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SUMMARY

Increased gravitationa l force stresses the human physiology in a manner
that causes detrimenta l changes in the human ’s capability to maintain accept-
able performance levels. A set of physiologic models which dynamically de-
scribe acceleration stress responses are developed in this report. Each of the
models represents a major physiologic system or acceleration protection mecha-
nism. The submodels are assembled as a larger system using natura l linkage
variables from one subsystem to the next. The major subsystems are the
Visual System, Cardiovascular subsystem , G suit system , Straining system , De-
cision system and the Energy Cost System. Each model is developed to the
extent possibl e based on current knowledge .

The use of dynamic models , presented as separate systems allows for a
variety of speculative studies . A system model assembly which emphasises the
optimal expenditure of energy by the human in conjunction with his protective
equipment , demonstrates the tradeoff necessary between peak G capability vs the
energetic cost to withstand sustained acceleration at the peak l evel . The
model demonstrates the need to establish an effort strategy which will utilize
the available physiol ogic energy in an efficient manner. The separate sub-
models provide a means of evaluating the major subsystem responses to the
acceleration stressor in a dynamic fashion. The model further provides the
basis for redefinition and extension of acceleration research into familiar
areas wi th new intent.
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SECTION 1

I t~TR0DUCT ION

Bac kgr oun d

Increased gravitat iona l force results in a number of physiologic changes
in the human exposed to such an acceleration. Classic al methods of measuring

~ ese effects have led to an ever increasing knowledge of the stressed physio-
iog ic systems (5). The two systems which have classically provided the de-
?ln i nq limits in the stressed condition are vision and fatique which then
np inge on the perform ance cap abilities of the human. Various performance

measures have also been used to develop a greater knowledge of the acceleration
environment. A multitude of model structures have arisen to describe the
hanges in oxygen levels blood pressure s and in visual capability in hope of

provid ing better descriptions and directions for advanced research. The model
in th i s report has been developed from an alternative standpoint. The suppo-
.i~ ion Is tha t there are competing system s within the human physiology which

require oxyg en, in order to function at an acceptable level. The visual system
requires a contin uous flow of oxygen to the retina l layer to maintain function.
The muscle systen requires oxygen for replenishment of anaerobic activit y and
supp ly for aerobic activity . The centra l nervous system requi r - tht. sane

F oxygen for its sustained higher level activity . The model in this developwe t
t hen becomes a model related to oxygen transport and competing ener~v ti ’.ed i i

the stressed phy siologic system .
A set of submode ls are developed based on these energetic requirements.

The resulting model integration allows investi gation of the model in terms of
n optimally controlled system . For example , varying acceleration time pro-

fil es can be run on the model with energy cost or acceleration level cost
functions having the greater weight. Performance is included through the
pattern analysis inherent in the visual modulation transfer function and the
cerebral oxygen ation predi ction. The system model provides the basis for re-
definition and extension of acceleration research into familiar areas with new

~ntent .

Phv~io~~~Ic Factors of Acceleration Tolerance
The physiologic changes caused by acceleration have been reported ex-

tensiv ely in research literature (5, 16). The two widel .v recognized factors

6
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whi c h contr ibute to p i lot  impa i rm ent in maneuveri ng aircraft a rt’ fat  igue and
v i sual dinEt ing . These two fa~torc can be included in a s imu lat io n model s~stem

e enhanc e t i e  reality of simulat ed air comba t . The visua l ys tern is di re t 1
att ec led by the abi l ity of the cardiovascular s y s t e m  to del iver adequate blood
pressure to t he eye. Vi s ion for t he pi lot is impa i red as the ret i rt ~ respo nds
o acce leration induced changes in the eve level  blood pressure. \pem ’ilnent a —
ion shows tha t the cardiovasc ular system has a we ll defined relaxed G limit

above wh ich vis ua l inte g rity canno t he maintained without the addition of energy
consumin g maneuvers of st rai  iii ng and nusc 1 t’ tensin g . Thus , the e,merg~ co s t  to
a ‘-.uhj ec t in ma i itt a I ri 1119 v i sua I func t ion at t he G 1 eve 1 above his nat ura 1 re —

lj~~’d ct , l imit is grea t er than the energ~ cost at a l ower G lev el. At some
level of energy expend i ture there i s a max i mum lim it it above which t he suhj ec

canno t maintain vision regardless of strainin g energy used.
The cardiovascu lar  s y s t  em has received the qri’a t e s t  a t  tent ion in a.celer —

a t ion st res s studi es as i t  prov ides an ea ci 1 mnea sured :e t of paramt’t ers . I he

l im it ing factor in the cardiovascular s y s t em , f rom ~.he v i ewpoin t  of comnha t

maneuver i rig s t ress , i s t he reduction of hi e~d pressure at eve leve l and s ib—

sequen t loss of v is ion . The pressure gradient changes caused h~ the G loading
and blood pooling are, of course , the major contributing f a c t o r :;  - h i ch  reduce

he pres sure available at he e~~ e and i ri more seve re cases at  the bra in.

Counteract i fly the reduced pres sure i s t. he pr i wary purpose o t s t ra i n i nq maneuvers

(M — 1 and I.— ) , App endix A) . Blood pool ing in t hi.’ I oWer bLid\ 1 s reduced h~ use
of the G— suit . The factors, t hen, which dct i ne ,in operating 1 1 ni i mi I he

cardiovascular system , are ,-e ’l ated dir e : t l v  to t he blood pressure respeim se

character is tics in the 3— 15 second time frame 15) . A composit e o I exper I —

menta l resul ts depicting accelerat ion tolerance end po nit s is shown in I
1 (a , 17, :s) . In genera l t he blood pri ’ ssure res ponse ii a h~ pot bet m I

accel r tion field with SG/ sec onset shows a gradual dec rt’ase bel o~ base l ine

until e ight seconds then a gradual increase to a fi na l leve l  s t i l l  be loi~ base —
line. The pressure receptors in the caro t id  sinus are the pr trta r~ ause 01 t Iii 5

reflex action (38).
Another area of interest in the physi ologic response to G stress is the

time period beyond 15 seconds. Once the pilot has 1 ..~-.sed a G stress l eve t

which represents his/her relaxed tolerance [energy must he expended] in strain-
ing to increase bl ood pressure and thus mainta in vision. The amount of e’tergy

expended in the blood pressure maintenance task is a factor of the stra inin g7



I

f I c  I enL. -~ and the m agnitude of the G di fference between the relaxed tolerance
and tfle c urre nt G stress level. I t can be speculated that the time endurance
l i m i t  is dete r~:incd by the amount of straining energy used in vis ual mainten ance.
,~t en  the eneryy poo l Is diminished ~o o certain level the fati gue limit is

reac hed .

~iie Pulmonary circulation is also a cri ’ica l factor in determining the

ar ount of oxygen available to the physiolog ic system . Acceleration stress

.auses a reduced blood flow to the ventilated areas of the lung which in turn

i-eJucc~ t h e  arterial oxygen concentration , Gla ister (21). Therefore there is a

conLo r - r ant reduction in the oxygen deliver y from the externa l environment.

~ Ire 5 , s t e r :  model is shown in Fi gure 2. The model rationale is that of

e m r e r q . bal a n ce or oxygen balance and provides a rationa l basis for description

of pr evi ous i) recorded experimenta l evidence. The model also generates a new

s e t  of quest ions and requires a new set of experimental evidence in certain

area s to es~ab1 ish a validation from the new viewpoint. The transition front

o \ ,~ten deplet ion to CNS impairment and acceleration levels to manip ulative

~ o n t r o l :odels Is ieft to others.

L a cmt of the computer based models is derived front literature and/or

experimentation and each subsection represents a partition of the complex

Systei:r into more easily mode led subsystems.

8

-=

~

-- —---~~~~~~~~ ---— --  -



0

I
ç

00 C
U G~r

4 Lo
cD
c -t~ ~-

‘Jo 0

B ,~~. ( ,  
~~)

~c F O S L)

0
L U 4-4

~88 
I-

0 0
0

(1

oO .

~ 

,

~~~0 0 C, 0 U

88 C C ,0 E o . ~o

(
~ bol) 

a~uea~~oj

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A



a)

I 
______

~~~ 1Ici L~J Li .—. (.1) ‘—. ci ~~ I _.J ci i_i.)
>‘ _ _ _ _ _  

I
— ~~ ~~- ci

ci) -

0

_ _  
HI

C 

_ _

I— W (I) L) (D a)

w ~~ 4- 4- 4- 0o 0 0 0
.4~)A U Ui a) a) E

I >s a) ~~ ~~ a)— — I — _.

I a)
4_i ~ >. ~~ ~~ >~_ 
it 0 1/)_ 

1 . 1  w .,_ c c c
c.L~ I.-. I— L) ~~ I— ~~ 4-~ 0 0 0 U
~~ L) ~~ tñ w v~. (f) (U •.- ~

.-
.-_. u._i >- cc i— i— >- >- I— s~ 4._i 4~ 

4) 
~~4-.’ a) U U U a)

‘-. ci CD >- c~ 
C) .— a) U) a) 0-

cc ~/) Li Li 0 a) 4~ 4~ 4-’ ~~ci 4- 0 0 0 0 Ci)I— (.1, Li 4- U ~- ~~- ~- Ccc Lu cc o o._ o~

10



__ —---—----—~~~~- - . -  ~.-- -~~~~~~~ -~~~~~~ 

SECTION 2

THE PHYS IOLOGIC MODELS
Introduction

The human organism is a highly complex system of interconnecting and
interdependent systems. Linearization of any of these systems is a precarious
practice if the attempt is to define the total system . However by restricting
the modeling effort to the problem at hand some success can be irnediately
forthcoming . In attempting to tie the simulation of machines in direc t
connection with the man further allowances and restrictions are forced upon the
modeler. Training and research simulation has an overriding requirement that

the system must run in real time . U .ing the engineer ’s tools such as linear

* systems analysis, complex structural model i ng and applying simplifying assump-
tions it is possible to define a manageable structure with some common signa l
set which relates each part of the model . The rationale behind this system
structure is directed by such constraints.

The simulation submodels are selected by a partitioning process which
separates identifiable physiologic systems. The systems are then mode l ed
using a common dimensiona l signa l as the output.

The integrated system is represented in Fi gure 2. The various mode l
partitions are evident in the bl ock diagram structure.

The Cardiovascular Response Model is represented by a dynamic linea r
transfer function which corresponds to the effect of acceleration on the pilot ’s
blood pressure . One prime govern i ng factor in pilot response to acceleration
is the onset of greyout and bl ackout. These visual problems are directly
related to the availabl e blood pressure at eye level. This model output pro-
vides a dynamically responding signal which is equivalent to nomina l eye level
blood pressure va l ues for an unprotected human undergoing the equivalent
acceleration , G(t), profile.

The Straining Simulation Model accounts for the G tolerance enhancement
which is afforded by a properly executed M-l or L-l maneuver. The purpose of

these straining maneuvers is to increase the blood pressure delivered to the

eye. Proper performance of the maneuvers requires that the abdom ina l and upper

torso muscles be tensed i sometrically and that expirations should be made

against a partiall y closed or closed glottis. The result is an increased

intrathoracic pressure and increased blood pressure at the eye. Proper

11



application 0f the straining maneuvers also results i n  the appeara nce of myo-
electric si gnals ([MG ) on the skin surface. These bio log ical ly derived signals

may prov ide for an evaluat i on of the strain ing protection variable which re-
presents the increased blood pressure due to the M-1 or L-l .

The Ventilation Perfusion Model allows the effects of reduced perfusion
to be incorpora ted . Acce leration induced shifts in the pulmonary blood supply
reduce the amount of oxygen transport across the alveolar surface and thus
reduce the oxygen supply.

The results of oxygen/energy use in strainin g and the impaired supply
through the ventilation perfusion changes are embod i ed in the energy stores
Model.

The G Suit Model provides the parameters which describe the valve system
and the garment used to increa se the individuals tolerance to +G

~
. The suit

uses pressurized bladders to press against the legs and l ower abdomen. The
externa l pressure inhibits displacement of the blood volume to the l ower e~.-
I remit ies thus insu ring a better blood supply to the heart during acceleration.
The suit must be inflated by the G va l ve to a predetermined level for the suit

to be effective. The simulation model accounts for the required pressure level
and uses the actual suit to provide the necessary dynamics. The suit pressure

is compared with the requ i red schedule and a protection value is generated b~
the model.

The Dynamic Visual Field Model reacts to G level inputs front an ~tcrna l

source and produces a dynamically responsive signa l which predicts t ie expected
visua l field of a pilot undergoing the identica l G profile.

The system presented on the fol l owing pages represents the results of
partitioning the complex physiologic system into subniodels. [ach submodel is
explored and developed in detail based on a common protection variable (PV)
which is related physiologically to systemic blood pressure. The blood pressure
models are then finally combined in a systematic parad igm which provides the
driving values for the visual field response model.

The Cardiovascular Response Model
Background

Human tolerance to long term +G
~ 

acceleration is normally measured in
terms of visua l loss (blackout) and unconsc iousness. Both of these tolerance
end points are related to the ability of the cardiovascular system to deliver

12 
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oxygenated blood at adequa te pressure to the retinal and cerebra l regions. The
acceleration causes a chang ing blood pressure profile in the human such tha t
the effective pressure vertically above heart level is decreased and the
pressure below heart level is increased . There is therefore a lower perfusion
pressure at eye level. The distribution of the blood in the body also changes
as the acceleration pools blood in the lower parts of the body and lungs. There
is therefore less available blood to circulate and a lower oxygen content be-
cause the lungs do not operate as efficiently.

- - There are two cardiovascular systems which are dynamically i nvolved in
blood pressure maintenance which the human is undergoing +G

~ 
acceleration. The

hydrostatic system which is related to classical fluid mechanics is responsible
for the reduced retina l perfusion pressure at the eye and eventua l loss of

f pressure at the cerebra l level. The orthostatic system is related to blood
pooling in the l ower body wi th a concomitant reduction to venous return to the
heart.

The cardiovascular system has self regulatory feedback systems which are
affected by blood volume and pressure . The feedback system s attempt to regulate
the pressure and flow characteristics of the cardiovascular system . One of the
primary pressure sensors for this system is located in the carotid artery . Any

change in pressure at the sensors results in a regulatory operation which
attempts to return the pressure to a preset value. For example, a pressure
drop at the carotid sinus initiates a neurolog ic reflex action which changes
the heart rate and output so as to increase the overall pressure leve l . thi s
section derives the rationale for a cardiovascular transfer function model

which describes the G
~ 

acceleration response of the blood pressure delivery
system .

A radically new model for the cardiovascular system is not the intent of
this study. Rather a reasonably accura te transfer fu1iction based on physiologic
and phys i ca l princip les as well as experimenta l observation is sought.. The
major requirements are tha t the transfer function mode l retain the major re-
sponse characteristics of the cardiovascular system , be imp l ementable in a rea l
time digit a l simulation system, and retain factors which are i dentifiable with
measurable physiologic factors .

Transfer Function Dynamics
Models of the cardiovascular system have been developed by investi gators

_ _ _  
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(19 , 30, 32, 45) in an attempt to be t ter understand the underlying mechanisms
which characterize the dynamic response of the system . The prima ry areas of
investigation dea l with the carotid sinus feedback reflex, periphera l resistance
and blood distribution. Both animal ana logs (principally canine) and human
experimentation have led to the current knowled ge about the blood pressure
response to +G2.

Canine blood pressure response curves have been derived by Knapp (30) with
maximum gain in the 30 to 60 mHz range . Koushanpour , et a] (32) show a f irst
order transfer function with a 20 second time constant. Levison (38) has pro-
posed a second order system for the canine carotid reflex with a natura l
frequence of 42 mHz. According to Scher (50) an adequate description of the
pressure response transfer function can be made as a single zero double pole
system . Gi lli ngham (19) uses a single zero double pole system as one of his
empirical functions . Examination of Gillinghani ’s data as a Bode plot indicates
tha t a single zero double pole transfer function can be applied wi th  reasonable
results. This study has adopted a similar function to represent the pressure-

acceleration (P-G) transfer function. The frequency range of interest is
restricted to f 200 mHz as the physiologic response of interest as long term
maneuvering accelerations falls within this range. The generali zed transfer
function is:

K1 (1 + a 1s)
P(s) = __________

1 + b 1 s + b2s (1)

Values are selec ted for a1, b1, and b2 as compromi se values front the literature
and Gi ll ingham ’s response curves . The system lead term is selected at = 30
mHz and the system response is selec ted as a complex pole at fp = 70 mHz and

= 0.7. For these breakpoints the values are a1 = 5.31 , b1 = 3.23, and b2
E.17 (n 1 = ~4—) . The system gain k 1 is derived in the following section.

System G a i n  De r i v a t i o n

The calcul ation of system gain requires the cons i deration of the laws of
hydrostatics, anatomy and experimenta l observation. The occurrence of blackout
defines the point at which blood pressure in the eye has dropped below some
critica l value. The difference between this critica l value and the norma l eye
leve l pressure provides the basis for calculation of the linear gain value.

14 
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The resultant gain K1 represents the static pressure loss at eye level per
unit G under the assumption of constant pressure at the aortic arch.

The laws of hydrostatics requires that idea l fluids at rest under gravity
have equa l pressure in all directions at a point , have the same pressure at all
points on equal gravity planes and that pressure varies with depth . In a
gravity free environment the blood pressure would generally be constant over
all areas of the body~ Under this condition the effective interna l eye level
blood pressure would be 90 mm Hg assuming a 20 mm Hg intraocular pressure and a
nominal systolic pressure of 110 mm Hg. If the body is placed in an accelera-
tion environment the hydraulic column of the blood supply will take on differ-
ing pressures at different vertica l distances as measured along the acceleration
vector. The change in pressure due to acceleration and the hydraulic column is
given by Pascal ’s Law of hydrostatic differences . This can be stated as the
pressure at any point in a fluid with respect to another point is g iven by
e Gh where p is the density of the liqu id , G is the acceleration and h is the
vertical distance to the reference point. The pressure in mm Hg at eye level
is calculated as:

Pae = Pa -0.77 G(t) he (2)

where O.77 is a conversion factor related to blood density with units of mm
Hg/cm.

There is generally some angular displacement from vertical of the hydro-
static column between the aortic arch and the retina . This offset angle (e)
accounts for the G

~ 
component of the acceleration vector. The pressure at

heart level is given as Pa and the pressure at eye level is given as Pae. The
hydraulic gain for the transfer function relating pressure at eye level to the
acceleration level is then given by:

Pae - Pa = -0.77 he cos n/C (3)

The transfer function gain is:

K1 (o) = P
~
e
~~

Pa = _ 0.77 he cos e (4)

15 
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For a nomina l eye to aortic arch distance of 28 cm and e = 00 the gain K 1 (i3 ) is:

= -0.77 (28)(l) = —2 1.6 nut Hg/G (5)

The gain value can also be calcu lated from blackout tolerance values
derived from experiment. The blackout tolerance figure for unprotec ted sub-
jects is reported by Burton (5) as 3.7 G2+ .10 for peripheral light loss and as

4~ 7 G~+ .8 for centra l light loss. The occurrence of centra l li ght loss or
blackout corresponds to the cessation of blood flow through the retina l artery
and therefore is the point at which the effective pressure has dropped to zero.

The effective retina l pressure is calculated as the difference between eye
level blood pressure and the intraocular pressure (vide infra) where the intra-

ocular pressure is chosen with a nomina l value of 18 mm Hg (11).

= Pae - 18 (mm Hg) 
- 

( 6 )

(Pae = 120 — 0.77 (30)1) (7)
= 97 - 18 (nuii Hg) (8)
= +79 nun Hg (9)

The G difference is taken from experiment (5) so that K1 
(
~

) is calculated
as:

K1 (
~

) = 
~ 

= -21.4 nun Hg /( (10)

The genera l transfer function is construc ted u~ing the derived values as shown
in Figure 3.

The Protective Garmet Model (G Suit )

Background
The history of G-suits dates from World War II and has been reviewed in

recent monographs (5 , 15, 16, 29). The wrap-around CS U-3 /P cutaway—type of
anti-G suit, presently used by the U.S. Air Force, improves tolerance in the
+G~ vector by about 2+G2 (37). The protection effect of anti-G suits was
originally established on the Toronto centrifuge and at the Mayo Clinic and has
been summarized by Wood and Lambert (58). These studies showed that Inflation
of a G-suit at 1 G produces an initial increase in arterial pressure , followed

16
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by an almost immediate decrease in heart rate probably due to a depressor re-
flex originating in the carotid sinus and aortic areas. Lindberg has observed
that inflation of an anti-G suit under 

~
6z acceleration is associated with a

relat ive increase in mean aortic pressure which acts to counteract the in-
creased hydrostatic pressure (43). When the suit is inflated during accelera-
tion , the arterial pressure rises slightly above normal at the heart level but
remains below norma l at the head level . Since the pressure in the carotid
sinus is not significantly elevated , slowing of the heart rate does not occur.
Lindberg , has shown tha t the decrease in cardiac output that occurs during +6
acceleration is not significantly altered by the use of an inflated 6-suit
(43). Hence , the protection afforded by the suit is not associated with a re-
lative increase in cardiac output.

McCally has shown tha t the 6 suit does not provide protection unless the
suit is inflated to at least 80 mm Hg (46). In effec t the pressure difference
between the suit bladder and the hydrostatic blood pressure in the l ower body
must be such that t he suit pressure is greater to effec t a protection function.
The same reasoning is used in developing the simulation model . The suit
pressure must be within acceptable pressure tolerance or it will affort no
protection value.

The G Suit Mode l
The protective 6 suit garmet contains airtight bladders which arc filled

with pressurized air delivered front a 6 sensitive mechanica l valve. The
pressure delivered by the valve is a function of the current G level. The
normal suit pressure 6 relationshi p curve is presented in Figure 4.

At. the l ower end (left side of Figure 4) of the 6-pressure curve it can be
seen tha t 6 suit inflation does not begin un til the valve has reached a level
of 1.5-1.7 6. After this point the pressure Output is a linear function of G
with a va l ue of approximately 75 mm Hg per 6. The air bladders , the suit air
feed hose and the containing garment represent a dead space which introduces a
time delay into the pressure system. The delayed suit filling is caused by
both a transport delay and first order lag. The transport time is caused by
the connecting air feed line front valve to suit and is on the order of 5 msec .
The bladder size and garmet tightness govern the lag term whi ch has a time
constant on the order of 1 sec . These relationshi ps can be seen in Figures 5a
and 5b.
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In terms of the model , the dynamic 6 suit effects do not easily fit into
the sc heme of the blood pressure dependant variable. This niust be circumvented
in the integration of the system to allow for stra ightforward i rnp l enientation .
The genera l plan wil l  be to establish a binary decision on appropriate suit
pressure.

A blood pressure G suit model is chosen based on experimenta l va l ues front

MC al ly (46). The model assume s a nomina l 2 G or equivalent 42. 8 t iuti Hg i ncrease
for a properly inflated suit. For a suiL with l ower than designated pressure
the increased 6 protection and equivalent blood pressure value decay linearly
to 0. The model is driven by a delta P 

~~~~ 
represen ti ng the pressur e di f-

ference between the standard suit pressure curve and the actua l suit pressure.
When suit pressure is equal to or greater than the standard curve val ue , full
protecti on is assumed . When the suit pressure is less than required by the
standard curve , the protection value is lowered . When the pressure differenti al
is greater than 80 nun Hg with the suit pressure be low required va lues , there is

• no protection afforded by the sittiulation model.

Where .~P6 = Suit Pressure - Standard Curve Pressure

For -
j
-P < - 80 - - Protection Value ( P V )  0

For -80 < \P6 
-
~ 0 ——- PV = (—~~--),\P + 42.8

For 0 ~P6 
———- PV = 42.8 ( I l )

It is most appropriate to inc l ude both suit dynamics and the physiolog ic

system dynamics in the model . In fact th e su i t dynam i cs are i n c l u ded as a rea l
time system by the implementation of the actua l suit system pressure signa l in

the model . It is not possible to add the physiologic system dynamics at this
time without greater definiti on of the protective mechanisms. However the
errors inherent in the current system will not be of such magnitude tha t their

effect will be noticeable in this simulation system . The suit dynami c effects
may change the cardiovascular system transfer function . Both the stiffness of
the system and the lead term of the 6-P transfer function would probably be
mod ified in a manner which cannot be accurately modelled . The simulation model

is presented in bloc k diagram form as Fi gure 6.
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Fi gure 6. 6 Suit Model for Generation of
Protect i on Value PV6
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The V is ual Model
Bac kground

The effec t tha t acceleration has on the vis ual appa ratus is observed in

terms of tunnel vision , greyout , and blackout. During the periods of greyout
there are also decreases in visual acuity and brightness contrast  det ’~’- t io n
ability . Al though there are multiple factors related to the anatomy , psychology

and physiology of the human which are responsible for these changes in visual

perception , the structure of the eye is a primary factor arid provides the basis

for a usable model.

The approxiritately spherical eyeball contains an opti cal system which

transform s light through a variable focus lens and forms an image on a light

sensitive layer on the inside rear surface (Figure 7). Detected li ght in

elec tr i cal s i gn a l s  tha t pass th rou gh neura l l i nks to the bra i n where consc ious
recognition of the image takes place. The eye is supplied by the opthal m ic

artery which has two branches in the eye itself. One branch , the retina l

artery , enters the eye within the optic nerve and provides the prima ry source

of blood to the retinal layers. The other branch , the c ’ i l iarv artery , supplies
the outer l ayers of the eye and the cilinary processes. The cen tral re ti nal
artery enters the eye at the nasal side of the optic disc. Within the disc

nstrgin the artery divides into a superior and inferior branch and these branches
then divide into tempora l and nasal branches. These four divisions supply the

four quadrants of the retina and can be observed in vivo by means of the

optha l mascope . The branches are actua lly arterioles without pre capillary
sphincters (13).

The retina is composed of distinctly different areas, the optic disc which
is the entry point of the neura l links to the brain, the macula containing the
fovea l area which is the optical center of the eye, and the parafovea l areas .

The principa l light detection apparati of the eye are the rods and cones which
are distributed throughout the eye with varying densities in the different
areas. There are no rods or cones in the optic disc area and therefore the disc
represents a bl i nd spot on the retina l field. The fovea contains the greatest
density of rods and cones and therefore provides the greatest visual resolution.
The periphera l areas of the retina have a greater recruitment of sensors per
neuron and thus have a lower resolution.

The neura l linkages between retina and brain are also distribu ted with
varyi ng densities to the rods and cones . In the peripheral areas containing
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only rods, there is a recruitment or summation of detectors so that one neuron
may serve multiple rods . In addition, the visua l pathways have 3 cells and 2
synapses within the retina (see Figure 8). These neural junctions are parti cu-
larly susceptible to oxygen deprivation and the periphera l blackout phenomena
is thought to be at the gang lion level in the chain (37). The rods and cones
in the fovea region are innervated on a nearly one to one basis.

The eye is mainta i ned at an interna l pressure which is above that of the
surrounding tissue. This intraocular pressure ranges front 10 to 20 n~it HG i n

the normal eye. Thi s internal pressure serves to hold the eye relatively rigid
thus supporting its optical apparatus. Any fluids which are transported into
the eye must enter at some pressure greater than the intraocular pressure .
When the blood pressure supply drops below some critical point the retinal
supply vessels no longer remain open to blood flow. Therefore , theory predicts
that visual field collapse in +6 acceleration occurs when retina l artery
pressure approaches intraocular pressure and retinal perfusion ceases. i n

1954, Lewis (40) examined the retina directly with a funduscope and drew
illustrations of the retina l supply at +6 accelerations. In 1 968, Newsome (48)
using color photography confirmed that blackout is characterized by pallor of
the optic disc and drainage of blood from the central retina l artery and vein.
Thus it is evident tha t sufficient pressure in the optha lmic artery is necessary
to insure delivery of nutrients and oxygen to the retinal l ayers.

The simulation model utilizes these concepts and offers a systematic look
at the blood pressure distribution across the retina l field. The changing
pressure levels which are postulated across the eye serve as a partial explana-
tion and a functiona l model for the prediction of field changes other than
tota l blackout. The model requires an oversimplification of detailed circula-
tion patterns and draws upon certain observations in the literature on the
anatomic structure of the eye.

The Visual Field Model
The structure at the retina is idealized as a network of cylindrical

hydrau lic pipes wi th a centra l supply at the entrance of the optic nerve,
Fi gure 9. If a steady laminar flow is assumed throuqh a cylindrica l tube t-he
flow (Q) will vary with the 4th power of the radius of the tube and the

pressure differential •~P. Also the flow will vary inversely as the l ength of
the tube and viscosity of the fluid II. This is stated in Poiseui lle ’ s law as:
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LIGHT ENTERING THROUGH PUPIL

A schematic diagram of the retina is show n in cross
section , with the forward facing surface below on the drawinq
and the rearward l ayers above . Notice that light from the
lens falls first on the nerve fibers , traversing these and two
layers of qanglion cells before reachinq the primary light
sensitive cells, the rods and cones. There are many more
rods than cones, but in one small area of the retina there
are cones only. This rodless area is the fovea , the area of
sharpest day vision. Cones are responsible for vision at
the higher Illumination levels , and for color vision. The
rods are able to handle the l ower liqht intensities of twlliah t
and night. Nerve pathways from the different cells cross
and interconnect at the qanglion layers , as Illustrated .

Figure 8 Schematic Section of Retina
from White. (57)
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Figure 9. LinearIzed Representation of Blood Supply to
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0 ~~~~~~~~~~~~~~~ (12

The blood pressure drop across the cardiovascular system is mostly across
the arterioles (2). At higher levels of pressure the retinal arteries supply
the arterioles with sufficient pressure so that the entire retina is perfused
with a continuous flow of freshly oxygena ted blood . As the pressure in the
retinal artery drops, the flow must decrease in accordance with Poiseui lle ’s
Law , resulting in less blood and therefore less oxygen available to replenish
the retina .

The effective pressure 
~~~ 

in the retina l artery is the difference be-
tween supply pressure (Pae) and the interocular pressure P10.

= Pae - P10 (13)

As an initial approximation , the retina l supply network is assumed to be
a network with the supply pressure distributed linearly across the network.
That is at any point along the supply:

dP
dx

where dx is the distance along the arteriolar bed, dP is the corresponding
pressure change along dx and K is a function of the supply pressure at the optic
disc .

The family of curves describing the transretina I pressure grad’tent is a
series of straight lines with slope where represents the current retina l

K4

pressure at the disc and K4 is the outer circulation limit of the retina ,
coresponding wi th the ora seratta . For any va lue of Pae the retina l pressure
as a function of distance from the disc is given by:

P
- g~

- x + ( 14)
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In a small blood vesse l a pressure differential of about 15-20 nun Hg
across the vessel wall is required to maintain an open flow channel (2) .  When
this transmura l pressure is not ntaintained , flow wi l l  cease and the blood supply
is cut off to all points beyond . This criti cal pressure is now labe l ed 

~CR1T

17 = - ~~-x + Pae
4

17K 4 17x K 4 -~~~- — K 4 (l~~~~.j) (15)

For a nontina l value of K4 
= 1100 representing the outer circulation limit, x

is given by:

x = 1000 (1 - 

~~~ (16)

The quantity x represents an angular distance measured from the center of
the optic disk. The optic disk is located on a visua l field map approximate ly
1O~ to the right of and 100 bel ow the optical axis for the right eye and to the
left and below for the left eye. The expression for the visua l threshold
distance x is now applied to the binocular field chart using this offset. The
peripheral edge of the model is determined by a polar projection of the retina l
field. The center of the polar map is taken as the visual axis and the disc
as the flow center. The field contribution of the right eye under acceleration
is then:

r2 - 2r dr cos (d + x)  + rd 
- x2 (17)

where r is sensed visual limit at 
~~
, rd is offse t distance of the disc front the

visual axis and d is the angular offset of the disc from the horizonta l axis.
A similar expression is found for the left eye.

The visu al field mode l can now be extended to a binocular field. Figure
11 is a binocular field map showing the coincidenta l foveal areas as the visua l
center , and the optic disc for each eye in a manner tha t depicts the observed
field from inside out. The outer lines depict the outer edges of the periphera l
vision. Lowered blood pressure supply in each of the modeled retinas causes the
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field to collapse as concentric circles with centers at each of the optic discs

as shown by the dashed lines . Thus the visua l field collapses toward a some-

what ova l shape with the vertical field having a smaller visua l angle than the
horizonta l field. This shape is in aggrenient with Gil linghan ts experiment al

results (18).
The relationship between retina l blood perfusion , and the ability for

contrast detection in a visual scene is apparently an oxygen transport phenomena .
The observed visua l dimming and field collapse model can be extended to inc l ude
these effects. A representation of the visual field model is included in
Figure 12.

Vertical Field

— — — — — .

X X :Horizontal
Field

/

LEGEND
r = polar distance from center to outer edge of

visual field
x = location of optic disc for left and ri ght eye

= polar angle

Figure 12. SchematIc Representation of Visual Field
Size Model

The Straining Model
Background

Human tolerance to acce)er at ion may be improved by the use of protective
measures and devices . Straining and grunting in tight turns was practiced by 

T T T ~”T 
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German pilots prior to World War II to improve their tolerance. This technique
gradually evolved into the M-l maneuver. At the same time it was discovered
that bending forward also improved the tolerance of pilots in high acceleration
maneuvers. The effects of posture , restraint , and body position on G tolerance
have been we ll worked out and have been rev iewed in detail (15, 16).

The M-l maneuver, defined as muscular straining with expiration against a
partially closed glottis , (see Appendix A) is a most effective voluntary pro-
tection against the circulatory effects of +G~ acceleration (43, 58). The
physiologic basis for this protection has been ascribed to its effect on in-
creasing the arterial pressure during acceleration. As forced expiration is
instituted , the resulting increase in intrathoracic pressure is transmitted
directly to the aorta . There is an imediate increase in periphera l arterial
pressure which is only slightly less than the increase in intrathoracic pressure.
This maneuver affords up to 2.4 6 protection against blackout (5). The
circulatory mechanisms described were identified by Rushmer in 1946 (49). The

“pressure raising ” approach has theoretica l difficulties in that blood pressure
is controlled within rather narrow limits by a number of effective servo-
mechanisms , the baroreceptor system being the best known . The elevated
intrathoracic pressure can resul t in a decreased venous return , l owered cardiac
output and therefore a l ower bl ood pressure at the eye. The carotid sinus re-
acts to the initially increased blood pressure and also to attempt to regulate
the blood pressure . Both of these effects are minimized by a cyclic application
of the M-l or 1-1 procedure with a repetition rate of 4-5 seconds (Appendix A).

The vestibular -cerebellar system senses the initial 6 force and in fact
may anticipate it in the real sense as the cerebeller function has multiple
inputs to key it to oncoming acceleration. For example in the aircraft it is
an initial cerebral activity that initiates the maneuver and therefore the
system has apriori knowl edge of the magnitude , onset rate and duration of the
upcoming acceleration profile. The centrifuge subject has some keyi ng from
aud i tory senses originating from hydraulic valves , start up commands as well
as early motion cues to predict that something is going to happen . The
simulator pilot has cues in that his actions generate the profile. Of course
in a well designed test, the subject may not have apriori information on the 6
profile.

The action of the vestibular-cerebellar system modifies the neurologic
system in a manner which leads to increased anticipation and undoubtedly higher
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sympathetic activity, i.e. increase muscle tone. The anticipatory activity
involving suc h anxiety then changes the hydraulic constants of the cardio-
vascular system . This of course affects the periphera l resistance, damping and
blood pooling capability and the natura l frequency of the P-G transfer function.

Investigations by Lind and his coworkers on the effects of isometric
exerc i se have also identified cardiovascular responses to sustained muscu lar
contraction (41 , 42). For example, a 50~- maximum volun tary handgrip contraction

can raise mean arterial blood pressure 66 mm Hg. The mechanism of the res ponse
has not yet been established . The tensing or i sometric exerc i se of skeletal
mus cle has been mentioned as a 6 protective factor (36, 43) but no attention
has been g iven to the cardiovasc ular mechanisms involved . Muscular tensing
has been alleged to decrease the amount of blood pooled in the legs and abdomen
and to increase periphera l arterial resistance. Musc le tensing alone has been
reported to elevate blackout threshold by about 16 although the muscle groups
used and the force exerted were not specified (37).

Use of the M-l and L-1 maneuvers to increase the eye-level blood pressure ,

and therefore the acceleration tolerance, carries with it an implicit use of
energy stored within the body. There is therefore , a energy cost to a pilot
undergoing acceleration stress in maintaining this visua l function throuqh in-
creased blood pressure . When the subjec t is close to the relaxed acc eleri tio n
tolerance limit, straining is required to increase tha t tolerance level. The
i ncrease be i ng essen ti all y equa l to the amount of elevated blood p e ~~ure  tha t

can be generated with the straining . The energy expenditure is apparent in

the protective maneuvers used . The closer the subjec t is to a limit , the

greater the required straining . The acceleration force also reduces his venti-

lation rate and reduces his pulmonary efficiency . This further compounds the
problem of maintaining appropriate oxygen as well as blood pressure in the eye
and cortial tissues. Thus, there are “at least ” two important components

-
- J contributing to the reduction of energy reserves . These are the closeness to

the cardio-vascular limit and pulomonary efficiency . Once the pilot has ex-

ceeded the norma l 6-stress level , represented relaxed tolerance . even more

energy mus t be expended to increase the blood pressure and thus maintain vision.

The rate at which energy is expended in the blood pressure maintenance

task is a factor of the straining efficiency , 6-suit efficiency , and the

magni tude of the 6-difference between his relaxed tolerance and the current G-

stress l evel. His energy expenditure may be a factor in deterniing the time
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endurance limit w ithin the acceleration profile. The pilot is working in an
essentially oxygen deprived situation because of the blood -lung field shifts
which may not allow for continued replenishment of the oxygen within the blood .
This exerc i se activity of the pilot involves both aerobic and anerobic activity .
The aerobic portion of energy production utilizes glycogen and free fatty acids
as well as oxygen . The aerobic oxidation of a molecule of glucose yields 38
molecules of ATP. Contrast this with the 2 molecules of ATP produced in the
anerobic metabo lisnt of glucose to lactic acid. It is obvious that the pilot,
to endure the acceleration profile for the longest time , should be performing

an aerobic exercise . However , the limited pool of oxygen that is available

and the activity of straining suggests tha t the activity in exercise in the

L-l and M-l maneuver is both aerobic and anerobic. The anerobic activity can

onl y be continued for the period of time tha t ATP is available. The act of

straining reduces blood flow i n the act i ve muscle and exacer bates the ox gen-
ation problem . The exercise intensity may then determine the metabolic path-
way utilized in performing the M-l and L-l. If the greater amount of exercise
performed in straining for acceleration tolerance improvement is essentially
anerobic , then it would seem that an anerobic training method would be most
beneficial for pilots rather than an aerobic training method . The protection
factor generated by the breathing pattern is criticall y controlled by the
straining and breathing rate. An improperly performed M-l can actually reduce
protection and result in a detrimenta l pressure drop.

The response of blood pressure to the valsalva maneuver is depicted in
Figure 13. From a nom i na l value of 125 mm of mercury at the onset of the L-l
maneuver , the blood pressure is increased to a value of 160 mm Hg by use of the
L-l or valsalva maneuver. As the technique is continued , the blood p ressure
gradually decays back to norma l or the 125 mm Hg value. It can be surmized
that the L-l or valsalva is important in raising blood pressure if that

maneuver is maintained for a short period of time (between 3 and 5 seconds) and
then repeated at some short interva l after that to maintain the higher l evel
blood pressure. The reason for the falling blood pressure after the extended
period of valsalva maneuver is tha t the blood return to the thoracic cavity is
inhibited by the higher pressure generated by the maneuver. With less blood
available , the heart is unable to effectively maintain a suitable pressure out-
put.
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LEGEND
A. Arterial Pressures in mm Hg.
B. Intrathoracic pressure

Adapted from Hamilton et al. (26)

Figure 13. Valsalva Maneuver
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In the recovery period , that is after the valsalva maneuver has stopped ,
there is also an overshoot period wherei n bl ood , now rushing back to fill the
heart, is expelled with greater force and the blood pressure increases after
the valsalva maneuver. This may well be a secondary effect which can be useful
in determining both repetitior rate and time period of application of the L-1
or valsalva maneuver. Thus this CV response provides clues as to modifications
of the M-1 maneuver and its applications.

A similar effec,t is seen wi th acceleration induced blood volume shifts.

If a quantity of blood is returned to the stressed heart by a positional change

there is a brief period of elevated pressure (31). The transient pressure rise

may be an important consideration in sequencing acceleration protection devices .

Model Implementation
Figure 14 represents a descriptive model used to implement the known re-

sponses and repetition rates of the M-l maneuver. The M-l maneuver , or modified

valsalva maneuver is most efficient at intervals of 3-5 seconds. Periods of

straining for the maneuver which are less than 3 seconds are not as effective
at reaching the maximum blood pressure . Periods of straining which extend be-
yond the 5-6 second time period involve the blood return to the heart problem
and therefore are also less effective at maintaining the higher blood pressure .

The actual blood pressure achieved by a given straining regime is difficult to
determine. In fact the blood pressure achieved is essentially a function of the
p ilot ’s control strategy in maintaining his function within the acceleration

profile. Figure 15 represents the straining protection model based on the
physiolog y and the past research information. On the input side of the model ,

the letter E represents a control strategy or the amount and duration of strain-

ing which is a function of the pilot ’s training. The model is characterized
by a gain value related to the straining level . The dynamic terms reflect the

activity of the muscle and neura l systems and the changes in the blood flow.
Further research is needed in elucidating the effects of the L-l and M-l

i n terms of frequency response characteristics, overshoot times and other
important factors related to a control model .
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The Ventilation Perfusion Model
Background

Distortion of the l ung field during acceleration causes serious changes in
the ability of oxygen to be transported across the lung surface and thence in-
to the blood . A number of methods have been used to describe the oxygen trans-
port across the lung . Glaister has summarized a number of these in his book
(21). The causes for the change in oxygen transport appear to be due to blood

shunts caused by the redistribution of the blood field across the lung at. the
lower level s and due to the absence of blood at the upper levels of the lung.
To establish a linear model of such a system is an extremely difficult problem .
One method of attack has been proposed by Holden and Rogers and is used as a
basis for the model development in this system (28). The overriding concern is

tha t one develop a dynamic model which shows the oxygen concentration changes
as a factor of acceleration stress. If the model output itiatches the known in-

formation , then the i nput assumptions are at least realistic and the basic re-

search princip le is then established to allow for further study .
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Model Development
A summary of the model development shows tha t the arterial oxygen concentra-

tion can be approximated by a polynomial in 6 and a rate of change of the oxygen
can be approximated by an exponential decay (28). The mode l response to 6-force
is shown in Figure 16. Fi gure 17 is a block diagram contro l representation of
the Ventilation -Profusion Model . The input is the 6-vector with the output the
oxygen concentration in percent of saturation . The bloc k diagram mode l clearly
shows the po l ynomial factor of 6 as an input which is also a function of the
6-vector orientation .

The Energy Stores]O~~gen Model
Bac kg round

The energy production capability of the human is related to proportions of
fats , carbohydrates and proteins used as metabo lic fuel and is related to the
amount of oxygen available to use these fuels in the production of energy. The
actua l energy stores of the body in terms of how much work the human i’. capabl e

of is difficult to measure . The human , like all physica l systems . however, i~
cons trained by basic laws of thermodynamics. We can, therefore , make the ‘~imp le
assumption that a model can be developed which is related to oxygen intake and
energy output. Although this model might not be accurate in a mi cro- ’~eir;e ,

certainly it should hold true over a long period in a macro-sense.
The energy stores model , then , is an energy balance system in which oxygen

is prof iced through the pulmonary system . The oxygen is utilized with the
metabolic fuels -in the straining system with the resultant higher blood pressure

through the straining . Other oxygen is util ized in norma l metabolic maintenance
and the oxygen reserves are depleted . If al l  factors are related to equivalent
oxygen levels, and assumptions are made on the percentage of aerob ic and ancrobic
act iv i ty,  then the energy balance equation is w r i t t e n as:

Oxygen rese rv es + ox ygen in take = oxygen expended in
straining act iv i ty + oxygen ex pen ded in norma l basic
metabo lism

or more precisely:

n~1 f E~O2dt = C1 (P1)

where E~O2 represents the oxygen dependent system n and C 1 is a constant .
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Model Development

The energy system is modelled as depicted in fi gure 18. The straining
protection model driven by the effort strategy tha t the subject or pilot has
adopted to prov ide protection , provides a va lue to the system which is related
to e levated blood pressure . Thi s value is PVC, protection v ariable from strain-
ing . The effort strategy tha t the subject or pilot has adopted also causes
energy expenditure . This energy expenditure depletes the energy stores re-
presented by the small bl ock indicating the percent of oxygen saturation
normally found . The Ventilation Profusion Model at the bottom of the figure,

with an input of acceleration as a function of time , adds to the energy stores
and increases those stores in a fashion dictated by the control model formulation
of the Ventilation Profusion block. The output of the model is, the level of
oxygen in the blood and a protection value which provides the input to other
sections of the model . The Energy Expend iture Model is simply an integrator
which integrates the energy effort and translates this to a depletion of the

• oxygen stores in terms of a decreased percent of oxygen.

I

- I

I
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SECTION 3

SYSTEM INTEGR A TI ON

The Simulation Model
The Simulation Model representing the concept of an energetic system

applied to acceleration stress is brought together in Figure 19. When the pilot
or subject is exposed to an acceleration profile indicated by 6(t) the cardio-
vascular system responds with a decreased blood pressure at the eye if the G
has a component in the z direction . Thi s response is represented as the
Card i ovascular Model . The G suit is modelled as a system which responds to the
acceleration vector and increases the protection value (blood pressure). The
acceleration signal affects the Ventilation Perfusion System Model by decreasing
the inflow of oxygen to the available energy pool. The reduced protection
value (blood pressure) and the reduced PAO2 value reduced (oxygenation of the
blood) affect the Visual System Model by changing the visua l information channel .
The visua l changes are measured as alterations in the visua l modulation transfer
function (MTF). The Decision Model is affected by the visual changes MTF
reduced protection value and PAO2 value. A protection effort strategy is
generated by the Decision Model and the Straining Models are activa ted. The
Straining Models increase the protection value and decrease the available energy
pool.

Thus the Energetics Model becomes one in which energy becomes a primary
constraint and a concomittent result of the straining and acceleration profile.
This concept ties the acceleration protection and the cost of the protection
together in a single model .

The Optima l Strategy Model
A reorganization of the System Model and the addition of flight require-

ments now facilitates the application of an optimal energy and visua l function
contro l scheme. Figure 20 presents the required organization . The physiologic
functions of pressure del i very are categorically identified under the pressure
system block. The Energy System is organized from the Straining and Ventilation
system. The Visual System is depicted as a function of pressure and oxygen
supply. Al l three of the functions are input to a decision/strategy filter
which eva l uates the states of the functions , combines these with other functions

45



>.
C)

I— U.)

I U.. I—

~ 
U.) If)

I U . -~~...J I-- - W Q~

CD LU L) -. (I) — C) ~

U.
I— 4)

I.- 4)
0 >  ~~~ C

4) 0
C

C 0 4-’
U) C%J 0 0 )~~~. — U

1.0 (0 0 -.-- >~~~~ 4’ C
I— ~. C~ _ _ _ _ _  4) LU (0

_I I_f) 0. 0 L U -
c( >- 4) 4.) D
~~) I_f ) 4’ ( 0 4-) 5.
I_f ) 0 ( 0 4)-. 5. 4) U) 9-

In
C C

L u, 0 ) 1 0
.— 4) >, I—

C) S.-
0 0 . 0 C

0.- I_fl 0

— 

t 

CD (0 I_fl 0) 5.

(0 r I— e~> (0 (0 4’
0 •~~~ lI_S

~1•~ 5.. L
___________________________ 0 4) 0) D

5- 4-) ~~~~~~~

_ _ _  

_ _ _  

:~~~~~~~

;: 
I

0) > 4-’ 4-) 5.
0) 0 0

C) .u~~ 4) C 5- 4) 0)
1 00 0 - 4’ •1~I.- LU 

__ 
S.- -.-- 0 U.

C) L) I-- L) LU 4’ 4) 4~ 0) 5.
U.) U) U) I— I— ‘-.- 1/) (0 C 0.p-I I— >- ~~ I— ~~ >- v~ C) S.. ..-
CD U) ~~. LU P-I >- C) 0 4.) 4) C 4.)p... 
~~ CI I~ U) 0~ L) 5- ~~

. ...

0. — U) U) LU 0 4) 10
C) >- Z 9- U 5- VS

I-- 0~ U) C) U.) 9- Q 4)
U) LU ~~

— 
II II II

C D — -.
41 -~~ 

4) 4) U) 0)
4.) 4-) 4’ LU - — ~~

.
U.) — ‘— C) U.) C) 0. 0.

C) C) LU LU

46



~1

C)

~~~~~~~~~
- Li

Q~~~ I-
U. c~ ..i

—

— 

Li I_f) U..

I

LU

(I)
~~~ >-

U)
U)

C) — i —-LU

a)
0

U.
U.
1.0 0)

__________ __________ 
a)— — 4.)
‘0S...
4-)
U)

4)
S.-

.4-
LU

- 1
LU I—4 >— I_f) C)Li U) .U >-

0 - U )
>- 0- 4)

U, C) ~ ) S..
I_f) a - I _ f )
LU LU 0)

•1•~0. LU U.

47



and generates an “effort ’ or protection strategy . In the Simulat ion Model the
values of energy conservation , ininediate protection value , and straining repe-
tition rate iiiust be generated as functions of tb’ effort strategy filter .

The organization of the Simulation Model now allows the use of optimization
techniques to define appropriate effort and profile strategies for the maxi-
inizatio n of acceleration protection with minima l energy expenditure. One con-
trol law which mi ght be considered is to choose the application sequence of
protectio n equipment and straining periods for an acceleration profile such
tha t

J n
)2(t~~t is minimized .

where £~ represents the energy using systems . Other combinations of protection
value and energy cost may be used to derived optima l protection and to establish
the linking correlates to such factors as the indifference threshold of the
Optimo l Contro l Model . 
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

The development of this model and submodels has been based largely on the
experimental data availabl e in the literature. The concept of energy as a
portion of the model is defined in a very genera l sense. Using the available
oxygen as an indicator of the energy is only the first approximation to a useful
system model. This development leads to a new set of research directions which
can be profitably followed for redefining acceleration physiology and performance
models. The sub-models of this system are in no way the fina l models, but are

only approximations based on information tha t was available at the time of this
study . Each of the sub-models needs further exploration and further definition
using a modelling technique which allows for integration with the larger model.

The difficulties , of course , are in the assumptions that each of the sub-
models is a linear system and does not have a cross-coupling affect with the
other sub-systems. These linkages and couplings can only be s tu di ed af ter more
refined models have been developed . In fact , further research may redefine the
struc tura l model as laid out here and in doing so hopefully will bring us closer
to the point wherein it can be used as an op ti mal pro tec ti on model . The de-
cision model will provide links with the optima l performance models used in
performance evaluation.

Optimized Protection System Sequencing
Eva l uation of the model dynamics in an optimal control strategy system

provides a new look at the concepts of acceleration tolerance. Using optimiz-
ation techniques it is possibl e to define performance/protection stragegies for
specific combat maneuvers. A stra tegy or a maneuver can be tailored to extend
either the period of susta i ned acceleration tolerance or extend the l evel of
acceleration tolerance. A balance between the tolerance level and period can
be adjusted with the simulat ion algorithm .

Protection strateg ies can be developed which relate to increased protection
values based on the dynamic responses of the human , the dynamic responses of
the optima l strategy . It is not unreasonable to expect that ac celeration pro-

tection methods can be improved by eva l uating the model using Optima l Contro l
Strategies.
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The resulting protection sequence strategies will require advanced de-
velopmen t of protection equipment. The new equipment philosophy must be based

on the requirements of the maneuver dynamics as well as current acceleration
level. Among these requirements are , varied seat t i l t  times and angles under
acceleration , G su it pressure and fill schedule timing including couterpulsation ,

and more energy effective use of the straining maneuver. It is a realistic con-

sideration tha t such sophisticated procedures will require the use of computa-

t ional equipment which both monitors the human and is monitored by the human.

Strainin~ Energy Cos t
The dynamics which relate the straining maneuver to the increase in eye

level blood pressure are an important question yet unanswered . There is little

or no experimental evidenc e which allows an accurate description of the dynamic

increase in blood pressure as a function of straining under acceleration. The

time delays between straining onset, EMG output , and pressure eleva tion may be

si gnif icant and may lead to acceptable but unwanted inaccuracies in the strain-

ing model. The delay time between straining and appea rance of the EMG potential

-
, is on the order of 200 ms and i s not signif icant in terms of the response ti mes

of the cardiovascular system . Quantification of the actua l straini ng energy
cost which is done in a particular protection maneuver can be done using the

EMG signals of the major muscle systems used in developing the straining

maneuver . The EMG straining informa ti on shoul d be accom panie d w it h i nforma t i on
of in trathoracic pressure used to generate the higher blood pressure ~ the eyes
and oxygen costs for the maneuver. A comparison of these values should be

used to update and refine the model which expresses the energy-to-blood
pressure protection level value.

Performance and Workload
The model provides an alternate structure to link acceleration physiology

and performance systems. The combined effects of the reduced perfusion pressure
and the reduced oxygen saturation at the cortex provides a secondary basis to
re-eva l uate performance which has been studied only in terms of oxygen de-
privati on. Studies which better define oxygen transport across cell structures
at reduced pressure levels are an important requirement. The subset of model s
which describe the energy balance concepts and the effort strategy have a
identif yable relationship with the Optima ) Control llodel (0CM) indifference

~~ ~ r!~-1fl~flT~ ~ ~~ -ituE ~~~~
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threshold. Thi s subset i Iso is ant import ant considera t ion in work load

measurement. i n add iii on I he phys lo) oq I ha si s for I he ret i no I modu 1 a join

transfer funic t ion provides a di rec I. input to th e 0CM paranitet er for oh~.erva lion
noise .

Visua l Transfer Func t Ion
The blood perfus ion schema of the rt’ t i no 1 s truc t ure wit h some exper imenla 1

validation could lead to pr edictiv e me thods for de scribi ng the ret nn~ l— evt ’

modu lot ion transfer func Lion . Thus , the inodu Jo l ion I rans fec function tsecouie s

a rationa l input t.o some Optima l S tra tey.y Mode l in which the p i lot i s oh h’ It)

ba lance impa i red vision and the required energy expendi Lure, I o ma i u La I it an

opti mal visua l function for a given mission s i t uat ion. A promi sing ext en sion

of the visual model would include a dynamic representat ion of oxygen transport

at the synapse june Ii otis i n accord anc e w it Ii M i l l e r  and Green (~l ~) . Reduction —

of oxygen concentration levels due to impa i red pu l monary fund ion or exercise
would play an impo rtant. role in th is e\tended model. The di st r it )u t lou of Visihi I

recepto rs and their a c t i v a t i o n  leve ls  may yie l d a phy sio loqi c hasi s t en pre—

d Ic tiny changes in I he modu Ia Lion transfer func Lion of t he eye dur I nq acre ) era—

tion.
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APPENDI X A

THE M-l AND L-l STRAINING MANEUVERS (20)
M-l Maneuver

“Pilots coni~ionly refer to the M-l Maneuver as the “grunt” maneuver since
it approximates the physical effort required to lift a heavy weight. The M-l
maneuver consists of pulling the head down between the shoulders, slowly and

— forcefully exhaling through a partially closed glottis , and simu l taneously
tensing all skeleta l muscles . Pulling the head downward gives some dgreee of
postural protection (shortens the vertical head-heart distance): inthrathoracic
pressure is increased by strong muscular expira tory efforts against a partially
closed glottis; and the contraction of abdomina l and periphera l muscles raises
the diaphragm and externally compresses capacitance vessels. For long-duration
G exposures, the maneuver must be repeated every 4 or 5 seconds. When properly
executed , the exhalation phase of the M-l results in an intrathoracic pressure
of 50 to 100 mm Hg which rai ses the arterial bl ood pressure at head l evel and
thereby increases +G tolerance at least 1.5 G. The inspira tory phase of the
M-l maneuver must (be done as rapidly as possible, sic.). ”

L-1 Maneuver
“The L-l maneuver is similar to the M— l maneuver except the aircrew

member forcefully attempts to exhale against a completely closed glottis wh i’e
tensing all skeletal muscles. Using either maneuver the pilot obtains equa l
protection , i.e. 1.5 G greater than relaxed blackout level with or wi thout the
anti—G suit. In a 1972 study, subjects wearing anti-G suits and performing
either the M-1 or L-l straining maneuver were able to maintain adequate vision
during centrifuge exposure of +9 G for 45 seconds. Higher and l onger runs have
not been attempted . However, it is important to note (a word of caution) tha t
forcefully exhaling against a closed glottis without vigorous skeleta l muscular
tensing (Valsalva maneuver ) can reduce +G tolerance and lead to an episode of
unconsciousness at extremely low levels. Therefore, instruction and train-
ing on the proper method of performing these straining maneuvers is essential. ”
(Source: Gil lingham , K. K. and Krutz , tJSAFSAM AR 10-74, Brooks AFB , Texa s
78235).
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