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INTRODUCTION

Hierarchy and adaptivity are typical characteristics
of physiological control systems. In order to gain a
deeper insight into the function of the regulators in
man, the systemic approach and mathematical modelling
have to be used. Large scale human systems are often
divided into seemingly independent, in reality highly
interconnected, blocks. When examining these blocks

it is impossible to control all the relevant inputs
and outputs simultaneously under experimental condi-
tions. The only way to try to cope with the increas-
ing number of variebles in dynemical subsystems is to
build a simulation model. Simulation with black box
models cannot, however, explain the ability of the
system to learn that is to adapt itself to new circum~
stances. To account for this adaptivity the model must
include some kind of a performance criterion, a natu-—
ral choise is a minimization criterion. The system

not deviate much from & sine-curve. None of the pre-
vious models have been able to predict any changes iy
the individual respiratory variables of test subjects.
In these papers the aim has merely been to prove that
breathing is opfimal with regard to mihimum effort or
maximum gas exchange. Our main hypothesis is on the
contrary that the system is adaptive, and so itis
also supposed thet it must have some criterion for
decision making in adaption. When such subprocesses
as breathing are concerned the criterion is probably
not so clear and general as the principle of minimum
energy expenditure, although the energy cost seems to
be an essential component in it. It should be noted
that in large scale systems partial optima need not
necessarily give the total optimuin. Further it is
very difficult to define precisely all the tasks that
different subsystems may perform and yet these tasks
should be reflected in the corresponding performance

learns the new circumstances through acontinuously ac- criteria. At the first stage we have tried to find &

tive identification or self-optimizing process correc—
ting the operation of the system so that it would min-
imize the objective-functional in question under the
possible constraints on the control variables.

The mechanical breathing process is a typically adap-
tive system, whose main purpose is to meet with the
ventilatory demand detevmined by the chemical state of
the blcod. The desired ventilation level can, however,
be produced in many ways,thus a decision is needed to
choose between the different alternative control stra-
tegies for the mechanical system. Our work is concen-
trated in the study of the adaptive nature of the sys-—
tem. Its performance principles are being cleared up
with the aid of mathematical modelling. The models we
have developed will be dealt with in this paper.

MODELLING THE ADAPTIVITY 6
The early work of Rohrer( )
on the minimum respiratory work rate criterion. They
used a sinusoidal air flow shape and found t?ﬁs there
existed an optimal breathing frequency. Mead showed
that a minimum force amplitude criterion would give
better results.(ggrther development was made by Widdi-
combe and Kadel'™’, who included control of airway di-
mensions in the former models and obtained an optimal
dead space volume with re?gﬁct to both eriteria. There
has been only one attempt''’to find criteria, which
could explain the shape of the respiratory air-flow
curve. The authors ended up with minimum mean squared
acceleration as a sug;ested performance function for
humans. In a closed form their solution is a parabolic
curve for both inspiration and expiration and it does

and Otis et al.(S)were based

physiologically meaningful performance criterion ex-—
pressed in mechanical entities, which could succes-—
fully explain the spontaneous breathing of test sub-
Jects. To reach this it has been necessary to extend
the number of variables studied and to make the as—
sumptions less restrictive and more detailed. In the
earlier studies for instance the differences in the
duration of inspiration and expiration and the active
role of muscles in the expiratory phase were neglect-
ed. Moreover as far as we know this is the first time
that a model is used to study the control of rib cage
and abdomen with respect to adaptivity.

A HIZRARCHICAL MODEL

In the model the control of respiratory mechanics is
thought to be built up of two levels. The lower level
criterion determines the flow pattern for the cycle
with the durations and tidal volume fixed, while the
higher level criterion gives the overall pattern of
breathing satisfying the alveolar ventilation demand
(Vﬂ)' The overall pattern is deseribed in the model by
duration of inspiration (t,), expiration (ta} and
pause (t,), the operating level (V,)(the change of
FRC—levef from the equilibrium value) and tidal volume
(V) and also the size of the airways (V. )(see figure
1) The concept of preprogramming of each cycle during
normal breathing is an inherent assumption in the mod-
el. Tt does not matter yet nothing is known about the
existence of the corresponding neural identification
networks, since the primary aim is first to explain
and understand the observed control principles.

The system is assumed to have only one degree of
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greedom and a first order linear differentisl equation
is used to describe the system dynamics. It is thought
that the 'real! decision criterion in the respiratory
control system is associated with the effectivity of
oxygen transport and with the minimization of oxygen
consumption. The PV and P? ferms in the objective
functions correspond dixsctly to the oxygen cost of
preathing, whereas the V- terms correspond to the gas
exchange and to the efficiency of muscle shortening.
The third and the fourth terms in the higher level ob-
jective-function aceount for the positive effects of
resting, which may be related to the efficiency of the
muscles or to the general comfortability. The weight-—
ing coefficients «, and B, that appear in the cost
functions are cons%ant individual parameters. It is
clear that structural and other personal characteris—
tic besides the system equation parameters must be
taken into account in the model when we try to describe
o universalbiological functioning principle with the
aid of mechanical entities. The lower level objective
function to be minimized is

II t1 |.2 -
37 7y =é (v {t)+a1P(t}V(t})dt, for inspiration
I =
1 fitte
J2 = {
It is assume& that the system equation
P(t) = K+V(t) + R(V)-V(¢)

does not change during the cycle. The size of the air-
ways V., is kept at a constant value, which is deter-—
mined on the higher level. The end expiration level,
where the inspiration starts is V_ and the correspond-—
ing boundary condition to the problem

V(0)=V(t +6,)=Vy , V(t,)=V#Vp V(0)=V(t,)=V(t +t,)=0
are also dependent on the higher level minimum. More-
gver there is no flow during the pause periocd,

V(t)=0 for ts[t1+t >t 4E +t3]. In the following the
first level solution +i1% b8 denoted by V*(t) =
=V*(t;t1,t2,VO,VD,VT).

The higher level objective function is

I =
J (t19t2,t3sVD’V(t)) =

ve(t)+02P2{t)]dt, for expiration

o+t o+t £+t
1 1203 0 170" 2
= [8,] PS(t)at+B, [ P (t)dt+
t1+t2+t3 10 1 20 e

t t L.+t
+B fedt+B [Pt )as+8 /! 252 (¢)at],
ho 50 6

where P.= inspiratory
tory muscle pressure. Constraints to this proﬁlem are
the systems equation, the optimality of the airflow
V(t)=v*(t) and the alveolar ventilation equation

V, =(V-V )l(t1+t +t.,), where ¥, is a given constant

for edeh breath. Thé total non-elastic resistance H{VD)
has been divided into airway resistance R,, lung tissue

resistance RL and thoracic wall resistance R, S0
that R(VD}=R TVD)+RLT+R y- The relationship bggween
§natomical dead space and airway resistance is dfﬁ%ved
in the manner presented by Widdicombe and Nadel
giving

R, (V.

X _ 0.082 em HpOs 6.4 en H205/1

) =
D'~ V, - 0.0825 1

The model is presented as a two level hierarchical sys—

tem in figure 1, where the coordination variables are
t1,t2,Vo,V sV, and V*(t). The lower level problem is
solved anaEytlcally with the classical variaticnal

t :
Imuscle pressure and P = expira-—

techiques. At first sight the upper level also looks
like a dynamical optimization problem yet it is a
static problem because of the trajectory constraint
V(t)=v*(t).

Testing of the overall results of the model is being
carried out at the moment. Only preliminary compar-
ison can be made between the model and the observed
values for t,,t. and t,, which shows good agreement
(table 1). The resemblance of the theoretical and
individual experimental flow curves is also great
and the typical flattening effect of resistive 10%53
ing is demonstrated in the flow pattern solutions )

First notes on the model and some experimental re-
sultf33an be found in ref.{(9), a more detailed re-

port'~’is still under preparation.

THE LOWER LEVEL MODEL WITH TWO DEGREES OF FREEDOM
Although movements of the respiratory apparatus are
generally described only with one degree of freedom,
in fact a change in the lung volume is a result of
the independent movements of rib cage and abdomen so
the sy?§3m actually has two degrees of freedom (at
least) . The lower level performence criterionm,
which determined the flow pattern of breathing, can
also be applied with this extended system model to
give optimal control strategies separately for the
chest wall and the abdominal muscles. The system con-
sists now of the two parallel components, rib cage
and abdomen, connected in series with the lung compo-
nent and it is described by a set of linear first
order differential equations.

P (t) Ppl(t) = Krchc(t)+R V. (td

rc rc re
Pab(t) Ppl(t) = Kabvab(t)+?abvab(t)
Poa(t) = KVy (e, v (8],
where P . is the change from the resting pleural °

pressure difference with respect to atmosphere, P
and P are the pressures produced by the chest wall
musclés and by the diaphragm and the ahdominal mus-—
cles. The elastances X ,K . ,K. and the damping fac-
re b’ 1
tors R ’Rab’R are assumea connstant . Reference val-
ues for the re}ative volume changes V_ ,V _,V_ are
zero at the equilibrium (FRC) level. The $31ufme
changes of the lungs are connected to those produced
by the rib cage and the abdominal movementsby the
constraint equation V. (t)=V_ (t)+V__(t). It is assum—
ed that at the beginning ofrfnspirggion and at the
end of expiration the system is in a stationary posi-
tion at level V. so that neither rib cage nor abdomi-
nal volume is cganging. This gives us the following
boundary conditions

Vrc(0)=vrc(t1+F2)=Kabvo/(Krc+Kab) 2
v = =
ab(o) Vab(t *t,) KrcVO/(Krc+Kab) i

172
Vrc(0)=vrc(t1+t2)=Vab(0)=vab(t1+t2)=0

Further at the end of inspiration the tidal volume Vn
is reached and the total flow is zero yielding the
transversality conditions
Vo (b )4V, (£)-V =V, and Voo (b 4V (,)=0 .
The lower level objective function will in this case
be of the form

t,+t

II_1 72 : L ST
J =£ LV ¥ oV VoV V gy Jdt where

Y+V

rc’ rc- rc

263




= L - II2 II2 an e
L Prcvrc+PabVéb+Y11Vrch12Vab+*13(Vrc+Vab

1=4 for inspiration tef0,t

)2

sodel
070 2.699

vof1]
2.85 0.823
0.90 0,808
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0,77 0,842
0.95 1.024
1,10 1.2up

2 2 ) 02 W ee o S
Ly=P +Pab+Y21Vrc+Y22V +Y23(Vrc+vab) * i

for two

roduced by ad-

Here it has been more convenient to Place the personal
weightings Y;: in a different position than the cor-
responding Wefghtings *;. It can be shown that the
formulated model hag a ﬁnique solution when not mope
than one of the coefficients Y1j and Yzj is zero.

- 0.1k§
~ 0.5k
- 0,158
0.173
= 0,184
0,196

vyl
b6, megel

Yol21
oha, Ed!]
0,002
0,004
0,006
0.017
0.030
0.0l

Results from the model, for example in figure 2, cor-
respond quite well to the flow and Pressure curves
given in ref.(1). The effect, that lowering the com-
pliance of either part results in a smaller contribu~
tion to the tidal.volum?1 ue to that part, that is {2)
observed in experiments 18 also found in the model ™!

d observed values

zals]
OV, s3de)
9.1h 0,13
0,10 Q.00
C.04 0,00
02,00 ¢.00
9.CC 00.00
lation,

0:30 0.3k

ventilation was p

%120

obe, sode]
2.50 2.54
2,50 2.k2
2.%0 2.3
196 2,17
1.90 2.04
170 1.93

SUMMARY

Previous models of the adaptive control of respiratory
mechanics have been inadequate to predict the respira-—
tory pattern in detail, as the main variables that
have been treated are respiratory frequency and dead
space volume. A new hierarchical approach has been re-
ported, which leads to significantly better understand-
ing of the control principles of respiratory mechanies,
The independent control variables studied are inspira-
tory time, expiratory time, pause period, change of
FRC-level, airway size and the flow pattern of the
eycle. Movements of the rib cage ang the abdomen and
their contribution to the tidal volume are also treat-
ed.,

tylsl
obs. model
170 L85

1.65 1,64

he minute venti

1.6C 1l.cl

1.50 1,43
140 143
1.30 1l.30

41

Comparison of model an
The increase in

,0.35)
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