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Background

A workshop co-sponsored by UNU and Canadian
Institutes for Health Research in March 2009

Started an initiative to measure, map and mitigate the
vulnerability of individuals and communitites to
water-related diseases in the face of environmental
change

Six diseases have been selected
� Dengue (and Dengue Haemorrhagic) Fever

� Chikungunya

� Yellow Fever

� Schistosomiasis

� Cholera

� Leptospirosis

vector borne:

mosquitoes

�

�

-

vector borne: snails-

drinking water

�

�

-
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Moti vation

we have developed an approach to model and analyse
biological systems

we believe it is suitable to model and analyse the
spread of Dengue Fever

we will start by modelling the population dynamics of
Aedes albopictus, one of the vector of Dengue Fever
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Structur eof Presentation

The Biology of Aedes albopictus

A Review of Stochastic CLS

Modelling the life cycle of Aedes albopictus

Future Work
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PART 1
The Biology of

Aedes albopictus
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Life Cycle

1. Egg

2. Larva, is divided into 4 instars

3. Pupa

4. Adult, is divided into 8 gonotrophic cycles

Factor Egg Larva Pupa Adult
Temperature

p p p

Humidity
p p p p

Density
p p

Predation
p

Food supply
p p p

Blood supply
p
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Speci�c Characteristics

dispersal: 200 m

water as breeding habitat, prefers stagnant water such
as water in vase, jar, cans, etc.

development rate is affected by temperature, measured
in degree-days (DD)

mortality rate is affected by density, humidity, predation,
food supply

females need blood to oviposit
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PART 2
A Review of

Stochastic CLS
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CLS Terms,Sequencesand Patterns
� Terms

T ::= S
�
� �

T
� L c T

�
� T j T

� Sequences

S ::= e
�
� a

�
� S� S

where E is the alphabet, a 2 E and e is the empty sequence

� Patterns

P ::= S
�
� �

P
� L c P

�
� P j P

�
� X

where V is a set of variables and X 2 V.
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SCLSRewrite Rules

A rewrite rule is a triplet (P1, k, P2), denoted with P1
k7! P2,

such that

P1 and P2 are patterns

Var(P2) � Var(P1)

Gillespie's stochastic framework is incorporated.
Rate of reaction Ri is represented as propensity ai = hi � ki
where hi is the number of possible combination of reactants
Ex: X1 molecules of A and X2 molecules of B

R1 : A + B
k1�! 2A a1 = (X1

1 )(X2
1 )k1 = X1X2k1
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Next Reactionin SSA
if t is the current time and M is the number of reactions

� t + t is the time next reaction occurs with t is a random

variable exponentially distributed with parameter å M
v= 1 av

� every Rm has a probability
am

å M
v= 1 av

to occur

Direct Method to choose t and m

� Generate two random numbers r1 and r2 2 [0,1]

� t = 1
å M

v= 1 av
ln( 1

r1
)

� Choose msuch that å
m� 1
v= 1 av < r2 å M

v= 1 av � å
m
v= 1 av
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Gillespie'sSSA

Given f R1, . . . , RM g and X1, . . . , XN

Step 0 Initialise t to 0. Compute a1, . . . , aM and
a0 = å M

v= 1 av.

Step 1 Compute t .

Step 2 Increase t by t .

Step 3 If t > maxtimethen stop. Otherwise select m.

Step 4 Execute Rm and update X accordingly. Recompute
a1, . . . , aM and a0 accordingly. Return to Step 1.
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Updating Propensity

Idea: only recompute when necessary

For every reaction Ri, �nd reactions that depend on Ri

DependOni =
f Rj jReactantsj \ (Reactantsi [ Productsi) 6= Æg

Ex: R1 : A
k1�! B, R2 : B

k2�! C, R3 : 2B + C
k3�! 3A

DependOn1 = f R1, R2, R3g
DependOn2 = f R2, R3g
DependOn3 = f R1, R2, R3g
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PART 3
Modelling

the life cycle of
Aedes albopictus
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Modelling A Mosquito

Looping and containment operator is used to gather

information about a mosquito:
�
a
� L c (in f ormation)

�
a
� L c (Adul tj1jM jBlood2) models a medium-sized

adult mosquito in �rst gonotrophic cycle which has
sucked blood twice

An egg/a pupa is modelled by putting another loop
outside the mosquito

�
e
� L c

�
a
� L c (in f ormation) for egg and

�
p
� L c

�
a
� L c (in f ormation) for pupa

Parallel composition is used to model a population of
mosquitoes.

(
�
a
� L c (Adul tj1jM jBlood2))3 j (

�
a
� L c (Larvaj2jS))2
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Modelling Inter nal Events

events whose occurences are controlled by the system

modelled using rewrite rules:
egg hatch
transitions between instars
pupation
adult emergence
blood sucking
transitions between gonotrophic cycles
death at every stage
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Modelling External Events

events whose occurences cannot be controlled by the
system

used to model changes in the environment not caused
by the system

modelled as a list of timed events

each element of the list is a triplet (N,V, t), where
N is the name of the event,
V is the new value for the event name and
t is the time when this event should occur.

SSA must compare the occurrence time of external
event with the occurrence time of next reaction
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Modi�ed Gillespie'sSSA

Given f R1, . . . , RM g, X1, . . . , XN and L the list of events

Step 0 Initialise t to 0. Compute a.

Step 1 Compute t . Let (E,VE, tE) be the �rst event from L.

Step 2 If tE < t + t then set t to tE and update a according
to the new event and return to Step 1. Otherwise
increase t by t .

Step 3 If t > maxtimethen stop. Otherwise select m.

Step 4 Execute Rm, update X and a accordingly. Return to
Step 1.
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Modelling TemperatureDependence

temperature change is an external event

only affects the rates of immature stages of Aedes
albopictus

rewrite rules are divided into R I (events at immature
stages) and R A (events at adult stages)

if Immatureis the set of immature individuals then
R I = f Ri jReactantsi \ Immature6= Æg and

R A = R � R I

everytime a temperature change occurs, SSA must
update f ai jRi 2 R I g

Modelling A Biological Population: the Aedes albopictus Case Study – p. 19/29



Modelling TemperatureDependence

temperature change is an external event

only affects the rates of immature stages of Aedes
albopictus

rewrite rules are divided into R I (events at immature
stages) and R A (events at adult stages)

if Immatureis the set of immature individuals then
R I = f Ri jReactantsi \ Immature6= Æg and

R A = R � R I

everytime a temperature change occurs, SSA must
update f ai jRi 2 R I g

Modelling A Biological Population: the Aedes albopictus Case Study – p. 19/29



Modelling TemperatureDependence

temperature change is an external event

only affects the rates of immature stages of Aedes
albopictus

rewrite rules are divided into R I (events at immature
stages) and R A (events at adult stages)

if Immatureis the set of immature individuals then
R I = f Ri jReactantsi \ Immature6= Æg and

R A = R � R I

everytime a temperature change occurs, SSA must
update f ai jRi 2 R I g

Modelling A Biological Population: the Aedes albopictus Case Study – p. 19/29



Modelling TemperatureDependence

temperature change is an external event

only affects the rates of immature stages of Aedes
albopictus

rewrite rules are divided into R I (events at immature
stages) and R A (events at adult stages)

if Immatureis the set of immature individuals then
R I = f Ri jReactantsi \ Immature6= Æg and

R A = R � R I

everytime a temperature change occurs, SSA must
update f ai jRi 2 R I g

Modelling A Biological Population: the Aedes albopictus Case Study – p. 19/29



Modelling TemperatureDependence

temperature change is an external event

only affects the rates of immature stages of Aedes
albopictus

rewrite rules are divided into R I (events at immature
stages) and R A (events at adult stages)

if Immatureis the set of immature individuals then
R I = f Ri jReactantsi \ Immature6= Æg and

R A = R � R I

everytime a temperature change occurs, SSA must
update f ai jRi 2 R I g

Modelling A Biological Population: the Aedes albopictus Case Study – p. 19/29



Modelling DensityDependence

population density = number of immature individuals
volume of water

we assume a �x ed volume of water, only consider
number of individuals

only affects death rates of immature stages

R I+ = R I [ f Ri jProductsi \ Immature6= Æg

every execution of Ri 2 R I+ , SSA must update
f ai jRi 2 R I g
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PART 4
Future Work
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Modelling Desiccation

desiccation is the process of drying up

need to model different kinds of containers, with speci�c
characteristics (e.g. volume, desiccation speed)

affects density and death rates

temperature affects desiccation speed

rainfall affects water volume, modelled as external
events
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Modelling DengueControl

human efforts to interfere with death rate

adding insectiside, modelled as external events

modelling contact with human

modelling spatiality related with Aedes albopictus
dispersal
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SomeDe�nitions

degree days is the number of days required for a given
immature stage to develop at 1� C above MTD
(minimum temperature for development)

gonotrophic cycle is the egg production cycle of the
female mosquito which include sucking blood, �nding
oviposition sites and oviposition
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Rewrite Rulesfor Immatur eStages

�
e
� L c

�
a
� L c (EggjX)

k17� !
�
a
� L c (Larvaj1jX) (R1)

�
a
� L c (Larvaj1jX)

k27� !
�
a
� L c (Larvaj2jX) (R2)

�
a
� L c (Larvaj2jX)

k37� !
�
a
� L c (Larvaj3jX) (R3)

�
a
� L c (Larvaj3jX)

k47� !
�
a
� L c (Larvaj4jX) (R4)

�
a
� L c (Larvaj4jX)

k57� !
�
p
� L c

�
a
� L c (PupajX) (R5)

�
p
� L c

�
a
� L c (PupajX)

k67� !
�
a
� L c (Adul tj1jX) (R6)

ki = T
di

, where di is the duration of stage i
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Rewrite Rulesfor Adult Stages

�
a
� L c (Adul tjXjBloodn)

k77� !
�
a
� L c (Adul tjXjBloodn+ 1) (R7)

[n > j ]
�
a
� L c (Adul tj1jXjBloodn)

k97� !
�
a
� L c (Adul tj2jX) j (

�
e
� L c

�
a
� L c (EggjX))40 (R9)

...

[n > j ]
�
a
� L c (Adul tj8jXjBloodn)

k167� ! (
�
e
� L c

�
a
� L c (EggjX))22 (R16)

ki = 1
di

, where di is the duration of stage i
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Rewrite Rulesfor Deathat Immatur eStages

�
e
� L c

�
a
� L c (EggjX)

k177� ! e (R17)

�
a
� L c (Larvaj1jX)

k187� ! e (R18)

�
a
� L c (Larvaj2jX)

k197� ! e (R19)

�
a
� L c (Larvaj3jX)

k207� ! e (R20)

�
a
� L c (Larvaj4jX)

k217� ! e (R21)

�
p
� L c

�
a
� L c (PupajX)

k227� ! e (R22)

ki = T�DR(i,n)
di

, where di is the duration of stage i
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Rewrite Rulesfor Deathat Adult Stages

�
a
� L c (Adul tj1jX)

k237� ! e
�
a
� L c (Adul tj2jX)

k247� ! e (R23-R24)

�
a
� L c (Adul tj3jX)

k257� ! e
�
a
� L c (Adul tj4jX)

k267� ! e (R25-R26)

�
a
� L c (Adul tj5jX)

k277� ! e
�
a
� L c (Adul tj6jX)

k287� ! e (R27-R28)

�
a
� L c (Adul tj7jX)

k297� ! e
�
a
� L c (Adul tj8jX)

k307� ! e (R29-R30)

ki = DR(i,n)
di

, where di is the duration of stage i
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Modelling Density in DeathRate

DR(i, n) =

8
>>>>><

>>>>>:

1 if Ri 2 R I and n � f 3

1.2� BDR(i) if Ri 2 R I and f 2 � n < f 3

BDR(i) if Ri 2 R I and f 1 � n < f 2

0.8� BDR(i) if Ri 2 R I and n < f 1

BDR(i) if Ri /2 R I

where BDR(i) is the baseline death rate for phase i of the
life cycle and n is the density of immature mosquito in the
population.
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