Gisels Zamrer

Klirnikum der J,. W, Goethe - Universitdt
Zentrum Jder Phyaiologls
Theodar Stern Kai 7, 0-8000 Frarkfurt a. M. Germany

ABSTRACT

Multichannel (polygrachic) analysiszs of sardiovascular and neurcphysiological pa-
remeters provides very sansitive indicators of the functivnal state of subjests
such o8 pilots during real or simulated tlight missions which thus ¢an be ob-
Jectively assessed (refs, 7, 8, 9 ),

In 6 subjects (officer pliots of the Luftwarfe and of the Canadian Air Force)
fiying a tighter Jet simulator with ALPHA JET dymamic charsacteristics without
self motion, systolic and diastelic blood piressure, four ahanmnel electroencevha-
logram (EEG), the electrooculogram (ECG) and the electrocardicgram (ECG) were
comtinuously recerded durimg & rest -~ activity - rest ssauence of &40 min aurati-
on. The activities consisted of tracking smother vlane flying ahead of the pil-
oted plone with four different degrees of difficulty.

The snalyais of the data, especially those of the EEG by Fast Fourier Transfor-
mation (FFT), revealed task dependent, and in case of the EEG, topographically
difterent cortical activities dependinyg upon whether sahsory and/or Motor sys-
tene were involved.

The physiclogical meusures thus obtained cbn sérve as an objective criterion to
assess the functional state of pilots and ney serve - eapecially {f only an int-
erval of the ordor of seconds betwoen date acaulsitiorn and date analyais is ach-
ieved - as part of sn sutomatic sefety network not only in the event of sudden
loss of consclousness but 8lso in cases ¢f lowered pilot vigilance due to fatig-
ue.

In cooperation with the Flight Simulation Laboratorv of Dornier GmbH.
Supparted by Inspektior des Sanjitaetswesers der Bundeswehr [(InSan I 2587-V«6389)




INTRODUCTION

The investigation of EEG changea Jdue to pilot atresses in flight or flight-rel-
ated environment dates back to thé pionesring studies of 3EM~-JACOBSEN (193%9),
ADEY (1963), SIMONS and JURCH (1963) end others.

We presented in 1978 results of computer aicded electroencephaluzravhlic Asseasn-
ments of functionsl brain states investigatey in the laboratory (ref. &) and
aome yaars later oreliminery results of {nflight EEG studles wn pillots during
ditferent flioht maneuvers (ref, 7, 9), Quite recently we (nvestigated s new
antihistaminic drug in & flignt simulator envirorment (ret, 8) in uvrder to ev-
aluate the reported asbsence of unwanted aide erfects suckh as sedation endanger-
ing the manual control of alrcratt,

In this paper investigations on militery pllots performing tracking tasks with
difterent degreées of difficulty in a fiohter plane simulator are nresented.
Tivie study was planned in order to establish sets of neurcphrysiolnglic baasliine
date tor future inflight studies under various conditions which negatively
influence vigilance and control capabilities of bilota,

Mg THODS
a) Subjects

Sinx mllitary pilots with a flying experisnce of at least 1200 rlight hours
participated in this study.

The sibjects were recruited from a Luftwatte wing operating Phantom reconnalis-
sance alrcraft. They were informed about the purpese of the inveatigstion,
Free consent was cbtaimed,

No formal neurclogical examination ¢f the aubjects was performed, but all were
well known to theilir flight physician and in bona rtide good health according to
the régular médical examinations reauired of military pilots.

b) Design of the study

atter briefing and familiarization with thne Alpha jet flight simulator each
subject made two simulator flights (Series A amd B). The second flight waz: one
day after the ftirst flignt and at approximately at the same hour of thé doy

in order to exclude vossible clrcagion violougical rhythm efrfects,

The EKG, EOG, syatclic and diastolic blood pressure was recorded,

Four channels of longltudinal pipolor EEG wore recorded according the 10 - 20
syatem: F3 - C3 (wi), P3 - 01l (82), F4 - C& (83)., and P4 - 02 (H4)., Filter set-
ting for upper freauermcy 30 Hz, time constant for lower frequency 0.1 s,

Tne EEG, EKG arcd EOG slgnals wers astored on an FP instrumentadl cassette Jata
recorder TEAC HR-30E.

Signal deterioration or loss due to external noise (a flight simulator environ-
ment 1s no Faradoy coage), movement or myograchic artifoc 5 . and teshnical
fallures of the biattery operated signal amplifisrs reauired visual i{nseaction
and discarding of all unusable gats Jdurimg plavback of the origlinal data afrer
the experinental series, This resultesd (n o s19mal 133 f anorax, 20 % of the
eriginal data.

The EEG was analvzed ff-line Lln 6-%2cond seyments using on FFT alygorvihm,
Computed were amblitude see tra. Numéerical valuds of alsolute uncal jbrated
amplitude (n the freauency range from 3.% to 37 Hr and relative (V1 values of
the frequency bands delto (0,50 to 2756 Hely theta (6,00 Lo 7.75% M), alwha
[8.00 to 13.75% Hz), beta ! (1a.00 te 22.7% He), bata 2 123.90 to 35,00 Hed.
and the dimensionless ralico theta/alohd wers comuutayg fram the Suécted.

¢} Statisticse

Paramatris amd nonparametris statistics oaf the EEG varaiales was corformed,




Fig. 1 View of the experimental setup. Alpha-Jet fignhter simulator with
subject naving EEG elactrodes and arm cuff attached 1% shown.
In the foreground parts of the biomedical eauipment is seen.

Tats, 1. Schmdules of the =sxperimenta. All subjects by rank and initial.
dates and houw s (in brackets duration of experiment) of first
and second simulator flight are liszted.

Best Available Copy

Subjects
st nd
Code Rank, 1 Flight (Series A) 2 Flight (Series B)
P1 Hptm. 23.02.1988, 09:07 (40') 24.02.1988, 08:51 (39°)
P2 Hotm. 23.02.1988, 10:55 (38’) 24.02.1988, 10:12 (40’)
P3 olit. 23.02.1988, 12:42 (45°) 24.02.1988, 11:35 (36’)
P4 Hpetm. 29.03.1988, 09:30 (40°)  20.03.1988, 09:40 (37')
PS5 Capt. 29.03.1988, 10:46 (37’) 30.03.1988. 10:47 (33°)
Pe oit. 29.03.1988, 11:59 (39') 30.03.1988, 11:59 (33°) 7
avg. flight duration PR L LA 36'+/- 3



9.4

RESULTS

The results of the cardiovascular and oculomotor investigations will be pregent
ed in a separate report which is {in preparuation., The most Linterecting results
have been obtained from the elesctroancepnalographic investigatiors which are
reported hore,

An example of the FFT EEG data 1s viven in Fig. 2.

As soen in Fig, 2 which displays the amplitude spectra of subject PL (second
flight on 24 Februasry 1988) the physioleuically dominant activity during
rest in the alpha band L3 merkedly reduced during the four asimulated flight
conditions., This efféct is due to the cortical activation which results in

a Jesynchronization of the EEG activities .

In addition, during the simulated flight conditione spectral components ap-
pear In the delta band (mainly due to movement artlifacts) and in the beta
bands (mainly due to myogravhic artifascts).

Since the adjacent freuauency bands to the alpha band, namely trheta ang beta
sre relatively invarliant to movement and myographic artifacts olots of the
data of all subjects, all channela, and all conditions are given in Flg, 3
(Plot Malpha vs., sthetp) and (n Fig., ¢ [Plot saloha vs, Abets 1) reapect-

ively.

These plots disolar choracteristic distribubtions of the deta in which e.9.
individual subJdecta cam be locanlized, Ingdividual characteristic EEG patterns
are well krnown te EEG analysta, In the way thevy are plotted here in a two
porameter plane they can be easily recognized.

A two~dimerslomal plot of the averages of the different conditions inveatlig-
ated 1s ashown in Fig. 5 . Clear!y, the activity cluster of the four simulat-~
ion tasks {8 separated from the prior rest and subseauent rest conditiens,

A blow-up of the distributionm of only the four simulation tasks is plotted
in Fig., 6. A% can be seen, simulatiorn tasks 2 and 3 are much allke according
their Aalpho vs Atheta parameters, tosk | is loceted between the simulation
task 4 and the simulations tasks doublet 2 and 2.

The arramgament of the Jdifferant tasks inm the nrimary wrthogonal Maleoha va
Atheta plane as deblcted im the orimary arig (....) 13 alsc show' In & sec-
cond &nd rotdted orthoyoral arid t-.-.) which takes {nto account Lhe negat-
{ive {ntercorratation of the \‘theta with the Valpha values.

This arrangement of the four simulatilwn tasks 10 the Vajuvha vs, ‘thetys plane
as demicted in Figs, 5 and b were, Nhowever, combuted from all the four EEG
channels combimed,

Fig., 7 wresents a2sch of tre four EEG charnels saparately. Hersa the Jiffer-
&nces betwerr the the simulatien tesks 1, . 3 and & ore computed far the
salwha bang of the EEG,

fre two ccctielcal GESG cramela show d clear tnoredss 1 desynchronilat 1on
due to {ncressing weclipital activatior by the siumulation tasks 2. 3, andg 4.
The motor c¢hannals show auile a differsant oattern. lne 13ryesl amount of
desynctu-anigation {3 sean hore alrendy Im the first sinmulation tosk.

During simuylation tasks 2 and 3 there 18 l1ess desyachroamization., This can ke
phrsivlogically eaxwlalned as B motor adantation of trhée subjeacts to tne sim-
ulation tasks werrormed with less cortical motor activation 1n the sequence
1 - 2 - 3. slmalation tase 4 reaulred agbin a motor corter activot . on comp-
aroable with stmulation task 2 treasnaective of this adactation process,

Interestingly, thes? affelts were motrs promounced (N rhannsl Bl than in chans
nel M3, Since the cantrol stick was moved by the right hands of the ojlots
thear eftects ara sxpactad ta e more proaoyuncsed in the contralateral jeft
cortical hemlaphers Jue to afferent and sfferent crossing of rerve fibers,
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DISCUSSION

As mentioned in the introductery chapter the usefulneéss and poteéntiality of
electroenceaphalograpnlic methods in aviation and space medicine have heen
demonstrated by SEM-JACOBSEN (1959), ADEY (1963), SIMONS and BURCH (1963)
(refs, 1, 11, 12),

Our group kas besn (nvestigating by computer-aided EEG anaslyses functional
brain states under various conditions (ref. 6) which by Improving our meth-
ods heve been éxtended to irnveatloations under {ntlight (rets. 7, 9, 10}
and simulated flight (ref, 8) conditions.

The results reported in this peper extend our earlier investigations of task
dependent activation patterns meinly of the occlpital cortex (rer. 9) to tne

somesthetic and motor cortey and implement our earlier observations (ref. 7)
during manual control.

Attempts to inveéstigate cortical potentisl changes essocliated with hand
movements were first reported in detail by Bates (1951).

Quite recertly Cooper et al (1989) studied during & 18 sec smooth pursuit
tracking teask slow waves in the EEG which were found to be correlated with
target veloclty and having their maximum at the vertex,

In our study the pursult tracking tasks were more complicated ores and
close to flignt reality. The EEG parameters indicated also motor adaptation
processes of the pilots to the simulated tasks. This effect was limited to

the sensorimotor cortex contralateral to the stick's controlling right hand,




3.

10,

11,

12.

REFERENCES
ADEY W R
EEG in simulated stresses of space Tlight {moluding vibrastion and centri-
fuging

Electroenceph ¢lin Neursohysiol 19431 151 165

BATES 2 A V
Electrical activity &f the corteax accompanying movement
J Phyaiel (Lond) 19%1: 113t 240 - 287

COOPER R, MSCALLUM W €, CORNTHWALITE s P

Slow patential changes related to the velcoity of target movémant in e
tracking task

Electroenceph clin Neurobhysiol 1989 22: 232 - 239

DELMER C, FQDIL D, DREANO E
A problem for interpretation in EEG tunoerabhic mapping.
Eleactroenceph alin Neurophysiel 1989; 72: 36P

FISCH B J, HAUSER W A, KELLER D L, PEDLEY D A

EEG tobography: & compbarison of binolar and linked ear reférence record-
ings

Electroencenh clin Neurobhysiol 1989 72: (3P

OFFENLOCH K
Neurophysiological assessment of functional states of the brailn
AGARD Conference Proceedings 1973; 216: A 10

OFFENLOCH K
vigilanz und Motorik
¢ EEG-EMG 1984 15: =03 = 208

OFFENLOCH K, ZAMNER G

Behavioral ratings, sardiovascular, and guantitative EEG varamaters during
simulated imstrument flight under the effect of teértenadine

(In orepvaration)

OFFENLOCH K, 2AHNER G, NICKEL B, BRUNNER ©

Zielvernalten und Auge-Hand Koordination. In: BENTE 0O, COPER H, KANOWSKI $
(eda) Hirnorganische Paychosyndroms im Alter II

Berlin-Heidelberg=New York-Tokyoi Springer 1985, pp 105 - 112

OFFENLOCH K. ZAHNER G, DIETLEIN G, FRANZ I

Vergleichende Inflight-Untersuchuny eines Scopolamin-haltigern Membran-
pflasters versus Dimenhydrinat unter detinmierten Beschleunigunosreizen
Arzneim-Forsch/Drug Res 1986; 36 (I1I) ¢: 1401 - 1406

SEM-JACOBSEN C W
Elsctroenceohalographic study of wilot stresses in flight
Aerogpace Medicine 19593 30: 767 - a0l

SIMONS O G, BURCH N R

Telemetry and automatic aralyais of the slactroencechaloorsm under sim-
ulated flight conditions

Elsctroencesh ¢lin Neuroohnysiol 1963; 15: 16% - 166




10+1

DEVELOPMENT OF A TEST-BED FOR REAL-TIMR NONITORING OF P1LOT MENTAL STATUS
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SUMMARY

The real-time determination of pllot menctal and physical status is & critical feacurs of che
vorkload monitoring and *Mindware® subsystems that have bssn envisloned for future jet alreraft, Recent
laboratory and siwulator studies, using retrospective data analyses, have suggested the value of various
behavioral and physiologlcal ihdices for reflecting task performance. The purposs of the present work
was to develop software algorithms to derive some of these measures of interest in real-time and to
develop a test-bed in which to explora the efficacy of these weasures for inferving operationally
velevant changes in pilot stacus. Such a test-bed should prove useful in supporting future atudies of
dynamic decision-aiding and task partitioning betwsen the pilot and en-board automatien.

The present project demonstrated the feasibility and usefulness ot this approach. Data processing
algorithms were developad [or characterizing and Integrating physiological indices based sn heart-.rate
and heart-rate varlabllity (vagal tone), eye blinks, and aingle-trial, scalp-recordad event-related
potentiala. These physiological measures wera obtained concurrently with behavioral measuras is
subjects parformad a PC.based, aviation elmulacion task (Window/FANES)., The data processing algotrithms
vere loplemented ih & distributed processing contiguration, using multipls personal computers, with the
derived measures being Incegrated by a "Decislon-Maker" processor. Thils multl-processor test-bed was
demonatrated te work in near real-time (with lage of five to ten seconds), and attained sncouraging
levals of accuracy in characterizing the physlological phenomena of Interest. Also encouraging wera
preliminary efforts to define declsion rules, customized fur iIndividual subjects, that veflected a
sensitivity of the measures derived in "real:-time" to manipulations of task difficuley.

INTRODUCTION

The real-time determinacion of pilot mental and physicai status 1s a critical feature of the
workload monitoring and “Mindware™ subsystems that have been envisioned for future fighter alrcraft, as
well as the "Safety Network™ addressed by the present conference. This requirement is based on the fact
that the human pilot has certain mantal. capabilities for pattern recognition and decision-making that
are nct yet achievable by artifiecial intelligenca. ‘Therefore, glven sufficlent cognitive capaclty on
the part of the pilot, many "higher level™ functlons in tha control of complex systems are best left to
the human operator, Howaver, oti-board automation capabllities hdve advanced to the polint that, {f the
humaf operator is debilitated either physically or mentally, due to cognitive overload, fatigue,
illness, or injury, it is preferable for certain functions to be taken over by automated subsystems.
The picturs that emarges for future man.machine interfaces in many systams is, therefora, one of tasks
being dynamically traded off between man and machine, depending on the moment-to-moment demands of the
task envirotwent and the functionality of the human operator. In order to realirze such dynamic control
scenarios, on-board systems must be provided with information about the mental scatus of the human
operator in real-time.

Recant laboratory and simulator studies, using retrospective data analyses, have suggested the value
of various behavioral and physiological lndices for reflecting task performance. Behavioral measures
typically involve some aspect of response speed and accuracy, and may be logged separately for multipla
tasks being performed concurrently. The physiological indices that have proven most sensitive to
cognitive task manipulations include heart rate and hearr rate variability derived from the
aloctrocardlogram (ECG) (e.g., wee 1), eye blink frequency and duration derived from the
slectrooculogram (EOG) (e.g., uee 2), and scalp-recotded event-related potential (ERP) umpiitude and
laterncy derlved from che electroencephalogram (EEG) (e.g., see 3). These indlces can be obtained
unobtrusively, without burdening the pilet with centrived secondary tasks or subjective ratings (4), and
progress is being mads in the development of hardwars that will allew thesse indices to be faithfully
transduced and recorded in-flight (see 5). However, there has not been a great deal of work on software
algorithms that would allow these measures of interest to be derived in real-time (or near real-time),
not in exploring the lmplications of attempting to use such derived measures for dynamic declsion-aiding
or task partitioning betwean pllot and on-board automation.

Tha goal of the work reported here was to demonstrate the feagibllity of monltoring, in real-time,
the mental status of the operator in a wmultl-task man-machine control system, using a cowbination of
behavioral and physlological measures. In order to do this, a test-bed was developed within which
wultiple behavioral and physiological measures can be concurrently ebtained and processed in real-time,
as an experimental subject performs a simulated aviation task. The scope of the project under which
this work was conducted did not allow a major system development effort. Thus the present test-bed was
configured using exleting hardvare -. & number of IBM-compatible personal computers (PCs) wich
commercially avallable plug-in boards to accomplish analog to diglitai (A-to-D) converaion, digital
input/eutput (1/0), and serial communications. The focus was on the development of real-time algorichms
for processing the physiological Ladices of interest in order to obtaii useful derived measures in near
real-time, s&nd on the development of software to integrate these measures and allow the system
supervisor (l.e., the experimenter) to interactively apply decision rules to these derived measures.
"he specific research objectives were as followa:

o Develop real-time versions of saveral axisting data analysis algorithms (for quantifying eye blinks
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from EOC and cognitive event-rélated potentials from EEG).
o Adapt Window/PANES aviation eimulation for the present test-bed,

o Dbevelop “decision-making" software to poll and integrate the various behavioral and physiological
indices being computed in real-time.

o Cofisttuct a vorking test-bed configuration using enisting hardware and system sofiwvate.

o Collect preliminary data to validate the ussfulness of this test-bed and to derive "first.cut®
decislon rules for delineating opetrator "mental status®,

o Formulate plana for future uses and development of this technology.

initlial wvalidation of this test-bed involved an examinatlon of the senaltivit: ~f the real.time
algorithms to manipulations of the physiologlcal signals, both simulated and actusl. 1.wn preliminary
investigations were conducted to demonatrate the usefulnhess of the test-bed approach. Appropriate
parameters for the pattern recognition algorithms (ECG, ERPs, and “declision rules®) were determined by
conventional analyses of the data collected as a subject performed the aviation task during a “training
set” sassion. These parameters were then applied in real.-cime to the data collected from the same
individual during a subsequent "teat ser" weéssion. The objective during the "test seta” was to
determine how accurately known task manipulations of cognitive workload could be {nferred frou
combinations of the derived real-time measures.

The focus of the prasent report will be to provide a desgeription of the tesc-bed conflguration and a
qualitative sumsary of the testing cowpleted to-date. The Intent 18 to demonstrate the feasibllity of
this dpproach and Llta potential usefulness. In that spiric. some potential future dirvections of thia
research are also suggested.

OVERVIEW OF THE TEST-BED

Flgure 1 provides a schematic of the mult!-processor test-bed that was cenflgured for the present
development effort. A PC-based, low-fidelity aviation simulation was used as the task environment. The
tasks involved here included psychomotor tracking, cholce reaction time to occasional tranaient stimulf,
and monltoring the leval of gauges which fndicated system astatus. Task difficulty and, by inference,
mental workload, was manipulated asystematically, as subjects porformed in this aulciple-task
environment. The aviation simulation ylelded behavioral measures of primary task performance (rouvt-mean
squared tracking error) and secondary task performance (cholce reaciion-time and asccuracy of responsus
to the trangient stlmull and to the occurrence of abnormsl conditions indicated by tha gauges).

Physiological measures included heart rate and vapgal tone derived from the ECG, the frequency of
occurrence, duration, and timing of eye blinks derived from the EUG, and the amplitude and latency of
several endugenous componants of the scalp-recorded ERPs derived from the EEG., A distributed processing
approach was {mplemented wheraby a separate PC processed each type of physlolopical signal. The
resulting derived measures were conveyed, by serial communications, from these individual processors ta
a "Decision:Maker™ processor. The Declelon-Maker polled and stored these incoming data and implemented
some simple pattern recognitlon algorichms to allow the triggering of "cautlions and warnings® when
certain measures exceeded pre-selected set-points. The Decision-Maker also provided an interface for
the experimanter to interactively control which derived measurss or trends were displayed at s given
time and what declsion criteria set.points vers in effect. A separate PC served as a scrolling display
of the incoming EEG and EOG chsnnels and stored these raw data on diek for retrospective analyses.

TASK ENVIRONMENT

As a tagk environment for the present test-bed, a low-fidelity aviation eimulation was chosen. This
PC-baned simulation, called Window/PANES (Workload/PerformANcEe and Simulation) was developed by the
Rotorcraft Human Factors Research Branch ac NASA Ames Research Center (Ms. Sandra Hart, Managsr}.
Window/PANES provides an environment ir which multiple, concurrent diacrete and continuous tasks can be
presented. Although the displays represent the flight characteriutics of a light aircraft, no knowledge
of flying s necessary for a subject to learn hov to perform the task. The software is nicely designad
to support the experimenter in developing ecenarios, to log performsnce and task condition data to disk
in rceal-time as the msubject performs the scenarie, and to support the experimenter’'s retrospective
analysis of the data.

The display presented on the PC scraen has fout fixed windows: (1) a praphic display of commanded
and current spead, heading, and altictude presented in & “"heading-up” orientation; (2) a north-up map
which can deplct gewographical features, the flight path, the aircraft's position on the flight path, and
additional Information added for experimental purposes; (3) one, two, thres, or four gauges presented in
ahalog or digital form that can be labelled and scaled according to experimenter-defined specifications;
and (4) an avea in vhich alphanumeric messages can be displayed. These wesdages can be used to inatruct
or inform the subject about the scenario, or they can be used to present stimuli in the context of a
secondary (or tertiary) task, in order te provide additional messures of performance. The content of
alphahumeric mHessages, pgaugas, and objects on the map can be elther related to or independent of the
primsry oanual contrtol task., A response box providing for the eubject’s inputs contains a tvo-axis
Joyetick (fore/afc: altitude, right/left: heading), a vertical slide potentiometer (fore/aft: speed) and
response buttons that can be assigned different wmeanings depending on the structure of a particular
scenario.

The behavior of all aspecta of the display and task that are not under the subject's control are
dependent on a script file which specifies the commanded flight path, the aignificance and dynasice of
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Figure 1 .- A schematic ovarview of the test-bed cystem configuration. The hardware compouents for each

subsystem, which In moat cases is a separate I1BM-compatible PC, are shown In the boxes. The functions
ot each asubsystem are shown on the left side of the flgure and the derived measures that are iransmitted
by each subsystem to the Decision-Maker are shown on the right. The directions in which information
flows through the tesr.bed ate indicated by the arrows.

each gauge, the appearance of alphanumeric Information, and the discrete responses antlcipated from the
subject. Script files ate prepared by the experimenter in advance and are not modifled by the aubject’s
rasponses during a flight. Data files which combine the "condition" Informaclon in the script file with
the subject’'s pecvformance (speed and accuracy of responding) are lopged to disk at regular intervals for
retrospective analyses.

We found the Window/PANES task environment to ba extremely flexible, readlly usable, and
well.configured for the present research purposes. Figure 2 1llustrates the information flow through
the "Task Driver" Proceseor in the test-bed, on which the Window/PANES softwdare was run. The behavioral
pettormance measures cf interest (tracking error. response time and accuracy for discrete stimull and
abnormal gauge changes) were captured as they became avallable, time.stamped, and then output
periodically via a serial port for use as one set of inputs to the Decision-Maker. A digltal output
signal was sent to the individual data processors in the test-bed lu order to provide 4 common time
marker for the start of the scenario. Analog output signals (D-to-A) were sent to the ERP and EOG
processors to code the occurrance of a task-relevant avent (stimulus) of interest.

ECG PROCEISOR

A Delea-Biometrics Vagal Tone Monitor (VTM) was used as the ECG processor. This 18 a commercially
available system that calculates heart rate and vagal tone from an ECG signal. Yagal tone vefers to a
derived measure of heart-rate varlabllity cthat quantifies respiratory sinus arrhythmia and which avolds
some of the statistically untanable assumptions of power spectral analyses applied to ECG
inter-beat-interval (IB[) data (see 6). Vagal tone appesrs to be quite sensitive to fluctuations in
attention and cognitive load (e.g., 7, and unpublished data of our own). Figure 3} lllustrates the
information flow through the ECG Ptocessor in our test-bed. The VIM was configuved to run In its
ten-second turn-around mode. Thus, 1t toock ten secornds of amplified ECG from chest electrodes, scroened
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Figure 2 -- Information flow through the Task Driver Processor.

it for artifact, detected the R-waves in the ECG, calculated 15ls. deticnded the IBI tlme serles to
filter out frequencles unrelated to resplratory sinus arrvhythmia, and calculated heart rate and vagal
tone from this corrected tlme szeries. These derived measures, along with a4 time-stamp, were output
(approximataly once every ten seconds) over a serlal interface for use as sanother set uf {nputs to the
Decision-Haker.

EOG PROCESSOR

EOG was amplified by conventional weans from sites abave and below one eye. Flgure 4 illustrates
the {nforz-<!~= flow through *hr EOT Processor 'n our test-bad, Five gecond zegments of ongoing EOG
were processed {n a double buffering scheme. As one tive-second period nf data was digitized and scored
in direct accass memory, the preceding five-second’'s worth ol data was processed. The buffer to he
processed was digitally filtered and then subjected ¢ an algerithm that applied various
experimenter-defined ¢riteria to detect the occutrence of a blink. These criteria involvad segments of
the FOG wavaform that rvose and fell by a pre-datermined voltage within a pre-determined tima period,
Once a blink had been datected, !t was time-stamped relative to the digital pulse recelved from the Task
Driver at the beginning of the scenarlo, its duration was eatimated from the vise and fall tlimes that
wera detected by the pattern recognition routine, aund the latency of Lts peak was determined relativa te
the last analog svent-marker tecelved from the Task Driver These derived measures were output
gaynchronously (i.e., only after a blink had besu dntacted) over a sarial Interface for use as another
set of Inputs to the Declsion-Haker.

ERP PROCESSOR

EEC was amplified by ceonventlional means from four scalp sites (Fz, Cz, Pz, and Oz in the
International len-Twenty System}. Of primmy interest wers several endogenous comporents of the ERP --
the N200, P300, and Slow Wave, all of which have been shown to reflect cognltive processing (see 8).
Approaches for extracting ERPs from the ongoing EEG had been explored ou a previous project {unpublished
as yet) and the usefulness of the Vector Fllter developed by Gratton, et al. (9, 10) was confirmed. For
the present feasibility demonstration, it was assimed that the timing of the eliciting stimull were
known to the data processing system. Thus the present ERP components wera axtracted from ongoing EEG by
applying a relatively slmple search algorithm to an appropriately filtered szagment of multi.channel EEG,
time-locked to the events of Interest that occurred on the Task Driver.
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Figure 5 1llustrates the {(nformation flow through the ERP Processor In our teat-bed. The ERP
Processor functioned analogously to the EOG Processor. except that instead of gearching the inecoming
five-sacond buffers for blinks. it searched the event.marker channel for the occurrente of an event of
interest. Having found one, it time-stamped the accurrence relative to the digltal signal received from
the Task Driver at the beginning of the scenario. The EEG was then digltally filtered and a weiphtad
combination of the data across the various scalp sites was derfved for each component of Intereat, using
the Vector Fllter. Peaks in these welghted combination waveforms were tdentified within certein latency
epochs, and the peak amplitudes and latencies were calculated. These derived measures were output ovet
the serial interface for use as another set of Inputs to the Declsion-Maker.

DEGISTON-MAKER PROCESSOR

Intormation flow through the Decisi{on-Maker 1s shown in Flgure 6. As mentloned previously, the
Decislan-Maker received derived performance measures from the Task Driver, ECG Processor, EOG Processor,
and ERP Processor, all via serial communicatiuvns. The Decision:-Maker polled and stored these incoming
data and implemented some simple pattern recognition mlgorithms to allow the triggering of “"cautions and
warnings" when certain measures exceeded pre-telected set-points. The Decision-Maker also provided an
interfaca for the experimenter to interactively contrel wvhich derived measures or trands were dlsplayed
at a glven time and what declulon eriteria get-points were in effect. There ware two primary diaplay
modes provided by the Declalon.Maketr -- a “"trendas® display on which varlious combinations of selected
measures could be called up, and a "current stotus™ display showing the values vf all dorived measures
at the current "slice" in time.

VALIDATION OF ALGORLTHMS AND EXPERIMENTAL MANIPULATIONS

There are several aspects to the validation of the present test-bed. One sspect of validation has
to do with the choice of physiologlcal measures and the quality of the present implementation of the
real-time analysis algoritime. That le, do the indices chosen lend themselves to real-timn analysia
and, if so, do the present algorithms perform as intanded? Another aspect of validation has to do with
the sensitivity of cthege measures to task manipulations presented In the operational context of
interest. Are these measures, viewed In appropriate comblinationz, sensitive to task difficulcy
menipulations that affect performance t{n meaningful situations? Finally, even {f the above questions
can be answerad in the affivmative, there may’ be an lssus regarding the usefulness of the test-bed.
Dosa thias test-bed approach lend 1itself to studying research issues and avistion design problems that
could affect the design of next generation alrcraft or other complex man-machine systems?
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The present scope of work did not allow a thorough examination of all these fssues, and what test

results have been cbtained can not be presented here in any detail. However, as a proof-of-concept, the
present test-bed implementation ha. proven to be very encouraging. The validation testing that has been
conducted to-da'a can be summarized as follows:

[+]

The Window/PANES task diffliculcy manipulations were effective in that they were associated with
reliable changes in the behavioral measures examined. These behavioral changes were readily
apparent when data were averaged over geveral minute blocks, as in a conventlonal analysis,
Moreover, thase behavioval trends were usually a,parent {n the data transmitted to the
Decisfon-Maker, particularly when the task manipulation was a fairly dramatic one.

In that the Vagal Tone Monitor was used {n lts commerclally available configuratior, which has been
thoroughly tested by the manufacturer and used by us on previous projects, there was no need to
validate the accuracy of [ts ocutput. However, an important aspect of the present validation was an
axamination of the wxtent to which heart rate and vagal tono measures, bazed on ten-zacond segments
of ECC data, reflected manipulations of the Window/PANES task. While there le obviously some
“noise” to be expected in examining such short segments of ECG, the more dramatic task changes were
assoclated with reliable trends in vagal tone (l.e., un inverse relatlunship batween task difficulty
and vapal tone).

The EOG data pracessing alporithm was valldated by examining lts performance with simulated EOGC data
and by comparing the algorithm’'s handling of actual EOG with a retrospective visual inspection of
stored taw data. The derived EOG measures have proven to be somewhat wsensitive to task
menipulacions, although It is expected that more dramatic changes would be apparent in continuous
performance scanarios that put a premium on vigilance and (the warding off of) visual fatigus.

The ERP data processing algorithm was likewise validated with simulated EEG/ERP data and with
previously recorded data from a standard *Oddball® task (e.g., see B). The ability to extract
single-trial estimates of EWP amplitude and latency which mirror the differences seen in
conventional average ERPs has been impresgive. However, the sensitivity of these waveforms, whether
averaged or single triaml, to subtle task manipulations in the Window/PANES environment has not been
{upressive to-date. This may, of course, be due to the task scenarios usad thus .ar.

The present {mplementation of the Decislon-Maker has proven to be very useful for both monitoring
the course of data collection in real-time and examining relatlionships among the variout derived
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meagsures retrospectively. Much more remains to be done In the way of cptimlzing the decislon rules

bagsed on the available derived measures,

CONGLUSIONS AND FUTURE DIRZCTIONS

In most respects, the performance of the present test-bed has been very encouraging. The validation
results obtained to-date suggest that we now have a reasonable abl{lity to detect changes in the derived
m.asures of interest "on the fly.” The test.bed ran successfully In near “real-time" .- 1 e., with lags
of approximately five seconds in the ENG and ERP mersures, a lag of approximately ten seconds In the ECC
measures, and a lag of approximately one second in the behavioral messures. No serious sttempt has yet
been made to optimize the buffer lengths that underlie these lags, and it (s expected that significant
reductions will be possible In these turn-around times. Of course, the approximation to real-time that
ls achlevable will ba highly dependent on the speed of the processors on which the algorithme are
inplewented. The usefulness of the present combinatlion of wmewsures was suggested by an encouraging
abllity to infer changes in task difficulty of the Window/PANES task. This inference ability has thus
far only been examined wich parameters for the varlous pattern recognition alporithms being tallored to
the Individual subject (not an unreasonable constraint {n systems that will be operated by a relatively
small group of highly trained sprctalists). Furthermore, the finitial testing conducted to-date has
concentrated only on rather dramatic manipulations In task difficulty,

Much more needs to be done {n examining the performance of this test-bed and {n optimizing the
parameters used In the pattern recognition algorithas and decision rules. However, the praesent
luplementation has confirmed the feayibility of the approach and suggested the usefulnese of the
test-bed for future research on dynamic man-machine Interactions. Potential future directions for the
use of this test bed Include the following:

o Further valldation of the usefulness of the present behavioral and physioclogical weasures. These
sfforts should include additional systematlc collection of eupirical data, as well as wmore
fine-grained wmanipulations in task difflculty and subject status (e.g., sleep deprivation, drug
sffects, continuous performance challenges).

o Using the test-bed to develop effective decision rules for infarring operator mental status. This
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effort should explore infersnce rules based on contingencies amung the mratures and the
generallzabilicy of these rules within and between test subjects.

o Integratlon of test:-bed functions Into a single, multi-tasking workstation. This {ntegration effort
should include attempts to optimize the real-cime algorithms and an exploration of alternative
designs for implementing distributed processing approaches that are analogous to those achlesed with
the present multl-processor configuration.

o Finally, a number of uses are foreseen for the present test-bed in facilitating future research and
development on the role of the human operator in automated and gemi-automated systems. The test-bed
ghould lend itself te Etudles of "closed-loop” decision-alding, dynamic man-machine task allocation,
and computational apptoeches to recognizing operationally significant patterns, across time, in
multiple performance measures,
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SUMMARY

This paper presents an artificial Intelligence approach to detcctin%_g:ﬁomncc degradation and pilol incapaciation, It discusses the
motivations for Intelligent Assistant Systems in such situations, m!roblem of constructing procedures is shown (o be a very critical
issue, In ‘Rn.rdculnr. keeping procedural experience In both design and operation s critical. We suggest what nrtificial intelligence can
offer in this direction, and present the concept of Integrated Human:Muchine Intelligence. Some cruclal problems induced by this
app]mach are discussed in detail. Finally, we analyze the various roles that would be shared by both the pilot and the imelligent
assistant system,

PREFACE

Human-machine interaction is cenainly one of the "hot” topics of the last decade of this century. Aeronautics has been a very
privileged field of investigation in this regard. This is because end-users, namely pilots, have been actively involved in the progressive
evolution of the systems they control. The concept of Integrited Human-Machine Systems (IHMSs) 15 cleurly pettinent in aeronautics,
Pilots ase functinnal components of aviation systems, contributing to the overall performance of the system.

The need for more and more performance, rellability, and nccumcr in modern missions increased the automation and pushed pilots’
limltations towards their extremne boundaries. In the near future, a pilot will have to share intelligence. Obviously, machine intelligence
will not be comparable 10 human intelligence. However, it will take cure of a lot of tasks which were originally wllovated to pilots.
Humans and machines will have to share responsibilities and perform complementary tasks, Machines are very good at performing
routdne tasks, However, since it is difficult to design machines that can handle unexpected situations, humans will remuin in the
contro| loop. But, if humans remain in the control loap, they will still be subject to performance degradation (in particular, making
errors) and incapacitation,

An THMS can be viewed as a multl-agent interactive system. In this paper, we present a descriptivn of the various types of
interactions In such systems. But what hugpcns when an agent fails ? If one of them (human or miachine) fuils, could we assume that
the other will maintain the safety of the whole system in a reasonable way ? Probabllities of failure per flight hour are very sinall for

resent aircraft (lower than 10°7). Certification criteria are more and more severe. However, in tilitary missions, when an aircraft is
n a dilficult siruadon, ¢.g., low altitude flight in enemy territory or attacked by the enemy army, it may happen that the muchine fails.
In this case, is there a “good” recovery procedure ? Manual control is generally excluded. Furthermore, there is no computer able to
carry out on-line reasoning taking into account siwations not identified in advance, which will be able to provide a solution in real-
time. The only possibility is to recall typical (analogous) cases already tested and recorded during previous simulations or real flights.
These recovery procedures could be implemented in cooperation with pilots. Humans are most likely to fail for various reasons due to
unconsciousness, excessive workload, stress ete. In this case again, previously stored procedures are still the most realistic solution.
These procedures can be used-either to monitor and “understand” what the pilot is doing (prevention), or 10 provide an active sid In
case of performance degradation or pilot incapacitation (recovery).

Intelligent ussistant sysiems (IASs) constitute a class of computer programs (Boy, 1990a) that can guide uccess to, and apply
Erocr.durcs derived frum experience, and can assist in the formation of new procedures lhrouﬁh reasoning by analogy, They are

nowledge-intensive sources for intelligent assistance, designed to mediare interactions with the machine and perform some of the
required intelligent functions. The primary goals of this paper are 1o (1) present the state of the art of IASs in acrospace systems, (2)
determine factors necessury to advance the state of the art, (3) reveal research and real-world applications needs as well as
opporivnities for the future, and (4) form an interdisciplinary core of physicians, physiologists, computer and cognitive scientists,
engineers and designers for future communication and cooperation on IHMS.

1. MOTIVATION FOR INTELLIGENT ASSISTANT SYSTEMS

Both industry and govemnient researchers in acrospace are in agreement with the emphasis that artificial intelligence (Al) can be
viewed as a technical base with great potential to enhance productivity and safety, and help them cope with the demands of
increasingly complex technology and high workloud. . . . )

A special kind of Al system is emerging which specifically recognizes the design conswraints inherent in the cooperation of humans
and Al-based aids (Boy, 1987). This kind of system has been called either an Operaior Assistant system or un Operator Associate
system depending on .Ke level of autonomy it has. At the workshop on "Integruted Human-Machine Intelligence in Aerospace
Systems” (Shalin & Boy, 1989) held during the 1989 [ntemational Joint Conference on Artificial Intelligence, it was concluded that a
better name might be "Intelligent Assistant System”. However much work remains for realizing the Intelligent Assistant concept,
Intuitive models of operator performance will not be sufficient. The necessary models will require multidisciplinary research in human

roeption and reasoning not obtainable within the narrow framework of the present state-of-the-urt in computer science. They are

Ikely 10 require the full range of disciplines mprawntedlelag the paticipanis ol this NATO Symposium. Furthermore, many major
ovemment and industry funding sources have recognized the challenge of building imelligent assisiants, as evidenced by the support
or various national “Pilot Associate” programs. . o ] ]

‘This paper propose an altemative approach 10 automation in slighy degraded as well as extreme situations. According to this
alternative, human beings take ot the role of task designers of perhaps remote monitors, while automated systems with some problem
solving capability become actors on the environment also. Thus, human beings will not be the only problem solvers. They will coexist
with artificial intelligent a-.ents on a cooperative basis. This cooperative relationship is based on the construction and use of
procedures.
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2. WHAT ARTIFICIAL INTELLIGENCE HAS TO OFFER

A current engineering ldea is to creaie a system which sup the human operator in performing the task rather than to model and
then automate human cognitive processes. Abbott (1989) identified three categories of use of Al'in IHMSs. The first is the use of Al
in the automation of & particular task, such as onboard monitoring, windshear detection, or retrieval of a recovery procedure in time.
Al methods and t00ls can be very effective for these tasks because they involve heurlstic reasoning, search through large information
spuces, and reasoning about physical systems in operation. In this case Al Ix used not because It mimics the human's thought
processes but because it Is the most appropriate tool for the job. ) N

The second category mentioned by Abbott [avolves the coatrol of multiple onboard systems. In situations where time s critical, Al
can improve the gﬂa‘.ncy of some computations and even the organization and coordination of several computations, Al systems can
insure that the high prioriiy computations are completed in time. The IAS architecture should support temporal and nonmonotonic
reasoning, interrupt handiing, methods for handling nolsy data, and trend analysts.,

The third calegory concems interfuces between the alreraft and the pilot. If we want (o get adaptive interfaces, they constantly need
to ussess the situation and the pliot's current needs In order to provide the appropriate infurmation in un uppropriate manner,

In the specific case of extrerne flight situations, our contribution focuses on (1) iterative procedure acquisition, and (2) reasoning by
analogy. The design of procedures is currently bused not only on the design rutionale but also on pilots requirements and suggestions.
Al can provide mote automation of this process of designing procedures. In the first place, design rationale and alternatives can be
captured during the aircraft design procese. A similar approach has been tuken for the design of the Space Statlon Freedom (Boose ¢t
al., 1990), The way this kind of knowledge is used afterwards depends on the tasks requining i, Even if such documentation is very
tich, there are “good" ways to search in it to retrieve approptate information. Some Al technigues are very uppropriate to tackle and
partially solve these problems of search in large databases. Procedures are also bullt from such design knowledge. If this knowledge
is more eusily nceessible, then it will be easier to build procedures. Building procedures is an iterative process with pilots continually
glving criticisms and recommendations for better procedures. One of the main tasks assigned to operations engineers involved In
procedure writing is to modify already existing procedures from such recommendations, “The underlying process is analogy. Faced
with a new ¢vent, a pilot tries to manc% this event to the deseription of an existing procedure. He will try (o use the available procedure
us much s he cun, but will then have 1o use other knowledge, generally comimon sense knowledge. Procedures are upgraded by
operations engincers in the same way. They ke aneedotes from the plots on situations and try 1o modify exlsting provedires 1o
include the corresponding situations in their descriptions. If this process of procedure management and maintenance is systeimutized
and handle by coputers, it will be possible to generate more appropriate procedures inaimore extensive situations. ‘This fierative
process will lead to preservation of operational knowledge, and géneralize sonwe situations and their attached recovery procedures, A
method has been proposed to handle such a provedure acquisition process (Boy, 1990b). Obviously, this approach contributes to
better handling of extreme situations. This is because more recovery possibulities will be provided and avuilable onboard. They can be
tested both in simuladon and rea flights. Therr tests will improve them and gencrate new cases, and then new procedures, The
decision to automate procedure execution is a difficult business and we will leave it for the discussion,

3. TOWARDS A CONCEPT OF INTEGRATED HUMAN-MACHINE INTELLIGENCE

Work has already been done to tackle the difficult problem of real-time “intelligent” process control (Lusk et al., 1983; Moore et al.,
1984), "This paper presents a more formal upproach to LASs. Safety requirements and human emur problems lead to the definition of
three possible kinds of IASs: (1) interactive systems to tolerate human errors (Amaiberti, 1986; Norman, 1981; Roscoe, 1980) in
stundard situations, (2) workload relief sysierms in standand situations with high workload, and (3) interactive aids for problem
solving in abnormal situations with high workload (Amalberti, 1986). The first and second types can easily be lnsplemented using
classical programming systems or "conventional” expert systems. The third type stresses the need for a deeper description of both
ﬂf"f{,‘ nén:y operational knowledge. This research effort should lead to an appropriate architecture for such IAS. This paper focuses on

18 third type.

A model called SRAR (Situation Recognition and Analytical Reasoning) has been already developed for represeiting human
problem solving in dynamic and inteructive environments (Boy, 1987). This model was derived from experinental results on a
diagnosis assistant system developed at NASA (Boy, 1986) and a previous research cffort on commercial aircraft certification (Boy,
1983). Qur model is an alternative 1o Genesereth (1982) and Clancey (1984) models for tackling the difficult problem of integrated
human-machine intelligence (IHMI), i.e., 2 model based on a knowledge represemation appropriate 10 the implementation of the
SRAR mudel. This representation is called block representation. 1t was designed to improve operational knowledge acquisiuon and
extend previous work on procedure rerrcsenmtion (Georgeff & Lansky, 1986)

IHMI design can be seen as (1) parsing the operator's actions in order 1o understand what he is doing, and (2) providing him with
the appropriate level of information and proposing appropriate actions ot procedures for him to execute. The overall undertying model
is presented in figure 1. Arrows represent information flow s, This model includes two loops: (1) a short term supervisory contol
loop, and (2) a long term evaluation loop. The technical domain knowledge base includes descriptions of viuivus objects relevant and
necessiry in the domain of expettise. The operational knowledge base includes available procedures necessary to handle various
already-encountered environmental situations. The knowledge ncquisition knowledge base includes what is necessary to know for
upgrading operational procedures. -

4. ISSUES IN INTELLIGENT ASSISTANT SYSTEMS

As the main goa! is to design und iteratively refine procedures, there are some issues inherent in this approach which have 1o be
discussed. Do we need cognldvc models to bulld and refine these procedures ? The application of such procedures will depend on
their understandability and thus user interfaces becone critical. How can we carry out the knowledge acquisition process 7 Is there a
better way to represent procedures 7 What kind of issues are raised by intelligent assistant architectures ? Al technigues have been
gpplem'eme;i on very aciademic problem so far. Are they robust enough to handle real-world applications like the ones we are
iscussing ? *

4.1, Cognitive Models, Knowledge Acquisition and Representation

‘The goul is not to design cognitive models for building human clones, but: (1) 1o understand human-Al systems interaction, (2) use
operator models in system design, e.g., designing intent recognition mechanisms (Geddes, 1985, 1986; Shalin et al., 1988), and (3)
design user interfaces with Al-systems, The users of a specific inteiligent ussistant system for an aerospace application may not all
share the implicit model of expertise that has been incorporated into the systen.. Many domains, such as tactical warfare, are rife with
individual diffcrences because of the lack of a standardized procedure below a certain leve! of analysis. ‘These differences could have a
majorfimpact on the knowledge base of the intelligent assistant s{su‘m. This compounds the knowrcdge acquisition problem, and
indicates the need for automated knowledge acquisition. These differences may impact the functionality of the system, for example,

the depth of explanation, user monitoring, and instruction required.
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Figure 1. An Imegrated Human-Machine Intelligence model

Knowledge acquisition, that is eliciting the expeit’s knowledge ubout the task domairt, is generully accepted s a sipnificant
bottleneck in system development. Knowledge is. however crucial to the success of [ASs. An 1AS will not discover new knowledge
by itself in real-time real-world situations. And even if some Al scientists argue that discovery can be handled by some artificral
intelligence systems, these system have 1o be guided and “interpreted” by the scientists themselves, This s clearly not currently
possible in high workload situations where the time-pressure is great. Thus, acceplable systems are limited 10 a particular class:
procedural systems. Bz procedural, we mean systems that are based on explicit procedures, eventually using some very well-
structured declarative knowledge. The probiem in critical situations is not to build procedures from scratch, but to use procedures
dlready tested and adapted to the current situation. The artificlal intelligence problem is then to collect these procedures, and to refine
them incrementally with experience. The real problem s w capture both design knowledge and user knowledge to build the most
adapted procedures. These procedures are Ininally appropriate in particular situations, but after several simulations or real missions
they can be classified into more general clusses of situations. Knowledge acquisition will consist of following the IHMS from its
design to its everyday use. We view knowledge acquisition us an increthental process (somelimes a trinl and érror process) improving
both the domain knowledge accumulated through experiments and the meta-knowledge useful for eliciating and rutifying this
k?owledge. Furthermore, we claim that the activity of knowledge aequisition can provide important insights towards u possible theory
of cognition.

In all cases, it seems that goals (and sub-goals), plans (i.e., procedures), and siluations (or events or states) ure the three most
common ingredients of the knowledge representation currently in use. The expression “situated actions” has been the focus of recent
Al contributions (Suchman, (987; Drummond, 1989). However, if the word "context” is always a major concem, very few
convirking definitions of it have been explicitly given. Time and exceptions (abnormal conditions) are also major concems in the
knowledge representation issue of IHMS research. They are leading to investigations in the representation of uncertainty, imprecision,
and incompleleness.

4.2. Compatibility of An Intelligent Assistant System with the Pilot

As already noted, at presient IHMI research is dominated by procedural tasks (o be performed on engineered systems in non-
deterministic environments. Though controversial, a need for compatibility with the pilot has potentiatly far-reaching conseguences on
the system inputs/outputs at«l processing (Shalin & Boy, 1989).

InpusiOusputs (Commuar. < 2tion) Compatibility—Certain 1ask environments (¢.g., weightlessness, high G's, protective gear,
high workload) restrict human input, such as text typing. This kind of environment is ripe for intelligent interfaces endowed with
user intent recognition. There is also concern for cognitive compatibility. ‘This is evidenced by the development of
communication languages that are adequme for the «ask and correspond to human reasoning about the task domain, A final
consideration of man-machine communication is sysiem output. In particular explanation facilities are ofien controversial, In
aircraft cockpit, for example, explanation should be reduced 10 8 minimum, cspecially when the controi frequency is very high.

Thlls don:is ngit n:enn that explanation should be absent, the cockpit must be self-explanatory at each instant and include very
polysemic displays.

Processing Compatibiliny—The need for incremental development, and possibly incremental modification suggests a requirement for
compatibility at the level of processing, so that users can provide direct feedback on system functionality. To enkance user
confidence, processing might include standatd human cupabilites, such as reasoning about the consequences of its recommendations.
An additional consideration for processing compatibility is user awareness of the boundaries of system reliability. Any automation in
reactive envifonments may require systems to be straighiforwird extensions of the oﬁemlor's perceptual and cognitive abilities, as
there is simply not enough time for any extensive on-line enalysis of the system by the user.

Reai-time Al— The real-time Al issue deals not only with the computation speed, but also with resource aliocation, cooperation, and
procedure interruption. As the data is uncertain, imprecise and incomplete, the integration of nonmonotonic logic in an intelligent
assistant systern I3 critical. This integration should Ee done pragmatically and incrementally refined by experimentation. Discussions
on this issu¢ lead to four possible software architectural tools: conventional programming will still be useful, e.g., for implementation
of microscopic details; blackboard architectures are useful for implementing cnoperative and opportunistic interaction (Nii, 1986):
sgents architectures (us extensions of object-oriented lunguages) will be interesting for multi-agent cooperation when internal models
of the various utterers are available (¢.g., in intent recognition); hypemwedia (Conldin, 1987) provide explicit external representation of
various agents able to interact between cach other (i.e., message passing).

Knowledge-Based System Validation—The state-of-the-art in expent system validation technigues is not very well advanced at
present. Methodologies have to be designed, developed and tested. Like knowledge acquisition, validation is an incremental process.
Morcover, knowledge acquisition and validation can be seen as twin processes in knowledge-based system design. Certainly,
inclusion of potential end-users in the design loop is one of the best solutions for increm.2ntal validution. The validation of knowledge-
based systems might be compared 10 the certification of airplanes, at least in terms of complexity.
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4.3, Real-World Applications and the Automation lssue

‘The present field of investigation is experimental. Theoretical knowledge representations are not coming from pure introspection, but
from experience in the domain and from experimental protocols, Application domains are picked in real-world environments und
focus on the decision making, diagnosis, planning dnd control of éngineered sysiems. They are generilly bounded and procedure-
driven, For these reasons, current research Issues are concerned with undeterminstic deviations around provedures (deterministic
blocks of knowledge). At this point, the most important difficulty Is related to siuation assessment. Humans are good situation
assessors when they are really In the control loop. However, it is very difficult to elicit their situation assessment mechunisms and
sralegies, They get very saphisticated shuation putierns by expetience. Machine leaming (Kodratoff, 1989) vesearch provides a set of
techniques which can be used for re-creating such pattemns by éxpeéritientation. As far as situation ax<zssment is concerned (both by a
human operator and an Intelligent assistant system), the main difficulty in intelligent assistance is summarized by the three following
issues: (1) When has information to be presented 7 (2) What content should it include ? (3) What format does it tequire ?

Experience in real-world applications should provide a taxonomy of knowledge processing activitics from the dasign activity 1o
operations, As already discussed, from the difference In types of explunation required in ditferent activities, it follows that the types of
recommendations given to operators or designers are quite different. The problem comes when the level of investigation changes,
¢.g., when an operator following mligiouslz; set of procedures will have to investigate a new unexpected situation involving the
creation of appropriate provedurcs; he/she becomes i procedure designer, This is one good reason why people are still "vontrolling”
"fully” automated machines, they are uniyue In their ability to handle unanticipated sitiations, If & non-nominal situation can be
anticipated, it could be considered as "notninal” by a sysiem which knows it, Nominal situations are undersiood as known in advance.
However, when an unanticipated situation oceurs, the operator must be awure and understand what Is going on, Le | the intelligent
assistant system should not mask or distort the reul world. This introduces the difticult problem of quality and safety construints.

Real-world applications bring the dual problem of training versus cognitive ergonomics. One is concerned with the complinnce of !
the hurnan to the machine, and the other one with the cotipliance of the machine to the human. If the machine does not comnply enough
then an excessive workload appears on the human openitor side. Conversely, if the machine is "o autormated” (or autonomous), the
human operator tends to loose hissher vigilance, ‘The ideal machine would comply with or complement the cognitive capabilities of the
human operator in any situation.

One factor in human-sysiem function allocation Is the existence of partiionable tasks between the two decision makers. In addition,
overil] performance should be optimized by suaintaning the best gualities of each in the ultimate allocation. In donins such as
Tacticu] Warfare, there may be a need for a dynamic task allocation between the human and the system. Depending upon the context
and demands on the operator, the svstem may have more or less authority in executing portions of the task. Task allocaton may in
addition, be affected by policy restrictions on mod:ifying exisung operations.

Autemation 10 real-world applications, such as aviation, has already shown the real prublem of human errurs, Aunalyses of these
errors should bring 4 new set of recommendations for iterative procedure design and malntenance.

Machines do some things better than humans, e.g., computations. They work on well-formulated problems. They are not inventive.
Thus, what does Al bring in the automation Jssue ? Does Al bring new issues in human-Al system interuction 7 Certuinly, Al, by its
methods, is beginning to support the notion that full automation is no more an issue, i.¢., human openitors huve to be taken into
account during the design process (human-centered design) (Woods & Hollnagel, 1987). An important issue raised by Al is that there
is n need for a better understanding of interactions between intelligent agenis thuman and machine). Artificial intellipence and natural
intelligence do not match, but there should be a way for “good" conperation between them, In particular, if one of the actors is
“incapacitated”, it may happen in the future that the other, in general, wiil help to recover.

5. HOW WILL THE VARIOUS ROLES BE SHARED ?

in intelligent systems of the future, artificial agents and human operators will both perform intelligent tasks in the context of an
wiegrated system.  Each has responsibilives, requires access to resourves, and has particular knowledge appropriate to tasks, Some
tasks may be done in paraliel, others may require resulis from tasks performed by other apents.

The balance of sharing in intelligent functions can be characterized as a continuum:

Manual g Intaradive 5. Automated

In completely manual and totally automated sysiems, the user and machine are effecuvely decoupled, In the intennediate range, where
IHMSs lie, the human and artificial agents must interact by communication.

When designing integrated systems the designer needs 1o consider the nature of communication among the agents, hutnan and
artificial, The type of interaction depends, in part, on the knowiedye each agent has of the others, An agent inieracting with another
agent, called a partner, can belong to two clusses: (1) the agent does not know its partner, (2) the agent knows its partner. The second
class can be decotnposed into two sub-clusses: (2a) the agent knows its partner indirectly (using shared data for instance), (2b} the
agent knows its partner explicitly (using communication primitives clearly understood by the paniner). This classification leuds to three
relations between two agents communicating: (A) competition, {B) cooperation by sharing common data, (C) cooperation by direct
communication,

In the competition case, the agent is totally ignorunt of the existence of other agents. This can lead to conficts for existing resources.
Thus, it is necessary to define a s¢t of synchronization rules for avoiding any problems of resource allocation between agents,
Typically, these synchronization rules have to be handled by a supervisor. The supervisor can be one of the purtners or an external
agent. Obviously, if available resources exceed the requirements of all the agents, conflicts are automatically avoided. In the real
world, we do not usually know all these requircments and it is impossible to create physical resources on demand.

In the case of cooperation by sharing common data, the agent knows that its partner exists because it is aware of the results of (at
least) some of the partner's actions. Both of them use a shared data buse. Agents use and update this data base. An exampie would
be both agents noting all their actions on a blackboard 10 which each agent refers before acting. This is no longer a problem of
resource allocation, but a problem of sharing data which each agent can use as it is entitled 0. Agents have to cooperate to munage the
shared data base. This paradigm is called a data-oriented system. Such a system has to control the consistency of the shared data.
Cooperative relations between agents do not exclude competitive relations. Shared data are generally supported by resources for which
the carresponding agents may be competing. In this case, synchronization rules have to deal with resolution of resource allocation
conflicts and corresponding data consistency checking.

In mmvious cascs, the interaction is always indirect. In the case of cooperating by direct communication, agents share 4 common
goal and a common language expressed by messages, ¢.g., expents in the same domain cooperating 10 solve a problem.

Human openators do poorly at monitocr)gi‘f 1asks if they are not involved in cognitive activity related to the sysiem being monitored,
On the other hand, humans are not as good as machines at highly repetitive, complex, or very time-critical wasks. Thus a designer

must strike a balance between total user control and autonomous machine control.

Sharing autonomy between humans and machines is very important and poorly understood. In this section, we extend the concept
of levels of automation introduced by Sheridan (1984). We will give here a theoretical model of the performance of a simple human-
machine system under different levels of autonomy determined by different levels of understanding or knowledge about the human-
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machine sysiem (figure 2). The horizontal axis represents 4 continuum of levels of autonomy from “manual control” 1o “complete
automation”, The vertical axis represénts the performance of the humun-machine system. Pedformunce could be related to time,
precision of results, costs to solve & given problem or any heuristic criterion appropriate for measuring performance. Each curve of
figure 2 comsronds to a level of knowledge the desigher has about the task. (In general, better designer knowledge leads to higher
performance of the designed system.)

HUMAN-

MACHNE KNOWLEOCE

SYSTEM y

PERFORMANCE TEC

LIMITATIONS
! LEVELS OF
| AUTONCAMY
1 N
HUMAN QPT'IMI.N MACHINE

Figuire 2. Human-Machine System Performunce versus Levels of Autonomy (Baoy, 1986).

Following the above model, the performance of the human-machine system increases with the autonomy of the machine, but only
until some optimum, after which it decreases. If the autonomy of the machine is further increased, the hurman operator is Tikely 1o lose
control of the situation. Note that the level of autonomy can be increased 10 a certain limit fixed by technological limitations. Al
present, most engineering projects are developed on these technological limitations, Le., machines are built as well as possible from
stricdy machine-centered optimization criteria. In our approach, optimization criteria are centered on the end-user/machine )
performance. Such an approach necessitates simulations and real-world cxrenmcnmnon. Human-machine system performance optima
can be shifted to the riggl if human operators are very well trained. Globally, when the level of understanding and knowledge
increases, these optima shift up and right. Finally, if everything ls known atxout the machine control in its envirohment, then the
corresponding optimum is located on the complete autonomy limit, It has been shown that searching for such perfornmance optima is a
good method for acquiring knowledge from experience, i.¢., generally we jump from a lower curve to 4 higher on¢ as we acyuire
knowledge.

6, CONCLUSION

This paper discusses several idens and lessons leamned through experience in the Huthan-Machine Interaction and Artificial Intelligence
Group st ONERA/CERT, and in the Aerospace Human Factors Research Division and the Intelligent Assistant Group at NASA Ames
Research Center. A critical test of this rescarch effort is its utility in industrial applicaions. Dialogics is currently Implementing some
of these ideas in real-world situations.

Can we design new onboard capabilities that will improve the safety network to detect performance degradation and pilol
incapacitation ? Artificial intelligence introduces new problems. In particular, the problem of cooperation between hunuin intelligence
and machine intelligence. A new question is: are we designing t0ols or assistants ? Will we manipulate physical devices or will we
coopetite with sthart machines ? Different types of knowledge have 10 be distinguished: designers, end-users, and maintenance people
for instance. The u11;rohlem of constructing procedurcs has been showa to be a very critical issue. In particular, it seems crucial that past
expetience in both design and operation has to be captured and stored, in a corporate memory for instance. This will be useful for
generating Lbrariey of operational problems, maintenance, redesign, and even for design of new machines. Design, simulation, and
tests should be integrated.

Are we going to cooperate with intelligent assistant systems ? If the answer is no, what do you think the alternative would be ? If the
answer is yes, then there is no time to waste for studying intelligent human-machine cooperation.
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