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* “ABSTRACT
. . // . ! v

The problem'of formulating a model for the tension

1

generatlng mechanlsm in the paplllary muscle of a rat

L.f

'under the condltlon of perlodlc electrlcal stlmulus, is

;con31dered The model formulation is oriented. arcund
the movement of calcium among varlons com;artments pre—
sumed to exlst within the paplllary mugcle. A parameter
of partlcular smgnlflcance in the study is the ca1c1um

_concentratlon in the Tyrode solutlon bath }n which the‘

—

‘muscle is suSFEnded during experlmentatlon. ‘ o
Two particular modeI“configurations are considered

and 1t 1s demonstrated that the flrst is lnadequate

because of its substantlal dev1at1on from avallabl

' Omega response (ten510n frequency) data. The sec nd

.model Whlch essentially 1ncorporates the flrsﬁ ag one

\

of two subsystems, 1s shown to yield Omega respornses
which are in close agreement with the general tr nds of

the\avallable data. - '

"librium i '1ntroduced and condltlons for its existence’
.:ln-the/mathematlcal characterlzatlon of the” system are
developed. The genération of the necessary Omega
dresponse data for the models consmdered is consrderably
fac111tated using the derived condltlons .

A set of model parameters ‘which migimizes gthe

e

" In the coufse of study, the notlon of dynamio equi--

—



¢ o = o .- T u l ¢
deviation between the given Omega response data and model

s,
Omega responses is - fgﬂnd by performlng a serles of compu—

LY

tatlonal experlments on the model.
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“NOMENCLATURE

{'The fluld level 1n the tank T or T ', after

“

the occurrence of a pulse, meters.

The-fluid level fn‘the_tank Tr or T_ , after

the occurrence of a pulse, meters. . -

The fluid level in the tank Ty s after the

_— 2
occurrence of a pulse, meters.

. S
The fluid level in the tank‘}Tr
B oy
~ occurrence of a pulse, meters. ' - "

, after the

The cross-sectional area of the tank TA (where A

can hﬁve-thc values r, SR s,'sl or s,), meter?,

The constant component of the flow rate, P (t),

'through the pump P meter’ /sec.,

_The feed-back‘factor.”

-

The intracellular concentration of free calcium

after an electrical stiﬁulus, %QKS/millilitrEu

.
-

-

Calcium ion concgntzafion in the external fluid

bath, MOLS7/millilitre. - | _ >

-

-

Free calcium, MOLS. c - I

:''Calcium in khe external filuid bath, MOLS..... . .



o Car . ¢ The rapidly releasable  calcium, MOLS.
Ca, ~ ¢ The fast fill¥nd component of Ca_, MOLS.
- T%ry : . oL pon _ :
' Ca_.. : The slow £illing component of EE;T”MOLS.
_ *2 . : ' . ) '
* Ca_ : Thé'stored-calcium, MOLS.
' Ca : The fast filling component of the stored célciﬁm,,
l v I . . " . . . ) .
- MOLS.
_Cas" : The slow fiiling component of the stored calcium,
2 B ) A
" . MOLS. . - S
A . Thé interpulse interval, seconds.
e : The ekponent'factor associatéd with Og- -
~ ~ g . . ‘ 5,
£ : The frequency of stimulation, pulses/ﬁln.'
fi " : The db imum freguency, (the frquenp& at which
'; ‘the pe&k of the Omega response ogcurs); pulses/
f; : 'The "least favourable frequenég; {the ftgquency
S ,i -//, at which the mihimum of the Omega response occurs),
= \ S : ' _ .
\i} - oo pulses/min. . ' ‘ -
- h, >: The fluid level in the tamk T, (where A can. have
‘ "thg_values 0, r, s Tor S, SL or sg)_meters; .
R, The steady state value of the fluid level hy

, (whére A can have the values -0, r; Yye Tpy S, Sp

.. orss,), meters. .
EaES o . 2 - .

7




vi.

. S
e K, : The fluig- I£1low constant’ between the tanks T, (Ta )
N . - 53
and T (T ). meter /sec }
- '-l . .
K, ' The fluid £low constant’ between the ‘tanks T0 and ..
) T (T ), meter /sec, . |
o l | v - ’ i
hK3 fory The flurd flow constant associated w1th the fluid
flow, P (t), of the pum? P, meter /eeé'
. Ky .. The fluld £low constant between the tanks T, and .
. ) 2 -
T_ , meter /sec ' -
xr
Lo ,
e
KZ' s The fluid flow constant between the tanks TO and
* T, meter /sec ' C T o %
s ~ .
. 2 - _ ‘ \\\\
. , | ‘
K, : The fluld flow constant assoc1ated with' the fluid
| flow! (t), of the pump p°', meter /sec.
P
:
--AA : The decay time constent for the tank TA (where A
- . can have the values S, sl_or(sz), seconds.
Ay " i The recovery time-constant of ‘the tank T, (where A
can havecthe calues’r, ri or.rz)} seconds .
s b :
’ﬁMA . : Thjivolume of the tank Tm (where A can have the )
' :es'r, IirXsy e, Si or s ), meter Pl
. . 7 . ’ R
‘ﬁh : The steady state value of volume M, (where A can*
¢;have the values r, rys r2, S, 8; or e ), meter3
) . f 77777 . . ' . *
Q : The ca101um gated from the surroundlno solutlon .

L]

(out51de calc1um) to the C compartment, MOLS._;'

c

v \ PR




‘ T (T '), meter - o

: ‘Time of ocdcurrence of the jth

. . L vii -

o - v ) : ?X . )
The' flUld gated from the ‘tank TO to the tank _ -

3 ' o : e I
517 " I . T Lo

LY

‘pulse; seconds:
?he noggalfzed'Wensipﬁef'the papillary muscleiﬁ_(

The. volume of the compartment C (where A can ’

have the values r, ri,‘rz,_s,‘sl or 52), millilitre.
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1.0’ GENERAL.COMMENTS

s

N\
The challenge of blomedlcal research is to enhance

v

understandlng of bljloglcal systems "and to apply thls

understandlng as di ectly as poss1ble to 11v1ng systems.

Increased comprehen51on of these systems can be obtalned

o~

by observ1ng the performance of the intact organlsm

' Alternately, mathematical modelllng and smmulatlon methods

I
are playing an 1ncre351ngly lmpoftant role in these,

act1v1t1es.' Englneers ‘and medlcal doctors are’ worklng
together to desmgn.and construct, mathematlcal models Whlch
relate to the functlons and operatlons of such ergans as
the heart, the kldneys, the llmbs etc. A partlcular
prdblem of thls:class is lnvesth\ted in this the51s

-_'n. )‘ £
1.1 PROBLEM DESCRIPTION ‘ ’

<
" ~The system under investigation is an isolated
v A

paprllary muscle (cardiac muscle) of a rat suspended in

—_

a” Tyrode solutlon* bath and subjected to an electmlcal/

stlmulus (a pulse tralm w1th a flxed interval between the

pulses) The output of the: system is the ten51on of

cardlac muscle which .is measurable. Figure-1l.l provides °

-':

. a block dlagram representation for the systemQ?

* Tyrer solutlon is a solutlon of 51pllar ionic comp051-
tlon to that of blood plasma. Although it contalps-a

varlety of components its éalclum content 15 the only

%arlable component con51dered in these experlments.'

A
. * ’ ' - e -

i

b4



Page 2 |

The relatlon between the frequency of the electrlcal
-pulse train and the resultlng ten51on developed by the ~

muscle once a steady state condltlon has been reached is

rel

called the Ten510n~frequency relatagnshlp (referred to
" .
hereln as the Omega relatlonshlp) It has been noted #° oF

A
[l 3] that the tension- frequency relatlonshlp of cardlac

muscle encompasses all’ 1nfluences whlch the 1nterval

between electrlcal pulses has on the strength of contrac—

tlon. \
J It is des1red to develop a model of the‘cardlac
muscle system shown in Flgure 1.1, such that 1tlemega
responses correspond to experlmental data obtalnéd from
an actual system using a paplllary muscle of a rat
A parameter asj:%uated w1th the Omega response of
Ithe cardlac muscle is the concentration of the calc1um

f

in the'TYfUde solutlon (the "out51de" ca1c1um concentra—

’ o’

ti n) Hence a further crlterla in formulatlng the model

that JFf obtaining satlsfactory model responses (i.e.

Omega curves)\for\four dlstlnct out51de calcium concentra-
- £
tions; namelx: ~ - _ ' E

T . ]
- -

a):Very loﬁ&dalcium concentration, - OHQSXlO—G Mols/milliliter
b) Low calcium qoncentration,f | —'0._5:»<CI.0“6 Mols/milliliter
c) Medium cgiclum-concentration, _].._0><10_6 Mols/milliliter
d} High calclum concentration, ' 2. 5><10—6 MOlS/mllllllter.

The effect of other system parameters on the tlme ‘and
frequency/responses of /various model components‘or‘compart-

[N

ments and/on the Omega relationship is also of interest.

- - 4
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The electrlcal stlmulus applred to cardlac\;uécle

appears to- act by caUSLng a rapld dlscharge of calc1u\\\\'

wrthln the cells [1 2]. The stimulus strength (volts)

which is Just needed to produce thls effect is called

h

the “Threshold of Exoltatlon"‘\ s

The ‘evelution of the modelllng process under con-
smderatlon is gulded by experlmental dafa obtalned from
experlments performed on Male Sprague Dawley rats and
Male Gulnea plgs. The experlments were gonducted 1n the
Departmeﬁt of Physrology\at the Unlver51ty of Ottawa

Y

In these experlments, tHe muscle was stlmulated through
&

parallel platlnum plate electrodes suspended in the bath

on each side of the muscle and connected to a .stimulator
4/hASS Model 5/4) Stlmulatlon voltage was malntalned
at 50% above the threshold of excitation. The stlmulator
was controlled from a. Dev1ces Digitimer Programmable unit
(Model 3290) The data provrded from these experiments
COHSlStéd of the Omega .curves for the 1solated paplllary
muscle of a rat at varlous caf%rum concentratlons in the

surroundlng bath These curves (obtalned from Forester

-
3

[12]) are shfwn in Flgure 1. 2
@alc1um is generally con51dered to be a prlnc1ple

link between excitation and contraction of cardiac muscle

.
[

and it is well‘known [4] that the heart beat becomes-

'stronger when the calc1um ion concentratlon [Ca~ ]0, in

_’J
-

the surroundlng fluld is lncreased.

When the musclefls stimulatéd at a constant pulse

LY

.

. .
Ay

>
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Lo : b :
_frequEncy, the muscle contractlons also assume a perlOdlC

~ behav1our after passing through _an 1n1t1al trana&ent ,/;E:Zf)/f///
. o B
- phase. Once the perlodlc mode has been ob;affed}/%ﬁeak .

) amplltdde lnvarlant from cycle to cycle) e'peak.tension ,

developed is a functlon of the -eﬁﬁe;c;/:f electfical _
-;etlmulatlon and the cal lpm concentratlon in the fluid
bath. | ' /?)////9

. -, , 3
L S : '

The shape of'the Omega curve is dependent upon the

£
-~

ocutside calcium concentration.. At high calcium concen-

trations (e.c_:;.‘2.5><10—'6 MOLS/milliliter or more), the

amplitude of tension decreases continuously as Hhe fre-
.
quency increases. At low calcium concentrations, the

1

Cmega.relatlon is characterlzed by a»valley whose minimum

il

occurs at a stimulation frequency_f (10+20 pulses/min.f -

1
followed by‘a peak oCcurring‘at'a stimulation frequency
f2 (60 80 pulses/mln ). - The stimulation frequencies fl

and f2 are often referred to the "least favourable fre-

uenc'" and the "optimum frequenc'" respectively Experl—
= Y Y

mental evidence- [1] has furthermore Qemonstrated that the

frequency separatlon,‘(f2 - fl), is‘dependent on the ‘
. . : T
calcium concentration of the fluid bath. At lower ca101um/,

'concentratloqe (f f ) lncreases and vice. versa. T
. P o _ \

1.2~ PREVIOUS MODELLING EFFORTS

It is generally accepted [2] that [Ca++ 'the‘intra—

if
\\\\\\:ellular concentratlon of free calcium after an electrlcal

a

tlmulatlon, determlnes the ten51on development of the
. ‘ .

&5
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I ‘ ' - "
. . ~\ |
.cardlac muscle. It .is, therefore, generally accepted

that the changes in contractile .Strength of the heart
~
muscle may be reflected ‘in changes in [Ca++]i after .stim-

ulatlons. In order to explore this p0351blllt} Manrlng

and Hollander - [2] proposed a model for pred;ctlng changes
\

1n the contractlle strength of cardlac muscle based on

calcium movement between contracte

~

Flguré 1.3 shows a schematic dlagram of thelr model-.

The arrows represent.the flow. of ca1c1um, and ny and n,

o

are two calcium storage ‘compartments. .The strength of

-

c?ntraction is proportional to tbe calcium content in
‘n; at tbe‘moment of stimﬁlation. After a contraction,
n, acqn?res calcium from the contractile mechanism.‘
-Between beats calcium is transferred from n2 to'nl' The

, flow Fp ‘is due to an active calcrum pump whlch malntalns

h

'the 1ntracellular level [5].

In this model, fepd-back effects are omitted'and
|
1nteractlon of only two storage calc1um compartments is’

L8

considered. Tracer studies [6—9] have, however, suggested

the exlstence of several compartments. These addi-

tional compartments may be 1mportant under certain condl-

. &
Ltions. ‘

In 1970, a conceptual model of 1ntracellular.ca1c1um'

-
i

_ movement was proposed by Malnwood and Lee (10]. 1In their .*

i

model ‘shown in Figure 1.4, the papillary-muscle under

the influence of the electrical stlmulqs and the out51de

cal itm concentratlon, is represented b;\three compart-

\ | .

-

W\
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} Id
-mentqi These are (i) the C compartment which contalns

. "stored. or bound calcium (Ca ), (ii) the C, compartment

whlch contalns rapldly releasmble ca1c1um (Ca ), End

(iii) the CF_compartment which contains free calcium
Cap). Ty

The flow of calc1um.between the c ‘compartient and
the fluid bath has three - components namely -
(i) Fo, a gated’ flow of ca101um 1nto the C

compartment which occuré\at the 1A@tant of

,electrlcal stimulus.
S

(ii) Fb' a contlnuous flow phenomenon resultlng

from a difference | in the ca1c1um concentra—

\ tion between the C compartment and the
fluid bath. K, represents the associated i
g . i s
flow rate constant. . - o p

(1ii) Fp, forced transfer of calcium from the C
. A ) . C
compartment. into the fluid bath resulting

from an active "Calcium Pump".
! . . . -

The calcium transfer between the C and C compart- !
ments is a continuous phenomenon resulting from a dlffe— . '

-rence_nn‘the calcium concentrations within these two compart-.

"

ments. This transfer takes place under .the 1nfluence of

the flow rate constant Kl. , . R

At the 1nstant of an electrical stlmulus, the ‘total /

amount of calcium w1th1n the C compartment,%s traqfferred

r

.to Cp compartment where the actual contractile mechanism

is assumed to ‘reside. ' The calcium transferred to the C
L - o
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compartment ge erates the muscle contractlon,

of 1t is retur ed to C compartment, via the £low denoted\

by F2 \eihe latter transfer, whlch takes place over a
relatlvely shortr;nterval of tlme, can be viewedFas a \\

feed-back’ effect.

In the Subsequent considerations,. the CF compartment

is removed from bagic Mainwood-Lee model ;;;‘;HE‘?Breoa;ng- "

reasons: b
(1) The calcium flow F2 from the! CF compartment
_to the C compartment has the form of a
pulse whose duratlon, rejative to the time
constants of tne system, ‘is very. short.
R , . Ry,

The effect of the transfer can, therefore,

be adequately lncorporated by simply con-

—t

SLderlng"an instantaneous adjustment of

’- . :;}/ .
calcium level in the C compartment by an }
appropriate'amount ) - ‘ 1

(ii) As descrlbed above the muscle contractuon

results from calc1um transferred to the CF )

compartment from C jcompar%ment at the

1nstant of the elqug;caiégtlmulus and the

» amount transferred is the total amount of
. S \

ca101um ln C compartment_ The strength of
" the contractlon is proportlonal to the amount

Hof calc1um transferred ‘In effect then, the

e LY l -

strength of’the contractlon can be determlned

dlrectly from lnformatlon about the calc1um in,

G

and a portlon-



I:} “

(

| - - . o A .Page 8

pgrom'an‘operatlonal p01nt of v1ew, therefore, the modelllng

i i
of the,systam can proceed wrtheut reference to the Co Tl
i

J - .,/"" " e
compartment. ) . S “;4? .

S e

] ‘ 3 !‘. . " u\
S < L ' :
P
\ . .. ' 4 . + 1

1.3 GENERATION OF“TENSION g )

::As noted aboVe, the tension generat;ng mechanlsm in
LY

the” Malnwood —-Lee model is locallzed in. the C compartment.-

Y

Howeve% the acéual process Whlch produces the ten51on

[}

from the ca1c1um recelved from Ehe C compartment is not

@

a part of the model. Slnce tens1on is the* only experl—‘:i

~w e st

ocedures can

3 mentally measurable output quantlty of thirpaplllary T
P

muscle system under study, the modelllngt

‘bhe relatedjto reallty only via this part;cular variable.

It is, therefore, necessary to geneﬁete a varlable in the

N

modelllng process whlch is the analog of ten51on.' The
ba51s for achieving thlS is via avaigahle experlmental
data referredmto as the'"restedhstate-contractlon tensron"
relatlonshlp. | - . -

This data is derlved from experlments conducted on

the paplllary muscle in which the electrlcal stlmulus

' pulse $a%e is suff1c1ently low]to allow steady- state condl—

tions to be attalned between pulses " Under suchtconditlons,
the ten51on developed at steady-state’ is only a function
of the futside calcium concentration, [Caol

Data of . thlS type, appllcable/to the paplllary muscle

{
4 of the rat lS glven by Forester [12} " By normarlﬁgng,

7
o+

)‘! 4.

, R P

'the .C. compartment at the *time of the‘stimulusf:

-

—

\
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j llnk which enables the\{w;mulatlon of the mathématlcal
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T e o LA . |
thls data. and 1nvest1gat1ng p0551ble analytrc exﬁfg;;;;;;

'..u-

whlch prov1de a fit to it, Forester" proposes the

sfoilow1ng analytlc model S ' ; o

s 7.2x10 fEa 12 - 7
T = ....!A<ffl 1.1

1 ;7. 2x10 [Cad] e

. where T represents normallzed ten81on (non dlmen51onal) and [Ca ]

is the outs;de calecium concentratlon (MOLS/mlllllltFr) A plo

of the relatlon glven in equation 1. l is provided in Flgure

It is reasonable to assume that a- functlonal relatlon—

g

"‘:H

(

ship ex1sts between [Ca ] and Ca (at the pulse tlTE) when '

the electrlcal pulse rate ER low. Furthermore, th;

relatlon could be viewed as egually va for any stlmula- E

:; tlon pulse rate. Under such assumptlons a relatlonshlp
;between T-and Ca can- be 1nferred Thls matter 1s inves-
tlgated further in Chapter 2 and leads’ to a mechanism for
generatlng a variable analogous to tensron in the hydraulmc
. analog to be formulated P . S , f

T

#1.4 APPROACH TAXEN IN PRESENT. WORK
L \ . .
: En order to evabﬁate and experiment with the- Maln§ood-

Lee model it was convenlent to translate it lnto a

Pl

phy51cal analog based on the flox‘of fluid among tanks.
ThlS hydraullc model (Flgure 1.6) serves te%pfov1de a

LN

mdael for the Mainwood-Lee proposal o ‘ .

8"

‘The 1nvest1gatlons carried ou% in thls the51s are /}/
. - |
concerﬁea Wlth studylng and reflnlng\thls phy51cal analog
f g} Al ‘C :

. . 4 -
¢ . m .

¥

S,

o T S //'/

;
e

J

J

B
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> e e,

in order that its behav1our {or more preCLSely, that of

its mathematlcal characterlzatlon) corre pond to the-\‘\y

" experimental data obtained from eXperl
’

nts on the actual

cardlac~muscle.
. " The, hydraulic analog shown in Fi/gure 1.6 is intended ?:é
to represent the situation only_@nring the interpulse e

interval.  The - tanks %0, ”S,'and T }correspond to the ki

'compartments of outsrde calc1um, Stored calecium and

ot !

rapidly releasable calCium': (ho, My, A ),_(hs, Mgr AL),

and (h ' M ,ﬂA ) represent the’ fIU1d levels, volumes and

,/ross se tlonal areas of the T *T; . and T tanks respec—

tlveiy In this hydraullc analog the following assump—

tlons are made: ,H”- o e l "Tﬁﬁyu,

(1) all the tanks have - constant Cross- sectlonal

areas, and so the volume of fluid in tanks-"h Cﬁ

‘\ a Ts},and T, ;s respectlvely‘ )
' | M (t) = A h () S e
- .Mr(t).z Ah (t). ; ' .

(ii) The volume of tank T, is substantlally
g , ) larger than both tanks T ( “tand T, and on
. this basxs, it is assumed that the h81ght‘
of fluid in tank T0 never really changes’

durlng the course of 1nvest1gatlon, i. e, - -

. .

S - ) b

h§ = constant.,
A summary of the correspﬁndence between the various
- n
‘ quantltles‘of lnterest in the. Malnwood ~Lee Model -and the

B hydraullc analog. is given ;n Table 1. Throughout the

| : . e

1 - @



. and the results of computatlonal experiments carrled cut

~

computational experiments, the following correspondence

between the fluld helght in tank T (k = 0, r, s) and the

_ ca1c1um concentratlon within the correspondlng compart-

ment was u5ed°

e -

1 unit(meter) -+ 0.25><10-'6 Mols/millilgber

1.5 SUMMARY OF:THE CONTENTS OF THESTS
Chapter 2 deals w1th the hydraullc analog of the
basic Malnwood Lee model- and- the results.of the computa-

tlonal experlments carrled out on the hydraullc analog.

Chapter 3 deals w1th a modlflcatlon of the basic Malnwood Lee

frodel together with 1ts correspondlng hydraullc analog

1 1‘

on the hydraullc analog.

& ‘
Appendices I and IT descrlbe the computer program used
in carrylng out the various’ computatlonal experlments for

producing the model - response data. 7 '

A
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=

Mainwood-lL,ee Model

s -
Hydraulic Analog

.Amount of calcium in the Cr

Thé éurrounding fluid bath
-compértmeht Cg J
Compartment c,

Amount of calcium in the Cg

~ .
" compartment (Cas)

compartment (Ca.)
Volume of the CS compartment (VS)
Volume of the c_ cdmpartméht“(VE)

~

‘Calcium concentration'[Cab]

~Calcium concentration [Cas]

-4

Calcium concentFation [Car]

Ca
S

AN
VéE Casj ) o

Ca
W T

‘;}‘n'

Vf[Car] : ? 1 M

Tank Td

Tank T
s
Tank Tr

Volume_MS
Volume_Mr

Area of crosé—section As

Area of cross-section A

-

Height h0

Height h_ = .

Height h_

M-=Ah
s s's

.

r ‘é‘rhr

L

s

TABLE 1.1

Correspdhdeﬁce_between the Mainwood-Lee Conceptual Model

‘and its Hydraulic Analog.

N .
-
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Mols/ml

=6 Mols/ml-

O [ca,l= O.SxQSTG Mols/ml
40 80 120 160 200 %
- ' (pulses/min) -
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-

- The Experimental OmégésResanses for the Isolated Papillary

Muscle 6f theigat-ag Different Outside Calcium Concentrations. .

R
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2.1 MATHEMATICAL MODEL FOR HYDRAULIC ANALOG

A -hydraulic analog for the besic Mainwood-Lee model -

was_d&veloped in Chapter\l The £1hid Yevels 4in tanks Tg

ang T (Flgure 1.6) are determlned by the flow rate -
constant of ¥he pump and flow rate constants among the

" reservoirs. A mathematical model describing the behgéiour,

of the hydraulic analog dpring the Mnterpulse interval and

[

at the pulse times is given in the foll wing sections.

2.1.1 INTERPULSE INTERVAL

V. ™.

The- equatlon for the rate of change of fluid volume'

in tank Tg canc?e written as:

\
a r—— e

aM_ (t) - : ot o
—a - gz(hd-hs(t))_- Kl(hsﬁt)—h;(t)) "g?R(t) P

N
~
I

'where Kl and K2 denote the flow rate constants betweén tanks

Té'and T, and betweeh tanks T, and To‘respectlvely

The flow rate through the pump P is denoted by P, (t)

and is given by:

---------------------

Pp(t) = Kh (t) + B ., - 2.%
Pg(t) is composed of two components, namely:
. '\ .
(i) The hS dependept component, K3hs(t), which depends

on the flow rate constant K3 (meterz/sec.) and the

fluid level hsct).

(ii)gThe'constant compenent, B (meterB/sec.).

Rearranging'and'using;the relation h = M/A, equation 2.1

is written as:. : \

(

e
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am_() | M_(E) M (t)
5 - - =] r

s

The rate of change of volume in tank. T can similiarly be

written as: -

N\ -
er(t) . N .
—dt = Klﬂhs(t)-hr(t)} .................... 2.4
or 'equivalently as:
ale) oM () M (e) - -~
—.i._._ = - K r < . ’ 2.5
i l A 1 R T errereriieeaa... .
.\7/ A : .o

Phy51olog1cal considerations 1n context“of the Malnwood Lee

—_—

model suggest that the following, steady state condltlons
hold - o -
_ [CaS] f"ECar]
ECaOJ f SECas]‘

L

In vrew of the correspondence bet&%en calcium cohcentration

and fluid helght (Table I), these conditions correspond to

.the constralnts .
h "= R ol
S i e e viveer.-2.6
Hb = Sk
s

4

where the bar‘superscript is used to denote steady-state-

values.

The steady state relatlons of equatlon 2 6 are dlrectly

|-
satisfied by equatipn 2. 4 However, when 1mposed on' equa~-
/

" y _ .
tion 2.3 (with B = 0), the following constraint results:

+K3) R Kl Ny + KZhO-B_ ....... “e.o 2.3
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iy i ’ :
K,+K,’ ¢
_ 2 3 ) ¢ O
ho - ( K )H --------- ‘n -------------------- 2-7 -
2 . . ‘ 2
: .Equation 2.7 indicates that the required .steady-state condi- 3

tioﬂjis satisfied when:

K3'_=',4K2 (stéadx—state ccnstraint)

; ' )
e . w r\

Incorporatlon of this constralnt 1nto the;system equatlons

e, (2 J and 2 5) ylelds. o s o
C - AM (&), K_+5K. ' . ' -

, . /d—-s—— = —(—l——z)M (t) + (——.)M (t) ¥ K hO—B ceee .l 209
oo, | S ( . C

Cau_(e): K, T . g ST -

c L oL SR
e T DN SEIME) feeeeann [2.10

The time functions of M (t) and Mr(t)‘can'assume nega-"

f-

tive values for certain combinations of initial conditions
el . ! C o,

. s

and values for the,constant B. ‘Such values are 1nadm1551ble

from physical con51derat10ns and care must be taken- o

av01d such c1rcumstances. ThlS matter is cons1dered}further

in sectlon 2. 3

A

The decay tlme constant A s’ of tank T (or*compartment
LY

-

C ) and recovery tlié constant, kr’ of tan%kj; (dr compart- 3J;Q'

- ﬂl"

ment C ) play an important role in the 51mulatlon study.

In tefms of the hydraullc analog} these parameters are

| deflngd as: i ] .  Co T

. As . .
Ay = K, e G, e S 2,11
b-\ Ar.
' S T e e s s s eccasannraene b s 2 s 00008000 .. s s 2- 2
AE N 1

8
{
.
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2:1.2 ‘REINITIALIZATION AT PULSE TIMES | i
' The calc1um concentratlon in the C compartment‘ after "
, the occurrence of a pulse rs comprlsed of three componentsfﬁﬁ)'
/fnamely, R (—*f/ ”": \ .'ﬂ : . - ~
(i//The amount of calclum in the C compa;tment at the
time of the pulse”. "rL;'" S .:-‘
‘(ii) The amount ‘of calclum obtalned from the external _
fluid bath due to a éatlng phenomenon caused by the_
electrlcal stlmulus. . JF" ;o
“(iii). The amount of calcium fed back from the C cpmpartL
_;,; ' ment to the C compartment. 'o w; i .
As noted earlleg_’at the pulse the, the C compart—
ment emptles and 1ts ,calcium content causes the muscle O
a . =
contractlon. However, as noted in 111) above, a portlon 'l&i
v

- of thlS calc1um lS retalned in the system and is passed ‘- L

“back to the. C compartment asea feed back effect. i;

-

N After the occurrence of a pulse, the ca101um contained

"in the C compartment (denoted by Ca ) can be written as:

fa

out - 3\, ac |
Cas_”;ga (t b _+ Q fuﬁCar(t - 2713
where iy tp denotes*the trme at whlch pulse occurs,
Va. 11) B denotes the feed-back factor,

-

111) Q represents the calcium gated from the

surroundlng solutlon*(outsrde caloium) .

3
-

Experlmental ev1dence suggests that the component Q depends .

‘on thefstlmulatlon frequency £ and the outside calcium
] . !‘ . . 4.

AT
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: CE i- . .

concentratlon [Ca 1. Very llttle can, however, be sald

about the spec1§;c nature of thlS functlonal dependency

- -~

During prellmlnary slmulatlon gxpérlments w1th the model
a varlety of relatlonshlps were considered. and .on | the

9 -
basis’ of the results gbtalned the follow1ng form was

selected° L ~

Q. = C {f) -C.AfCa 1) (A .

. ] *c 1 2 0~ . I YJ' o
with o : LT AU
. ’ b /f - - ‘- K . N i‘:
T e C (f)le (l -2 o ST p
~and ™ . o 'E. -
Ctres . BpfCagl
-Cz([CaOJ) < (e ? )

The above effects at the instant of the stlmnlati'-

-

4]

.pulse are, lncorporated 1nt0 the hydraullc analog by*forc1ng

-
equatlons (namely equatlons 2.9 and 2,.10%. The time

)

1nterval between the rerlnltlallzatlon is equal to the
LT q

stlmulatlon pﬁlse perlod. Equations 2.9 and 2.10 are: -

aperiodic¢ re- Lnltlallzatlon of the descrlglng dlfferentlal

therefore conSLdered to be relevant only in 1nterval K

[t ], tp3+A)r where A lS the lnterpulse Lnterval (secs )

and tpJ is the. tlme of occurrence of jth pulge. The o

1n1tlal" condltlons“whlch apply at the beginning of each

)

¢ N
such 1nterval are determlned in part b¥ the congltlons T

)" b
exlstrng at the end of preceedlng 1nterva1 specmflcallyj

D

Jy _ -1 . L atia
Ms(tp ) = @y = M (tp +K) f Qh + BM (t A)’ ..... REE ?fl4
j .— . =- .- ‘ . . .__ . . L | - B " - _ -
Moe?) say 20 ..;:;;:... .......... e 2015
| [ ’: . . .
. ' 4 ‘

oIen

Py
e
LY
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whére Qh correspondsjto the gating effect’ and is taken

as: ' . i ' S - .

4 RS .
. iyl -120/f, . ~eh |
Qn = 0.1(1-e”1204F) ("o, i 2.

where ¢, the exponentjfactor,‘is in the range IO.l,'0.3],

and £ is the stimulation frequency {(pulses/min.).

LT

2.2 CONDITIONS FOR DYNAMIC EQUILIBRIUM:

2.2:1> DYNAMIC EQUILIBRIUM . "

The volumes M "and M ‘assume a perlodlc behav1our
,after paSSLng Ehﬁough an 1n1t1a1 translent phase when the
hydraullc analog of the papllllary muscle system is re-

-1n1t1allzedvat constant tlme lntervals Once a perlodltd

1

‘A“mode has been attalned (the time trajectorles of Mg and

M. are 1nvar1ant from cycle to cycle), the system is said

to be in dynamic equilibrivm. = - : .

-

- Referring to Fidure 2.1, the system is §3id to be in

.dynammc equ111br1um if §; = 52 and consequen%Iy R = R2

.The expeglmental data avallable (Figure 1.2) corres-

pond to' this periodic mode, i. e., dynamﬁc equilibrium.

¢

Because of thlS, a comparlson of the nodel behaviour with
" the avallable data requlres that the model be forced into

a mode of dynamlc equlllbrlum A convenlentimethod for

a

achleV1ng thlS is therefore 1mperat1ve. This ma%ter is-
".r‘t\
‘ conSLdered:ln the followmng section. '

Page;24~:
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‘v

2.2.2 MATHEMATICAL ANALYSIS FOR DYNAMIC EQUILIBR M

) : . - — e
- - When .the system is started from an arbitrary initial

condition, the volumes M and M assume a periodic

behaviour after pa551ng through an 1n1t1al transient

phase. As the 1n1t1al translent mode is not of interest,
computing—tlme,~whlch is of major conSLGeratlon, can- be

minimized by establlshlng a set of 1n1t1al conditions for

the system equatlons 2.9 and 2.10 which ensures that the .__

system w1ll attaln perlodlc behaviour lﬁoeélately without

pa531ng through this initial tranSLent phase. The lnltlal
conditions for dynamlc equilibrium are determlned as _ t _ .‘ ’%é
foilows- The equatlons 2.9 and 2.10 descrlblng the system
beﬁﬂv;our of the hydraullc analog of the basic Malnwood -Lee
modei/durlng the lnterpulse lnterval can be expressed in - o
the standard form of.a system of. llnear first order dlf—-

\ferentlal equation; namely,

-

N\

©x(t) g Ax(t) s B i, e, 2.17 %
o w
where- _
‘a ! b
) A 11 alZ ‘and b = bl
@® 21 %22 | 2 .
. and '
: ) +5K
ar;; =~ a 2)‘\ -
A . .
s
312 = Ky/A i )
- 821 © Kl/As -
a2 = "Ky/A : )
bI = Kbh B
b= 0 .
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\

In this’ representatlon x (t) and,x {t) corfeSpond to M (t) N

and M_(t) respectlvely oL

The general solution of the system descrlbed in 2.17—"

1 .
: N
‘can be wrltten as: ' -

Cx(t) = eAtk(tpjfl).+ r{t) """"':'7'Y": 2.18
'where: NS |
\ _ ‘
R T T, () -
T(t) = !j"l eA(t'-.T) bd+t = [ 1 } o

and tpjf—l denotes the time of occuf}eﬁfé“of the (j-l}th
~—|.'

pulse. For convenlence, denote .e?t for the present case :

where A is 2x2, by: B o _ R K
[Eqq () ;h )7 - .
E(t) - [ e 2 J i
| B (6] myy(m)

Let the lnltlal dbndltlon of the system equatlons after
— ’ '
the occurrence of Laplse at time tpj be-x (t ] 1) = wl.‘

o
and xz(tpj‘l) 2oy = 0. The responses’ for Xy (t) and X, (t)

for t > th—l follow from equation 2.18 as: -

u

xl(t) Ell(t)a' + r (t) ...... ,;..l..f...2.2.19

*xy(t] = By (thoy 4 rz(t? et 2,20

éAs a result of the pulse occurrlng‘at time tpj, the lnltlal
Econdltlons for the subsequent lnterpulse 1nterva1 as glven .

fby equations 2.14 and 2.15 are: _KS S
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L

. \ - ) ~ .-_-
Substitutigg_2.19 and 2.20, (t =-tp3-l+A)n we obtain:

N j-1 ' C§-1 '
ay = Ell(tp +A)u1 + rl(tp +4A) + Qh,+

BEEzl(tp

J"lfA)al + r

In order that the dynamic equilibrium conditions exist,
. e o . )
it is necessary'that 3 ° @3- Hence equation 2.23 vyields
' ' : [ ' s

the required condition that e

i

wy =

571 - T, e
tp H+é)‘ BEZl(tp“ +4)
‘éincg each of the_three‘terms in the numerator of the
- rational eﬁﬁ%?ssion on the‘right hand side of equation
2.24 are well-defined, it follows that @, exists as long
T A SR . .o
. : _ 1-1 - noJ-1 .
;s the den?mlnat?r, 1 Ell(#p +A) BE21(tp' +A), is

not zero. _ " - 4

y (

)

. - . | j"_l ' ) . j _l o ! _. K
%+ 5y (67 e s e (e 3T 221’ %
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2.3 GENERATION OF THE ANAMOG GF TENSION

In‘V1ew of correspondence between the bas1c Malnwood Lee
‘model and its hydraullc analog (see Table I) the relation-

Shlp given by equatlon 1.1 can be wrltten as:

. .
. Khy?
Te = 3 rerenen e teeenaa Cereeniaaa.. 2.25
- p  IiKhy i
" where K = 0.45 &

In the above equation, the normallzed tens1on, Ter, corres-

4

ponds to the situation where there is a long duratlon

between the pulses, that is, the interpulse interval is '
, ®
suff1c1ently long s% that steady state conditions are

attalned. The steady state values 1mplled by equatlons

-

2-1: 2 2 and 2 4 are’l o ; : -

v K, IR AR

. 2 B \ "
R =R = (—2)h. - - . Ve .. '2.26
r S KQ*KB 0 K2+K3 LT

‘where, as before, the bar superscrlpt is used to 1mply
steady state condltlons Since physical considerations-
require that hs 2 0, ithollows that equation. .32 imﬁlies'

and K

2

the constra&nt that KZhOJ_ B.2 0 (assuming that ‘K 3

are positi&é)
-,/ The steady state model of the system glven ln-Flgure

V2.2 suggests “that the problem is te find the form of the

function.G. = G(M  B) in order that equation 2.25 is - -
satisfied.

- As a capdidate for G choose:

" K(al_+B/K,)? . .

G(M_, B) = = 3 s asatesaicecanan- 2.27
S 1+K(aMr43/K2) '
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with . a AR

Substitntion of ﬁ; = Ah - anakneqnation 2.26 then yields
- the result . that o o )

whxch has the desire .
: "1
Hav1ng obtalned the functlon G us1ng known information

E P
pertlnent to the spec1al case of long 1nterpulse lnterval

the functlon G w1ll continue to be used for arbltrary o

1nterpulse intervals and w1ll thus serve as the mechanlsm

no-

for generatlng Tf or rather its flCthlOUS hydraullc
- 3 . .

‘analog.

w o

2.4 COMPUTATIONAL APPROACH AND RESULTS

"

2.4:1 :A COMMENT' ON THE COMPUTATIONAL _PROCEDURE .
@

The quantities E 1(t J +A), Ezl{t.J 1+A) needed in

equatlon 2.24 are cbtained as the solutions X4 (A) and
(A) ‘of the system equatlons when Xy (0) = 1 and

n (0) :-bl = b = 0. ?he-quantltles rl(tpJ +A3 and

rz(tpj—l+aq needed in equation'Z 24 ere.dhtained es the

solutions x, (8) and X, (A) of the system equatlon when

xl(O).= x (0. 2 = 0 and bl = K h - B.

2.4.2° COMPUTATIONAL RESULTS

‘The following computational experiments were performed:

-

\‘

§2> 4
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(i) Effect of frequency of Stimulation (increasing in
steps from 1 pulse/min. to 180 pulses/mif.) on the
\a\\\“dynamlc equilibrium values of M ; and M volumes

(ii) - Effect of follow1ng parameters on the (mega response:

a) RecoVery time constant AL . - ’)}r%

v

b) Decay time constant, Ag -R%”‘“wﬁj : e
¢} Variation in hy levels, {[Cao])
d) Exponent factor, «

¥ -
e) Feed-back factor, B.

Table 2.1 shows the’ range of varlous parameters.

—

* The values of 1nterest are based on data suggested by
o~ -
. experiments carrled out with real papillary muscle of a

‘rat.
I 7 (-

" The areas of cross- sectlon, A and A

-

r+ are taken

as 1. and 0.08 respectlvely

.

The time trajectcrles of M (t) and M (t) at dynamlc

7

equlllbrlﬁm over a typlcal 1nterpulse x&;:rval are shown
in Flgures 2.3 and 2.4. The value of M

) starts from
Zero at the beglnnlng of the lnterpulse 1nterval and
reaches its max1mum rapldly (3 seconds for h0 = 4).

It then decreases‘cradually with incieasingf%ime.. The

—

value of'm (t) starts from its peak value at the- beglnnlng

¢

of 1nterpulse lnterval and .decreases with. 1ncreasmng tlme

Omegavresponses for the hydraullc analog of the ba51c

[

Mainwood- Lee model are shown in Figures 2.5 through 2.9.

In general, they are characterized by an increase of-
: _ ~
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-

ten51on at. low frequenc1es of stlmulatlon (peak occurrence

i
at about 40- -80 pulses/mln ), followed by a decredse of - \

tension at hlgh frequencres of stlmulatlon.

-

The stlmulatlon frequency at whlch the peak of ten51on

-

'occurs, shlfta\&owards the hlgh frequenoy range 1f-

(i) Fluld level, hO’ is decreased (Figure 2.5)

or g

L(ii) Recovery time constant, Ape is.decreased-frigure 2.6}
N . . - v ) - - N Lo ) ° )
or ‘ : ~ P

(111) Feed- back factor,/ﬂ} is 1ncreased (Figure 2.8)

./’
1

The peak amplitude of tension decreases 1f

(1) Fluld level g} is decreased_iﬁlgure 2.5)

.
LY

or

(ii) Recover&%time‘oonstant, Ar,-is increased (Fié re 2.6)

or | ‘ : ) S

. _“-.‘ "\ - ‘, .
(iii) Decay time.constant, i

g’ 1s decreased (Figure 2.7) '}
‘-? . . '

or

\}iv) Feed—back>factor, B, is‘decreased (Eigﬁre 2.8)

N
or ., ST -

A (v) Exponent factor, e, is decreased (Figure 2.9)'
'y , : . : t

//gxnmﬁfhe Omega responses shown- in Figures 2.5 through

.9 it is clear .that the behaviour oflrhe basic Mainwood---'

N\; ’r‘\*:'-:.'": o

Lee model is not in partlcularly close agreement with

the reference experimental data shown in - Flgure 1.2.

Re examination and modlflcatlon of this model therefore

in order. This matter is censidered in the follow1ng

Ch¥pter 3. T
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Ranges Considered for Various Parameters

~'

. '
| ~ :
(;ﬁarameter Parameter value Comments
; ﬁ} Minimum -Maximugm
B 0.3 | 0.95.
A .0'2 seson@s‘ 1.0‘§ecopds ' .
As 20 seconds 30 seconds ' /
£ 1 pulse/ 180 pulses/
-, “min. . “min, ,
h, ‘1 meter lQ"mEtérS . | only four values of
. ‘ ho .(i.e. l’ I‘,’2r 4, ]:.0) r"
. “| are considered corres-i
N ponding- to ‘calcium
- concentrations of
= . i a6 -6
~ 0.25x10 7, 0.5x10 °,
~. 1.0x107%, 2.5x1076
I Mols./millilitre
A

4 3
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Mr(t)T - PARAMETERS:. $=0.9, c=0.25, A,=30, Ar=6.6

b

0-165-'

0.132

) 7 ' _ i J C
0.099 41 . LT : - . g
l
-
h0=4"’\
hy=2
h0=l
T t | ad
o N 48 60
: : TIME
N Figure 2.3 ‘? - _ o ;
Time Tgégectorles of M (t) fQF Varxous h0 Levels
(Inltlal Condltlons Are those for Dynamlc
’Equlllbrlum when 4=60 secs.)
el
| ]
‘ ,
'
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i T a . et n""
(0; Q) 12 ¢ 24. 7 36 . 48 © 60
| B TINE
Figure 2.4 -
Tlme Trajectorles of M (t) for Varlous h Levels. : T SR
= r A . .
(Inltlal Condltlons are those for Dynarhlg Bqulllbrium _
- s When Az60 seconds) R \ ‘ | '
s \ -
Tan . l
S 3 ¢ ‘
b o )
e
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A
T
k : - f -3 -’ . ' . '
PARAMETERé h0—4 0, AS=30 secs., B=0.9, ¢=0.25
104 \/
Ca |
A

. +— ' T . r r —
* (0.0, 0.8) 40 " ABQ_ 120 . 160 » 200 £
. ‘ N | (pulses/min)
@ - ~ : i
L - igure 2.6
a N . o ! ' ‘

Omega Responses for Various Values of Recovery

. .o ‘ N
"Tlme Constant, Ar:" . ~ _
N i
.
t < e
";i A |
a K%'- .
v 3 ! T N (:) X
1
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PARAMETERS: £20.9, A_30.6 secs., hj=4.0, ¢=0.25

LA S T I

Gy~ R N

> 4

0.88

1 ! = b N ‘
40 - 80 120 160 2000 f

_»//// ) e ‘. . : (pulses/min)

1
Figure 2.7

V 0' . L /
Omega Responses for Various Values of Decay Time

Constant, ké' "

-
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‘ . .
T PARAMETERS: As=30 sécs., Ar=b.6 secs., h0=4uunits,-
1.0 ' ' B - :
- 0.
B=0.3 /
o e 3]
(0.0, 0.65) 40 . &) 120 . 160 200 &
- 2 (pulses/min)
T Figure 2.8 . "
| S \ ST

Omega Responses for Various Value% of

Feed-back Factor, B. -
) *

., _,\
Q
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0.93321 —
€=0,3
. 6;0:25-
- \EEO 2 _ .

o
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3.1 INTRODUCTION

As it can be notedlfrom Figures 2.5-2.9, the Omega‘
responses for the basic Mainwood-Lee mddel differ substan-  *
trally from the given experlmental data. | On the basis -
of these results;‘one can.conttlude that the basrc Malnwood-
Lee model is 1nadequate and modlflcatlon of this model is
requlred | |

The modlflcatlon of the model in order to obtaln
better Omega response agreement was guided by the nature-
of deviation between the glven data and the médel responses.

Varlous modlflcatlons ‘were attempted and although 1mproved

. " Omega response agreement was often achleved some diffi-

culties in Justrfylng the model from a physrologrcal p01nt
of view were’ encountered Contlnued efforts however,
flnally led to the 'dual subsystem model'. descrlbed 1n

thlS chapter. The Omega responses for this model are satis-

fééﬁory and 1ts phy51ologlcal ba51s is also acceptable.

A \'_'“‘ i ~
T <} ? : : \\\\4
3.2 THE .DUAL SUBSYSTEM MODEL S

~.

As its name suggests, this model 15 comprised of two

',subsystems operatlng in parallel as shown in Figure 3. l

Its #omponents can be described as follows

(i) ‘ybsystems l.é

s

Thls subsystem is, comprised of . compartments C

- — 51,
-and C and can be v1ewed as belng 2 direct - counter-
1 !
part of the basrc Malnwood Lee model T
" ' T —
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(ii )y Subs&stem 2: - B ? ' ' \\\\“\\\

(a) There is no feed- back flow f:om the C

- This subsystem is~comprised of compartments C; . ' i
2
It has a 51m11ar structurg,to that of sub-

-

and C .
)

system 1 but differs in the fpllow1ng respects-

compart— R
Y 2 ’ -
ment to the C, compartment; S ’
“’-:.‘. ‘ 2

{b) There is assumed to be no - gatlng effect to .cause

C e

a flow of calcmum from the external fluid bath

to the C compartment,

5 2 - it
" The subsystem 1 and the subsystem 2 of the model ﬁ ' o«
respectlvely are often referred to as the 'fast filling ) _
0
subsystem and the"slow £filling subsystem' bpcause of =y

\fthe r relative tlme constants.. ot o : "

- . \

\mhe overall dual subsystem model can be vmewed as

-
-

PR ]

3 . o
hav1ng three compartments, namely: - . ' SR

(1) The C, compartment, which contains the stored B

1

“calcium, CaS . s o

T |
The C_ compartment, which contains ‘the Stored
_ 2 € + contal o

qalcium}_Casz. SRR \\t: E

 The C_-compartment containing the releasable calcium,

Ca,, is comprised of the two compartments, C_ which
_ e : - 1
contains the releaséble‘cgfciumh‘Ca » and C_ which
. v . \“I;l .
contains ‘the releasable'calc'ium,'Car . T i ™
; ‘ I * : 2 ) T \-. \-

— 2
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.\ 1., V - - '
* The flow among théxvarious compartments is‘sid&lar

to the description- glven in sectlon 1.4 and the feed -back

\\\\\\\\rlow is* from - the C compartment to the C compartment.
o . 1

At the - 1nstant of an electrlcal stlmulus, the calcrum

in “the C compartment (the total of.the calc;um in the ~

(’-

. Crl and the C r, compartments) generates the muscle contrac-~ \_
- i

v tlon and a portion of tth calc1um 1@ transferred to the
b e .
CSA compartment via the feed -back flow, Fz'—w” ’
1 . _ . : . _ '
' N

3.3 HYDRAULIC ANALOG OF THE DUAL SUBSYSTEM MODEL

In order to study the dynamic behaviour of the dual
subsystem model “and the correspondence between ‘the charac-
\\ : terlstlcs of thls .model" and relevant characterlstlcs of the
real paplllary muscle system, a'hydraulic analog of the dual
subsystem model 1s formulated (see Figure’ 3 2). As before,

- thlS hydraullc analog is intended to represent the model

behav1our only durang the 1nterpulse 1nterval B ' - ;//

‘”“~-_: The tank Ty represents the external fluld bath. Th KS
tanks T\\_and T “const;tute the fast fllllng'subsyst%
51 1 o I
“and represent the compartments C and C respectlvely
The tanks\$‘ and'T constitute the slow fllllng sub- -
2, ¢ 2 . —

/
: system and represeérnt the compartments Cs 'and Cr respec—
e . s 2 T2
o tlvely. " The volume, Cross- sectlonal area, and the fluld

o Chy

€ A

‘respectlvely, (where- A can h r

“-levels of tank 'I‘A are repres ted by MA’ AA’ and h, =+ -
lf

e the value s Sy and

1’
!
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' »
r,). Th1§ hydraulic analog of’ the dual subsx\tem model

1ncorporates;the follow1ng assumptlons-

3

(1) All the tanks have constant cross-sectional area.

(ii) The volume of the- tank TO lS substantlally larger.

‘

_than the volume of the other tanks and on this ba51s,

it is assumed that the height of flu;d in the tank

Yl TO nevet really changes during the period of inves-
tigatiqn, i.e. holf constant. - | _ ﬁ;

. j
The pumps P and .P' force the transfer of fluid ftom

1
T, respectively. Note that.the“flow rate through the

the tank.TS to the,tank'T0 and from the Kank T, to the tank
' ' 2 .

pump P' does hot have a constant component.,

3.4 MATHEMATICAL MdDEL OF THE DUAL SUBSYSTEM MODEL

The fluid levels in the verioué_tanks are determined
by the flow rates through the pumps and the flow rate
constants ameng the reservoirs. a mathematicel @odel
deseribing the‘behaviourf%f the'dual subgystem model both
during the iﬁterpulse interval and at the pulse time is

given in the following sections.

3.4.1 INTERPULSE INTERVAL

An analysis of “the hydraulic configuration shown in

Plgure 3.2 using arguments analogous to those used in

il

Chapter 2, ylelds the followxng equations for the rate s

"of change of the~ fluid ‘volume ln‘the taﬁks‘T y T, T,
. : . — . S1 1 / 52
- :
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r2 cf.
. C
g () Mg (8) My (6) _
3T = —(K1+K2+K3) A + Kl A +7K2 hO—B +se- 3.1.a
. &t s r . -~
1 1
daMm_ (t) M, (t) M_ (t)
1 - S, e Iy
‘ 5 = Ky Al S R S S 3.1.b
1 *1
dMsz(t) C, Mg (8 ' Mr2(t) ) at
3t = —(K1+K2'+K3) + Kl A + KZ— ho ...... J.1l.c
s r ’
2 2 -
L3
aM_ (t) M_ (t) M) !
x ] 5 v r
-—L._ = K 2 - K 2
dt -1 AS 1 A e
2 )

A in the earlier analysis, the'model must satisfy

_ certafn steady state conqitiéns consistent with physio- :

lOgicgi'éonsiderations. In the context of the dual sub-

—

syst,k model, these are taken to have the f&llow1ng form:

\ -3
.

N 3.2.a
- 81 1 S |
— — o
L 3.2.5
2 + 2
hg = 5R. =5R ... ... ... ... T 3.2.c
1 Sq

: whére, as before,  the bar supersc}ipt is used to dénbte
a steady state value. | | |
The steady gtate relations of eqﬁation 3.2 are
directly satiSfiéé by equations 3.1.b ;nd 3.1.4. However,
‘when imposed.on"equationé 3.1.4 (Qith B = 0) and 3.l.c,

e g

the following steady state constraints result:
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“Equatlon 3. 3 1nd1cates that the required steady state
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\condltlons are satisfied under the follow1ng circumstances

Ky =
- I
K3

Incorporation of these constraints into the system equa-

tion 3.1 yield

S:

Mg () K. +5K.
1 _ :( 1 2) M
dt - Ag T sy
L
erl(t) Kl |
o
1
dM_ (t) ' '
T8, _ —CK1+5K2) "
dt As 52
2
]
erz(t) Ky
= (7—) M, (t)
dt S, 2

K

() + () M_ (t)

L)

(£) + (=) M_ (£) + K,h

K

JF2

K

T 2

1 .
. (r) Mr (t) ...............

+ K,h

1

2% " B

2y s

Usmng slmllar arguments to those given in section 2. 3,/

3.

5.a

1t can

be shown that a necessary condltlon for the time functlons

'Ms (t)' and M
1 - l

B ‘ B < K.h

/

(compartment Cg

(t) not to assume negatlve values is that.-

270

1

) *and T
S

2

The decay time constants, Ag. and A
. 4 2

(compartment CS

l .

Al

N

1

1/"
, of tenks Té
)- and the -

2
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S o
.recoééry time constants, A and A_ , of the tanks T
: - _ r : T
" . -1 - 2 1
(gompaftmént Cri) and Tr2 (compértment Cr ), play aﬁ
important role in the simulation study. 1In terms of the
hydraulic analog, thesée parameters are defined as: }
As - _ o
S L . 3.6.a -
= m e e e seseniaen et ettt et .6.a '
. Sl 4'Kz . ’ ' I
: Asz
As Sl T B 3.6.b ®
2 4K
L 2 !
: p
2 Ar “iA—?— St e E st e ettt et 3.6.c
1 1 .
] - o
Ar
_ 2 A . p . *
T NGl ... 3.6.4 )
2 K : -
l .
.
Vi

' The time constants associated with the fast £illing com~
‘ ‘ 1 .
ponent, AS and Ar , are much smalle% than their counter-
: ‘ 1 1 :

 parts associated with the slow filling component,~i.e.

A < A and A < A .
-5 S 1 )

3.4.2 REINITIALIZATIQN AT PULSE TIMES . - ®

The talcium concentration in the Cg compartment, .’
o 1 .

- after the -occurrence. of a .pulse, is compriéed'of”three
. ' <

,components; -namely, ' ? .- { ' “§>
(i) The amount of calcium in the Cg
: : 1
time of the, pulse.. . )

y

compartment at the

(ii)‘Thé amount Of calcium obtained from the external

- . . . —_—
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) .r.- fluld bath due to the gating phenomenon caused )%
\S*' - the electrlcal stlmulus.

F
g

S (1ii) The amount of ca1c1um fed- back from the C compaﬁt—

-

}

" ment to the C compartment. ) ;
.]_ . -

As noted. earller, at the pulse tlmes,‘the C. compart—

ment empties, and its calc1um content .causes the muscle

fe »contractlon .ﬁowever, as noted 1n (iii) above, a portion '\ ' i
! "
4 of thls calc1um is retained in the system and‘gs passed
back to the c o compartment as a feed-~ back effect.
1
After the occurrence of a pulse, the calcrum contalned.
+, . [}
) in thel_cSl and C52 compartmentslgdenotfd_by CaSl and Cas ) ,
- - S . .9 . - . . ) ) - -
can be written.as:
Ca_' = ca t(t) + 0 + BCa (£) .. ' “3.7.a
Sl SI p . c r . p ------- L] b'-t ------- 3 -
Ca t = Ca_ Tt ) Fuvuin S e e 3.7.b _
Sq Sﬁ P ‘ . -_ i
. where Ca_ (t ) = Car'(tp) + Ca (tpg el _52.8 L F
T 1 ’ 2 L ) ‘ o

and tp, B, and Q denote respectlvely the tlme at Wthh

}

the pulse occurs, the feed- back factor, and the calc1um

e

gated from the surroundlng solutlon (outsrde calc1um)

The component Q is descrlbed in sectlon 2.1.2. ‘The

aboye effects at the: 1nstant of ‘the stlmulatlon pulse are
lncorporated into the hydraullc analog by forc1ng a

periodic re-lnltlallzatlon of .the describing dlfferentlal i

equatzgns (namely equatlon 3 5) ' The time interval between _%

. "~
- R !

the re-initialization is equal to the stimnlation'puLsep

-
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A,—\-_

périod." Equatlon 3 5 is, therafore, con51dered to be

relevant only in lnterval Ltpj, é +4A) where A 'is the.

< - o .
interpulse 1nterval (seconds) and tp:l is the time of
e - " oceurrence of the jth‘pulSe. The 1n1tlal condltlons
!

whlch apply at the beglnnlng of each such 1nterva1 are "

determlned in- part by the COndlthnS exﬂstlng at the end

&
of the preceedlng 1nterval spe01f;cally..
f-‘ o e . : “\
3 | j-1 = 1 FON
M_ (€ ") =a, =M_ (t +A) + Q. + BM (t a) J..}fé.9.a ‘
Sy P 1 S, B h S )
. i o ) \ -
M (t -) =g, =0 ....x. ........ bt i e es e e e s esaan 3.9.b
- rl ’ p Py 2 -' ) +
~ ' ! : ’
3 . l |
(e ) mag =ML (e TRy e 3.9.c
o o _ | . -
M_o(£ ) = a, T 0 vt iinnnns Leeennnn CooTTT.L 3.9.a
r,' p 4 T L0770 . :
2 5 T | I |
- ] = ] Jiay 4+ M e 3 ' S o
where Mrftp-+ﬁ). M. (p TA) M (tp th) ... EEEEPEE 3540 '

1Pl 05

l, 2 :
- and Qh'correSponds to the gating effdct and is ‘taken as:
. . , ) i =
O L. . e, 3.11 -

)

. - -120/f  .-ch
. Qh = CN(l—e ) (1-e

The eé:nent factor, e, ‘is in the raTge [0 1-0. BJ.C

the nomlnal value of " the stlmulatlng factor, is 0. l, and-

: £ lS the stlmulatlon frequency (pulses/mln ). o

v ‘¢, : S : SRR R
: Low :

.~ 3.5 CONDITIONS FOR DYNAMIC EQUILIBRIUM e
A R o - ' ’;; ‘ 7 h

aQ

3.5. l MATHEMKTICALMANALYSIS FOR DYNAMIC EQUILIBRIUM o

Slmllar to the smtuatlon w1th the ba51c Malnwood -Lee

T
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. a3 )
: A : . : A
model, the state variables, M_ (t), M_ (t), M_ (t), and
- s s r .
S 1 2 . n1
M (t){ of the dual subsystem model assume a periodic

2
beﬁeﬁiour after-passing through .an inieiai transient phase
'when the dual subsystem model is started from an arbltrary'
\\lnltlal condltlon As the: lnltlal tran51ent mode lS of
- 'tiébn, can be mlnlleEd by establlshlng a set of inieiai
aconditiens_for'the system equaﬁion'B.S which ensere tﬁat_
the'system will attein a periédic’behavibur immediately -t
w1thout passing through an 1n1t1al transxent phase

S
dard form of a system of llnear, First order dlfﬁerentlal

_ %T\L/équétioﬁ, namely,

i x(t) = AX(t) + b ........... e ... 3012
E _. . where: . ‘

i 11 %12 %13 Pugf 7 B!

B ; . lagy a.,T a,. a,,|  TTE
N R |

- d ’ o J ‘a_ i : :
5 231 %32 %33 A3y : Psy

re _ : - B

4 B41 Fa2 %43 %@4~ g

£} -

;ﬁ ~and .

;§ ) a,, = -(Kl+5K2)

S 11 A

& 1

ki -

5 S ' A - -
;‘."i . a., -’ / , = -——Kl ( '- ;

b 12 T A T ¢

5 ) 1

no interest,. computlng time, whlch 1s of ﬁ?;or con51de:a— .

Thé system equatléQ 3.5 can be expressed in the stan-+ %
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S v PO P AT IS LS ST i
fr
n
I

~ 1 l.'/
| | | | N
. ‘ - In this representation’xl(t), xz(t),\xalt)y and.x4(t)
“correspond “to M_ (t), M_ (t), M_ (£), and M_' (£) respedtively.
C 51 F 52 nE - | L

Thelgeneral.solution of Ehe sYstem, described by

. equation 3.12, can be written as: _
g y ' 3 At -1, f ‘ '
| L x(6) = el I7h ﬂ () tuena e i 3.13

- 'where,, - | o kf},f

-

e R -
A L A S



. -rl(t)'

: t ' (t)
r(t) = ijl B (t-T) bd -?2

5 J]E3 (1)

R e Ty (E)

' ._l . . - . B
and tp]”A‘denotes the time of occurrence of the‘(j—l)th'

pulse. For convenience, defiote et for the present case

when A'is 4x4 by:

Epp(e) o Byyie) Eiglt)
E,, (t) “ E,,(t) E, . (t)

By - |21 F2l 23
C[Ean BT Egple) Egglh)

By (e)

By ()
B, {t)

4(8)

» ‘since A is block diagonal, it follows that E(t) is also

a glock‘

diagonal and can theﬁéfore be written as:

A

L E1 (B By (e,

it Bl (£) ¢ E..(t)
0 1 "
ey = [F22(® P2
: 0o-. -0
‘0 . o

Let the initial condition of the ‘system equations after

4

.
v

the odcﬁrrence oﬁffﬁé pulse aﬁitimé tpj—l be:
| gxl(%éjpii = ai ....... R AR
' xé(tpj—l)‘fna; e R
';f xz(ij‘¥lm3‘x4(tpj‘l) S0 e
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The responses of Xy (t), X (t), X3 (t), and x,(t) for e

. i =T
t > tpj Jfollows fﬁom equatlon 3.13 as:

S\ o , |
xl(t) = Ell(t)al+ Il(t) s e e aan .'"\' ..... “3.15.a 4
. _ P - ] ’ ’ -«
- xy(t) = Ezl(t)crl + rz(t)‘ ........ e eeaea 3.15.b
: ] _
(t) =~ &3(t)93 tra(t) L, 3.15.c
X, \) (t)a L . 3.15.4
As a result of J pulse eccurrlng at time tpJ l, the -
initial conditiong for the subsequent interpulse interval
as given by quatien 3.9 are: . L Lo
a, = (t - +A) +Q B(x (t 3= +A)I+
t X, (tJ +A)) ............... e e e 3.i6.%"
; ‘ 4
-_— . . . ‘,‘:
Gy = 0 ceviiiii e e 3.16.bj :
Gy = x3(tp A L P, W 3.16.c
Gg 5 0 e e beaea e 3.16.4
S o
Substitution ofﬂﬁquation 3.15“at t - (tpj +A), yields: -
\¥ T rl
: Ik SN j-1
.. e E Ell(tp +A)a + rl(tp_ +4) + Q t ) A
PR £ j-1
B[EZl( . +A)a +r, (t +4) 1 + )
n bty 3 L 317
L B[E43‘tp | +A)m3 r4(tp. tA)1 Lol Q3.17.a
.and. _E . : : %: . P
D e s i B SRR j-1 oy
> 2 aa_ﬁJE 3(tp +Aka3 +_;3(tpmf‘{#) .7,..2%5..3,17.b

In order that the dynamic eguiiibrium conditions exist, it
B —- v ' ot
is necessary that aq T oay abd ué = o, Hence equation 3.17

- yields the required conditions that: //f
5 i o
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,.‘ r’ - /I. :
\\ 'l N !
.\ N . . o \- f . /,-‘ . i‘L— .
N . ‘ ) 0y _[
.\qifz Qy +AI (t J. +A) + B[r (tp ‘+A) + E43( { :+A1a3;+;ra(tpjw}+ﬂ)
. : o IIll ‘ ~ l _ E J l -~ —-—_f: J l
v \ (t “TAR s§21(tg Y+4) )
. L o -'l‘,s‘ ) \ : o {: . R 3.18.a “
N (t ".3 -_1‘+A")’ 1 S v '
T30 . L R ‘
By T e et ee e e e e e 3.18.b
3 - 3 -1 . “ NG I
1, E33ftp +A);
; LT e e ‘ ‘. ) ' N

Since all the ﬁerﬁs in the numerétors af the rational

expre5510ns on the rlght hand sides of equatlon 3 .18 ‘are

4
1

well deflned lt%follows that @y and a4 exist as long as |

the—denominators,?g; - ﬁLI(tp]fl+A) _'BEzi(tpj“l*A) and’

1 - E (e 37y,
1 E33(tP +A),;gre.2?t Zero.

. E!.
4
...._‘,

3.6 GENERATION OF "THE ANALOG QF TENSION

[y

The steady state values for the fluld levels can be

readlly establlshed from the\system equation 3.5 as: ¢ . _ - ﬁ
A | K \ ' S N \\
- = 2. B
b = h = ( Jhy — ——— ... ..., 3.1%.a
‘ ry _ﬂSl- K2+K8 10 K2+K3 - -
: and : ' Y TR
. - . K T"\
= = 2
e “h = h = (= Yhiy, ...... et ras e 3.19.b
o T2 %2 KytKy 0\\

The steady state model’ of the system shown in Flgure
3 3 suggests that the problem is to find the form df ‘the

of
functloan = G(Mr in order that the known steady state

“ relation given in equation 2.25 is satisfied. | ' \35\\{
Proceeding as&in Chapter 2, we eonsider the, following
form for G: )
o : K(alﬁ' + a2)2 i ¢
G(M_, B) = — ERRRRRRERR .- 3.20 .
1 + K(aer‘+_a2)
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o ~
"that *
. Moo= A B +2 B civeennnnnnn... e 3.21 ;
T r,ry r,r, : .
v /‘A . " B - s
Incorporating equation 3.19, and the fact that . : n\
A = A + A_ -seguation 3.21 ‘can be written as: ' ‘
r r r - .
. s 2 : . /
. = - 1 . B 1 ad 3 ’ g
. . e . Mr = ghoAr _R; A__ ............ .{i ...... 3. 22 e
Substitutioh'of'ﬁ¥ intolequatiqﬁl3.20 then yields: .
? o xng” ) @
. Tf = G(M " B)_ = rrre————— . b et 8o A % e » a4 e s s 3-23 f
i . r : . 2
: 1 + Kh,.” . A
o 0 ,
o which is the desired"resplt. ' . \
%' As discussed in Section 2.3, although the valldlty '
? of the function G holds only for the case where. there is
: ‘ a long duration between the pulses, it w;ll contintie to
d be used for arbitrary interpulse intervals. It thus
? serves as the mechanlsm for generating Ter or rather 1ts
f flctmcmous hydnaullc analog. : - o - _ i}
3.7 COMPUTATIONAL APPRCACH AND RESULTS
I: - 3.7.1 COMPUTATIONAL APPROACH. : : o . ;N
3 g s '
3 The qﬁ&ntltles Eq (tpj 148) and Eél(tp]'l+ﬁl needed
s ’ . -
>l{ ~ . . . . _
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: - ' (e) Décaf time consfant,_l ) ‘ C ) i
\\ \\\l“. ! o ’ l. " 32/ o
‘~73 ' (f) Feed-back factor, B  _- .
v : A " ' - '
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NG S ‘.
N . B :
\ ‘
in® eg\atlon 3.18 aﬂe obtained as solutlons %y (A) and X, (a)
of equatlon 3.12, when Xy (0) = 1 and ‘nj- -

Ty
4+

'.x (0). = x (0)\\\¥4(0) :fb = b :fbu = b‘ = 0. The

1 2 3 4
guantities E (t J +A) and E 3(t i~ l+A) needed in

/“» T
lequation 3.18’are'o§;ained asﬁthe solutions xj(4) and

-
—

o '.__/ . . -
x4(A) of -equation when‘xB(O) = 1 and

,\J:‘_ . _ '_ . _ ‘- ) __..
Xy (0)" = Xy {0} = Xy (0) = bl = b2 = b3.- b4 = 0. THe

quantltles r (tpj l+A); r, (t B +A) , rB(EPJ—;+A),,and‘

— iy (t 1= l+ needed in equat;on- w17 are obtained as the

~B .
olutlons X1 (A),MX"(A), xj(A), nd xd (4) of eguation 3. 12

N

hen x, (0) =, x,(0) =‘£ (0) = x,[0) = =0,

= Kb d b, - J\\
L= K "'B, an b3r-K2h0 b

n

7.2  EXPERIMENTAL RESULTS

“

. \ The evaluation of the model ?§i$:ifried out byzper_. _

forming a sequence of computer runsd lqrder‘to determine

.

the influence -of .various system parameters on the Oﬁega-

Uresponses. Speéificaily, the inflflence of the folldwing
parameters was COn51dered ) i
or B ,
(b) Recovery ¢1me constant,'kf
_ St
{c) Recovery time constant, Ar ' -
. : ‘ . 2 :

(a)'Fluld 1evel of tank T

(d) Decay é%me censtaﬁﬁ,.ks
: 1

(g) Exponent féctoi,.c . o)

- ' S R \ . C

s L
s Y . e 1

]
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- “

‘Table 3.2 shows'the range considered for the various

parameters These values were suggested by experlments‘_

S

carrled out wrth real paplllary muscle of a rat.

- In-all the experlments, the areas of cross sectlon,’

AS . As fdhr_;”and Arw were taken as 1 o, 1.0, 0.08 and
1 ST 2% |
0.12 meter? respectively.

;

1
!
o 5 Ty
at dynamlc equlllbrlum over a typical 1nterpulse 1nterval

’

are almost 1dentlcal to those shown in Flgures 2.4 and

2.5, This 1s a natural consequence of the fact that the

to the basic Malnwood Lee model. The t1 e tra]ectorles

obta ned for M_ (t), Mr%ft)’ apd M (t) at dynamlc equlll_.
. 2 A

.
brium over a typical iykerpulse interval are shown-in

b

Figures 3.4 - 3.6. \\;‘\ L
'The‘trajectory of M ~(t)'starts from its initial
. 52

value, passes through a qalley (at approxlmately t = 12

seconds for h0 ='10), aqd then increases with increasing

tlmei?-The value of M¥ ft) starts from zero at the
2

beginning of the }%terpulSe interval and then rhoreases

‘with increasing time; this increase is initially rapid

and then becomes slower. The ValTe of M_ (t) (Flgure 3. 6)
starts £rom ltS zZero value at the beginning of the inter--
pulse-lnterval and then increases w1th increasing tlme;.this

Lo . C ' prst
increase is initially very rapid (an incrgase of about 30%

Qf.peak valua;%n_first-ls secohds).and then becomes slower

j . . . ‘,-.- . ‘ , -

L)
s

-

The time trajectories obtained for M (t) and M (k) ’

™~




Lﬁ'

> _Paée 59

‘(an increase of about 16§'in remaining 44 seéoﬁds). -
Omega respgpsgs for -t é hydraﬁlié analog of thé éual

subsystem model are ‘shown in Figures 3.7 through 3.13.

In.general, théyrare-characﬁérized by'a valley whose
minimum occurs at about’(10—20).pulsgs/min. followed by a
peak_occurring at a stimulaﬁion_frégﬁency of‘(60;90frx
pulsesﬂmin.r —

) _

The‘valiey and the peak. of-the Omega response shifts

-

to the left and the ratio of minimum value of tension to

maximum value of tension decreases when:

- (1) The recovery time constant, Ar , 1s decreased i
o : . 1 ‘ '

- (Figure 3.8) ' . IR 'x

or

(ii) The décay time coﬁgtant, Aslf is’decreased_(Figure
3. i
O]_". ‘ . (
fiiil The feed-back factor, B,'is'decréased (Figure 3.;@f

or | ‘ ' \

(iv) The exponent factor, e, %F decreased (Figure %.12)

or

0’ _
' The‘valley and the peak of the Omega response shifts

(v) The fluid’leVel;.h is increased (Figure 3.1l).-
to the ieft,'énd'thé ratio of minimum value of tension to
the maximum valﬁe of tension increases when:

, is increased (Figure

(1) The;@ecay tdge constant, A

3.9y. .
of o

(ii) The recovery time constant, Ar , is inpcreased
. . : .ot e T '; 2 . -



Page 60

(Figure‘3.10)
The stimulation frequency at whlch the peak tQHSlon
- occurs shlfts towards the .high frequency range and the
st;mulatlon frequency at whlch minimum of the tension
occurs,'shifts towarcs the low frequency range when:

(i) The decay time constant, *_, is decreased (Figure

1
3.7) ' ) . o

2

(ii) The recovery time constant A? , is decreased »
| ‘ ‘ ot | o E
(Figure 3.8) . '

or : o

(iii) The feed-back factor,bﬁ, is increased (Figure 3.13)

‘

or

{iv) The exponent factor, ¢, is ﬁecreased (Ficure 3.12)
| . ¥y

or ;
(vj"The £luid 1eqe1, hgs is decreased (Figure 3.11).

»-
*

From the Omega responses shewn in Flgures 3.3 through - J/w

f

el

3.13, it is clear that the. behav1our of the dual sub—
system model, while not in exact agreement with the given-
experlmental data, does follow important ?rends of the
experlmental responses. It is noted in partlcular-that
when.the;external influence (hb in the hydraulic'analog,
-[Ca ] in thehexperimental data) is reduced, tﬁé following B
general effects occur.ég;both the experimental results | “'ﬁﬁkk
and the 51mulaGEd results . | . - ) '&

“ [ '

(1) The optlmal frequency (frequency at whlch the peak

ten51cn occurs), fl’ moves towards ;he hlgh.frequencﬁ
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range - S : . ‘

. (ii) The least. favourable frequency (freqhencf_at which

H

| the-w;nimum tension occurs),1£2, moves towards the )
low ' f

equency range. o ' 1

B Thax
(%yi) The ratio (

- . Ts .

value of the peak tension and T, is the starting

) increases, where T ; 18 the
< max :

value of tensiPn.

.. T . .
(iv) The tratio (Tmax) increases, where T_._, is the.
min ‘mln ’

minimum value of tension (Note also that the valley

and -the peak of the Omega response disappeagﬁﬁaf

-
high values of h0 ([Ca0]7
e 3 Ts 2 : ' :
(v} The ratio (5=) decreases, whete T, is the tension, E!
- E v : . ‘ : ¥
o L " ) ' . \ " T
value corresponding to the highest stimulation L i

frequency considered ‘(namely 180 pulses/miﬁ.). ‘ P

. The effect of stimulation frequencfion the stimulus ENS

factor, c, as described by equation 3.24,,is shown in
i \ ' . - 3’—.{

- Figuret3.1ﬁ.

c = 0.1(1 - e ) e e . 3.24

3.8 A FUNCTIONAL DEPENDENCY FOR THE FEED-BACK FACTOR
By studying the various Oméga re5ponses of the dual
2 . g .
qubsystem model shown in Flgures 3. 4 - 3 13 1t was felts - ‘[:>

that these responses could be lmproved if a functlonal

relatlonshlp between B and hO COUld be fOIémedo Vquouﬁ_s___‘—[“"f-'f‘_—‘_

analytlc relatlons between g and h were 1nvest1gated

On the basis of the computatlonal results obtalned, the
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)

[
b

- analytic relation which appeared'to be the most, promising

was the following: -
: o -8/ Viy
B=(1-e- )

Qhere § is in the range [2.-3.1

Incorporatlon of thls relatlon in the dual. subsystem

“

model results in somewhat better,Omega responses. Of the

various Values of § tested, the*yalue Qf 2.65 provided

“the best’ results and they are shown in Figure 3.15.

R

The - Omega responses for the cases h = 10 and ho':

- shownimn Flgure 3.15, dev1ates towards the X-axis relatlve

" to therresults given in Flgure 3.11. The starting points

remain unaltered. .For the cases,pf h, = 1 and h, = 2,

0 0
the respornises shown ﬁn Figure 3.15 are essentially the

-

same as shown in Fig@re 3.11.

tiote
T R
3

T A

1

g [re-

o e

. g,
Y
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. 4 S . 4[‘ . '_. ) 3
‘ - J . . . . . C : l . ' - LA
| \?ualHSubsystem Model r ;?“”;"”A}. Hydraulic Analdg
éke surrounding fluid?bath o _ _Tank/Taj-
! Compartment C Pank” (T
. ' - .- ‘ Sl "TV . . -J' S - .t
"Ccompartment C Lo : " | Tank T* .
. . - . I'L : . S .. . rl. S f_
Compartment C R Tank T, L
s s 5 ... [
_ ' : 2. . T2
"Compartment C ¥ o ‘ Tank T
"= . . rz N . o rz
Amount of calcium inthe
compartment C_ -(Ca_ ) ' ‘Volume: M a
o Sl Sl-‘ . 'S]_
Amount of calcium in thé N e
4 compartmerdt C_ (Ca_ ) | Volume M ' R e
. rl Il . . € — S rl . , - .
Amount of calcium in the ' e L
compartment C (ca_ ) - | Yolume M ' e
. - - ) S2 .. S8y
Amount of calcium in the _ - :
' . ' o
: 5
compartment’ C_. (,Car ) - Volume M_ -
T T2 2 2 2 -
Volume of the C_ compartment (Vg ) Area of cross-section, Al :
: 2 - ’ Tl ! : 5 1 d
Volume of the C_  compartment (V_ )?| Area of cross-section, A_:
. e i r‘2: S rl ] oF . rl
Volume of the C_ cofmpartment (Vé ) | Arga of cross-section, Ag S
| 2. "_'5;'.'24 . o B2 __ -
Volume of the C_ compartment (V_,) | Area of cross-sectionh, A_ o ;
- o Ty 5 . . Iy o . 2 ~_.
Calcium eoncentration [Ca_ 1 Height h_ _
. -, R To. I A
Calcium concentration [Car 1 Height hr BN .
.- ) . l . .’ . o 1 - . 7 “w
| Calcium concentration [Ca_ ] . Height h_
‘Calcium concentration [Ca_ 1~ y " ‘Height h ,
. o . : r2 . . ' Q . r@
Calcium concentration of the 107 - :
f"surrodnding’fluid bath . ~ Heightjho - -
- .- e : . - ; . i
A - T . ¥
’ ‘ . TABLE 3.1
pTaﬁlé of Correspondence bétween’Quantities‘in the Dual
i 5 - e | o 7 o
Subsystem Model and its Hydraulic Analog. s
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PARAMETER

RANGE -

O

SPECIAL COMMENTS oégﬂ
 VALUES OF SPECIAL INTEREST
o ' ' -

:'-hO: B

g

0.2 secs.
6.0 sec#.
l l L=

-20.0 secs.

50.0 secs.

10 units

S

1.0 secs.

12.D.§é¢sul.

40;Q'secs.

’ 100.0:secst

‘,.&\='0.2S L

-Only four values ofiho,'ff
2, 4, 10 units,-co}fe3pond—

ing to calcium concentra+ =
tions of'(0:25,‘0.5; 1.0,
2.5)%x107% Mols/millilitre
éfe,conSidered. '

! [

A L= 0%6 secs.
A = 10.0 séds.
A. = 30.0 s&cs. .

S .
I .
Ag = 100.0 secs. .-
- 2" . ' i

. 1 .
e E ‘ . ol ‘
e ) 1 TABLE 3.2.
RN e e 7 L : .
rYa . : Range Considered for Various Parameters.
- ol " L . . .
: : Lé s
r l:'j N L, ;:J' . H
' 3 . ‘:'-':t ..
.' . ;‘ A . ‘\ ._‘
t o' . . T
i . ;J‘l|
; 7
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SUMMARY AND CONCLUSIONS

L
s

A model for the calc;um movement-ln the paplllary

: -
. muscle of a rat has been formulated based on the assump-—

]
/
tion that the calcium causlng the“muscle'contractlon is -

derlved from three dlstlnct ca{gﬁum pools, namel9, the
A

" outside calcium pool, the C mpartment_and the Cq
: ' 52

-compartment. In order to fqpllltate the development of

a mathematlcal characterlzatlon for the conflguratlon,

t

a hydraullc analog £or? the model was formulated

In the context of this mathematlcal conflguratlon,

the notlon of ‘dynamic equlllbrlum was defined and the
“E

”condltlons which force the model 1nto thlS state were

developed. The generatlon of ﬁke necessary OmEga response

‘fdata for/ the model was con51derably faCLlltated using

these: results.

t

The effect of changes in various parameters on the.
. Omega responses—of the model was i vestigated through a

series of computatlonal experlmihrs.f The objective of

these experlments was that of f@pding-a set of model péra~

meters which minimizé the deviation'between'model Omega

ponses and Qmega response data avallable from actual
i

experlments (see Flgure l 2). . ¥
The best set of model Omega responses obtained

(Flgure 3 ll) ara in good agreement w1th the general

T

trends in thg given experlmental dqﬁé.x Slgnlflcant

T

e > 4

-




.\',,--

.] . . . . -
/.-m ) ) ¢ - . . -

' deViations are, however, apparent. In order to possrblY“ '

reduce the dev1atlons in theucontext of the present model

£

varlous alteratlons can be explored The‘mOSt_promlSlng

appear to be~the follow1ng

- L)

(a) Removal of " the constralnt of a steady state galn ‘of

‘5 between hO and.h l’ and h and h : (see quatlon
o S, .2 i
3.2 . |

gb) ‘Alteratlon of the feed back flow,_sz'ZIn the present

e

conflguratlon, this flow is’ from the compartment C

 to the\compartment C (of the fast’ subsystem) ~An |

' alternatlve would be to have thls flow from the

;compartment C to Phe compartment C {(of the slow'

2_.
subsystem) C : . T

N ' l‘l »

(c) Alteratlon of the gated flow F In the present

0"
conflguratron, thls flow is from the outsrde bath to

S

. the compartment C . An alternative would be to
51 » ' :

//f>have this'fiow,to the C_ " compartment.
' » S2

It has beeg acknowledged that the reference experl—

L 1

mental data berng used (Flgure 1. 2) is not hlghly accurate

- v

and may in fact devmate as much as :20% from reallty. Thls

‘set of parameters in the model

ses oan he
\ .
xmproved somewhat when the feed back factor, B, is made

u

It is noted also that' the model resp

.a functlon of h Further 1nvest1gat10ns with- thlS .. ,

functlonal relatlon may prove Fruitful. e

. L * . .
- . - - S
N ' - . . -y '
h - . .- g N ' N
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APP ElDIX I,
AN \
; _ )
c . P - ! ' ‘.
__gg;;_gopendlxrdescrlbes"the computer program used, in

_carrylng out the various computatlonal experlments reported

-

in the study A brlef;synopSLS of each‘of the subprograms
COntained in the orogram packeée is given. In_addition,‘h
for'eertain of the2criticai.Subroutines,‘a flowchert is

~ provided. | _ | | | |
. In order to fac1lltate the readlng of the program,

the varlous scalar and array variables used are summarlzed

N,

in Tables I.l and I.2. A summary of tiHe various COMMORN

‘blocks used ‘to transfer 1nformat10n among the subprhgrams
4
is glveq 'in Table I.3. Flgure f’l represents the sub--

prograﬁ%interdepen&eﬁce,_the modular lnformatlon flow.
‘\: A complete listing"of'the Fortren program‘itself;isl
given in the A@pendix'II and sample output;is givenlin
Appendlx III. -

I.1 MAIN PROGRAM

This program ititiaiizes tﬁe ralues of various para;
meters‘ih data statements and acts‘as the ¢ ntrol moduie;
It calis,various suborograms depending ﬁ?on_the'type of
function'toﬁbe'performed.es follows: _ .

(1) Subroutine SETUP for setting up -the nuieric valuesy
of certaln parameters. _ |
(ii) Subroutine SOLVE for solvmng the system equatlons- Z

7 ‘,WLth.speCLally selected condltlonsf }

#
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(ill) Subrbutine GETCQ fo% computing the fIUlE flow due'

to the gating effec% of an electrical stimulus.'

l(iv) Subroutine EVAL for|compu ing the initial conditions o

for dynamic equilibrium. o o -

{v) Subroutlne TENSON for computing the analog of

e

*ten51on o Lt

o . o 4/ -
(vi) Subroutine GETCAR for computing the percentage

.

\.
P

(vii) Subroutine TRAJCT for SOlVlng the system equations
: . . J y
using dynamic equiaxbfidﬂ lnltlal conditions.
‘ e '
{viii) Subrggtlne_OUTPUT for_outputéxng pertinent infor=-

. ‘i_.‘ -~ error between Fﬁe'cdmpﬁtéiional results and the’

refereﬁce data. -

r

mation. .h : . o L

(i¥) Subroutine PLTALL for plottiﬁg the Omega responses..

, : "(x)-Suerutine PRCENT f?{ combuting.the individually. .
. ﬁormélized Omega responses. f. | -

\A flow chart of the Main Progféhlis shown in Figure K °

I.2. - o | |

N

T.2 SUBROUTINE ACESS1

“mhis.§ﬁbrpu£ine is called by PCM and is -used tot

L . extract informaﬁioh,from the solution trajectories of
.therdiffereﬂ?iai equations being solved. A flow chart.
of this subprogfém gs‘shown in Figure I.3.

A

1.3 - SUBROUTINE EIGEN

L 38 N

-

This.subroutine computes the eigenvalues of coeffi-
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. oo . q, o _ v P s

. cient matrlx of the system equataons (the Matrix A in \\\\}\

L
equations 2. 17 and 3 13) uSLng subroutined from SClentlflC

.

Subroutines Package (SSP). - It then prlhts the elements.

of the A matrix and the elgenvalues assoc;ated with 1t.

o . ) . -

A

I.4 SUBROUTINE EVAL .- .

?

J -
This subroutine'computes'the'iniﬁial.conditions for
! N . -

R _ dynamic equilibrium (see equations 2,24‘and 3.18) and
using these initial condiﬁions,’it comphtes the corfes—
ponding final values Tor the system state varlables at

o

the end of the lnterp%lse 1nterval ' A
| v

P . I.5 ‘SUBROUTINE GETATR

~ valuesg assoc1ated with a glven Omeqabcurve and stores * W

1

!

i

lp : ) This subroutlne determines vardous crltlcal (canonlcal)

1

t

:

! these values in the "Attribute Matrix" VATRBT. The

z - g ' '

i

. N _
canonical values determined for each Omeéga curve are:

§ ‘ T (€H§Dinitial¢value);-T (the final value), Toin (the

Lo ~ value at the least favourable frequency), T .y (the value at
i o] =

the optlmum frequency), fl (the least favourable frequehcy),

and f., (the optimum frequendy). .In addition, the following

. ' * ' FERLS 'Tmin Tmax 'Tmin TE
‘. ratios are computed and stored,, A A roT
. - " s s max S

2

and .

I.'6. SUBROUTINE GETCAR

L k ) . o ., . . ;- . .
/Ehis subroutine oells GETATR to form the Attribute

[ e s oty o s P—— ——
i T A i B e W | i a3 L7 e i i i 2 1 5 o e

;. L P o N
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Matrix for. both’ compuzed results and the glven experlmental
data. It also computes the percentage error between the

‘computed results and the reference experlmental data.'

[
i ]

P I.7 SUBROUTINE GETCQ . T >

“This subroutlne computes the values of c (stlmulatlng

-

factor) and Q (see equation 2.16) correspondlng to various

AN values of stimulation frequency stored in vector PPM. T

F

‘# ' [I.8 SUBROUTINE GETFBF = o -
This subroutine computes the values of ‘the feed—“

back factor. correspondlng to the dlfferent values of ho.

stored in vector (67 (see equation 3. 25) It has relevance

only in these experiments where g .is taken to be a function
y . .

of hO'

v

1.9 SUBROUTINE NEGCHK

ThlS subroutlne examlnes the values of the system

S~

’state varlables under dynamic equlllbrlum conditions at’

all time p01nts prlor to the current 1nterpulse time.

s

j- It calls REJECT if it uncovers.a system state variable

-

with a negative valuei/;/z

I.10 _SUBROUTINE OUTPUT .
/ . . . .

‘This subroutine s the main output subroutine and

provides a‘summary of Ahe results pertaining to a parti-

.cular Omega curve. The tabular output of the pertinent.

’

T
a -

-\,-l_‘
L
~

5
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;

.imposed Omega response curves on a line printer’biot.

~ against frequency-of stimulation.. a

Page é?w

O

information is preceded by a summary of the values of the

parameters associated with it.

put

I.11 THE DESOLR PACKAGE B -

. This package consists of three subroutines; namely.

PCM, STARTR and RHS. This packégé splves:the systém

: . : S &
. differential equations by using & predictor-cdorrector -
A . . o e ) e N
method. . . _' L
i A ) — o oy
I.12" SUBROUTINE- PLTALL : . L

This subroutine generates a group of four super-

These curves correspond to four distinct vélues of any

one of the following system parameteré: AS f X+ A,
N : , . .8 Py %2 T
. . .
.Arz, hOi‘and e.“ .

\ -

I.13 SUBROUTINE PLTINF

This subrputine generates a line printer plot of the -

-

',‘timq,traject ry of any system variable of interest.

I.14 ,SUBROUTINE PLTOUT_

‘This subroutine generates a line printer plot of the

dynamic éhgilibrium-values.qf any sysfemfvé?&able plotted -
- : -



1./15 .SUBOURTINE PPPINF -

Ve e o

YA e

f.; ) On—the basms of the > _user spec1f1ed value for- the

; control parameﬁer KOUTl thls subroutlne calls one (or

-

a

. more) of the’ subroutlnes PRTINF, PUNINF PLTINF in order

5 g to generate a tlme trajectory output hav1ng the desmred
T M N
‘ format. A flow chart of thms subroutrne,;s glven in.

. - ‘ -
Figure I. 4 St -

Lo : = ' . f

I.16 SUBROUTINE PPPOUT

¢ ]
1

- * N 7 : !
On the basis of the user specified value fOr the.

control parameter KouT2, ‘this subroutlne calls one (or

morfe) of the subroutlnes PUNOUT, PLTOUT in order: to

generate an'output of the dynamic equilibrium values
- - - ) i )

’ - of the system varlables. A flow: chart of this subroutine

I is glven in .figure I 5.

——————
- N 2

)

', K . . '

I.17 SUBROUTINE PPRCENT

Ve

o

This subroutine plots a group of four superimposed

ewe e

. - o - _/ . .
and individually normalized Omega curves. These curves
correspond to four distinct values of any of the following
. \ . - - . .
parameters: A_ , A_ , A_ -, A h.,.
S1. Spt Tyt Txpt 07

— . Al /v
. .- v

1.18 - SUBROUTINE PRCENT

and €.

PER A v iradaie Myt

Ry iy

'
- 1

This subroutine computes the normalized teqsion'at

PR Orn v iotnat 4

-

dynamic equilibrium corresponding to the various stimula-_ ,

. tibn‘frequencies stored in the vector PPM.

s . Vo . .
» -0 v ’
\ A - .

Pt N e b A b b o R T

et

. / : - . . ~=- .
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SN

I.19 SUBROUTINE PRTINF L

¥

This subroutlne provr&es a tabular- output of" the

Tt L

time trajectorles of any snec1f1ed system Varlable.w

. N ‘-_ L C - . ' a:_.,u(

I1.20 SUBROUTINE PUNINF °

ThlS subroutlne provmdesxa punched card~output of

’

the -same data prlnted in subroutlne PRTINF

I.21 SUBROUTINE.PUNOUT e ”

\l On the ba51s of the user spec;fled value for the

AR

control parameter KOUT2, this subroutlne prOV1des a

W

'punched card output of the same data prlnted in subroutlne «
OUTPUT (or a portlon of thls data) . |

o>

1

I.22 SUBROUTINE QUAD . ! ' : T :4‘

B

* This subroutine petforms a quadratic curve fitting:
operation on given discrete data. Specifically,rit'deter-

mines the values for the coefficients a, b, and ¢ in the -
. : oA

. quadratic function{'ax2'+ bx + ¢, so that the quadratic .Av//i—
function passes through three&spec1f1c data p01nts The o

routlne is used to establish the 1ocat10n of extreme v \ -

LY
values on a-glven Omega curve.

v

I.23 SUBROUTINE REJECT ' 7

' This subroutine prints the valués of the uarrous

b

-parameters associated .with a negative excursion in any o

one of the system state variables at dynamic gguilibrium.



P pe

WH

from the T array into the CAR vector and 15 sca ned

‘correck value for the

. 1.27 SUBROUTINE STORE

N | : . . ‘Page 90
- | 'i _ L L : . 5
: ux‘ | . o |
It also ﬁaintalns a coﬁﬁt of the total number of negative
‘ .

gccurrences. . . —

: ct

" I.24 'SUBROUTINE-SCAN

w .. The data for a particular,Omega curve is transferred

three entrles bracketlng an.extreme value. Thls 1nfor a-
4

tion lS then passed &o QUAD for use in the quadra— Lo

tae curve flttlng procedur%. A flow chart for the -
- - ) e . - ’ \
scanning procedure is given ip Figure I.6. -

»

' I.25 ‘BUBROUTINE SETUP

—— : ~

This subroutine computes the values of the flow -

1

. ' -
constants Kl' 1¢ K2 and K,, and establlshes the numerlcal

values of elements of matrlx. It*also establlshes the

™
rcmng function to be applied

during the solutlon of the system equatlons

»
o, . y * -
3 - . -

I.26 SUBROUTINE SOLVE

Thls subroutlne generates a set of basic solutions

SR
to the system equations (see eguations 2.17 and 3.130

-which correspond to a specially selectedlset of conditidnsv

 This subroutine stores the values of the system
state variable (the elements 6f E matrix and r_veetor)

1

. when the sYsteg.equatiens are solved with specially

,f‘



~
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- s

selected conditions. ; e C T

' I.28B SUBROUTINE TENSON -

This subroutine compiutes the dynamic equilibrium

values of tension Isee equations 2.27 and 3.20) and stores

'these values in the array T. A . N
~ A ’ s
1129\ SUBROUTINE TJCTST . : SR /} :
This" subroutine’ stores the time trajectories of the
system' variables, Mo M ., M_, Mi" and M the

1 Sz T1 Ty ' ;
#rray MATCAL.. The time points at which data is stored

are contained in the vector TIME...

I.30 SUBROUTINE TRAJCT. |

This subroutine generates a set of solutions to
equations 2.17 and{3.13 using initial_cénditions which®™, .

correspond to dynamic equilibrium conditions.
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< a_ | —TALL SETUP

v

Read in para- .
meters which™
establish th
tésts to b
eonducted

Cag={Cag) initia
1

A l:(krl)initial
PO O U N
§1. '8 1n1F1a1
ArZ:(Arz)initia;
A_oo=(A_ )

5 sz'lnltla;

FIGURE I.2

1

¥

'CALL GETFBF

' Flpﬁ Chart of the Main Program

Y



. CALL-SOLVE

Y

e=(e)ynitial

1

. ‘
Y

- CALL GETCQ

I |
< 1
.
,
- ) /
4
Y
.
)
A
-~ 8= (B) ,

initial

tpz(tp)initial

Y

CALL EVAL

<

FIGURE I.2 (Cont}d)
. N W [

y
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.|Store values of
system state
variables in
.|matrices MS1,
Ms2, MRl and-
MR2 ’

Increment t.-
- to its next
‘value

w5

o

)

ncrement B

‘[to its next

value
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CALL TRAJCT

CALL OUTPUT

« -

+

“*

Increment ¢
to its next
value

Increment“)\r
to its. ¢ o2
néxt 'value

d)

FIGURE I.2 (Cont'



i . L -

’ ;ncrement AS
to its 2
next value

Incremen_t')\s
to its 1
next value

Incremeﬁt Ar
to its 1
next value

Increment‘Ca0
to its *
. next value

2

'CALL PLTALL
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'Set. KSTR
to 2 .
.
_ . T ‘ . . 3
Set Counter| ‘et KSTR to 232 ,
J to 1 and compute .
N - INEPT
P <
G (4“' _
g [IB=Time+H/2%YEPS
"bLB=Time-H/2-EPS |- .|" CALL TJCTST . )
q‘ .\
g
CALL -STORE and C
‘Ancrement J by 1 .
e ' /_ 4
’ | & . - . . -t P
. | X |
= . ,(: ' RETURN “)
.- - ‘ ) /

FIGURE I.3.

" Flow Chart of the ACESS1 Subroutine.

- I's )




FIGURE I.4 ' s

Flow Chart of the PPPINF Subfou£ine
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- carn Pan% | a

CALL PLTINF ' ' 1

. - . — A—=—— | . . . IJ
(:. RETURN :) S -

FIGURE I.4 (Cont'd)

- i}
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oo P

(™~ - RETURN ~ )

T, 2
\ . o ~
. ‘

=~ FIGURE I.5

Flow Chart-~of the PPPOUT
. Ny \ .

-~
N

L
RETURN . - )
- CALL. PUNOUT . gy
-9
A
— - -

e

Subroutine.:
Lz !
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<+ . FIGURE I.6

LY -

Flowchart of: the SCAN subroutine

. . e

g
\

1

. ~Page 102" T\
‘ ™~
‘. \
Reverse the
sign of CAR )
vector
‘I \ L
Set first entry .
-of the CAP
vector -as
reference value 3 -
¢ (REF) and 7 |-
Set J=2 -
Set "MODE *
to -1
i
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Page 103 ™
a s '
S ‘ N
- th __ | R t
Set J7 entry store” g, (3-1)th
of the CAR "
vector ase -|and IJ—z)th entries
REF of the CAR vector ,
I and corresponding | . .

values of £ in the”
CR and FQ'Vector‘n

Y £

|Increment J by

1

3 .

Reverse the sign o f RETURN
pf the CR vecton ;

Set J to 1 and
MODE to -1°

L G

) : | © FIGURE 1.6 (Cont'd). 4
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‘ APPENDIX 2
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. LISTING OF THE FORTRAN PROGRAM
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-

THr‘pADILLAQY MUSCLE (CARDIAC MUSCLE)

- THI S

- = PAPILLARY MUSELE OF THE RAT "CAN COMPUTE THE INFLUENCES OF +

" EXPONENT FAcToRu e . _ ) ] ’

'VARIOUS SYSTEM STATE VARIABLES. , N . R

rdge 14D

TITLE

—— i —— —

" SIMULATION. AND MODELLING . N

OF THE RAT UNDER THE EFFECTS

FLECTDICAL PULSH TQAfﬂ AAND QUTSIDE. CALCIUM CDNC NTQATIUN.

DEOuPAM DESTGNED FOR QTUDYING THE DYNAMIC BEHAVIOUP OF THE

.

- N - -

‘...'.....l.......l...l‘..

. Lo - . . . . ~— )
nUTSIDS CALCIUM CONCENTRATION IN THE FXTERNAL FL:1De ‘ , :

[
.

FREQUENCY OF STIMULATION (1 PULSE PER MINe BO PULSES PER MiNa)e

il

RECOVERY T!QF CONSTANT NOF CAR1 .

T B
* - S W

RECOVERY TINE CNNSTANT DF CARZ (ONLY- IN DUAL SUBSYSTEM MODREL ).
OFCAY .TIMS CONSTANT OF CASle o et

NECAY TIME CONSTA&I oF CAQE/LGNEY IN DUAL SUBSYSTEM MODEL ).

il

THE FFED-BACK FACTORe . e

THF OMEGA RFSPONSE ( TENS ION-FREQUENCY RELATION). OF THE CARDJIAC MUSCLE

| THIS PROGRAM CAN ALSO COMPUTE THE TIME-TRAJECTORIES OF
o :

, - e
- s ' '

THIS PROGRAM CAN UUTPUT THE REQUESTED INFORMAT ION ON :

1Y LINSE PRINTER., 2) CDHPUTFQ CARDS. 3) PLDTTER (FOQ PLCTTING)o



3

IR

-

LI S S |

RS

s

T rage 1Z.6

£ t***t***t**#*****tt*t#*tt*#tt**t#****** )
* OUTPUT MODE CONTROL PARAMETERS o * '
. t******t*t*****t*****t*t**t**#tt*t***t*ﬁ* ’
. o
_Kjurl TS A DAQAMETrp WHICH CﬂNTQOLS THE OuUTPYT: MDD= OF TIME TRAJFCTORIE
. e . S
Aﬁg ITS VAQLDUS VALUFS HAVE THE - FDLLUWING SIGN%FICANC: : . .
qnnanﬂnﬁa39ﬂuaeooota‘oq#;ﬂottdiillooa..e.luton;;ooooooqooo.-.---o-oo.o.uo-
+« VALUF 0OF KOUT1 . . TTTDYTRPUT-MDOE i ' '
q.o"pco‘\‘;ﬂnQGGOGOQOOOOQOOQ .0..00.l.'.l.ﬂ..q...‘..,...-..C....O..i...-b....‘.‘
NFGATIVF . < . o -NONE .
0 : o ¢ - LINE‘PRINTER.CARD PUNCH,PLOTTER
" 1 > : . LINE PRINTER, CARD PUNCH
. 2 . ) CARD PUNCH, PLOTTER "
- 3 . . LINE PRINTER,PLITTER
4 a . LINE PRINTER ‘ .
. 5 . : - PLOTTER
6 _ - : i CARD PUNCH . .
>6 . o ' NONE :

2 ¥

. R i -
see I!.l..t'......'.ﬂn'oo LILK-N- 3 -] ﬂ.OOQQGHOOOBO.-.-..D..D..l’.............'...-_

KQUT2 15 A DARAMFTFQ WHICH CONTRDLES THE DUTPUT MODE AND ITS

VARTINUS VALUES HAVFE TH“ FWLLDWING SIGNIFICANCE :

P

--Q....ll....liﬁi.l.....'I..O‘I..Q.}..‘l.lll ----o-oﬁn-o..oo..o-occiolnooo.

VALUF 0OF KDUT2 . o OUTPUT MODE- LA
""‘nﬂ‘\ﬂﬂﬂﬂﬂﬂ.Oﬂ.ﬁOﬂO;—;‘ﬂ.GQCOOQ..Q..QQQOBQOOU.D.C...'...'.....I..‘D-l.CO..I.
- NEGATIVE ' LINE PRINTER o i s srmiioins ottt oo
\ 0 _ n o LINE PRINTER,PLOTTER. _

S . " ' LINF PRINTER,CARD PUNCH({ALL STATE

. L . VARIABLES)

P 2, o e - LINE PRINTERsCARD' PUNCH(ONLY T}
. 3 . .  LINE PRINTER,;CARDPUNCH(C,CAR)

Lt I N B, S . . GhBHOG 000000000.000..000. .GCOUOCQ.DCO.DCOG.B.‘.. ............\...

*********************#**t**t***

v - SYSTEM DECIDING PARAMETERs 1
*****#**********ﬁ*********ﬁt#*t

.

KSYS1 TS.A SYSTEM DECIDING PARAMETER AND ITS VARIQUS VALUES HAVE THE

FOLLOWING SIGNIFICANCE T

. ! el
\ 3

|"='J“l""li.0'l|ﬁ.0..06..009. ...OQ.ﬂ.ﬂ....ﬂ...’.....ll......'.........‘.-.......

+ ] valus e= ksysy . " SYSTEM UNDER "STUDY '
"(‘00'I""ﬂﬂnﬂoﬂﬂ,oﬂﬂoﬁq.ﬂaﬂo.a.oﬂo.o..o...a.‘...o.......‘...................
. 0 . ' SYSTEM1 (BASIC MAINWOCD~LEE MODEL e
S0 | . SYSTEM 2(DUAL SUBSYSTEM MODEL) «

* "‘!l“ﬂb'\n’ﬂﬁﬂﬂﬂo.nboﬂ..ﬂ..otﬁﬂo t-oooo.-ooto.oooo...on-.toooooodo.oo........

-

.

L X
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o ’ , . o '1ﬁ\\};h—
. . o B | . E . T
L ' KRFTA ]srANGTHEG.pAQAMETEPﬁWHICH”DECTUFSNWHE*HER THE FEFD-BACK FACTOR

o js CAT DEPENDENT  OR NOTa *

r VALUE OF KBETA o | SIGNIF IC ANCFE o

'1nnﬂﬂﬂn....ﬁﬂ"ﬂooﬂO'IQO..‘..B“. I'IO..00050.0..'05.00...9.....'.Oﬂ.o...........l

. 0 o . BETA IS NDT CAO DSEPENDENT.
r B | n BETA 1S CAD DEPENDSENT. T

'.‘r")"\"lﬂﬂ.a-‘\ﬂﬂbﬁﬂBﬂ.ﬂlo.o!ﬁ.ﬂ'.GO.E......Q..O......IO....'l.‘....O.CU.._.......‘

-

I

- | mkkckok ok KRk MAIN PROGRAM Aok ok oAk ok

REALXA PPM(25)VTRP(25)sMS1(5425) s MS2(5,25) 4MR1(5,25),CA{S),
wmn?(E.pq).VLAMQF(%).ALpHAM(A.ES).VB(S).Epr(SJ.VLAMSS{S);VLAMSFtS)
*2VLAMRS(S) sMR(E4,25) 4y T(5,5,25) o T

TNGICAL SYS1 - \ ' ' N

rnMMQN/Onncru/KCAM.KHN.KTDM.Kqu=M.KLpFM.KLqFM.KLSSM.KLRSM

cﬂMMﬂN/CONQTS/KTP.KB.KLRF'KCA.KSTMF.KLSF.KLSS.KLHS _ ST S
. COMMON/TIMES/VTP

COMMON/PUTCAL/CAﬂ-CN.CAﬂMI&

CﬁMMONISTTVAR/MPloMRQoMP'MSI.MSE

CrMMON/SY.STFM/SYS1.- _ . y ' '

L COMMAN/DUTPAR /KOUT 1, KOUT 2 : T ' g

COC¥MON/BETAGP /KBS,KBETA o

COMMON/RST /T - -

CPMMON/FBF/BFETA . BN S

CCMMON/VAR/ZKY AR : ;

COMMON/NF GSUM/NFEGCNT : . W

CCMMON/WDOVICE /KWD,KWDD T

DATA CA/1e32ca+480+1047 ¢

‘DATA VLAMPF /0024008 4006410/

PATA VLAMPRS/6e1843100 1120/

DATA FKPFIOO!QOQPCOO?:;OOO3/ ’ oo

NATA VB/06:’005'007 02940e95/

CATA VLAMqFIISoq?Sa.10a.40./

CATA "VLAMSS/S0as700sB 0041006/ : - s
DATA VLAMRS /64 484310441247 R,
PATA . po“/]o-?-'400690801105015¢.?0n-25o1300035oo400;450'50tv -
$60”I705'7q008060900i10050110.0120°l150.0180012400/ ’

THF NU“EPICAL VALUES -, 19120'4¢0100oASQINTIALIZED IN CA VECTDF ABOVE

cPQDFCpQND TC THE FOUR STANDRED VALUES OF *0UTSIDE CALCIUM,QOQCENIRATIONS'

-
:&h
L RESPECTIVELY. - {\

CAFMIN = CA(1) .
KW = & . '_
Kwhh aQ
KALL = 1
0

NEGENT
KVAR =



)

N

) . - raye 140
. . 7 o
PEAD(142) KCAM.KLRFM.KSTMFM.KBM.KLSFM.KLssﬁﬁiLRSM . .
DFAD(!-E)AKCAS.KLRFS;KSTMFS.KSS.KLSFS(KLSSS,KEQSS ,
READ(142)KSYS1 JKNUTL , KNUT2 ,KBETA . , S -
FORMAT(715) : - - '
IF(KSYS1eFQel) SYS1 = ,TRUF, o
KTPM=25 : ’ : *
KTPMP) = KTPM+1._ i . )
DN 5 . J=1,KTRM
JI=KTPMPL—g Tl
VTR (J1=60a/PPM(Jy)
CONT INUF '
" KCA = KCAS
4 CAT = CA(KCA)
KLRS = KLEBSS
'KLSS = ‘KLSSS no )
KLSF .= KLSFS ' ) :
KLRF = KLRFS s i )
\
CALL SETUPR(VLAMRF ,VLAMRS,VL AMSF ,VL AMSS )
TF{KBETASFQ,1) CALL GETFBF’
CALL SOLVE '
KSTMF = KSTMFS
STIMF = EXDF{KSTMF) /o 2
CALL GETCQ(PPMiS$IMF) ' . /
KB = KBS :
KVAR = KVAR+1 ‘ /
. &
TF(KBFTALFEQa0) BFTA = VB({KB) i
KTD—,! a # .
TP=VTP(KTR) ‘ N - .
CALL FVAL(BFTAJCAS1,CAS2,CARL,CARZ)
KPT = KTPMP1-KTP . /
MST1(KEB,KPT) = CAS1 '
- MS?(KB,KPT) = CAS? .
MR1UKRIKPT) = CAR1 . C .
MP?{KB+KPT) = CAR2 '

MRP(KRKPT) = CARI+CAR? ' : . \
IF (KTP4FQaKTPNM} GO TO 50
KTR=KTEe4+1 :

G TN 40

CALL TENSON(KB) ! o

IF(SYS1) GO Tn S5 ' . "
CALL GFTCAR(PPM) .
IF(KBETAWFQe.1) GO TO 60
If (KBaFQeKBM) GN TO 60
KR=KA +1 ' o .
G2 TO 30

IF{ (KCUT1-GE+0)+AND.( KDUTY «LT+7)) CALL TRAJCT
CALL NUTPUT(VB.PPM,ST IMF)
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TF(KSTMF (£ QKSTMFM) GN Tn 70 :

KSTMF = KSTMF +1 . ’

60 TO 20 C

TIF{SYS1) GO T 90

'IF(KLPGnFQnKLPSM) G0 TN 80 o

KLRS KLR=+1 . : ’ o ’ Lo
GN TN 10 ‘

IF(KLSS«E0wKLSSM ) GO T~~~ = -

KLSS = KLSS+1

Gﬂ.TO io. : ‘ ' '

IF{KLSF «EQnKL SFM) GO TO 1060

KLSF ‘= KLSF+1 Co ‘ A
GO T2 10 - o

IF(KLPFoEQsKLRFMY GO TO 110 . B~
KLRPF =KLRF+1

G0 T 10-—

IF(KCAaFOsKCAM) GO TR 120 C o .
KCA = KCA+1 - ) Co : .
GC TN a - ) '

!F(KALL. Qe1) CALL. PLTALL(PPM)
CALL FRIENT{PEN,KALL)Y"

CONT INUF

STAD ’

- ) . . ' . - ’J- . M
rND - : L . . ,

SUBROUTINE ACESSI(X+F 3T4DsH) -
REAL*4 X(1)eF (1),D{1),VTP(1) - ‘ : _ o
CCMMON/TIMES/ VTP SN : - , - LT
COMMON/CONSTM /KCAM , KBEMLKTPM C '
COMMON/OUTOT/FLAG. 22

CCMMCN/PRTPTS/INFPT

‘DATA EPS/1eEwbrs i

STT = 2, \ : A
IF(FLAG GTa0o5) GD T 10 é _ - i) B
IF{T, FT.STT)GQ TO 30 : ’

KSTR = STT ’

GO Tn 31

KSTR = ZZ+0.1 - o . ; B

—— . ) @

COMPUTF NUMBEP OF DATA POINTS {INFPT) TD BE STORE™ FOR A TIME TRAJECTORYe

CINFPT = (1/H) +(VTP(KTPM)~ STT)/(ZZ*H)+0.

CALL TJCTST(X,7, Kani _ o : R _
RETURN , o .
IF(T2aGT31.E-20) GO TO 20 : - .

. o= ' ! J ' )t

CHECK WHETHER ANY .OF THE SPECIAL TIMES QIVEN IN‘VECTDEVVTP LIE IN THE
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ro PE2MISSTIBLF RANGE NF THF PRESENT TIWE.

"0 TRETH+H/24EPS
© TMET-H/?-EDS
a IE{(VTD(J)oLTgTP(sANDe{VTP(J)-GT.TM)) G0 TO 25 . 7
O RETURN : -
“ 28 CALL STERF(XsDuJ)
J o= U+l
RETURN

END o | 3 ' — e .

~~  SUBRQUTINF SIGEN(A M)
<7 - PEAL%4 A(S, =).A1¢2.2).VR(Q).VI(?).vota)
LOGICAL SYS1 , ' )
CEMMON/SYSTEM /SYS] Fe 2 ’
_CFMMUN/WDVIrE/Kwo ' . ] .
WRITE(KWD,101) . - ' ' Ve
anf’anMAT(-—-.zox.fTHF A MATPIX IF THE SYSTEM®, /20X, o ‘

u

Fr o e o mm———e——= /)
S D010 JS1.N LT . . S
WEITE (KWD o1 00 (ALJ WK ) yK=14N) ‘ O ‘

1o CONT!NUF' Coe : '

(J‘ fo R
LK1 =0 o . o L
TEDM 20 J = 1,7 CA
DD 20 K = 1,2 - S '

. 2730 €N ' ‘ . o :
////:KK = K4K1 - S T | o ’
T PO AV JeK) = ACJJLKK) ' - '
" CALL HSBG(2,Al1,2} o : !
CALL ATEIG(?.Ah-VR'VI.VD.E) -
IF(SYS1) GO TN 60 ,
IF(J1.EGN0) GO; TR S0 o e . N
WRTTE(KWD,500) . ; ‘ : 4
S00 FORMAT(T—* 85X, *EIGFN VALUES OF THE SLOW suB- SYSTEM! 3/ 5Xy tmmmmmeee
e e e I ) . : o
"00 FOPMAT('-t,5X,4¥E15.4) . . ' L —

wpITF(KwD.SOI) (VR(J).VI(J))-J 1,21 .
RETURN ’ g
50 WRITE(KWD,502) ' -
S0P FORMAT('=1%,5X,*'EIGEN VALUES OF THEH FAST SUB-SYSTEM?® ,/5X} % wmemmmmmu
-5_;;_____-___________a___—_l)
WPTTF(KWD'JOIJ ((VR(J).VI(J))-J = 22} "
21 = ? . . o 3 : ] -
K1 = 2 L . . 3
GO Th 1% ’ "

D WRITE(KWD,S502) }
SO FORMAT(®~*,5X + 'EIGEN VALUES OF THF 'SWSTEM ARE : *)
- WRITE(KWD,S01) ((VPLJ),. VICIIIed = 1,2 . .
S01 FODMAT('O'.EEISoQ} y '
"RETURN B . -

END""‘ :T::)'J . :



. SURRPAUTINF EVAL(RETASCAST ,CA
. REAL%4 FMATI(4,25), FMAT2(4,25
L RVC(25 Y . VQL25) ;
LNGICAL /5YST = CLs - o :
. COMMON/CONSTM/KCAM, KBM, KTPM R C o
COMMON/CONSTS /KTP KB, - 5

+ "
4 CARY 4 CAR2) : S
A RMAT{4,25)s ALPHAM(4,25), .0

%

CnMMON/Fn/=MAT1.FMATE.RMAT : : L
COMMON/SYSTEM/SYST ™. : s ' :
COMMONZDECOND / ALPHAM, '« . COS
CCMMON/CVECT/vC,va ’ L __ ; ‘
KOT = KTPM+1-KTP co, . : ok ' o
FY1=ENMATI(1,4KTF) 4 :

E21=FNMAT1(2,KTP) _ .
RISRNMAT (1,KTP) . C )
RA=RMAT(2,KTR) o .

3% = 040 L - , - : -
F4T = 040 - o . 7 - )

P2 = 0.0 . ) N Lo |" - . -. l 'r N o

R4 = 0.0 o g

ALPHAI = Qo . : : . -
IF(SYS1) GO To 30, ' ‘ I
FIT=EMAT2(3,KTP) ‘ N

EA43I=ENMATO( !KTF) . . . _— Q
L RAZPMAT( T7KTP ) . - : : .
RA=RMAT (4 4 KTP ) ' ]

T

g

Ry
[ - o ' ‘. N y oo [ o, ] [

COMPUTE INITI'AL CONDITIONS FOR DYNAMIC EQUILIBRIUM ExIaLEN§E~'

~ . ' X . ‘ Y ) i ) ) o : [
ALFHAZ=RI/(14-F33) ° i ‘ AT e J
70 0 = VOIKPT) : ‘ | R Lo )
at = 1a-F11- B#TA*F?I ! ' . '
a2 = RI+O+BETA*(92+R4)+BETA*F¢1*ALPHA3 .

AIPHAI = ez2/av

2

-

) JE—— oo : ; .
STORF THE VALUES OF SYSTEM INITIAL LONDITIONS FOR DYNAMIC EQUILIBRIUN

IN MATRIX ALPHAMA

ALPHAL - b
ALPHAM{2,KTP) Bo0 . ’ . .
ALPHAM(3,KTP) = ALPHA3 . . .
ALPHAM( A ,KTR) = 0.0 . N ' , .
CALL hFGCHK(ALDHAl.ALPHAB.BETA) ‘ e -~

ALPHAM(1 ,KTP)

1l

Al

CﬂMPUTF DYNAMIC EOUILIBRIUM VALUES: DF STATC VARIABLFS : n ’

. _ g
CASI=E11*ALPHAL+R1 , . e N o
CAR1=E21%ALPHA1+R2 S et
CAS2=E33%ALPHAI+RI . . ,
CARZP?=FAI*ALPHAI+RA : ' - ;

RETURN | . . . TR B
FND ' : y , L | - Ve g

g
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SUBROUTINE GFTATP(CAQQPDM.KBQKTpH'
RFAL%4 PPM{25),CAR(25), Vp(ﬁ)cFQ(’) CR(?)-VATRBT(& 8)
CFMMON/ATTVEC/VATQBT

MODE = 1 : .

CACR SCANgcAn.wnn=.KTpM.K.panJ;Fo.cQ) :
IFIMODEWLTa0) Gokvoozo . o ‘ S
CALL QUAD(FQ, CR4F, VALU) i

VP(’) = CAR(1)
vp(a) = CAR(KT<E)

-

STORE THE MINIMUM VALUE OF CAR AND CORRESPONDING ST IMULATION FREQUENCY
VP{1) = F ' o e
VP(2) = VALU - A : v
MODE = 2° p¥ e ,
K= /

:T/”

CALL SCAN(CAR, NODE;K PN K+PPM, J,FQ.CR)

IF(MﬂDF-LT-O} GD TO 30

CALL QUAD(FQ,CR,F, fLUl
#

\\. . . ) - .
T ’ L
Y
AN iy

/ . .
-l rad . ¢ ’

'STMNRF THE PEAK VALUFE OF CAP AND THF CORRESPIONDING STIMULATION FREQUENC

k-\\
VR(S) £ F

VP({6) VALU

Gr TO 1S o . ‘ ’
Fo= -1 ‘
i-VN-U -1 .
60 To 21 - .
. F o= =1 ' Co-
VALY = -1 , o 5 i
Go Tn 91 | - _ o T
FORM A 'FOW OF ATTRIBUTE MATRIX Y

VATRRT(KB,1) = VP(3) : .
VATRBT(KB,.2) = VP(2)/VP(3)
VATRET(KS,3) VR{6)/VP()
VATRET(KB.4) "= VP(2)/VP(6) _

Al

" VATRBT(KB,S) = VP(a)/VP(2) “
VATRAT(KA.6) = VvP(a)/VR{&)Y _ o
_VATPET(KB,7) = vP(1)Y - &yy R L
VATRBT(KB8+8) =.VP(S) ‘ :
RETURN . . : . o )
END . ' Y ) ~
7

;,h ‘l

SURROUTINE GET CAR(PPM) ) n

REALXS T(S5¢525),PEMI25Y, CAR(25), CASE(10), F(lO)oCSTD(4010)'
*VATRBT({6&+8) , VERRCR(5,48)
CCMMONSCONSTM/KCAM s KBMKTPM

BRI R AT ST Y R e T

CCMMON¥RSTY /T
CﬁMMON/CONSTq/KTP.KB.KLRF KCA . N :
COMMON/VAR/KV AR . ' e ‘%;

" COMMCN/ERRVECZVERROR _ .
© COMMONZATTVEC/VATRBT Ca o
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EXPFR IMENTAL CATA . LT

BT |

DATA F/?..s..le..10..60..95..120..1%0..180.
DATA GSTD/14,4421 2462 510024645311 ,.5,52, 'QSQbUSoQIO 5|48¢|38-0
FTn 0190455054 780+20e12B0525405:73e5 u3lo-35.5g4‘#..67:5 32. u30. +»3B8e5
P58a532Re 1260 i160v50.121.'21u5p3ln oﬂ-dg/
DATA KCADLD/O/ |-
S 0NL10 J=1,KTPM |
‘0 CAPJJ) = TAKVARKBJ) .
~ : g *
r COMPUTE ATTRIBUTF'VECTGRPFOR_compurEﬁwﬁESULfs
CAUL GETATR(CARRPM, KB;KTPM)
IF(KCALEQsKCAOLD) GO TO 11
c COMPUTE ATTRIBUTE VECTOR.FOR. EXPERIMENTAL RESULTS
] ) ‘ .
DN 20 J = 1,49
20 ,CASF(J) = - CSTD(KCA,JY T~
CALL GFTATR(CASE .F 6, 9)ﬁh\
KCAMLD = KCA N
11 CONTIMUF : §
(‘ "’. . } : . " ‘ ‘ Lt
d COMPUTF DERCENTAGE ERRCR T o ’
r - . . o N o
DO 30 K = 1,.8. ' _ - | . :
10 VERFENR(KB.K)= ({VATRETIKB4+K)=-VATRBT(E.K))/VATRBT(6,K) ) k100
END -

~—

~ A

‘.

SURROUTINE GETCQ(PPM,STIMF)

PRAL*4 VC(25) 4FPM(1),VQ{?5S) -
COMMON/OUTCAL /CADLCN
CA¥MON/CVECT/VC,VQ : o :
COMMON/CONSTM/KCAM KBV o KTPM JKSTMF M KLRFM, KLSFM.KLSSM.KLPSM
CHAT = 14~EXP{=STIMF*CAD)
DO 10 J=1,KTPM

CKNEE = —120¢ /PPM(J)

C = CN*(lo-FXP(CKNFF)) ‘
ve(Jy = C ' » '
10 VA(Y) = CXCHAT _
[ RETURN ‘.

Jew o | - | o

~

SUBRMUTINF GETFBF s -

CCMMON/FBF/BETA. T _ \
CHOMMNN/FXPRGC/RC ) _ _
COMMONZOUTCAL #CANGCN _ _ .

CBEXP = (BC/CAQI**eS : : : - '//ﬁ\ :
"BFTA = 14-FXP{-BFXP) L . .. ‘ L e .

RETURN

i . . '

'
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END ‘ - - . '

SURROUT INF NFGCHK€:kaAl.ALPHA3 BETA) ;o _

REAL* 4 FMAT1(4.?5).EMsz(a.as),nMAT(a,zsff o T
. LNGICAL SYS1

rrMMﬁN/Fn/FMATl.FMATe.RMAT ' | ‘ o

.COMMON/CONSTS/KTP .. . .

ccuMnN/quTFM/svsl ' L “

FP = —leE-a - S : S :

- - .
-

COMPUTE THE VALUES OF SYSTEM STATE VARrAB:E;fAJ.ALL SPECIAL TIMES (AS

v

GIVEN IN VEﬁTEF VTP) PRINR TO THE PRESENT OJNE AND CHECK FOR THE NEGAT1LV

VALUE € OE*STATE VARIAELES,
4 3
DN 10 I =1,KTP :
X1 = FMATI(1'KTP)*ALPHA1+RMAT(1.KTP)
X2 FMAT!(’.KTP)*ALPHA!+ MAT(2,KTP)
IF(SYS1) GD TO 5 E)(,
X3 = FMAT2(’.KTP!*ALPHA3+R AT(Z.KTP)
X& = EMAT2({4,KTP)*ALPHAZ+RMAT (4 ,KTP)
IF((X’oLToFP)oDPe(XQoLT.EP)) GN°'TA 20
5. TF((xlaLTo‘:p)oERo(X?oLTon)] GC FTo 20
"0 CONTINUE
RETURN
"0 CALL PFJWCT(BFAA.XI;X2'X3ox4) L
RETURN . X '
END ’ \ .

N

SUBRCUTINE QUTRPUT(VB,PPM,STIMF) _

REAL®4 MS1({5,25),MS2(S5+25)3MR1({5425)sMR2(5,25) MRI5425)4T(5:5425)
*L,PPM(1), vat1).VTptl).vs(i).VATReTts.S) VFRROP;%TB)

(OGTICAL SYSI

C"MMHNZVHLMS/VQIoVR?.VSI vs2 \ /
COMMON/FLOWCT/KY 3K1P e - ; _
‘COMMON/ATTVFC/VATRST ‘ : ‘ , N
COMMON/VAR/KV AR ' - '

CCMMONZCONSTS /KTP, KB-KLDF.KCA.KSTMF‘
COMMON/COINS TM/KCAM, KBM, KTPM;KSTMFM.KLRFM.KkSFM KLSSM KLRSM
"COMMCN/STTVAR/MRY JMR2 MR, MS1,MS2 ‘

CCMMON/SYSTEM /SY S , ) Lo 3
COMMON/DUT.CAL / CAQ.CN ’ . : : ' -
COMMON/NE G SUM/ZNEGCNT e K
rnumon/TCONST/LAqu.Lamql.LAMRQ.LAM%a

(’ CCMMON/CVECT/VC,VaQ : N

COMMON/ERRVEC/VERROR . ! - : ‘ S
.COMMON/BETAGP /KAS,KRETA - : o , . PR
CCMMON/WDVICE/KWD, KWDC ~ _ ) L
COMMON/PFRT/TMR - L v L s
CCHMMON/RTI AS /8 /// :

/

rl
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:

Iy
LATETN
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CAMMAN/E ST /T ' '

DATA NUM/1/ : .
KTPMEt =K TPMey . - ” T
PN 20 K = KBS KBM . B : ' :
WPITE{KWD,90) CAR
Q0 FNOMATE1,9,,30X 4% (X o9 HE [GHT. HO

(Cao CDNCa) = VGFTE3.5X,9%1)
IF(KRFTALFG.0) WRITE(KWD,100) VB(K) s L
IFIKBRETA«EQel ) WRITE(KWD:100) BETA : ' .
100 FDQMAT(/,?px.-#**t*i ****#***t*****t***#t**t**********t******'./
SSOXe "BETA = ¢ ,F1042,/20X, .
g'***&*t***t*****#t*****t*t********##***tt**t*tl) ) &
WRTTEF (KWD,110) B+STIMF : : -
170 FORPMAT('=*,10X+***,5X,*THE VALUE OF ZFRO- BIAS = *,2X.F10e3,5X, %",
EIEXPONENT FACTRAR = 0 ,FGea1,5X,1%1) '
WPITF(KWD.150) LAMp1.LAM51.vs1.vn1.K1 | \
IF(SYS1) GN YN 20
WEITE (KWD 42001 LAMR2LAMSZ ,VS2 4VR2 ,KIP -
150 FORMAT( ® % ,aX,y tmmlommam e ————————— R -
*—--—-—-o---————————'—-- ————— ———— v —— i o k. =i b ———————
*/?X.'LA&DI = Y4F10a? 45X+ YLAMSY = 1F100205K0'V51 = '3Fl0a3:15X,
FIVOT = Y ,F10.3.5X, K] = *,F10e7) § : N
700 FORMAT(' =% ,8X s "LAMR2 = " ,F10s7,5Xs ILAMS2 = -,Flo.z.sx.-vsa = -.\\
FF10e2,5X, VP2 = '.Floo3.5Xo'KlP<= "L F10.33/ ' N
Vi — —— — —— {' ——— i et e o e — e s 7 T e i e e .

T o e v

-wd1+rtxwov250)

S0 FOSMAT{Y—*,3X, *PULSFS/MIN,"* -6;\‘CASI'.8X-'CAS?'-7X-'CAR! 18X,
X

+'C*) . L \)
PA 10 J=1,KTEM e ) 4
10 WRITF(KWD.300) PPM(J) MSI(K,JK(;;%(K'J).MQIIK.J).MQ?(K 3) MR (KD
: *T{KVAR, K‘J,'VC(J) . _ .
WRTTE(KWD,101) - K NI o . : o
107 FORMAT(®-%,0X,

/10X *THE CANONICRf\VﬁtﬁéS AND RATIOS OF. DMEGA.CURVE' /10X,

h'CAﬁe"7X.'CAR'.7X|'TENSIDN'c

WRITF (KWD,302) . K | e

107 FNOMAT( Y '.lox.'*******tt****************t*f******#*t***#*********‘
R ALESELE LSS L EAD] '

WRTTE(KWDs11)

a

THE QUANTITIES Z4V,Ps. AND L C RRESPNAND. TO TS,TMIN,TMAX.AND TE' (DEFINED

IN TEXT) RESPECTIVELY, S . '

11 OFORMAT(/ 213X s V72 e AXe 'W/ZT 3SXe TP/ 7% 48X "V/PY 14Xt L/ 2% 08X 'L/PY 14K,
TIFYT,5X,tF21) - .o

WRITF (KWD,12) (»ATQBT(K'I).I = 1948} (VATRBT(6+ 11,1 = 1,8) B
TE. FORMAT(/+10XsBF 74 345Xs 0% ——————n r—————— ————— EXPERIMENTAL
TVALUESY 4/ /10X5BF 703 4SXe ' ¥ wm e e e - ' REFERENCE
SVALUES®) " . -
WRITF (KWD, lé) (VERROR (K, 1) ,41=2,8). - . T
12 FORMAT(//17X, 7F7~3.SX.'* mmm————— S ottt kit PERCENTAGE )
TFRRORY) : ' % - R

WRTTE (RWD,s303) .
A0 FORMAT( Y ',IOX.'*****#*******#****#***t*************t******** * T}
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GO -TN 20 .

70 WRITE(KWD,260) :

"H0 FORMAT( - ‘vJX-'PULSES/MINT- .ﬁx.-CAq-.sx.-CAR'.1ox,-TFNerN'.1ox..
kICe) : .

DN 111 J= I.KTPN .
11 WRITE (KWD, 301 ) ppM(J).MSl(K.J).MRl(K J).T(KVAQ.K.J).VC(J)
20 COMT INUF e
CALL PPPOUT(PPN.NUM,VE)
TFC(KCA, EO-KCAM).AND.(KLQF.EQ.KLDN) AND.(KSTMF.EQ KSTMEM) )
*wnxTF(w.qqa) NEGCNT

v

RFTURN-" ' o
5Ea FDPMATr'-'.Sx.'TOTAL NOs OF DCCUPENCES OF A NEGATIVE CALCIUM
TRCONTENT = *,15) . B

60 FARMAT(IX F1252,76120 )
0V FORMAT(1X4F12,2,5512473) ~ , A
FND , ' 7 . o :

s S ‘ % . ) Y

] . . i
|

.

] SURROUTINE ‘PCMIDXZeNINTeNsTA,T] +X)
RFAL %4 XZES)s XNMILS) s XNM2(S ) 4 XNMY {(S) s XN{S) s XNP1 (5)0 CNI{5) s CNP1(5) s

?PN(S)'QNPI(5)oNOD(Q)oFMUQ(S)pFNME(J).FNM!(5)1FN(5).FNP1(5)-X(5)»
$F?(<).xpt Y DXZ(%),F(S) :

v

nM 21 K=1+N
21 X7LKY = DXZ{(K)
TZ=0.0

Yo b HETI/NINT

I NM3 = NINT=-7

b 10 J=1,.N
NM’(ﬂ\~X24J)

CALL PH%(XZ4TZ.FZ) - . ' ' e
IFYTA.EQ.1) \CALL Acssc}(xz.Fz.Tz.sz.H) e . ‘
. T B L :

1y rs@ =

] 0 ~ .
- l‘ , ) Vo T
' ‘ CAL \GTAdTR(XZ.T?oH.i;lé&{iNM2tT)’
i CALL FHS{XNMZ ,T,FNM2 AL )

rr(IA.GT 0) CALL ESSl(ﬁNM? +FNM2 4T 4DXZ oH)
CALL/STARYR( 2. Tz.H.N,tsw XNMloT) .

CALL 'WHS{XNMI , T,FNM1) . 7 .

IFtrAlq;{gT CALL_ACESSI(XNM14FNML 4T ,DXZ,H) :
: CALL>§VARTR(xNM1.T7.H *Ns ISWXN,T) - ' o
‘CALL-QHS(XNPLTFWT#g"h“‘f”“TNWH\‘ : IR

CTN = T ) T

-IF(IAaGT.O)\ElLL AC‘SSI(XNJFN T.sz‘;T\\““%fgg

DN 8. J=1, | - . T
CN{J) =040 - . - AT -

1°  PNGIY=0d0 SO S -
4> D0 S0 MASTER= 1,NM3 - B : : T

-Afhf'\ 14 J 14N _ I . a——e ce T

,/ pnsorcrnﬁ
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-

_PNP:(J1=xNM3(J)+4,0*H*(2.0mFN(J)-FNM1(J)+2.O*FNM2tJ))/3.o 0000

MODTF TER

-

HCD(J)“PNPI{J)—llZoEO#
TRHP1=TN+H

S cALL R S (MDD, TRP1,
PO o1

'// J ltN

CORRECTOR

1

N(QD—CN(J)){IRIQFO : ’ T

»

+

cmp:(JJ/10.Fo&thJ)—xNTjk;143qu*H*(FMDD<J)+2.EO*FN(J)—FNM1{J)))/8
aFO v . - ‘ - .

-

-

FINAL VALUES, I17TS DERIVATIVE - AND ERROR TEST '

xmpi(J)-CND1(J1+9a=ottcN91{J)—CsztJ))/121.50
CALL.~RHS(XNP1, TNP1 ,FNP1) A - =
TINETNPL ; C
DN 20 J=1,N [
FNM2(JP=FNMLICY) A
ENMI ( J) =FN( J) 7
FN(JI=FNP1(J) .

XNMIC( JI=XNM2 ()

XNM2{ J)=XNM1 ( J)
XNM1 ¢ ) =XNEJ)
CXN{JI=XNPT (J)

XCJY=XN( D)

PN( J}=PNP1 (J) . -
CNC I =CNPY L) o C i

18]

il

1F(1AeGTa0) CALLU Accqclt *FNaTNIDXZ oH)

CONT INUF ~ p -
RETURN : ) .
END '

<
SURRCUTINE PLTALL(PPM) ) - . ' : \
FRAL*A T(S45,2%).,P(25, 6).PPM(1) ' '
COMMON/BEETAGP /KBS
COMMCN/CONSTM/KCAM, KBM.KTPM ‘
COMMON/RST/T . ' N ) ' o
DN 10 K = KBS, KEM o . .
DN 20 J = 14,25 '
LPlJL1) =PPMLI)
Pl(Js2) =0,0 .
PlJs3) = T(14KeJd) - S .
P(2sa) T(24K+J) o ’ -
P{J+5) = T(3sKed) . .
20 P{Je6) = T(AsKed) . . ‘ ’
CALL PLOT(KsP 375464120,40) )
10 CONTINUF : - : ‘
RETURN , o | . " .
END ’ : '

el T e e Lk




~

-

\SUHpﬂUTINF PLTINF

REAL x4 MATCAL(5-100).TIME(100).C(100 7)
LOGICAL SYS1

COMMON/PRTPTS/INFPT |
cruMﬁN/CADFTL/MATCAL.TIM—

COMMOM/CONSTS Z/KTR, KB+ KLRF ¢ KCA4KSTMF

COMMON/SYSTEM /SYS1 s
DN 10 J = 1 INFPT '

C(JIe1) = TIME(Y) -

C(Jv2) = 0.0 ~

C{JI+3) MATCAL(1,J)

FC(Is8) = MATCAL(Z2,J)
IF{SYSY) GO TO 10
C(JoS) = MATCAL{3,.})
ClIeE) T MATCAL(E,J)
C{JI+7) = MATCAL(S, )

10 CONT INUE

AlJded) = MR2(K,.J).
AlJSY = A(JD.3) + A{J2)
TN A{JeB) =, T(KVAP.K'J)
CALL pLDT(NUM'A’?S'G'O'O)
GD TOD &40
0 DO 11 J=1,25 .
AlJ«1) = PPM( 2}
A{J«2) = O~ ’ )
AlJds3) = MRI(K,J) ‘ o ~
AlJa) = TIKVARsK+J}

11

CALL PLDT(KFA.A.INFPT S904+0)
RPETURN
END

SURROUTINF PLTOUT(PPM.K NUM)

.&J/ REAL %4 PDM(!)-MRI(S.zs) MPZ(S.EJ).A(?S.&) VC(I).T(S

LOGICAL SYSI
COMMON/CVECT/VC,VQ
CEMMPON/SYSTFM/SYS1
COMMON/CONSTM/KC AM KBN JKTPM
COMMON/STTVAR/ MR MRD
COMMON/VAR/KV AR
COMMONZRST/T - '
KTEMP1 = KTPM + 1
IF(SYS1) GN TN Z0

DM 10 J=1,25

AlJs1) = PPM(J)

A{J«?)Y = 0O, .

A(Jg3) = MR1(K,.J)

-

CALL FPLOT(NUM, A42S 444y 040)

740 PO PO I = 1,KTEM

A(Je1) = PPM(J)
A(J¥v2) = 0a0

20 A(J43) = VCLJY)

IF(NUM.EQOI’ CALL DLDT(NUMIAO?SIa'O'O)
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NUM = NUM % 1 ' -
RF TURN -7 '

END o -

SUBRMNUTINE PPPINF -
COMMCN/QUTRAR /KOUT1
IF(KOUT1 «FQe5) GO TN S0 . .
IF{{KNUT1a5Qe6)eNRo (KOUT1aFCe2}) GO TO 40 o
CALL . PRTINF . ;
IF{KNYT1.FQoa ) RFTURN - .
IF(KNUT1eFAa2) GO TN S0
A0 -CALL PUNINF T
IF(IKCUT 1 @ EQQI}ODRQ(KOUTIO‘:COG), pETUpN
50 CALL PLTIMF . : .
PETURN . ) ' . B
. END - - - | e
s

SURROUT INE PPPOUT(PPM'NUM-VB)
REAL %4 PPM(1),vE(1) - e I
COMMCN/NDUTPAR/KDUTL ,KOUT 2
IF(KOUT24L.Y00) RETURN N
IF{(xOUT2, FO-1}-0Q.(KﬂUTP-FO.2)oORa(KDUTE.EQ.’)) g0 TO010°
CALL FLTOUT(PPNMKyNUM) .
TIF(KOUTZ24LEa0) RETURN
0 CaLL puwourtppv.mum.vala
- RETURN
END

il

SUBRNUTINF PPRPCNT(PPM,.K )
REAL*A PPM(1).F{25,6)+TMR(S,5,25)
COMMON/PERT/TMR
DO 30 J = 1,425
P(Js1) =PPM(J)
P{Js2) =0,0, )
P(J+3) TMR{1T 4K ¢J)
P(J.a) TMR{2 sK+J)
P(JsS) = TMR{3,K34)
0 P(J6) = TMRTA LK)
CALL PLOT(K+P 42546+120,0) .
RETURN '
f | .

FEND .

SURROUT INE PRCENT(PPM,KALL)

.
{]
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RFAL*A'T(s.s.;§).TMR(E.E.esi.ppM(l1
COMMON/PERT/TM

COMMON/ZRST /T . Y

COMMON/VAP/KVAR \ 5 .
COMMON/RETAGP /KB oo
COMMON/CONSTM ZKC AN o KEBM oK TPM -

1F(KALLeF Oal) RETURN :

NN 20 N = KBS,KBM S ' ’

D 22 M = 1 ,KVAR.
DN P55 K = 2,KTPM
J = K-1 :
L TFCTIMANG D)oL ToT (M, MyK)) GO TO 10 ) '
. >4 conT INUE - : ' ¢

TREF =T(MyN,1) S " . -
GO TN 15 oo

, 10 TREF = T(MsN,K)’ N '

) J = K-1 :
K = K+1 .
IF((TREFa GT » T(N.N.K))oANDc(TQEFnGToT(M.N.J))) GO TN 16
GO TO 10

1E TF{TI(MsN,1)eGT.TREF) TREF = T(M.N,1)

15 PN 20 L = 14KTEM - )

IO TMR{MN,L) = T{M,N4L}/TRFEF

27 CONT INUF .

: CALL FPRUNT{PPWVM,N) .

20 COMTINOF L \
. STNP :
END .

¢

SUBRCOUTINE PRTINF
REAL*4 MATCAL(S,100), TIME(100).
LNGICAL SYS1
CCMMON/WDVICE /KWE s KWOD
COMMON/SYSTFM/SYS1 .
CCMMON/CADFETL/MATCAL s TIME . T
COMMON/PRTPTS/INFPT
.  COMMON/PRTROW/M 3
IF(SYS1) GN TN 10 ” oo
WEITE(KWD,102) - ,
Y02 FORMAT(®—!? -SXo'TIME'.QX.'CASI‘.IOX,'CARl'.lOK"CASE'olOX-‘CARZ'
B10X, *CARY) )
GO T 20
10 WRITF{KWD+101) _ .
101 FORMAT("—? ,5X 4" TIME' 410X+ "CAS1* 410X, *CARL")
20" DO 30 J = 1, INFPT
70 WRITE(KWD,.100) TIMF(J)o(MATCAL(InJ)oI = 1.,M)
100 FORMAT{? =" ,5X+F703,5F158) .
RFTURN : ‘ ‘ L .
 END ' .

’

[

WA 1T ¢ S frmrte [ T nan, Brovest

.’, .

EAG = NF - . o
£ SURRQUT INF PUNIN P



20

N
40
<0

'“\E;AL*A BPM(1) JMR1(S,25) MRZ("
ve

‘ﬂ-(“

00

70

1oy

123
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" RFAL*2 MATCAL(F.IOOL.TIM”(!OO) ' '
CCMMON/PRTOTS / INFRT : ; o
CCMMON/CADETL /MATCAL , TIME - '
COMMON/WOVICE /KWDs KWOD ., - | MRS s
COMMON/PRTYR0OW /M <;

WRITE(KWDD,10) “

FODMAT(20X,*TIMEY)

WRITE(KWDD S0 ) (TIME(J)sd = 1,INFPT)

WeT TE (KWDD,20) f -
FORMAT{SX+'1 52434445 PCWS OF MATCAL MATRIX ARE

<

tTL,/5X,

51CAS1,CARL,CAS?, CAT?, CAR PESPECT, ) . -

[plsg “0 I = 1.,M

WRITE (KWDD, 30} T .
FRRMAT(10X+*RCw Nle OF MATCAL =4, 15}
WRITE (KWDD450) (MATCAL{I,U),J = 1,INFPT)
CONT TNUF ’
FQDMAT(HEign3)

RF TURN H

END

SURRCUTINE PUNCUT{PPM,NUM,VB)

}oVC{25) s T{S 25425 )3 TMR( 5,5, 25)
LDGICAL SYgS1 R
"CMMON/CONSTS/KTP KB4 KLRF 4 KCA o

PMMON/CONSTM/KCAM o KB M, KT PM .
CYMON/STTVAR/MR] 4MR2 yMR 4 MS 1, MS2
gMMDN/VAR/KVAR ~ _ ‘ ‘ v
CCMMON/RETAGP/AKBS,KBETA '
cruﬂnmxwo 1CE /KWE, KWRD :
CﬁMMﬁN/s,sTrM/cvs1 : , .
CCMMON/OUTCALZCADS CN
'COMMON/TCONST/LAMRY JLAMST s LAMR? oL AMSE -
CCMMDN/CVFCT/VC.VQ_
'COMMCN/OUTP AR /KOUT 1 WK OUT?2
COMMON/FBF /BETA
COMMNN/PERT/TMR -
COMMON/RSTHT '
WRITE(KWDD,500) CAN,LAMS] ,LAMRI LAMS2 ,LAMR2
WRITE(KWDD.T69) o . ' -
FORMAT(20X, *PULSES PER MINTa®)
WRITE(KWDD.600) (PPM{(J}sJ = 1,25) : ;
WRITF (KWDD,700) k
DN 33 K = KBS.KBM
wan=(KwnD.ooo) VBUK) sLAMRY +CAQ+LAMS1,L AMS2 , LAMR2
FOPMAT(?X.'B.LAMPI-CAD.LAMSi-LAMSQ.LAMPZ'-6F6o )
IF(KBFTAoFOal} wnITF(KwDD 70) BETA

FCQMAT('FFFD BACK FACTOR. = *,F543)
IF((KﬂUT?.FQ.Z).GRo(KCUTE;FG.1)) GO TO 20
WPITE{KWOD,121) : " ]
FOQMAT('WALUE CF CAS1%) - :
WRITE(KWDD,A00)  (MS1(K,J)sd = 1425), v
WRITE(KWDDL700) ‘ . )
WRITE(KWDD,123) o w . X :
FORMAT(* VALUF CF CAR1 ) " ’

.
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WpIT‘:(KwDva)OO) (MDI(K!J)'J 1;25)
WRITE(KWND.+700)
TF(SYS]) GO TN 30
WRITE(KWDD,122) ‘
17?2 FOPMAT{*VALUE CF CAS21') C .5

WRITE(KWOD,600) (MS2(KeS)ed = 1,25) . . '
WFRT TE (KWDD,+700) - . o | L /
WRITE(KWDD+124) ' S

124 FORMATRL'VALUE OF CAR2Y) - \
WRITEH(KWND 00} (MR2(K,J) 4d =

1.25)
WRITEAKWDE,700) .

L WRITE(KWDD.125) . s _
"28 FORMAT({'VALUE CF CAR') * : , o L
© WRTITE(KWDD,600) (MR(KsJ}sd = 1,25)
WRTTE (KWDC,700) ' T S ’
2Q IF(KOUT?oFﬂqz) GO TN 30 . . STy
WRITE(KWND,100) '
©00 FOPMAT(*VALUE CR C*) : : _ s
WEITE(KWDOD600) (VC(J)ed = 1.+25) ‘ . i
WRITE{KWNDD,700) _ - /
0 WOITF(KWDOD.126), ' : '

06 FORMAT{20X.*TENSION OF THE MUSCLE') /
WRITE(KWDD 600 )(T(KVAR, Keddsd = 1,425) ) .
WRITE (KWDD,700)

WPTTE (KWDD,600) (TMR(KVAQ.K-J)-J = 1,25)

T CONT INUE e -

FOO FOPMAT(BE1003 3

~00 “FORMAT(*SUB DA?A END* ) _ .

EETURN . ‘ " . . ! o

END , ‘ -

SURRRUTINE QUAC(FQ,CRF4VALU) . , K

REAL*4 FQ{3)sCR(I) . ’ ‘ /
T CPMMEON/WOVICE/KWD '

PN = (FQ(1I-FG(2)) ¥(FQ(2)—FA(Z)I*(FA({1)-FO(3}) /

A=(CR{1)I*(FQ(2)~ FO(‘))+CR(9)*(FO(1)—FQ(1))+CR(3)*(“G(1)—FQ(2)))/DN

BN = (CR(2)=CR{3)N)/{FQ(2¥~Fa(3))

.

E = BD-AX(FQ(2)+FQ(3)) I .
CD = (FO{3)*CR(1})- FQ(1)*CR(’))/(FQ(])*FO(3)I N
C = AXFQU1)*¥FQ(3)-CD~ _ 3 [

COMPUTE MINIMUM VALUE OF CAﬁ AND CORRESPONDING STIMULATION FREQUENCY

o

(CUADRATIC FITTING TECHNIQUF)
XSTAR = —B8/(2a#A)
IF((XQTAPoGE-FG(l))oAND.(XSTAR-LE FO{/)J)GD TO 10

DEFAULT OPTION _ o/
- ' ' . i . ] ‘ /‘
F = FQ(2) . S ‘ . <
VALY = CRE2}¥ S : T
WPI TE (KWD,99) ‘ _
SG FORMAT(/,80X, *ERROR —=———=== DEFAULT OPTION (MIDDLE POINT)®)

00 FORMAT('IaD',6F1063) : LT e e e
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GO TO 20 ‘
10 F = XSTAR :
VAL U =, {A*(XSTAP**2)+B*XSTAR+C) - }
20 CONTINUF ) ~ ) : : N
AFTURN ‘ - o

N

END-

SUBROUTINE REJFCT(BETA.XI.X? X3eX8) R " i
pFAL*A VTR (25) ) )

LOGICAL SYS)

COMMAN/TCONST /LAMRY L AMS1 oL AMR2

CCMMON/TIMES/ZVTP - o :
COMMON/NE GSUM/NEGGNT _ ' -
COMMEN/CONSTS/KTP KRBy KLRF « KCA . KST MF

CTMMON/WDVICE /KWD 4 KWDD. o

'CCMMON)SYSTFMISYSI — 2
COMMON/CONSTM/KCAM KBM,KTPM , . K
COMMON/BIAS/B . : : i o & -
R . . _____—!-‘"'.’_’j_
. _‘______‘—,_ -
r COUNT THE NEGATIVE CALCIUM ncggggggggl___-

NFGCNf/; NEGCNT+1 -
WRITE(KWD,10) , -0
TO O FORMAT (110, ¢ ko ook ok kb ok Aok A K Ak ek Rk KK T ,5X o $ERROR——— NIGeCAL g *
$://10X,'CALs IN GONE OF THE éEhQTs HAS 'GONE NEGATIVE *)

IF(SYS1) GO TO S - , T
WRITE(KWD, 20) X1.X2,X3:X4 y . - . ‘
"0 FARMAT('—" ,10X ,"THE PRESENT VALUES OF CALX ARE AS FOLLOWS ot
T//10Xs 'CASY = 9,F10e3 410X, "CAR1 = 'eF10.3,./ ¢
10X+ 'CAS2 = T,F10,3,]0X"CARZ = *¢,F10.3)
GNn TO 7 .

«

S WRITE(KWD.6) x1.x9 - "
& FORMAT(*=*,10X,"THE PRESENT VALUES OF CALe ARF AS FOLLOWS :-*, '
%//10X,CAS1 = Y3F1003 410X '"CARL = ¢ ,F10e3) - .
7 KK = KTPM=KTP+1 ' - o
F = 60&/VTP{KK) ' L

WRYTE(KWD+30) BETA,BsLAMRL+LLAMR2,F : .
10 FNEMAT("—*,20X,*THE CURRENT PARAMETER VALUSS ARE T VL. /20X,
B Y e e e e ——— ' L /5X."BETA. = ",F9e3,/5X+"B .= ',
HEQn T4 /5Ky YLAMRY = .FGoB-/SX.'LAMPE = .Fq.a./su.-F = " FGe3)
- RETURN . : ‘ . _ '
FND o , ' X -

SURRDUTINE RHS(XT,F) . ' .
REAL*4 F(1)}+X{1)sA(S5+5) ‘
LNGICAL SYSt '
CCMMON/CODEF /A, UL, U’-UDUM _ ‘ .
CPMMON/SYSTEM/SYSE - : - _ .
F(‘)”A(l-l)*X(1)+A(1.?)*X(?)+UI*UDUM ' ’
TF{2¥=Al2, 1)*X(l}+A(?.?)*X(2) -~
IF{SYS1) RETURN

e Y L L

s



+ ) ’ +

FU3I=A{3,T)&X (3 )¥A( T4 ) %X (4 )+U2 %UDUM
Fta)-A(4,3]*x{3)+Aja,q)*x(a)

RETURN :
FND \ ' R

*u
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SURROUT INE SC AN( CARyMODE » KT FMy K s ppM.J.FQ CR) C
PEAL*& CAR(25),PPM(1) 4,FO(1) 4CR(1) ;
" .IF(MOIDEcE0a2) GO TO 10 _ ”
6C TO 20 : . o : '
10 DN IO T .= 1.KTEM I | |
06 CAR(TI) = —=CAR(.I)

70 CREF = CARI(K) . O IS
" an IF(CAP(J).GIJCGFFT GD TO S0 .
CREE "CAR(J) ] ‘ T —_
=TT = g4 . T e o N . ’
TF(JoLFE 4K TPM) GO TO 40 o ‘ ' '
. J=1 '
£0 MODE = -1
RFTURPN : ,
50 IF(JelTe3) GO TN 60 ' : i : B
érnaﬁ THREE, VALUES DF CAR AND.ccﬁpsspoudxwe FREQUENCIES OF STIMULATION
- ‘- FOR QUADPATIC FITTINGe -

CR(1) .= CAR{J-2) : ' ‘ . \
CR(2) = CAR(J-T) o ' o o
CR(3) = CAR(J) y

FOU1) =.-PPM(J=-2) )

FO(2)p= PPM({J=~1)
Fa(2)°= PPMLY) . ; o .
IF(MONE~EQe?) GO TD 70 AT o .

ST PRETURN. e ‘ ' - .
70 DO A6 1=1,3 “ ’ |

PO CR(TY = —CR(I) ,

RETURN e - o T '
FND ‘ . ’ . g . /—/ 5

0 SUBRQUTINE SETUP(VLAMRF,VLAMRS,VLAMSF,VLAMSS) -
REAL*A A(S+5) 4K14K1P,K2,K2P ;LAMS] LAMS2 ,LAMRL, LAMQE.VLAMRF{]).
*VLAMRS (1) VLAMSF(1).VLAM55(1)
LOGICAL SYS? .
CCMMON/COEFR /A, Ul 4U2 ,UDUM S
CCMMON/DUTCAL/CAD,CNy CAOMIN  © . ° -
é@{MMOh/CONSTS/KTP +KB s KLRF s KCAsKSTMF KL SF 4 KL $S,KLRS )
PMMOBITCDNST/LAMDI.LAMSI;LAMR?-LAMS% . . v
COMMON/ INTGER/N _ o
COMMCN/VOLMS/VEL ,VR24VS1,VS2 ) - .
- CHMMON/FLDWCT/K!.Klﬂ.KE'N?P _ _ - .

e AT, TPy



s

AT ST

1r)

a0
~00

. RFAL ¥4 DX

o

COMMON/EXPRC/BC
CCMMON/BTI AS/B
COMMON/WDVICE/ZKWD

N = P

CN =. 0al
Ac = <, .
IF{SYS1} GN T S
N =J4 o

«

ne 10 J=1'N
N 10 K=1,4N
A{J+K} = 0.

IF(SYSl}Y GO TO 30
SLOW COMPONENT 0OF: SYSTEM.

Ve = 100

VP2 = Q612 -
LAMS2 .= VLAMSE(KLSS)
LAMR? = VLAMPS({KLRS]}
KI1P = VRP/LAMR2 .
KPP = VS2/{40 *LAMSZ) \)
A(F 43I (KTP+5%K PR/ VS
A{2,8)FKIP/VRS 4
Al&43)=K1P/VS2
Ala,4)==-KIP/VR?
UP=K2F4CAD

FAST COMPONENT CF SYSTFM

VR1 = 0.08

V81 = 1.

LAMDY = VLAMRF (KLRF)
LAMSY = VLAMSF (KLSF).
K1 = VP1/LAMRY

KP = 051/(4u*LAMSL)
A1, —(K1+5*K2)/V51

A(l.?)-Kl/VQI
A{2,1)2K1/VS1

L ACR, P =—K1 /VRY
"B = 00*K2XCAOMIN

Ul = K2*CAN-3
WRITE{KWD,100) LAMRL

-

e

2 (SYSTOCM1}

IF{«NOCToSYS1) WRITE(KWD.200) LAMRZ2

CALL FIGENC(A, N) .
RETURN co- T

FOQMAT(‘i'g'LAwpl = Y ,F12+.2)

. '
FORMAT(*OLAMR2 = ¥,F1242)
FND :

A -

¥

SUBROUT INF SALVE _
5)3A05.5)4%(5)
LOGICAL SYS)

COMMON/COEF /{4 L1 sU2,UDUM

r

rage L4»



)

~IETMMON/ DUTPT/ FLAG, 27

raye L4o |

CTMMON/ INTGER /N PR oo , :
COMMON/SYSTEM/SYS1 e ' - , =
FLAG = 1e | . o : e
T1=60a4 . | ' '

NINMT =-Lzoo _ . ~

TA=1. . . 7

IF(SYSI) 60 Tn 20 . : :

0

CALL THE DIFFEFFENTIAL EQUAT ION ‘SOLVING PACKAGE WITH SPEC!ALLY'SELECTEC

" CONDITIONS FOF SYSTEM 2,

. . . .
. L - .
/ -
, . .

T DX7(1)=140 B

a2

 DX7Z(1)=0.0

OXZ(2)=0.0 - g - . - ?
DXZ(3)=0a.0 - - : - . :
DXZ{4)=0s0 - : {h‘ S
UPUM=0e0 ) ‘ : ' ' :
CALL PCM(DX7iNINT N.TA, 71.x) ) '
DXZ(1)1=040 h . —_
DXZ(2)=000" B ‘
DXZ(3) = 1, : : S o o )
PXZ{41=0.0 '
UDUM 0.0 ' :
CALL PCM(NXZ NINT,N, IA.Tl.x1 ‘ \\

h

- 5

&
PX7(2)=060 . '
PXZ{32) = 0.0

oXZ(

UDUM=1 60 . S .
(\*\%ALL PCM HXZ.NINT.NoIAoTI.X’ T : ’
_ BETURN . '

<

CALL THF DIFFERENTIAL EQUATION SOLVING PACKAGE WITH SPECIALLY SELECTEQD

CANDITIONS FOF SYSTEM 1. -

20 DXZ(1) = 1.0 . - ) ’ . - ' e
DX742) = 000 T —
UDUM = 0.0 LR | ) .

*CALL PCM{DXZsNINTsN. IA.Ta.xf
OXZ(1) = 0.0

DXZ(2) = 000 ., o \ , ‘ o | -
UruM =-1.0 ° - ' . '
caLL PCM(DXZ.NINT.N.IA.Tl.x) : S
RFTURN : B :
END ‘ o , R
| : . L Lo . . )
, , N .
- /' . . . . . !
SURRCUTINF STARTRIXZsTZ +HIN,ISW,X+T) .

LL=N+1 S ’ v .

RITAL *4 A(Q’oB(Q)oC(4)oX(S)-XZ(S)'F(S) Qie)
DATA A/oS.n?QQBQ:B?l .107071057.01666666/08/20091-011- 120 0t C/.S..E’ J;

‘G?RG‘%?l.ln?O?l C6E7 905/ . oo .
IF{ISW)1.1.3 ) . . _ : - ] 5
T=TZ ! : :



S 20

Y

A

30

PRMATE2,J)=X(3)

DN 2 I=1,LL"
O(I)=0.0 T (‘
1sw=1

TT=T

PO 10 J=1,.N
XEJ)=XZ(I}

CONT INUE e
DN 4 J=),a .
CALL PHS(X.TT.F)

neos I=¥.N

W=ALJIR(F(IY=E(J)*Q(1))
XCTI=X(T) 4H*wW

Q(I)vQ(Y)+ sEQ*¥W~C(J)XF(1)
W=A(JI*(160F0=R(J)RQ(N+]))
TT—TT+H*W'

ar+1y= =0(NFL) 42.FO%W-C ()
T=TT ﬂ

RETUON #J,?/”

CENPY

p .
SURRCUTINF STNFE(X,D, )

s

&

rage 147/

RFAL %4 h(1,oEMATI(A 25).FMATE(vaS)oRMAT(d»ZS).ﬁ(S.S);X(l)

LOGICAL SYS1
CGMMCN/CﬁFF/A.L1.U2-UDUM
CCMMCN/ER/FMATI oFMAT2 sRMAT

"CCMMON/SYSTEM/SYSI

COMMON/INTGER /A -
IF(SYSL) GO TN S50

%‘_he

STOPE THE VALUES NF SYSTEM-2 STATE VARIABLES.

IF-(UQUM,LTooas)éE?/rr 30__
. . ) ]

AMAT{TI«J)=X{1) ,
RMAT(2,0)=X%X{2) y "

pMAT(A.))-x(A)

. RETURN

aQ

1F(D(1)olTa0e5) GN TO 40
EMATI(14J)=X(1)
FMATI(2,4J)=X(2)
FMAT1(24J)=X(3)

FMATY (8+J)=X(4)

FFTURN

FMAT2(14d)=X(1)
EMATZ2(2.J)=X(2)

CEMAT2034J)=X(32)

EMATZ2La,0)=X(4)
RFTUDN '

[

L4

IF(UDUM.LT.O.S)‘GdfTD 90’
OMAT(T4J) = X(1}

RMAT( 243) X(2)

RETURN <

W

STORE THF VALUF“ oF’ SYCTFM 1} STATE. VARI

.

A

1

ot

Ese’

-~

K

L3

G~



AQ FMATI(1.J)

70

N

= X(1) :
EMATI(2,3) =. X(2) . '
RETURN .
FND -

SUPROUTINE TENSON(KB) - .
PEALXS MR{5425)4T{5,5,25),MR1(
COMMON/RST /T '
CCMMON/STTVAR/NR] sMR2 JMR
COMMON/FLOWCT /KT sK1P 4 K? 4K2P
CCMMEONZVAR/KV AR )
CrMMON/VOLMS/ YR ,VR2
COMMON/BTAS/B
COMMMN/CONSTM /KCAM, KBM, KTPM

AR = VRI+VR?

G] = S5./AP

P = 0a4S
G? = (B/KP)X(VR1/AP)
DO 20 KK = 1,KTPM
HNS = ({G1*MR(KE,KK)+G2 ) %%2 )*n
TIKVARJKR+KKY = HOS/{1e+HNS}
CONT INUE L
RETURN -
END >
S

SURRCUTINE TJUCTSTIX+sT+KSTR)

REAL*4 X(l)-MATCAL(SH)OO)oTIM“(iOO)

LOGICAL SYS1
CDMMFN/CADFTL/NATCALoTIMF

.GPMNFN/PRTPTS/INFPT

COCMMMN/ INTGER /N
COMMON/PRTROW /M - °
CCMMON/WDVICE /KWE +KWDD

COMMPN/SYSTEM/SYS)

};1_ = N-O-]

IF(SYS1) M=N
IF(T+GTa1.,5=20) GO TN 5
KNF=1 B
KNTR = 1

. IF{KNT.FQeKSTR) GO TN 20
KNT=KN

RETURN

CARP = X(2)+x(4)
IF{SYS1) CAR = X(2)
TIME{KNTR) =T -

MATCAL(1,KNTR) = X(1)
MATCAL(2,KNTR) =.X{2)

IF($YS1) GD TO 20,

i

S51425)«MR2(5,25)

STORE TIMF TRAJECTO&IES NF SYSTEM STATE'VAPIABLESo

rage.

144

™



R

S

ht

20

.00

NMATCAL{ 3+KNTR)

X(3)

MATCAL(4,KNTR) "= X(4)
"MATCAL(S.KNTR) = CAPR )
IFIKNTR-EQs INFET)CALL PPPINF
KNTR = KNTR+1 ’
KNT =1

RFTURN 4

END -

SURPCUTINFE TRAJCT

QEAL %4 DX7(5) ¢ ALPHAM(4.25) 4 X(5) -

CCMMCN/DECONDZ ALPHAM

CCMMON/CDNSTﬁﬁrTP.QB.KLPFfKCK.KSTMF

COMMON/CUTRT/ KL AG, 27
CrMMAN/ INTGER /N
FLAG = O»

2L = Ta

TI=60n ..
NINTZ600
1A=1

CALL THEB DIFFFRENTIAL FQUATION

CANDITICONSo
; ' -

oD 20 U=1,N

PXZ{ J)=ALPHAM( J,.KTD)

CALL !‘-'CM(DXZ.NJNT.N;IA.TI‘-X)

-

- HFTURN
END
i
|
. {
N

- \
. PR
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