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Introduction

SimulAdren’s model is based on the MiMe-NoCoDI platform of nonlinear biological
teedback loops [Dietrich and Boehm 2015; Dietrich et al. 2024]. It is implemented
as a model with two consecutive MiMe saturation elements (Fig. 1).
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Figure 1: Processing structure of the model used by SimulAdren
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The majority of the parameters used by SimulAdren is substantiated in scientific
evidence [Dietrich and Boehm 2006], see Appendix A of SimulAdren’s handbook
for details. However, two parameters (Ge and Gg) are unobservable and have to be
estimated. In early versions of the model [Dietrich et al. 2006], they were scaled as 1,
but there remains room for variation. Therefore, a more neutral and methodical
approach to the estimation of parameters has been implemented in the form of a
genetic algorithm. Genetic algorithms are inspired by natural mutation and selection
mechanisms (Fig. 2).
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Figure 2: The cycle of a genetic algorithm
[changed from Ribeiro Filho and Treleaven 1994]
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They provide useful optimisation techniques for large search spaces [Alhijawi and
Awajan 2024; Ghosh and Mandal 2022; Katoch et al. 2021; Ribeiro Filho and
Treleaven 1994].

The algorithms used by SimulAdren are subsequently presented and explained in
detail.

The complete source code of the evolutionary engine implemented in SimulAdren is
provided in order to foster understanding and enable reproducibility.
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Unit RandomFunctions

This unit provides basic functionality for evolutionary algorithms.
Types

TIntArray = array of integer;

Global constants

kErrorl100 = 'Runtime error: Parameter zero';
kError1l0l = 'Runtime error: Negative parameters';
kError102 = 'Runtime error: Parameter out of range';
kErrorl03 = 'Runtime error: min > max or low > high';
Contains

function contains(const theArray: array of integer; theNumber:
integer): boolean;
var
i: integer;
begin
Result := False;
i = 0;
repeat
if theArray[i] = theNumber then
Result := True;
Inc (i)
until (Result = True) or (i >= length(theArray) - 1);
end;

This function returns true if the integer theNumber is contained in the array
theArray.
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Sample

function Sample (const theArray: TIntArray,; const thelength:
integer): TIntArray;
var
i, r: integer;
begin
assert (theLength <> 0, kErrorl100);
assert (theLength >= 0, kErrorl101l);
assert (thelLength <= length(theArray), kErrorl02);
setLength (Result, thelLength);

for 1 := 0 to thelLength - 1 do

begin
repeat

r := random(length (theArray)) + 1;

until not contains (Result, r);
Result[i] := theArrayl[r - 1];

end;

end;

This function draws a sample of length theLength from the vector theArray
without replacement. The sample is returned as a vector, i. e. an array of integer.

runif
function runif (const min, max: real): real;
begin

assert (max > min, kErrorl03);

result := min + random * (max - min);
end;

The Random function in Pascal delivers either a random number between 0 and 1 or,
if a parameter L. is passed, between 0 and L. The function runif is more flexible.
It delivers a random number from a uniform distribution between min and max.
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IncIndex

function IncIndex(const size: integer) :

var
i: integer;

begin
assert(size <> 0, kErrorl00);
assert(size >= 0, kErrorl01l);
SetLength (Result, size);
for 1 := 0 to size - 1 do

Result[i] := 1i;
end;

TIntArray;

This is a simple helper function that returns an ordered array of integer.
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Unit evoEngoine

This unit implements the genetic algorithm used by SimulAdren.

Types

TIndividual = record
GR, GE: extended;
fitness: real;

end;
TPopulation = array of TIndividual;
TParents = array[0..1] of TIndividual;

TChildren = array[0..1] of TIndividual;
TFittest = array of TIndividual;
TAllPopulations = array of TPopulation;
TAllele = array[0..1] of real;

A population of type TPopulation is an array (ordered set) of candidate solutions.
Each individual (chromosome, candidate solution) consists of the two “genes” GE
and GR (representing the corresponding gains of the feedback loop) with their alleles
and the property of a fitness encoded as a real number (Fig. 3).

Tindividual:
Gene  Gene TPopulation:
GE GR
Allele ) Allele @@@ L[
]
Fitness

Figure 3: Structure of the types TIndividual and TPopulation

Global constants

LowerBound = 0;
UpperBound = 100;

PopulationSize = 50;
Generations = 50
MutationRate = 0
TournamentSize =

14

4

.1
3;
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Fitness

function Fitness (const CRH: extended; const params: TParams;
const theGuess: TIndividual; const EvoTargets:
TEvoTargets) : real;
var
i: integer; // index for steady-state solution to use
distanceh, distanceF, distance: real; // distances from target
steadyState: TPredictionArray; // steady-state solutions
testParams: TParams; // parameter set for feedback loop
begin
testParams := params; // passed parameters for feedback loop
if isNan (testParams.GE) then
testParams.GE := theGuess.GE;
if isNan (testParams.GR) then
testParams.GR := theGuess.GR;
// penalise physiologically nonsense parameters:
if (theGuess.GE <= 0) or (theGuess.GR <= 0) then

distance := Math.Infinity
else
begin
steadyState := PredictSteadyState (CRH, testParams);
if steadyState[0].ACTH > steadyState[l].ACTH then
i :=0
else
i = 1;
distanceA := steadyState[i].ACTH - EvoTargets.ACTH;
distanceF := steadyState[i].F - EvoTargets.F;
// Euclidian distance of ACTH and F from the target:
distance := sqgrt(sqgr(distanceld) + sqr (distanceF));
end;
Result := -distance;
end;

This function delivers the fitness of the individual theGuess as a real number, which
represents the negative Euclidean distance from the target values provided in
EvoTargets. A higher result denotes a higher fitness. In order to be able to select
the parameters to approach GE and GR are only evaluated if they are passed as NaN.
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InitialPopulation

function InitialPopulation(const size: integer; const params:
TParams; const lowBound, highBound: real): TPopulation;

var

i: integer;

individual: TIndividual;
begin

assert(size <> 0, kErrorl00);

assert(size >= 0, kErrorl01l);

assert (highBound > lowBound, kErrorl03);

SetLength (Result, size);

for i := 0 to size - 1 do
begin
if isNan(params.GE) then // NaN if to be estimated by GA
individual.GE := runif (lowBound, highBound) ;
if isNan(params.GR) then
individual.GR := runif (lowBound, highBound) ;
Result[i] := individual;
end;
end;

The function InitialPopulation delivers an initial population with parameters
that are passed as params. Parameters that should be subject to random variation
are to be passed as NaN. In this case, the respective parameters are provided as
random numbers from a uniform distribution between lowBound and highBound).
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Fittest

function Fittest (const Population: TPopulation): TIndividual;
var

i, index: integer;

bestScore: real;

begin
index := 0;
bestScore := -Math.Infinity;
for i := 0 to length(Population) - 1 do
begin
if Population[i].fitness > bestScore then
begin
bestScore := Population[i].fitness;
index := 1i;
end;
end;
Result := Population[index];
end;

This function returns the fittest member of a given population.

Selection

function Selection(const population: TPopulation;
const TournamentSize: integer): TPopulation;
var
indices, tournament: TIntArray;
competitors: TPopulation;
winner: TIndividual;
i, J: integer;
begin
assert (TournamentSize <> 0, kErrorl00);
assert (TournamentSize >= 0, kErrorl01l);
SetLength (tournament, TournamentSize);
SetLength (competitors, TournamentSize);
SetLength (Result, length (Population));

indices IncIndex (length (population));

for i := 0 to length (population) - 1 do

begin
tournament := Sample (Indices, TournamentSize);
for § := 0 to TournamentSize - 1 do

competitors[j] := population[tournament[j]];

winner := Fittest (competitors);
Result[i] := winner;

end;

end;
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The function Selection implements an evolutionary selection algorithm that is
based on a tournament method. It returns a population consisting of the fittest
members of repeated tournament samples. This population defines the parents for
the crossover operation.

Crossover

function Crossover (const parents: TParents; const params:
TParams) : TChildren;
var
alleles: record
GE, GR: tAllele;
end;
meioticIndex, crossing: TIntArray;
begin
SetLength (meioticIndex, 2);
SetLength (crossing, 2);

meioticIndex[0] := 0O;

meioticIndex[1] := 1;

if isNan(params.GE) then

begin
alleles.GE[0] := parents[0].GE;
alleles.GE[1] := parents[l].GE;
crossing[0] := Sample (meioticIndex, 1) [0];
crossing[l] := 1 - crossing[O0];
Result[0].GE := alleles.GE[crossing[0]];
Result[1l].GE := alleles.GE[crossing[1l]];

end;

if isNan (params.GR) then

begin
alleles.GR[0] := parents[0].GR;
alleles.GR[1] := parents[l].GR;
crossing[0] := Sample (meioticIndex, 1)[0];
crossing[l] := 1 - crossing[0];
Result[0] .GR := alleles.GR[crossing[0]];
Result[1l].GR := alleles.GR[crossing[1l]];

end;

end;

The function crossover implements a crossover algorithm, separately for GE and
GR. It is based on a uniform order-based crossover operator (Fig. 4). Parameters to
be modified are marked by assigning NalN to them.
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Figure 4: Uniform order-based crossover

Mutated

function Mutated(const Individual: TIndividual; const params:
TParams; const MutationRate: real; const lowBound,
highBound: real): TIndividual;
var
intensity: real;
begin
assert (MutationRate <> 0, kErrorl00);
assert (MutationRate >= 0, kErrorl01l);
assert (highBound > lowBound, kErrorl03);

Result := Individual;
if random < MutationRate then
begin
intensity := runif (-1, 1);
if isNan(params.GE) then
begin
Result.GE := Individual.GE * intensity;
Result.GE := max (min(Result.GE, highBound), lowBound):;
end;
if isNan (params.GR) then
begin
Result.GR := Individual.GR * intensity;
Result.GR := max (min (Result.GR, highBound), lowBound);
end;
end;
end;

This function implements a mutation algorithm that is applied to Individual. The
probability of mutation is defined by MutationRate. Parameters that should be
subject to mutation have to be passed as NalN.
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GeneticAlgorithm

procedure GeneticAlgorithm(const size: integer; const CRH:
extended; var params: TParams; const lowBound,
highBound: real; const EvoTargets: TEvoTargets; const
generations: integer; mutationRate: real; var
AllPopulations: TAllPopulations; var theFittest:
TFittest) ;
var
curPopulation, nextPopulation: TPopulation;
bestIndividual: TIndividual;
parents: TParents;
children: TChildren;
i, j, k: integer;
begin
assert
assert
assert
assert

size <> 0, kErrorl00);

size >= 0, kErrorl0l);

highBound > lowBound, kErrorl03);
generations <> 0, kErrorl00);
assert (generations >= 0, kErrorl01l);
assert (MutationRate <> 0, kErrorl1l00);
assert (MutationRate >= 0, kErrorl01l);
SetLength (AllPopulations, generations);
SetLength (theFittest, generations);
SetLength (nextPopulation, size);

~ o~ o~ o~ o~ —~

curPopulation := InitialPopulation(size, params, lowBound,
highBound) ;
for 1 := 0 to generations - 1 do
begin
for j := 0 to size - 1 do

curPopulation[j].fitness :=
Fitness (CRH, params, curPopulation[j], EvoTargets);

bestIndividual := Fittest (curPopulation);
theFittest[i] := bestIndividual;
AllPopulations[i] := CurPopulation;
curPopulation := Selection (curPopulation, TournamentSize);
for k := 0 to length(curPopulation) - 1 do
begin
if not odd(k) then
begin
parents[0] := curPopulation[k];
parents[1l] := curPopulation[k + 1];
children := Crossover (parents, params);

nextPopulation[k] :=
Mutated(children[0], params, MutationRate, lowBound,
highBound) ;

nextPopulation[k + 1] :=
Mutated(children[1l], params, MutationRate, lowBound,
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highBound) ;
end;

end;

nextPopulation[0] := bestIndividual;

curPopulation := nextPopulation;
end;
if isNan (params.GR) then

params.GR := theFittest[generations - 1].GR;
if isNan (params.GE) then

params.GE := theFittest|[generations - 1].GE;

end;

This is the main algorithm of the evolutionary mechanism. The stop criterion is that
the maximum number of generations has been reached. The parameters of the
teedback loop are received with the variable params that is called by reference. The
results are returned with the same variable. As in other functions, parameters to be

subject to evolution are to be marked with NalN.
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