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1 Problem identi�cation and speci�cation

1.1 Model purpose

A model is a simpli�cation of the reality that is constructed to gain some

insights about a particular system.

The model presented in this document is aimed to provide an integrated

view of the processes related to Giant Panda individuals in the Giant Panda

Breeding Base (GPBB for short) of Chengdu, enabling the study the popu-

lation dynamics of the species under di�erent conditions.

The purposes of a model of this kind can be categorized in the following

way:

• Diagnosis: analyze and assess what happened, examining the causes

and precursor conditions of some known present or past facts or events.

• Prediction: simulate the behavior of the system under possible future

scenarios of interest for the experts, in order to study possible responses

to potential future events a�ecting the species

Whether or not applied to current/past conditions of potential future

circumstances, models play an important role in environmental management.

They can provide an important tool to analyze environmental and human

action related to possible events and their consequences, thus characterizing

situations that cannot be empirically studied (obviously, we are not going to,

for instance, produce some disease, a lack of food, changes in the air quality,

alterations in mortality rates or climatic �uctuations in the real life to check

the response of the system under those potential scenarios).

Environmental models can be a useful source of integrated information

for decision makers [9]. As they can simultaneously consider many objectives

and factors, they e�ectively provide a tool for assisting decision making based

on more integrated information and studies coming from the simulation of

possible scenarios. Moreover, working with these models prevents taking

blind decisions, which possibly can negatively a�ect the dynamics of the

systems under study.

1



2 1. Problem identi�cation and speci�cation

As stated above, in this document we will deal with a �rst proposed

version of a model which main goal is the study of the population dynamics

of the Giant Panda in the Chengdu Research Base of Giant Panda Breeding,

including the main processes and factors involved in the biology of the species

(births, growth, feeding, mortality, etc.) and phenomena derived from GPBB

activity (rescues, rents, etc.). We will show the context where the proposed

model can be applied, the description of the processes under analysis, the

details of the model and its associated simulation tools, the evaluation and

validation of this �rst version and its results and, �nally, the applicability of

the model to support decision making.

1.2 Modeling context

The spatial environment studied in the presented model is focused on the

Chengdu Research Base of Giant Panda Breeding, including the data about

the population of Giant Pandas in Chengdu Zoological Garden and those

who were born in GPBB but are living outside of GPBB.

The statistical data needed to estimate parameters (such as mortality

rates, average number of new births, number of rescued individuals per year)

were provided by the Breeding Base, providing these data for the individ-

uals from 2005 to 2014 in the same group mentioned above. That is, the

parameters used were extracted from the same sample that will be used for

validation. These parameters could be considered somehow over-adjusted,

too linked with the speci�c scenario to study.

Some historical tables were available, collecting information for every

Giant Panda in the total captive population (that is, including every Giant

Panda spread over zoos and centers over the world) since the moment of the

base creation, in 1987, to 2013. These data were more stable and less over-

adjusted to provide average values we can trust in. However, the analysis

of the current data about more recent years in the speci�c area under study

showed a signi�cant di�erence in the data and the behavior between the

historical general data and the current speci�c ones. For instance, mortality

rates of 27% and 34% were provided by historical tables for individuals in

their �rst year (age 0), for females and males respectively, while the more

recent data, speci�c for the area under study, show rates below 5% and

below 10%, respectively. This di�erence is somehow reasonable, given the

improvement in the care of the babes, due to medical, technological and

infrastructure reasons, along the years, leading to a decreasing mortality

rate. The model is obviously very sensitive to this kind of parameters, so

the accuracy of this data respect to the current speci�c data was considered
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crucial, even when possibly producing some over-adjustment.

Once the model was developed, real data about population of panda per

gender and age were provided, for the living individuals in the studied area at

the end of 2005. Thus, the corresponding simulations could be performed,

covering a period of time from 2006 to 2014, and then the output of the

simulations could be validated by contrast with these real data.

The model studies population dynamics of the Giant Panda species in

captivity, taking into account the factors involved in the evolution of the

species in this particular situation. However, further study should be con-

ducted in order to adapt such model to expand its scope to cover the wild

environment. This would require the study of additional processes involved

in the population dynamics of wild individuals, maybe a�ected by di�erent

threats, feeding problems, competitors, diseases, lower life expectancy, etc.

Despite not considering wild environments, this �rst model could yet

be useful for the managers of the GPBB to analyze past events or consider

possible future scenarios of interest, by means of the simulation of the system

under di�erent conditions and subsequently reviewing the expected output

in terms of population dynamics.

With respect to the input of the model, population of males and female

pandas per age is required, also providing the possibility of changing the

parameters a�ecting average births, mortality rates, number or distribution

of rescued individuals, etc.

Section 2 covers the model general description and speci�c details. Mod-

eled processes are explained, along with the model theoretical inspiration

and background.

In order to evaluate the reliability of the model and its consistency with

the phenomena under study, the model evaluation is shown in section 3.

The experimental validation is performed by contrast between simulation

and real data. Furthermore, some uncertainty and sensitivity analysis are

provided, studying the in�uence of the variability of some input parameters

in the output.
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2 Model development

2.1 Conceptual model

The processes under study are intrinsically stochastic, presenting an inherent

non determinism due to the natural variability of the parameters involved

and the many factors a�ecting the health of individuals, mortality and biolog-

ical phenomena in general. Most of these processes are commonly considered

probabilistic, with parameters following some probabilistic density function.

The attention will be centered in the study of the population dynamics,

showing the evolution in the number of males and females per age, from

an initial population provided by the manager (end user of the model and

simulation environment), analyzing a real present/past scenario or a hypo-

thetical future one, by simulating the behavior of the system under study

making use of the provided model and data. The model presents a cyclic

structure, corresponding each cycle with the course of a natural year.

The main processes/modules included in the present model are the fol-

lowing:

• Reproduction: every year a number of new individuals are born in

the Breeding Base and other centers coordinated from there. The

number of new individuals per year presents a strong variance, from 2

individuals per sex to a number close to 9. In addition, this number is

not correlated to the number of total individuals in reproductive age, so

an average number of males and females is taken as a reference instead

of a fertility ratio. This fact is probably derived from the controlled

nature of the studied system, since in general in wild environmental

models for animals, the number of new births is correlated with natural

factors as the fertility ratio, the number of individuals in fertile age,

the probability to meet depending on the surface, etc. In a later model

these or other factors could be considered. The natural growth of the

individuals in the population is trivially modelled by increasing the

age of the individuals when not a�ected by diseases or natural facts

producing their death.
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6 2. Model development

• Mortality: di�erent factors in�uence the mortality of the individuals

in the population, but in a captive environment these are mainly un-

der control. However, as any species, Giant Panda has natural factors

conditioning its maximum life expectancy, and di�erent mortality ra-

tios depending on the age of the individual. Historical data has been

provided, thus permitting statistical data analysis to get curated data

for the model. As explained in the previous section, the local data

from 2005 to 2014 in GPBB and the studied area were preferred to the

global historical data from 1987 about the whole population of captive

individuals around the world.

• Feeding: every Giant Panda has some feeding needs along the year,

mainly bamboo, bamboo shoots and other minor sources of food (i.e.

apples, meat and milk). An average need of food is considered per

individual, taking into account that these needs are di�erent in di�erent

groups of age. The system should provide the necessary amount of food

for the living individuals, which seems to be guaranteed in the captive

environment in Chengdu Breeding Base and controlled zoos but could

not be guaranteed in wild environment.

• Rescue: the total number of Giant Pandas per age can evolve not only
by the births and deaths of individuals; it can also be in�uenced by

the rescue of new individuals increasing the population of the GPBB.

This number presents a big natural variability among di�erent years,

but it was historically inside a range from a minimum to a maximum

number of rescued individuals. Based on a series of real data from

Breeding Base, the average and variance in the total number of res-

cued individuals has been obtained, and the model simulates the rescue

of individuals following this normal probability density distribution. In

addition, there exists a historical proportion of rescued individuals per

gender, and the age of the rescued Giant Pandas is not random, it

follows a distribution. All these factors are considered in the model,

along with the fact that the lifespan of wild individuals is signi�cantly

smaller than in captive individuals (20-25 instead of 34-36), so a pro-

portional increase in the age of the rescued individuals is simulated

depending on the years the individual lived in the wild environment.

In what follows, the conceptual schema is depicted showing the main pro-

cesses involved in the model, adding some needed initialization and update

modules to the natural processes, in order to synchronize and prepare for

the next cycle.
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Initialization

Reproduction

RescueMortality

Feeding

Update

2.2 Computational model development

This section describes the details of the model presented in this document.

There are several di�erent frameworks that can be used for modelling envi-

ronmental phenomena, each one with its own features making them a better

or worse choice depending on the nature of the processes under study, the

required level of detail, the goal of the model and other factors.

As indicated above, in the present work some inherently stochastic pro-

cess and factors are involved. Besides, a small number of individuals are

involved in natural terms (tens to few hundred individuals, not millions

or hundreds of thousands ones), so a modelling framework based on indi-

viduals, discrete elements instead of classical models based on di�erential

equations, could be a good choice, given they have some known problems

when dealing with a small number of individuals. Our work is based on

a bioinspired computing modelling framework called Population Dynamics

P Systems (PDP systems, for short), a variant of P systems, that in addi-

tion to discrete elements present a probabilistic dynamics coming from the

probabilities embedded in the rules de�ning their behavior (see [4, 5, 6] for

details).
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Apart from the soundness of the framework for dealing with the nature

of the processes we aim to model, it presents some desirable features in the

context of our study. Among other features, this framework has some qual-

itative advantages with respect to the di�erential equations approach. For

instance, it is characterized by its modularity in such a way that once a initial

version of the model is designed, the introduction of new features, processes,

parameters, etc. abstracted from the reality implies a small change in the

model, which makes it quite di�erent from other modelling frameworks where

small changes in the phenomena under study frequently involves reformulat-

ing many pre-design formulas or elements in the model. In the case of PDP

systems, this introduction of new elements of variations over previous ones

usually involves really small changes.

This feature is very interesting in a context where many uncertainties

take place, coming from the inner variability in parameters, changing envi-

ronmental conditions, data uncertainty derived from possible measurement

errors or deviations producing analytical imprecision, small sample size to

extract statistical data, lack of knowledge about natural processes or in-

crease of the knowledge year by year, etc. These and many other factors

point towards the interest in using frameworks �exible enough to allow the

progressive inclusion or variation of elements in the model while increasing

the knowledge in the research center about data and processes involved.

2.2.1 Model de�nition

Next pages show the model, including some notations, the parameters in-

volved, the symbols used in the model, and then the syntax and semantics

of the model, following PDP systems schema.

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.
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- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.

- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.
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- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before reproduction module.

- Yi,j : individuals of age j within mortality module.

- Zi,j : survived individuals of age j.

- Wi,j : individuals of age j after feeding module.

- Ci,j : rescued individuals of �age� j.

- S: bamboo shoots.

- B: bamboo.

- O: other food.

- F : auxiliary object to generate new quantity of food at the beginning

of each time cycle.

- N : auxiliary object to generate newborns when beginning each time

cycle.

- A: auxiliary object to trigger the rescue

Membrane structure

µ = [ [ ]2 ]1

Initial multisets

M1 = {X
qi,j
i,j : 1 ≤ i ≤ 2, 1 ≤ j ≤ ki,5}, M2 = {F N A}.
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Sets of rules

Initialization rule

• Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

Reproduction rules

• Rules associated with newborns:

r2 ≡ [N ]02 −→ N [Y g1
1,0 Y

g2
2,0 ]

+
2 ,

• Growth rules:

r3 ≡ [Xi,j ]
0
2 −→ [Yi,j ]

+
2 , for

{
1 ≤ i ≤ 2

1 ≤ j ≤ ki,5

Rescued giant pandas rules

• Probability to have c rescued individuals:

r4 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

• Probability for rescued individuals to have gender i:

r5 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

• Probability for rescued individuals to have age j:

r6 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

Mortality rules

• Infancy giant pandas that survive:

r7 ≡ [Yi,j
1−ki,6−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1
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• Infancy giant pandas that die:

r8 ≡ [Yi,j
ki,6−→ λ ]+2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Subadult giant pandas that survive:

r9 ≡ [Yi,j
1−ki,7−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Subadult giant pandas that die:

r10 ≡ [Yi,j
ki,7−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Youth adult giant pandas that survive:

r11 ≡ [Yi,j
1−ki,8−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Youth adult giant pandas that die:

r12 ≡ [Yi,j
ki,8−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Mid-adult giant pandas that survive:

r13 ≡ [Yi,j
1−ki,9−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4

• Mid-adult giant pandas that die:

r14 ≡ [Yi,j
ki,9−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4

• Elderly (from 17 to 26) giant pandas that survive:

r15 ≡ [Yi,j
1−ki,10−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 17 to 26) giant pandas that die:

r16 ≡ [Yi,j
ki,10−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 27 to 35) giant pandas that survive:
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r17 ≡ [Yi,j
1−ki,11−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Elderly (from 27 to 35) giant pandas that die:

r18 ≡ [Yi,j
ki,11−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Giant pandas which reach the maximum life expectancy:

r19 ≡ [Yi,ki,5 −→ λ ]+2 , for 1 ≤ i ≤ 2

Feeding rules

• Feeding process for infancy giant pandas:

r20 ≡ [Zi,j S
fi,1 Bfi,2 Ofi,3 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Feeding process for subadult giant pandas:

r21 ≡ [Zi,j S
fi,4 Bfi,5 Ofi,6 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Feeding process for adult and elderly giant pandas:

r22 ≡ [Zi,j S
fi,7 Bfi,8 Ofi,9 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,5

Updating rules

• Removal of the remaining food.

r23 ≡ [S −→ λ]02

r24 ≡ [B −→ λ]02

r25 ≡ [O −→ λ]02

• Preparation for the beginning of a new cycle.

r26 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r27 ≡ F [ ]02 −→ [F ]02,
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r28 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r29 ≡ N [ ]02 −→ [N ]02,

r30 ≡ A [ ]02 −→ [A ]02,

This is the formalization of the model based on PDP systems. �Nota-

tions� section lists the parameters the user can interact with in order to make

virtual experiments to study the evolution of the system under di�erent sce-

narios of interest. The evolution of the elements in the system for a single

cycle of simulation is as follows:



2.2. Computational model development 15

2.2.2 Software application development

The intended use of the model presented in this work is to provide useful

information to support decision making process by managers of the system

under study, by means of appropriate tools allowing the formulation of po-

tential scenarios and the analysis of the expected results from the model,

thus anticipating the possible e�ects of the actions studied by managers.

The �nal tool should be a visual environment usable for managers, prob-

ably not interested in technical details of the model and the software but

in providing data about each potential scenario, population, parameters, ac-

tions, etc. and in analyzing the expected results of his possible actions under

the given circumstances and parameters. To do so, given the description of

the model described above, two simple steps are needed taking with the

general purpose tools available.

The process is outlined in the following diagram:

PDP SYSTEM

MODEL
Translate

P-LINGUA

MODEL
Design interface

MECOSIM

APP

PDP system 

designed, 

according to 

syntax of PDP 

systems, 

including 

parameters in 

its definition

Direct 

translation, 

from PDP 

symbolic 

description to 

P-Lingua 

language

P-Lingua 

model, 

ready to be 

parsed and 

simulated by 

P-Lingua 

framework and 

MeCoSim

Customization 

of MeCoSim, 

providing a 

definition of the 

GUI input data 

and output 

tables/charts

Visual final app,

ready to load the P-Lingua 

model, include values for specific 

scenarios (input populations and 

parameters), and perform 

simulations for experimental 

validation and virtual 

experimentation to analyze 

potential effects of hypothetical 

situations, providing useful 

information to support decision 

making process by managers

In general, the process to convert the design of a model in an e�ective

tool to support decision making may result quite tedious. Fortunately, when

working with P systems we do not need to develop ad-hoc programs to

perform the related tasks.

There exist general purpose tools, in the framework of PDP systems, that

dramatically eases that part of the conventional process when a manager

needs model based software tools to use the model for making decisions (not

only having the model to present it in a conference or journal). In this

sense, P-Lingua language and framework [7, 2] provide a general purpose

language very close to the natural de�nition of the model presented above,

along with simulation engines for many variants of P systems. In addition,

MeCoSim [8, 1] provides a visual environment allowing the de�nition of

custom software applications for working with models based on P systems,

including visual tools to:
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• Load P-Lingua models and parse them, by using MeCoSim visual en-

vironment and P-Lingua framework parsers.

• Enter input data and parameters for scenarios of interest, by using the

input tables de�ned in MeCoSim custom app con�g �le.

• Debug a model and its data for the given scenario, by collecting data

from MeCoSim input tables, converting them into parameters for P-

Lingua model and parsing the composed �data+model� �le by using

P-Lingua framework parsers.

• Perform simulations for the loaded model and scenario, by using P-

Lingua framework simulation engines (or external simulators) for the

given model.

• Provide custom output tables and charts showing the evolution of the

population resulting from the simulation of the model for the given

values for input populations and parameters.

Thus, the translation from the syntax shown above to P-Lingua code is

pretty straightforward. P-Lingua code for the work presented here is shown

next:

@model<probabilistic>

def main()
{

call init_membrane_structure();
call init_multisets();
call init_rules();

}

def init_membrane_structure()
{

@mu= [[[[]'2]'1]'101,101]'0;
}

def init_multisets()
{

@ms(1) += X{i,j}*q{i,j} : 1<=j<=k{i,5},1<=i<=2;
@ms(2) = F,N,A;

}

def init_rules()
{

/*** <Initialization> ***/
/*Generation of objects associated with the food*/
/* r1 */ [F]'2 --> F+[S*g{3},B*g{4},O*g{5}]'2 :: 1;

/*** <End Initialization> ***/

/*** <Reproduction> ***/
/*Rules associated with newborns*/
/* r2 */ [N]'2 --> N +[ Y{1,0}*g{1}, Y{2,0}*g{2} ]'2 :: 1;

/*Growth rules*/
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/* r3 */ X{i,j} [ ]'2 --> +[ Y{i,j} ]'2 :: 1 : 1<=j<=k{i,5}, 1<=i<=2;
/*** <End Reproduction> ***/

/*** <Rescue> ***/
/* 1- New rescued individuals.
pc{c}: probability to have c rescued individuals. It

is considered a normal distribution with mean 2,78,
deviation 2,20 and values 0 to 10 summing 1. */

/* r4 */ [A]'2 --> A,C*c+[]'2 :: pc{c} : cmin<=c<=cmax;

/* 2- Gender assignment.
pg{i}: probability for a rescued individual to have gender i.*/
/* r5 */ [C]'1 --> [C{i}]'1 :: pg{i} : 1<=i<=2;

/* 3- Age assignment.
pa{j}: probability for a rescued individual to have

age j. Different groups of ages were considered, with
probabilities "pag" 0.5, 0.5, 0 and 0, and
inside each group the probability is considered
uniform, so for an individual age inside the group the
probability is pa = (pag/nag), being nag the number of
elements in the group. We introduce the pag's and
nag's in a table, thus being pa calculated from
them.*/

/* r6 */ [C{i}]'1 --> [C{i,j+1+@floor(j/3)}]'1 :: pa{j} : 0<=j<cmaxage, 1<=i<= 2;
/*** <End Rescue> ***/

/*** <Mortality> ***/
/*Infancy giant pandas that survive */
/* r7 */ +[Y{i,j}]'2 --> +[Z{i,j}]'2 :: 1-k{i,6} : 0<=j<k{i,1}, 1<=i<=2;
/*Infancy giant pandas that die */
/* r8 */ +[Y{i,j}]'2 --> +[]'2 :: k{i,6} : 0<=j<k{i,1}, 1<=i<=2;

/*Sub-adult giant pandas that survive */
/* r9 */ +[Y{i,j}]'2 --> +[Z{i,j}]'2 :: 1-k{i,7} : k{i,1}<=j<k{i,2}, 1<=i<=2;
/*Sub-adult giant pandas that die */
/* r10 */ +[Y{i,j}]'2 --> +[ ]'2 :: k{i,7} : k{i,1}<=j<k{i,2}, 1<=i<=2;

/*Youth adult giant pandas that survive */
/* r11 */ +[Y{i,j}]'2 --> +[Z{i,j}]'2 :: 1-k{i,8} : k{i,2}<=j<k{i,3}, 1<=i<=2;
/*Youth adult giant pandas that die */
/* r12 */ +[Y{i,j}]'2 --> +[ ]'2 :: k{i,8} : k{i,2}<=j<k{i,3}, 1<=i<=2;

/*Mid-adult giant pandas that survive */
/* r13 */ +[Y{i,j}]'2 --> +[Z{i,j}]'2 :: 1-k{i,9} : k{i,3}<=j<k{i,4,1}, 1<=i<=2;
/*Mid-adult giant pandas that die */
/* r14 */ +[Y{i,j}]'2 --> +[ ]'2 :: k{i,9} : k{i,3}<=j<k{i,4,1}, 1<=i<=2;

/*Elderly giant pandas (from k{i,4,1} to k{i,4,2}-1) that survive*/
/* r15 */ +[Y{i,j}]'2 --> +[Z{i,j}]'2 :: 1-k{i,10} : k{i,4,1}<=j<k{i,4,2}, 1<=i<=2;
/*Elderly giant pandas (from k{i,4,1} to k{i,4,2}-1) that die*/
/* r16 */ +[Y{i,j}]'2 --> +[ ]'2 :: k{i,10} : k{i,4,1}<=j<k{i,4,2}, 1<=i<=2;

/*Elderly giant pandas (from k{i,4,2} to k{i,5}-1) that survive*/
/* r17 */ +[Y{i,j}]'2 --> +[Z{i,j}]'2 :: 1-k{i,11} : k{i,4,2}<=j<k{i,5}, 1<=i<=2;
/*Elderly giant pandas (from k{i,4,2} to k{i,5}-1) that die*/
/* r18 */ +[Y{i,j}]'2 --> +[ ]'2 :: k{i,11} : k{i,4,2}<=j<k{i,5}, 1<=i<=2;

/*Giant pandas which reach the maximum life expectancy*/
/* r19 */ +[Y{i,k{i,5}}]'2--> +[ ]'2 :: 1 : 1<=i<=2;

/*** <End Mortality> ***/

/*** <Feeding> ***/
/*Feeding process for infancy giant pandas*/
/* r20 */ +[Z{i,j},S*f{i,1},B*f{i,2},O*f{i,3}]'2--> [W{i,j}]'2 :: 1 : 0<=j<k{i,1}, 1<=i<=2;
/*Feeding process for subadult giant pandas*/
/* r21 */ +[Z{i,j},S*f{i,4},B*f{i,5},O*f{i,6}]'2--> [W{i,j}]'2 :: 1 : k{i,1}<=j<k{i,2}, 1<=i<=2;
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/*Feeding process for adult and elderly giant pandas*/
/* r22 */ +[Z{i,j},S*f{i,7},B*f{i,8},O*f{i,9}]'2--> [W{i,j}]'2 :: 1 : k{i,2}<=j<k{i,5}, 1<=i<=2;

/*** <End Feeding> ***/

/*** <Update> ***/
/*Elimination of the remaining food*/
/* r23 */ [S]'2 --> []'2 :: 1;
/* r24 */ [B]'2 --> []'2 :: 1;
/* r25 */ [O]'2 --> []'2 :: 1;

/*Preparation for the beginning of a new cycle*/
/* r26 */ [W{i,j}]'2 --> X{i,j+1}[]'2 :: 1 : 0<=j<k{i,5}, 1<=i<=2;
/* r27 */ F[ ]'2 --> [F]'2 :: 1;
/* r28 */ C{i,j}[]'2 --> X{i,j+1}[]'2 :: 1 : 0<=j<k{i,5}, 1<=i<=2;
/* r29 */ N[ ]'2 --> [N]'2 :: 1;
/* r30 */ A[ ]'2 --> [A]'2 :: 1;

/*** <End Update> ***/
}

This model written in P-Lingua language is ready to be loaded in MeCoSim,

but there are a number of parameters that will need custom input tables to be

entered. The de�nition of a custom application based on MeCoSim involves

the �lling of a con�guration of an .xls �le with the following information:

• General data about the application: a name, default paths for data

and model �les, default number of cycles and simulations to perform,

etc.

• Tabs hierarchy: tree structure to visually distribute the inputs and

outputs to show to the end user, manager of the system under study.

• Input/output tables: default number of columns and rows along with

the names of the columns to show. In addition, the desired output

tables can be marked to generate pie, line, column and/or stacked

charts.

• Simulation parameters: information about the processing of input data

to generate parameters for P-Lingua model.

• Simulation results: de�nition of the output results to get from the

whole simulation. They represent partial views of the raw data ob-

tained from the computation of a number of simulations involving a

series of cycles with a number steps, each one of them containing con-

�gurations of the systems with di�erent elements in di�erent parts of

the system being modelled.

The simple .xls con�guration de�nes the custom app to be added to

MeCoSim. Once this custom app is running, it is ready to load the corre-

sponding P-Lingua model �le, and wait for the managers or any potential
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users to introduce speci�c data for each scenario under study. Some screen-

shots illustrate the appearance of MeCoSim Giant Panda custom app and

the kind of input and output information present in its tabs.

• Initial populations:

As shown in the screenshot, the interface is divided in a series of tabs

organizing the information. There exists always a Debug console tab

for debugging the model, along with the desired tabs de�ned for the

user in the con�guration �le tabs hierarchy explained before. In this

case, two tabs, Input and Output, were de�ned at the top level. The

remaining information is con�gured as children of these tabs, allowing

the de�nition of as many number of levels as required. This �rst table

is de�ned to be a direct child of the Input tab, and enables the user to

introduce the number of initial male and female individuals per age.

• General parameters:

The following screenshots show the input tables where the user can

introduce the values for the di�erent parameters involved in the model,

as described at the beginning of section2.2 of this document. The

header of each column is auto-explicative, given its name is the same

described in the mentioned section.
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• Rescue:

The following three tabs show the input tables to enable the user in-

troducing parameters related to Rescue module. These tabs are:

� Rescued number: the values for probabilities of rescued individu-

als (default from a minimum zero to a maximum 10, following a

normal distribution of probability).
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� Rescued by gender: enables the modi�cation of the probability

for a rescued individual to be male or female.
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� Rescued by age: enables the introduction of groups of probability

for the rescued individuals to have a certain age. Given the small

number of individuals, the probability to �nd an individual of a

certain age is not very signi�cant, so instead of that groups of

probability are calculated. For each group of age (for instance,

from 1 to 7), a proportion of rescued individuals have been ex-

tracted from real data (50% of rescued individuals were 1-7 years

old); inside the group, the probability for each age is considered

uniform (for 1-year-old, 2-year-old, etc.), so if n di�erent ages are

included then the probability of each one inside the group is 1
n .

For instance for 3 year-old, the probability is 0.50
7 . This value 7

is provided for each row (each row represents an age from 1 to

cmaxage) along with the probability of the group.
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• Simulation results - Output tables and charts

After introducing the values for the populations and parameters for a

scenario under study (or after loading these data from a pre-saved sce-

nario �le), the user (manager) is ready to simulate the system by menu

option Simulation > Simulate. The number of simulations, cycles or

steps can be visually changed by Model and Simulation menu options.

After the simulation halts, the custom outputs previously de�ned in

the app con�guration �le are shown. Some examples are provided in

the following screenshots:

� Output table with total number of individuals per simulated year.

� Output line chart with the population of males per simulated year.
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� Output table with the population of male individuals per simu-

lated year, including average, deviation, and con�dence interval

95%.



26 2. Model development



3 Model evaluation

3.1 Robustness

In order to consider the presented model a robust one, and therefore an inter-

esting tool for predicting the population evolution under possible scenarios,

an important property it should ful�ll is robustness. This means that the

conceptual model, presented as a main sequence of modules (Reproduction

(R) -> Mortality (M) -> Feeding (F)), does not depend on such sequencing,

since this sequencing is a necessary arti�cial construction as in reality all

the process take place at the same time, during the whole year, being not

sequenced. To prove the robustness of model, several di�erent variants have

been generated, each corresponding to a speci�c ordering made by swapping

the elements of the given sequence. In this way, if we name the sequencing

Reproduction (R) -> Mortality (M) -> Feeding (F) as RMF, the other vari-

ants are RFM, MFR, MRF, FRM and FMR. To assure robustness of the

model, proving that the six variants give similar results when inputting the

same scenarios is required.

The detailed description of each variant has been included within an

appendix at the end of this document.

3.2 Experimental validation

Results of the model have been corroborated by contrast between the real

data from 2006 to 2014, and the output of the simulation. Simulation data

results are found to be very close to the real ones, presenting very low devia-

tion. Smaller di�erences can be easily explained from the natural variability

inherent to the processes under study, in such a way that the years whose real

data are farer from their own averages are the ones that present an equivalent

deviation in the simulation results. Since in the experimental validation 1000

simulations are performed and average values are taken, simulation results

should be very similar to the expected average result, but obviously not to

each possible real occurrence in our probabilistic scenario.

27
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Initialization

Reproduction

RescueMortality

Feeding

Update

Figure 3.1: RMF sequencing variant

Figure 3.2: Experimental validation statistics
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Figure 3.3: Correlation between the mortality ratio at early ages (horizontal axis)

against the total population at the end of the simulation (vertical axis)

Data presented in Figure 3.2 come from the simulation outputs for period

2006-2014, by using as input the population in the Breeding Base at the end

of 2005. The parameters for rescue were estimated by statistically averaging

real data from the same years. The rest of parameters (birth rates, mortality

ratios, etc.) has been extracted from the historical data of the Breeding

Base, thus being more reliable and sound for calibrating the model against

the period 2006-2014.

3.3 Uncertainty and Sensitivity Analysis

No matter what the quality of model and simulation tools is, some uncer-

tainty rises from the inherent variability of processes and parameters, along

with imprecisions or errors coming from data analysis. Consequently, the

pertinent uncertainty and sensitivity analysis has to be conducted over the

parameters, in order to determine the in�uence of the variation of each input

parameter on the output results, possibly listing and sorting the in�uence of

each factor or even quantifying it. The latter would provide a tool to put

the focus over parameters that are specially relevant and therefore should be

considered for a more detailed calibration, study, or work �eld measurements

depending on the nature of the data.

An example of this kind of sensitivity analysis is shown for a very relevant

parameter, the mortality ratio for males, in chart 3.3.

The strong correlation among the variance of this ratio and the in�uence

in the output population is shown in the fragment of the table and the chart
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in Figure 3.3.

As a future work, further analysis over di�erent parameters are planned

to be performed for forthcoming model design stages, including both local

and global analysis.



4 Model application

In order to assure the accuracy of the model, it has been validated for its

use in scenarios similar to the one studied, that is, with similar parameter

values and environment, such as captive conditions, pairing system, cares,

etc.

However, both the framework and tools involved in the model design, and

the theoretical model itself, allow easy customization since they are param-

eterized, thus enabling their use in di�erent contexts or even the addition of

many other features of interest.

Since the goal of this model is to provide a reliable tool for supporting

decision making, further e�orts will be conducted in terms of parameter

estimation, uncertainty and sensitivity analysis plus an iterative re�nement

process involving designers, experts and managers. This will point our e�orts

towards the right direction to improve the performance of the model by

means of �ne tuning of parameters, and the addition of new progressively

growing knowledge about processes.

31
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5 Considerations

1. The module of reproduction has been initially modelled considering

a �xed number of new individuals being born per year and per gen-

der, independently of the number of total individuals or the ones in

reproductive age every year. This is not a usual way for modeling

reproduction, and its motivation comes from the following facts:

• According to the real data, the evolution in the number of new

births is being quite changing, apparently at random, not show-

ing a progressive increase nor decrease in correlation with

the number of individuals in the population or those in repro-

ductive age. For instance, we found that 4 new individuals were

born a speci�c year and 17 new ones in another one, not being

those values correlated with the number of individuals or their

reproductive ages.

• The human action on captive Pandas is very signi�cant, having

an in�uence big enough to avoid the natural process of breeding

with respect to the wild state, where the number of births is

usually correlated with the number of individuals in reproductive

age meeting in a speci�c environment and the fecundity ratios

a�ecting the species. There exists a strong in�uence of human

decisions, so that Giant Pandas are arti�cially mating by human

interaction in most cases.

2. The number of new individuals per year that is being currently set for

simulating reproduction is 6 males and 6 females. Let us concentrate

on males. The chosen number (6) has been estimated by analyzing real

data (from 2005 to 2014) of living individuals of age 0 after �rst year,

along with mortality rate in the �rst age (0.08). This number has been

therefore estimated with some uncertainty. In fact, the average number

of males being born during this range of years was approximately 5.5,

but an integer number of individuals should be born, so 6 males being

born were considered, but increasing the mortality to 0.09 instead of

33
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Figure 5.1: Correlation between the number of male newborns (horizontal axis)

against the total number of male Giant pandas at the end of the simulation (vertical

axis)

0.08. How much does the precision of this parameter in�uence the

results of the model in terms of population of males after simulating

period 2006-2014? We performed several simulations setting values for

the number of males being born per year ranging from 3 to 9 being the

corresponding results shown in chart 5.1.

A strong correlation exists between x (number of new males) and y

(population of males in 2014). For each additional new birth per year,

at least 8 additional individuals are expected after 9 simulated years.

Thus, is very important to determine this data precisely.

3. The module of mortality requires the application of mortality rates

for individuals at di�erent ages. The corresponding evolution rules

applied by the presented model take the rates from the local data

for the area under study, during the years [2005-2014]. For instance,

mortality rates of males and females are 0.09 and 0.05 respectively in

the �rst year of life. The precision of these rates is very important,

due to the in�uence in the output results as shown in the Sensitivity

Analysis section.

4. The process of rescue in the model is based on the description provided

by Prof. Zhang and the support of data of the last years involving the

number of males/females of di�erent ages rescued from 2005 to 2014.

From this data, we got a possible annual number of rescued individuals

averaging 0.40 with a deviation of 0.66. The numbers are so small that

no complex probability distributions have been considered, by only a

probability of 0.4 of having one rescued individual, with the remaining

0.6 percent of not having any rescue.
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A Model variants description

Description of the six presented variants.
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Feeding - Mortality - Reproduction

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.

- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.
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- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.

- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before feeding module.

- Yi,j : individuals of age j within feeding module.

- Zi,j : individuals of age j within mortality module.

- Ti,j : survived individuals of age j.

- Wi,j : Individuals of age j after reproduction module.

- Ci,j : rescued individuals of �age� j.
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- S: bamboo shoots.

- B: bamboo.

- O: other food.

- F : auxiliary object to generate new food at the beginning of each time

cycle.

- N : auxiliary object to generate newborns at the beginning of each time

cycle.

- A: auxiliary object to trigger the rescue

The �ow diagram with the modules of the design:

Initialization

Feeding

RescueMortality

Reproduction

Update

MEMBRANE STRUCTURE

µ = [ [ ]2 ]1

INITIAL MULTISETS

M1 = {X
qi,j
i,j : 1 ≤ i ≤ 2, 1 ≤ j ≤ ki,5}, M2 = {F N A}.
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INITIALIZATION RULE

• Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

RESCUED GIANT PANDAS RULES

• Probability to have c rescued individuals:

r2 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

• Probability for rescued individuals to have gender i:

r3 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

• Probability for rescued individuals to have age j:

r4 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

FEEDING RULES

• Giant pandas enter in the zone to feed:

r5 ≡ Xi,j [ ]02 −→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j ≤ ki,5

• Feeding process for infancy giant pandas:

r6 ≡ [Yi,j S
fi,1 Bfi,2 Ofi,3 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Feeding process for subadult giant pandas:

r7 ≡ [Yi,j S
fi,4 Bfi,5 Ofi,6 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Feeding process for adult and elderly giant pandas:

r8 ≡ [Yi,j S
fi,7 Bfi,8 Ofi,9 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j ≤ ki,5
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MORTALITY RULES

• Infancy giant pandas that survive:

r9 ≡ [Zi,j ]
+
2

1−ki,6−→ [Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Infancy giant pandas that die:

r10 ≡ [Zi,j ]
+
2

ki,6−→ λ [ ]−2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Subadult giant pandas that survive:

r11 ≡ [Zi,j ]
+
2

1−ki,7−→ [Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Subadult giant pandas that die:

r12 ≡ [Zi,j ]
+
2

ki,7−→ λ [ ]−2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Youth adult giant pandas that survive:

r13 ≡ [Zi,j ]
+
2

1−ki,8−→ [Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Youth adult giant pandas that die:

r14 ≡ [Zi,j ]
+
2

ki,8−→ λ [ ]−2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Mid-adult giant pandas that survive:

r15 ≡ [Zi,j ]
+
2

1−ki,9−→ [Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Mid-adult giant pandas that die:

r16 ≡ [Zi,j ]
+
2

ki,9−→ λ [ ]−2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Elderly (from 17 to 26) giant pandas that survive:

r17 ≡ [Zi,j ]
+
2

1−ki,10−→ [Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 17 to 26) giant pandas that die:
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r18 ≡ [Zi,j ]
+
2

ki,11−→ λ [ ]−2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 27 to 35) giant pandas that survive:

r19 ≡ [Zi,j ]
+
2

1−ki,11−→ [Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Elderly (from 27 to 35) giant pandas that die:

r20 ≡ [Zi,j ]
+
2

ki,11−→ λ [ ]−2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Giant pandas which reach the maximum life expectancy:

r21 ≡ [Zi,ki,5 ]
+
2 −→ λ [ ]−2 , for 1 ≤ i ≤ 2

REPRODUCTION RULES

• Rules associated with newborns:

r22 ≡ [N ]−2 −→ N [W g1
1,−1 W

g2
2,−1 ]

0
2,

• Growth rules:

r23 ≡ [Ti,j ]
−
2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

UPDATING RULES

• Elimination of the remaining food.

r24 ≡ [S −→ λ]02

r25 ≡ [B −→ λ]02

r26 ≡ [O −→ λ]02

• Preparation for the beginning of a new cycle.

r27 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

−1 ≤ j < ki,5

r28 ≡ F [ ]02 −→ [F ]02,
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r29 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r30 ≡ A [ ]02 −→ [A ]02,

r31 ≡ N [ ]02 −→ [N ]02,

EXECUTION OF THE MODEL
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Feeding - Reproduction - Mortality

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.

- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.
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- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.

- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before feeding module.

- Yi,j : individuals of age j within feeding module.

- Zi,j : individuals of age j after feeding module.

- Ti,j : individuals of age j after reproduction module.

- Wi,j : survived individuals of age j.

- Ci,j : rescued individuals of �age� j.
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- S: bamboo shoots.

- B: bamboo.

- O: other food.

- F : auxiliary object to generate new food at the beginning of each time

cycle.

- N : auxiliary object to generate newborns at the beginning of each time

cycle.

- A: auxiliary object to trigger the rescue

The �ow diagram with the modules of the design:

Initialization

Feeding

RescueReproduction

Mortality

Update

MEMBRANE STRUCTURE

µ = [ [ ]2 ]1

INITIAL MULTISETS

M1 = {X
qi,j
i,j : 1 ≤ i ≤ 2, 1 ≤ j ≤ ki,5}, M2 = {F N A}.
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INITIALIZATION RULE

• Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

RESCUED GIANT PANDAS RULES

• Probability to have c rescued individuals:

r2 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

• Probability for rescued individuals to have gender i:

r3 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

• Probability for rescued individuals to have age j:

r4 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

FEEDING RULES

• Giant pandas enter in the zone to feed:

r5 ≡ Xi,j [ ]02 −→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

1 ≤ j ≤ ki,5

• Feeding process for infancy giant pandas:

r6 ≡ [Yi,j S
fi,1 Bfi,2 Ofi,3 ]+2 −→ [Zi,j ]

−
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Feeding process for subadult giant pandas:

r7 ≡ [Yi,j S
fi,4 Bfi,5 Ofi,6 ]+2 −→ [Zi,j ]

−
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Feeding process for adult and elderly giant pandas:

r8 ≡ [Yi,j S
fi,7 Bfi,8 Ofi,9 ]+2 −→ [Zi,j ]

−
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j ≤ ki,5
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REPRODUCTION RULES

• Rules associated with newborns:

r9 ≡ [N ]−2 −→ N [T g1
1,0 T

g2
2,0 ]
−
2 ,

• Growth rules:

r10 ≡ [Zi,j −→ Ti,j ]
−
2 , for

{
1 ≤ i ≤ 2

1 ≤ j ≤ ki,5

MORTALITY RULES

• Infancy giant pandas that survive:

r11 ≡ [Ti,j ]
−
2

1−ki,6−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Infancy giant pandas that die:

r12 ≡ [Ti,j ]
−
2

ki,6−→ λ [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Subadult giant pandas that survive:

r13 ≡ [Ti,j ]
−
2

1−ki,7−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Subadult giant pandas that die:

r14 ≡ [Ti,j ]
−
2

ki,7−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Youth adult giant pandas that survive:

r15 ≡ [Ti,j ]
−
2

1−ki,8−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Youth adult giant pandas that die:

r16 ≡ [Ti,j ]
−
2

ki,8−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Mid-adult giant pandas that survive:
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r17 ≡ [Ti,j ]
−
2

1−ki,9−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Mid-adult giant pandas that die:

r18 ≡ [Ti,j ]
−
2

ki,9−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Elderly (from 17 to 26) giant pandas that survive:

r19 ≡ [Ti,j ]
−
2

1−ki,10−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 17 to 26) giant pandas that die:

r20 ≡ [Ti,j ]
−
2

ki,11−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 27 to 35) giant pandas that survive:

r21 ≡ [Ti,j ]
−
2

1−ki,11−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Elderly (from 27 to 35) giant pandas that die:

r22 ≡ [Ti,j ]
−
2

ki,11−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Giant pandas which reach the maximum life expectancy:

r23 ≡ [Ti,ki,5 ]
−
2 −→ λ [ ]02, for 1 ≤ i ≤ 2

UPDATING RULES

• Elimination of the remaining food.

r24 ≡ [S −→ λ]02

r25 ≡ [B −→ λ]02

r26 ≡ [O −→ λ]02

• Preparation for the beginning of a new cycle.

r27 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5
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r28 ≡ F [ ]02 −→ [F ]02,

r29 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r30 ≡ A [ ]02 −→ [A ]02,

r31 ≡ N [ ]02 −→ [N ]02,

EXECUTION OF THE MODEL
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Mortality - Feeding - Reproduction

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.

- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.
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- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.

- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before mortality module.

- Yi,j : survived individuals of age j.

- Zi,j : individuals of age j after feeding module.

- Wi,j : individuals of age j after reproduction module (newborns are

denoted as Wi,−1 for technical reasons).

- Ci,j : rescued individuals of �age� j.
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- S: bamboo shoots.

- B: bamboo.

- O: other food.

- F : auxiliary object to generate new food at the beginning of each time

cycle.

- N : auxiliary object to generate newborns at the beginning of each time

cycle.

- A: auxiliary object to trigger the rescue

The �ow diagram with the modules of the design:

Initialization

Mortality

RescueFeeding

Reproduction

Update

MEMBRANE STRUCTURE

µ = [ [ ]2 ]1

INITIAL MULTISETS

M1 = {X
qi,j
i,j N : 1 ≤ i ≤ 2, 0 ≤ j ≤ ki,5}, M2 = {F A}.



56 Model variants description

INITIALIZATION RULE

• Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

RESCUED GIANT PANDAS RULES

• Probability to have c rescued individuals:

r2 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

• Probability for rescued individuals to have gender i:

r3 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

• Probability for rescued individuals to have age j:

r4 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

MORTALITY RULES

• Infancy giant pandas that survive:

r5 ≡ Xi,j [ ]
0
2

1−ki,6−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Infancy giant pandas that die:

r6 ≡ Xi,j [ ]
0
2

ki,6−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Subadult giant pandas that survive:

r7 ≡ Xi,j [ ]
0
2

1−ki,7−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Subadult giant pandas that die:

r8 ≡ Xi,j [ ]
0
2

ki,7−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2
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• Youth adult giant pandas that survive:

r9 ≡ Xi,j [ ]
0
2

1−ki,8−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Youth adult giant pandas that die:

r10 ≡ Xi,j [ ]
0
2

ki,8−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Mid-adult giant pandas that survive:

r11 ≡ Xi,j [ ]
0
2

1−ki,9−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Mid-adult giant pandas that die:

r12 ≡ Xi,j [ ]
0
2

ki,9−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Elderly (from 17 to 26) giant pandas that survive:

r13 ≡ Xi,j [ ]
0
2

1−ki,10−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 17 to 26) giant pandas that die:

r14 ≡ Xi,j [ ]
0
2

ki,11−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 27 to 35) giant pandas that survive:

r15 ≡ Xi,j [ ]
0
2

1−ki,11−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Elderly (from 27 to 35) giant pandas that die:

r16 ≡ Xi,j [ ]
0
2

ki,11−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Giant pandas which reach the maximum life expectancy:

r17 ≡ Xi,ki,5 [ ]
0
2 −→ λ [ ]+2 , for 1 ≤ i ≤ 2
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FEEDING RULES

• Feeding process for infancy giant pandas:

r18 ≡ [Yi,j S
fi,1 Bfi,2 Ofi,3 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Feeding process for subadult giant pandas:

r19 ≡ [Yi,j S
fi,4 Bfi,5 Ofi,6 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Feeding process for adult and elderly giant pandas:

r20 ≡ [Yi,j S
fi,7 Bfi,8 Ofi,9 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,5

REPRODUCTION RULES

• Preparing for reproduction:

r21 ≡ N [ ]+2 −→ [N ]+2 ,

• Rules associated with newborns:

r22 ≡ [N ]+2 −→ N [W g1
1,−1 W

g2
2,−1 ]

0
2,

• Growth rules:

r23 ≡ [Zi,j ]
+
2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

UPDATING RULES

• Elimination of the remaining food.

r24 ≡ [S −→ λ]02

r25 ≡ [B −→ λ]02

r26 ≡ [O −→ λ]02
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• Preparation for the beginning of a new cycle.

r27 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

−1 ≤ j < ki,5

r28 ≡ F [ ]02 −→ [F ]02,

r29 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r30 ≡ A [ ]02 −→ [A ]02,

EXECUTION OF THE MODEL
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Mortality - Reproduction - Feeding

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.

- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.
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- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.

- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before mortality module.

- Yi,j : survived individuals of age j.

- Zi,j : individuals of age j after reproduction module (newborns are

denoted as Zi,−1 for technical reasons).

- Wi,j : individuals of age j after feeding module (newborns are denoted

as Wi,−1 for technical reasons).

- Ci,j : rescued individuals of �age� j.
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- S: bamboo shoots.

- B: bamboo.

- O: other food.

- F : auxiliary object to generate new food at the beginning of each time

cycle.

- N : auxiliary object to generate newborns at the beginning of each time

cycle.

- A: auxiliary object to trigger the rescue

The �ow diagram with the modules of the design:

Initialization

Mortality

RescueReproduction

Feeding

Update

MEMBRANE STRUCTURE

µ = [ [ ]2 ]1

INITIAL MULTISETS

M1 = {X
qi,j
i,j : 1 ≤ i ≤ 2, 0 ≤ j ≤ ki,5}, M2 = {F N A}.
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INITIALIZATION RULE

- Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

RESCUED GIANT PANDAS RULES

- Probability to have c rescued individuals:

r2 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

- Probability for rescued individuals to have gender i:

r3 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

- Probability for rescued individuals to have age j:

r4 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

MORTALITY RULES

- Infancy giant pandas that survive:

r5 ≡ Xi,j [ ]
0
2

1−ki,6−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

- Infancy giant pandas that die:

r6 ≡ Xi,j [ ]
0
2

ki,6−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

- Subadult giant pandas that survive:

r7 ≡ Xi,j [ ]
0
2

1−ki,7−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

- Subadult giant pandas that die:

r8 ≡ Xi,j [ ]
0
2

ki,7−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2
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- Youth adult giant pandas that survive:

r9 ≡ Xi,j [ ]
0
2

1−ki,8−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

- Youth adult giant pandas that die:

r10 ≡ Xi,j [ ]
0
2

ki,8−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

- Mid-adult giant pandas that survive:

r11 ≡ Xi,j [ ]
0
2

1−ki,9−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

- Mid-adult giant pandas that die:

r12 ≡ Xi,j [ ]
0
2

ki,9−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

- Elderly (from 17 to 26) giant pandas that survive:

r13 ≡ Xi,j [ ]
0
2

1−ki,10−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

- Elderly (from 17 to 26) giant pandas that die:

r14 ≡ Xi,j [ ]
0
2

ki,11−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

- Elderly (from 27 to 35) giant pandas that survive:

r15 ≡ Xi,j [ ]
0
2

1−ki,11−→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

- Elderly (from 27 to 35) giant pandas that die:

r16 ≡ Xi,j [ ]
0
2

ki,11−→ λ [ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

- Giant pandas which reach the maximum life expectancy:

r17 ≡ Xi,ki,5 [ ]
0
2 −→ λ [ ]+2 , for 1 ≤ i ≤ 2
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REPRODUCTION RULES

- Rules associated with newborns:

r18 ≡ [N ]+2 −→ N [Zg1
1,−1 Z

g2
2,−1 ]

+
2 ,

- Growth rules:

r19 ≡ [Yi,j −→ Zi,j ]
+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

FEEDING RULES

- Feeding process for infancy giant pandas:

r20 ≡ [Zi,j S
fi,1 Bfi,2 Ofi,3 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

- Feeding process for subadult giant pandas:

r21 ≡ [Zi,j S
fi,4 Bfi,5 Ofi,6 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

- Feeding process for adult and elderly giant pandas:

r22 ≡ [Zi,j S
fi,7 Bfi,8 Ofi,9 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,5

- Individuals that will be considered as newborn in the next loop:

r23 ≡ [Zi,−1 ]
+
2 −→ [Wi,−1 ]

0
2, for 1 ≤ i ≤ 2.

UPDATING RULES

- Elimination of the remaining food.

r24 ≡ [S −→ λ]02

r25 ≡ [B −→ λ]02

r26 ≡ [O −→ λ]02
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- Preparation for the beginning of a new cycle.

r27 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

−1 ≤ j < ki,5

r28 ≡ F [ ]02 −→ [F ]02,

r29 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r30 ≡ A [ ]02 −→ [A ]02,

r31 ≡ N [ ]02 −→ [N ]02,

EXECUTION OF THE MODEL
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Reproduction - Feeding - Mortality

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.

- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.
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- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.

- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before reproduction module.

- Yi,j : individuals of age j within feeding module.

- Zi,j : individuals of age j within mortality module.

- Wi,j : survived individuals of age j.

- Ci,j : rescued individuals of �age� j.

- S: bamboo shoots.
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- B: bamboo.

- O: other food.

- F : auxiliary object to generate new food at the beginning of each time

cycle.

- N : auxiliary object to generate newborns at the beginning of each time

cycle.

- A: auxiliary object to trigger the rescue

The �ow diagram with the modules of the design:

Initialization

Reproduction

RescueFeeding

Mortality

Update

MEMBRANE STRUCTURE

µ = [ [ ]2 ]1

INITIAL MULTISETS

M1 = {X
qi,j
i,j : 1 ≤ i ≤ 2, 1 ≤ j ≤ ki,5}, M2 = {F N A}.
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INITIALIZATION RULE

• Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

REPRODUCTION RULES

• Rules associated with newborns:

r2 ≡ [N ]02 −→ N [Y g1
1,0 Y

g2
2,0 ]

+
2 ,

• Growth rules:

r3 ≡ Xi,j [ ]02 −→ [Yi,j ]
+
2 , for

{
1 ≤ i ≤ 2

1 ≤ j ≤ ki,5

RESCUED GIANT PANDAS RULES

• Probability to have c rescued individuals:

r4 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

• Probability for a rescued individuals to have gender i:

r5 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

• Probability for a rescued individuals to have age j:

r6 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

FEEDING

• Feeding process for infancy giant pandas:

r7 ≡ [Yi,j S
fi,1 Bfi,2 Ofi,3 −→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1
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• Feeding process for subadult giant pandas:

r8 ≡ [Yi,j S
fi,4 Bfi,5 Ofi,6 −→ Zi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Feeding process for adult and elderly giant pandas:

r9 ≡ [Yi,j S
fi,7 Bfi,8 Ofi,9 −→ Zi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,2 ≤ j ≤ ki,5

MORTALITY RULES

• Infancy giant pandas that survive:

r10 ≡ [Zi,j ]
+
2

1−ki,6−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Infancy giant pandas that die:

r11 ≡ [Zi,j ]
+
2

ki,6−→ λ [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Subadult giant pandas that survive:

r12 ≡ [Zi,j ]
+
2

1−ki,7−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Subadult giant pandas that die:

r13 ≡ [Zi,j ]
+
2

ki,7−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Youth adult giant pandas that survive:

r14 ≡ [Zi,j ]
+
2

1−ki,8−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Youth adult giant pandas that die:

r15 ≡ [Zi,j ]
+
2

ki,8−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3



72 Model variants description

• Mid-adult giant pandas that survive:

r16 ≡ [Zi,j ]
+
2

1−ki,9−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Mid-adult giant pandas that die:

r17 ≡ [Zi,j ]
+
2

ki,9−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Elderly (from 17 to 26) giant pandas that survive:

r18 ≡ [Zi,j ]
+
2

1−ki,10−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 17 to 26) giant pandas that die:

r19 ≡ [Zi,j ]
+
2

ki,10−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 27 to 35) giant pandas that survive:

r20 ≡ [Zi,j ]
+
2

1−ki,11−→ [Wi,j ]
0
2, for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Elderly (from 27 to 35) giant pandas that die:

r21 ≡ [Zi,j ]
+
2

ki,11−→ λ [ ]02, for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Giant pandas which reach the maximum life expectancy:

r22 ≡ [Zi,ki,5 ]
+
2 −→ λ [ ]+2 , for 1 ≤ i ≤ 2

UPDATING RULES

• Elimination of the remaining food.

r23 ≡ [S −→ λ]02

r24 ≡ [B −→ λ]02

r25 ≡ [O −→ λ]02
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• Preparation for the beginning of a new cycle.

r26 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r27 ≡ F [ ]02 −→ [F ]02,

r28 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r29 ≡ N [ ]02 −→ [N ]02,

r30 ≡ A [ ]02 −→ [A ]02,

EXECUTION OF THE MODEL
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Reproduction - Mortality - Feeding

Notations:

Related with Giant Pandas (for male i = 1, for female i = 2):

- ki,1: age at which subadult size is reached.

- ki,2: age at which youth adult size is reached.

- ki,3: age at which mid-adult size is reached.

- ki,4,1: age at which elderly (from 17 to 26) size is reached (ki,4,1 = 17).

- ki,4,2: age at which elderly (from 27 to 35) size is reached (ki,4,2 = 27).

- ki,5: maximum life expectancy in the ecosystem under feeding condi-

tions.

- ki,6: mortality ratio in infancy giant pandas.

- ki,7: mortality ratio in subadult giant pandas.

- ki,8: mortality ratio in youth adult giant pandas.

- ki,9: mortality ratio in mid-adult giant pandas.

- ki,10: mortality ratio in elderly (from 17 to 26) giant pandas.

- ki,11: mortality ratio in elderly (from 27 to 35) giant pandas.

- g1: number of male descendants per year.

- g2: number of female descendants per year.

- g3: amount of bamboo shoots supplied in the GPBB (kg) during a

year.

- g4: amount of bamboo supplied in the GPBB (kg) during a year.

- g5: amount of other food (i.e. apple, meat, milk) supplied in the GPBB

(kg) during a year.

- fi,1: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the infancy giant pandas.

- fi,2: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the infancy giant pandas.
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- fi,3: amount of other foods necessary per year (kg) according to the

energetic requirements of the infancy giant pandas.

- fi,4: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the subadult giant pandas.

- fi,5: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the subadult giant pandas.

- fi,6: amount of other foods necessary per year (kg) according to the

energetic requirements of the subadult giant pandas.

- fi,7: amount of bamboo shoots necessary per year (kg) according to

the energetic requirements of the adult and elderly giant pandas.

- fi,8: amount of bamboo necessary per year (kg) according to the ener-

getic requirements of the adult and elderly giant pandas.

- fi,9: amount of other foods necessary per year (kg) according to the

energetic requirements of the adult and elderly giant pandas.

- cmin: minimum number of rescued giant pandas per year.

- cmax: maximum number of rescued giant pandas per year.

- cmaxage: maximum age of rescued giant pandas.

- pcc: probability to have c rescued individuals.

- pgi: probability for rescued individuals to have gender i.

- paj : probability for rescued individuals to have age j.

Symbols in the model (for male i = 1, for female i = 2):

- qi,j : the number of giant pandas of age j.

- Xi,j : individuals of age j before reproduction module.

- Yi,j : individuals of age j within mortality module.

- Zi,j : survived individuals of age j.

- Wi,j : individuals of age j after feeding module.

- Ci,j : rescued individuals of �age� j.

- S: bamboo shoots.
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- B: bamboo.

- O: other food.

- F : auxiliary object to generate new food at the beginning of each time

cycle.

- N : auxiliary object to generate newborns at the beginning of each time

cycle.

- A: auxiliary object to trigger the rescue

The �ow diagram with the modules of the design:

Initialization

Reproduction

RescueMortality

Feeding

Update

MEMBRANE STRUCTURE

µ = [ [ ]2 ]1

INITIAL MULTISETS

M1 = {X
qi,j
i,j : 1 ≤ i ≤ 2, 1 ≤ j ≤ ki,5}, M2 = {F N A}.
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INITIALIZATION RULE

• Generation of objects associated with the food:

r1 ≡ [F ]02 −→ F [Sg3 Bg4 Og5 ]+2 ,

REPRODUCTION RULES

• Rules associated with newborns:

r2 ≡ [N ]02 −→ N [Y g1
1,0 Y

g2
2,0 ]

+
2 ,

• Growth rules:

r3 ≡ [Xi,j ]
0
2 −→ [Yi,j ]

+
2 , for

{
1 ≤ i ≤ 2

1 ≤ j ≤ ki,5

RESCUED GIANT PANDAS RULES

• Probability to have c rescued individuals:

r4 ≡ [A ]02
pcc−→ A Cc [ ]+2 , for cmin ≤ c ≤ cmax.

• Probability for rescued individuals to have gender i:

r5 ≡ [C
pgi−→ Ci ]

0
1, for 1 ≤ i ≤ 2

• Probability for rescued individuals to have age j:

r6 ≡ [Ci
paj−→ Ci,j+1+b j

3
c ]

0
1, for

{
1 ≤ i ≤ 2

0 ≤ j < cmaxage

MORTALITY RULES

• Infancy giant pandas that survive:

r7 ≡ [Yi,j
1−ki,6−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1
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• Infancy giant pandas that die:

r8 ≡ [Yi,j
ki,6−→ λ ]+2 , for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Subadult giant pandas that survive:

r9 ≡ [Yi,j
1−ki,7−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Subadult giant pandas that die:

r10 ≡ [Yi,j
ki,7−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Youth adult giant pandas that survive:

r11 ≡ [Yi,j
1−ki,8−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Youth adult giant pandas that die:

r12 ≡ [Yi,j
ki,8−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,3

• Mid-adult giant pandas that survive:

r13 ≡ [Yi,j
1−ki,9−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Mid-adult giant pandas that die:

r14 ≡ [Yi,j
ki,9−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,3 ≤ j < ki,4,1

• Elderly (from 17 to 26) giant pandas that survive:

r15 ≡ [Yi,j
1−ki,10−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2
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• Elderly (from 17 to 26) giant pandas that die:

r16 ≡ [Yi,j
ki,10−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,1 ≤ j < ki,4,2

• Elderly (from 27 to 35) giant pandas that survive:

r17 ≡ [Yi,j
1−ki,11−→ Zi,j ]

+
2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Elderly (from 27 to 35) giant pandas that die:

r18 ≡ [Yi,j
ki,11−→ λ ]+2 , for

{
1 ≤ i ≤ 2

ki,4,2 ≤ j < ki,5

• Giant pandas which reach the maximum life expectancy:

r19 ≡ [Yi,ki,5 −→ λ ]+2 , for 1 ≤ i ≤ 2

FEEDING RULES

• Feeding process for infancy giant pandas:

r20 ≡ [Zi,j S
fi,1 Bfi,2 Ofi,3 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,1

• Feeding process for subadult giant pandas:

r21 ≡ [Zi,j S
fi,4 Bfi,5 Ofi,6 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,1 ≤ j < ki,2

• Feeding process for adult and elderly giant pandas:

r22 ≡ [Zi,j S
fi,7 Bfi,8 Ofi,9 ]+2 −→ [Wi,j ]

0
2, for

{
1 ≤ i ≤ 2

ki,2 ≤ j < ki,5

UPDATING RULES

• Elimination of the remaining food.

r23 ≡ [S −→ λ]02

r24 ≡ [B −→ λ]02

r25 ≡ [O −→ λ]02
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• Preparation for the beginning of a new cycle.

r26 ≡ [Wi,j ]02 −→ Xi,j+1 [ ]
0
2, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r27 ≡ F [ ]02 −→ [F ]02,

r28 ≡ Ci,j [ ]02 −→ Xi,j+1 [ ]02, for

{
1 ≤ i ≤ 2

0 ≤ j < ki,5

r29 ≡ N [ ]02 −→ [N ]02,

r30 ≡ A [ ]02 −→ [A ]02,

EXECUTION OF THE MODEL
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B Model Robustness

Results provided by simulating each of the six variants with real input data

from 2006 to 2014.
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Figure 1: FMR

Figure 2: FRM

Figure 3: MFR
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Figure 4: MRF

Figure 5: RFM

Figure 6: RMF


