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Abstract—The purpose of the modeling of the biological
processes is to understand better the complexity ofhese
phenomena; using various models. The following rearch is
an attempt to study the dynamics of the populatiorof cells
intervening during a human immunodeficiency virus HIV)
infection. This problem was mainly studied mathemactally by
using mathematical models which are based on theftérential
equations. We will use the approach of modeling Mtitagents
to simulate the 4D model of this bio-process and efw that the
multi-agents model is more close to the real biologal
phenomenon than a mathematical model without
underestimating the mathematical approach. The obtaed
results are consistent with the biological phenomem and
encouraged us to further improve the model.
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virtual community; bio-informatics.

l. INTRODUCTION

The mathematical modeling was for a long time used
study the complex phenomena and the efficiencyhif t
approach is not any more to be shown. HoweverMbki-
agents approach began to be particularly useckisttidy of
the dynamics of the populations relative to thelutz
biology so allowing exceeding some
mathematical approach.

This work studies the dynamics of the populatioceaifs
concerned by the human immunodeficiency virus iidec
There are several mathematical models that treat
dynamics of this phenomenon [3] [5]; the simplasthie 3D
model [2] which we modeled with the multi-agentpaach
in [9]. We are interested in this work by the 4Ddabwhich
is more complicated than the 3D model becausekéstan
consideration the dynamics of 4 categories of cells

This paper begins with a small presentation ofstuely
field; wish is the modeling of bio-process (by wgithe
mathematical modeling). Followed by an explicatafithe
multi-agent modeling approach and the studied biokl
phenomenon (the human immunodeficiency virus iidegt

After that, the multi-agent system is presentech vet
discussion of the obtained results comparing witle t
mathematical model and the 3D system.

1. DYNAMICS OF THE POPULATIONS

The dynamics of the population is the science shaties
the evolution of the individuals of the populatiorntime and
space as well as the interaction between them deratand
the global behavior of the population.
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The research field is not recent. In 1790, thers wa
mathematical model of Malthus [10] (the exponerdiawth
of a population), and then, in 1838, the model didjistic
growth of Verhulst [7] was proposed. These two ni@de
described the evolution of a homogeneous populaliof in
1925 the famous system prey-predator of Lotka-Viat§l]
[11] was the first model describing the evolutioh tavo
interacting populations and on which various modedse
proposed to today. However, the mathematical agprbas
some limits (complexity of the equations, diffigulin
updating the model, abstract models, etc.) thaareetrying
to overcome by using the multi-agents approach.

I1l. MULTI-AGENTSMODELING APPROACH

The Multi-agents approach is suited well to thedgtaf
the complex systems constituted by several entiiies
interaction. It consists in representing every tgnkly an
agent, then in developing the system with time.

The evolution of different agents with their bas@tions
and interactions that link them will bring out thgnamic of
the studied phenomenon with the appearance of wbav
and unanticipated events [6].

This approach with its low degree of abstractidovesd
to approach the model from the reality, where eaggnt
moves, reproduces, interacts and reacts with thegds of
its environment. The most important is that thendgere
different than the others and that every agentdsked and
can be followed at any time during its evolutiom, $he
addition or the retreat of an agent or of a sedg#nts is an

asy operation [8].
IV. INFECTION BY THE HUMAN IMMUNODEFICIENCY
VIRUS

An immune reaction is mainly expressed by the astio
of lymphocytes cells called CD4 and CD8. CD4 lymp}ie
produced by the Thymus is responsible of the coetiin
and the activation of cytotoxic lymphocytes CD8isT8D4
cell is an infection subject by HIV virus which ders
them as an adequate environment to carry out itte ayf
proliferation. So, the destruction of CD4 by theVHI
paralyzes the immune defense to its source [4].

The phenomenon of the infection takes place inethre
stages (see Figure 1):

* Primary infection: lasts from 3 to 8 weeks, it is
characterized by a fast diminution of lymphocytes
CD4 caused by an increase of the viral load,
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followed by a decrease of the viral load what aow
increasing the number of the cd4.

state of balance (stability) between the numbehef
CD4 and the viral load.

AIDS: It is the phase in which the immune system i

depressed because of the fast decrease of CD4

lymphocytes (less of 200 / mm3).

Asymptomatique phase

Primary infection

ST

Number of cells

4
HIVanti-corps

3 to 8 weeks 2 to 4 years

Until 12 years

Figure 1. evolution of the biological phenomenon

A. The4D Mathematical Model
We are interested in this study of the 4D modelcihi

The asymptotic phase: its duration is of around 10
years during which the immune system maintains a

S

TABLE I. PARAMETERS LIST OF THE4D MODEL
Parameters Definition
S Production of CD4 cells by thymus
b) Mortality rate of CD4 cells
’3 Virus infectivity
u Mortality rate of infected CD4 cells
q Cytotoxity of the CD8 against the infected cd4
P/ Production rate of the cd8 by the thymus
a Rate of proliferation of the cd8
a Mortality rate of CD8 cells
k Production rate of virus
C Mortality rate of virus

CD4 lymphocyte cells are produced by the thymua at
constant rate equal t® cells a day in 1 mfof blood, and
die at a rate of natural mortality equalsdocells in a day.

The population of CD4 lymphocytes loses also a remb
of cells which are transformed in infected CD4 s&lécause

of the infection by the virus with a rhythm @#TV where

[represents the infectivity of the viruses HIV whishthe
probability that a contact between CD4 and viru§/ h8
infectious.

The transformation rate of CD4 cells on infected4d®
the rate of production of this last one, dying ahatural
mortality rate equal tdl cells per day. An infected CD4
produces a number of viruses at a rateko¥irus HIV a
day, these viruses die at a natural mortality eafigals toC
virus a day.

treats 4 types of cells: the cd4 lymphocytds)( the viruses
HIV (V ), the CD4 lymphocytes infected by the viruse

(T*) and the CD8 lymphocytesT(,, for Cytotoxic T-
Lymphocyte).

The phenomenon is modeled by the following equatio

[4], WhereT‘,T*',T‘CTL andV indicates respectively the

variation rates in density of CD4 cells, infecte®4Ccells
CDS8 cells and the virus populations:

[77)

4
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agents, CD8 cells agents and the virus HIV agdfFits @).

180000 Each agent reproduces the behavior of a cell; weé the
;222: different biological actions of the phenomenon #tien of
Soan gl the cells, movement in the environment, infection,
100000 production of the viruses, immune defense, etc.).

viruses 80000

o In each class, there is a population of agents wiske

40000

adeion | in the environment. Hiv agents move in the envirentn
0 — — find the closest cd4 agent and infect it if possibl
o 1000 2000 =aid a0te 5080 Infected CD4 agents move in the environment and

Time (days)

produce new HIV agents. CD8 agents move in the
environment, find the closest CD4 infected agent destroy

it if possible then proliferate to create new agent

The thymus Agent represents the thymus; his rotads
production of CD4 and CD8 agents.

The observer agent is required to execute thesisyst
because it provides information’s about all agerisr

8

so0 example, to find the closest cd4 agent the HIV ageunst
e calculate the distance from all cd4agents, so hst rhave
200 the coordinates of all these agents, it is the tagbeerver
° e T who gives this information.
0 1000 2000 3000 4000 5000

Time {(days

Produce [ Thymus Produce
Figure 2. Results of the mathematical model [4].

The CD8 lymphocytes are cells of the immune system,
they have a toxic capacity that enables them ty pla
defensive role to destroy the infected cells cddd (foreign
objects in general).

The infected CD4 cells are destroyed by the CDa at

rhythm of QT T, where(represents the cytotoxity of the

CD8 cells, in other words, the probability that entact
between a cd8 cell and a cd4 infected cell leadshéo
destruction of this second.

The CD8 cells are produced by the thymus with a
constant rate 51 cells per day, and die with a death rate = destroy
a cells per day. During their defensive interventithrg cd8

are proliferated with a rhythm a'l_l'*TCTL proportional to
the number of cd4, infected cd4 and the currentbamof

Will be after infection

Produce

Infected cpa

(T')

4
........... > Observer Agent

the cd8 cells.

This mathematical model gives the following results
(Figure 2), which represents the phase of the pmma Figure 3. Interactions in the Multi-agent system.
infection and the asymptomatic phase in the prooéshe . . . .
infection. This model Multi-agents is closer to the realitarihthe

We notice that the number of the cells CD8 increaseMathematical model, which is unable to express the
during the phase of the primary infection becaubghe Phenomenon of meeting (contact in the biologicaissg

proliferation of the cells, then it starts to st during the ~Detween a virus and a CD4 cell (the action of tifection)

asymptomatic phase after the stability of the rafae CD4 ~ and between a CD8 cell and an infected CD4 cedi ittion
and of the infected CD4 cells. of defense or the destruction of the infected CD4).

B. Multi-agents Model Effectively, in the mathematical model, the numloér

To simulate the phenomenon by a Multi-agents systenthe produced infected CD4 agents is calculated by
we created a virtual environment in which variogergs ~ Multiplying the total number of the possible cotsac
evolve and interact between them. It is an enviremnin 3  between the viruses and the CD4 cells (which isaket
dimensions that corresponds to 1 frofithe blood. TV ) by the parametef3 which does not describe faithfully

We created four classes of reactive agents feigtfieg the phenomenon.
studied cells (The CD4 cells agents, the infecté Cells
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In other words, by means of the mathematical maalel,
population of 100 CD4 cells and 10 viruses gives
100*10=1000 infected CD4 cells which are not socexa
because in the reality this population producesyaximum
10 infected cells CD4 if we suppose that everysiinfects
one CD4 cell [9].

The same thing for the number of the infected CEMsc
eliminated by the cd8 cells; the total number isdated by
multiplying the number of the possible contactsiaen the

CD8 and the infected CD4 cells (which is equaTI'EqLT*)
by the parametey.

It is obvious that if there are 100 CD8 cells ardl 1
infected CD4 cells, the number of destroyed celib e
10*1000 = 1000 cells if we suppose tlgEl while there

were only 10 cells at the beginning.

The number of the CD8 is multiplied during the
destruction of the infected CD4 cells (by prolifésa),
consequently it depends on the number of the Qiidcted
cd4 and CD8 more exactly depends on the numbeheof t
contacts between cd8 and cd4 infected. The matheahat

model estimates this value by the multiplicat@f T Ty, ,

i.e., all cd8 are proliferated because it does make a

Result of the Mathematical model
1500 |
1000
cd8 cell
number
500
0
0 1000 2000 3000 4000
Time (days)
Result of the Multi-Agents model
cd8 cell 4
number
1500
1000
500
0 .
0 500 1000 1500
Time (days)

distinction between the cd8 cells contrary to thdtMagents
model where for each contact between cd4-infeatedGD8
the two cells (agents) members of this phenomen@mvall-
known because the agents are distinguished fromaéaer!

Figure 4. Evolution of the CD8 without infection.

We notice that the model Multi-agents convergesemor

That returns because the mathematical approacts treajuickly than the mathematical model. The difference

the phenomenon on high-level (consider all the fadjmn)

contrary to the approach Multi-agents where thattnent is
made at the level of the individuals and each atftetween
cells is treated independently of the others, wigoles a
more exact representation of the reality.

between both models appears also in the speedintton

of an isolated population of CD8 cells, i.e., traer of

production is equal to zero (Fig. 5).

V. RESULTS

A. Evolution without infection

In the absence of the viruses or foreign dangerou
objects, the number of the cells cd8 remains cahstawe
suppose that the thymus produces daily 1 CD8 etlia
mortality rated =0,002, that means that the lifespan of cellg
is 1/J =500 days [4]. We can notice that from several
random initial states: O cells, 1000 cells and 1881 with a

1500
Result of the Mathematical model

1000
S cd8 cell
number
500

3000
Time (days)

1000 2000 4000

random initialization of the age of cells (betwdkand 500

days to have a homogeneous population wish is tsee
reality), the population of the CD8 will converga 600
CDS8 cells and stabilizes around this value (Fig. 4)
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Result of the Multi-Agents model

1500

1000
cd8 cell .,
number

500

250
0 250 500 750 1000

Time (days)
Figure 5. Extinction of the CD8.

The Multi-agents model shows that the populatiothef
CDS8 cells disappears immediately after 500 daysigtwis
the lifespan of cells), and that happens indepehdeh the
initial number of the cells.

B. Evolution of the infection

In an environment, which represents 1 frofithe blood,
evolve four categories of cells: infected CD4, Cib8ected
CD4 and the viruses HIV which interact between tHam
feigning the phenomenon of the infection.

In the presence of the infection, the CD8 cellsy pda
defensive role. They exploit their cytotoxic capgacto
eliminate the infected CD4 cells and consequeritip she
production of the new viruses. The interventiorthad CD8
cells is accompanied by a proliferation of thesst lahere
new CD8 cells are produced according to the numdfettse
other cells (according to the mathematical model).

We notice that the two first phases of the procdgbe
infection are recognizable on the various curvég. ).The
phase of the primary infection is characterizedabgrowth
of the viral population (initially little numerousyvhich
invade CD4 cells (initially numerous). The infectiof the
healthy CD4 gives infected CD4 cells which are goio
produce new viruses able to infect the others CDHis
growth persists until reach a maximal rate with chhthe
reduced number of the population of the CD4 beccnese
resource, consequently lot of viruses die withaeinp able
to infect CD4 and to produce infected CD4. In tbate we
notice a fall of the viral load and the number loé tCD4
infected.

The second phase of the infection is the asympiomat

phase in which a kind of state of balance is eistad
between the rates of the various cells.

Figure 6 shows also the action of the CD8 cellsthim
beginning, the production of the CD8 follows a matu
production rate, but after the invasion of the s&s we
notice that the number of the CD8 agents was isecka
considerably.
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Figure 6. Results of the Multi-Agents model.

The strong increase in the CD8 agents returns ¢o th
proliferation of the latter. The action of the CR8ents is
double: destruction of the infected CD4 cells arn t
proliferation to reinforce the immunity against timéected
CD4 cells (The proliferation of the CD8 reaches its
maximum when the number of the infected CD4 is fim@ax
during the phase of the primary infection).
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It is clear in the case of the 3D model (the dottedse)
that the number of the infected CD4 (consequentlyhe
viruses) is more important than the one of the 40deh
because there is no resistance from the systenmhkease
of the model 4D.

Figure 7 shows the number of CD8 cells produced b3[/

proliferation during both phase of the infection.

Cd8 celles produced
by proliferation

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Time (weeks)

Figure 7. Cd8 proliferation.

If there were not infection of the viruses, thedarction
of the CD8 remains constant. In the primary infattthe
number of the infected CD4 reached its maximuns ifor
that we notice the abrupt increase in the CD8 agestause
of the proliferation (look at the curve of CD8).

During the asymptomatic phase, the number of thé!

various cells (CD4, infected CD4 and virus) is kahus we
notice that the number of the CD8 agents beconmasdest

more exactly because the number of the CD8 cells agents

produced by proliferation becomes more stable agaker.

VI. CONCLUSIONAND FUTUREWORKS
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phenomenon. We can see that during the asymptomatic

phase the system maintains a rate of the CD4 ostise
important than the one which is in the 3D modehisato
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