33

addition is shown in Figure (49).

// Device code
__global  void VecAdd(float* A, float* B, float* C, int N)
{
int 1 = blockDim.x * blockIdx.x + threadIdx.x:
if (1 < N)
C[i] = A[i] + B[i];
¥

Figure 3.6: An example of kernel function

Step 4: Transfer of results to host

At the end of the execution of the kernel, data may be transfered back to the host
for further analysis of results. Typically, this step (and also step 1) is executed only
when absolutely necessary, for example, for archiving the results on a hardrive for
check pointing. CUDA API function, cudaMemcpy(), copies the data from device
(GPU) to host (CPU). However, cudaMemcpyDeviceToHost must be defined within

cudaMemcpy function.

3.5 High level overview of FLAME GPU

FLAME GPU is a template based framework which maps the formal definition of
agents to the simulation code (10). It is governed by X-machine Mark-up Language
(XMML) with a set of XML schemas to verify the syntax of XMML model files. A
typical XMML model file consists of definition of agents including transition functions,
message types and layers which handle the order in which the simulation model is
executed. Agents are defined based on the concept of X-Machine (53; 54), which is an
extension of Finite State Machines (FSM) with internal memory. X-Machine agents
are capable of communicating with other agents by iterating through message list from
a message board. Transition functions, specified within agent definition, handles the

state change of agents based on state transition rules. After the transition functions



34

causes the state change of agents, they update their internal memory which can be
either used as an input to iterate through the message list, or as an output which is

passed as a message for other agents to read.

XML Agent
Schemas Function

!

XMML
Model File

Files

Dynamic

XSLT 3 :
B GEA EARE =) | Simulation
roCessor API

Simulation

Program

XSLT
Simulation
Templates

Figure 3.7: FLAME GPU process flow

Figure (55) shows the process flow for the generation of compilable FLAME
GPU simulation code. As shown in Figure [3.7, XMML model file along with Ex-
tensible Stylesheet Language Transformation (XSLT) templates is processed through
XSLT processor to generate a compilable simulation code along with agent data
structures, agent and message API functions (56). Two XMML schemas are used to
validate the syntax of XMML model file: XMML Base Schema verifies the syntax of
base XMML model file whereas GPU XMML Schema includes any additional GPU
specific model parameters (56)). The simulation model can be run in either visualiza-
tion or console mode. The visualization mode allows a user to view the simulation
in real time while the console mode allows a user to generate XML output files for

predefined number of iterations.
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3.6 Agent model specification in FLAME GPU

A skeletal layout of agent definition in XMML model file is shown in Figure [3.8
(55). X-machine agents are defined within single element of xagents. A gpu:xagent
element contains name of an agent, its optional description, internal memory variables
of agents, set of agent transition functions, set of states, type and the buffer size as

shown in Figure |3.8]

<xagents>
<gpu:xagent>
<name>AgentName< /name>
<description>optional description of the agent</
description>
<memory>...< / memory>
<functions>...</functions>
<states>...</states>
<gpu:type>continuous</gpu:type>
<gpu:bufferSize>1024</gpu:bufferSize>
</gpu:xagent>
<gpu:xagent>...</gpu:xagent>
</xagents>

Figure 3.8: Skeletal layout of agent definition in XMML model file.

The type refers to the way the agents are represented in spatial domain of the
simulation model and are of two types: continuous and discrete. Discrete agents are
represented as grids and can only move from one grid to the another as in Cellular
Automata. Continuous agents, on the other hand, are allowed to move freely in con-
tinuous space. As the memory has be predefined in the GPUs, bufferSize determines

the maximum number of specific agent types that take part in the simulation.

3.6.1 Agent memory

An agent memory consists of state variables of each agent which helps to store the
information carried by it such as its position coordinates in x, y and z direction.

Each agent variable consist of type (int, float or double) along with a unique
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name of agents. The available versions of FLAME GPU is capable of storing single
memory variables only and the default values of these variables are always 0’ unless
any specific values are assigned to it in initial XML input file. Figure (55]) shows

an example of agent memory defined for its position coordinates.

<memory>
<gpu:variable>
<type>int</type>
<name>id</name>
</gpu:variable>
<gpu:variable>
<type>float</type>
<name>x</name>
</gpu:variable>
<gpu:variable>
<type>float</type>
<name>y</name>
</gpu:variable>
<gpu:variable>
<type>float</type>
<name>z</name>
</gpu:variable>
</memory>

Figure 3.9: An example of definition for agent memory variables

3.6.2 Agent functions

Agent functions contain the definition of all the transition functions which handle
the state change of agents. They are defined within functions element and it must
include at least one agent transition function. An example of agent function definition
is shown in Figure (55).

As shown in the Figure[3.10] it consists of non optional and unique function name,
an optional description of transition function, current state of agents, next state that
agents attain, an optional single message inputs, an optional single message outputs,

an optional agent outputs, an optional global conditions, an optional condition, a
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<functions>
<gpu:function>
<name>func_name</name>
<description>function description</description>
<currentState>alive</currentState>
<nextState>dead</nextState>
<inputs>...</inputs>
<outputs>...</outputs>
<xagentOutputs></xagentOutputs>
<gpu:globalCondition>...</gpu:globalCondition>
<condition>...</condition>
<gpu:reallocate>true</gpu:reallocate>
<gpw:RNG>true</gpu:RNG>
</gpu:function>
</functions>

Figure 3.10: An example of agent function definition

boolean (true or false) for reallocation and random number generation (55).The cur-
rent state of agents defined within currentState acts as a filter and applies agent
transition function to agents possessing the current state. The next state defined in
nextState element is the state that an agent will after its state transition. The list
of states that an agent attains is defined in states element. The gpu:reallocate
element decides whether to keep or remove the agents from the simulation in the case
of death of agents. The gpu:reallocate element can be either true or false: if it
is defined as true, then the dead agents are removed from the simulation whereas
if defined false, agents continue to be in a simulation model even if they are dead.
The element gpu:RNG when initialized as true passes an array to agent transition

function to generate random numbers in a simulation model.

1. Agent function message inputs and outputs

The element inputs in an agent function indicates that an agent function will iterate
through message list located in global memory of the GPUs. It consists of non optional

message name defined within messageName element and message name must be same
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as the name defined within messages element in XMML model file.

<inputs>
<gpu:input>
<messageName>message name</messageName>
</gpu:input>
</inputs>

<outputs>
<gpu:output>
<messageName>message name</messageName>
<gpu:type>single message</gpu:type>
</gpu:output>
</outputs>

Figure 3.11: An example of agent function inputs and outputs

The element outputs in an agent function is responsible for writing of messages
from agents to a message board for reading by other agents. It consists of element
messageName and type. The name in messageName must be exact to name of mes-
sage defined in messages element. The type element can be either single_message
or optional_message: single_message indicates that the agents executing agent
transition function output only one message at a time whereas optional_message
either outputs a single message or no message. If agent fails to output a message,
the value of message variable is set to '0’ by default. An example of agent function

message inputs and outputs is show in Figure [3.11] (55).

2. Agent function X-agent outputs

The element xagentOutputs handles the birth of an agent. It consists of sub-element
gpu:xagentOutput within which xagentName and state are defined. The name of an
agent which is to be reproduced or added is specified within xagentName and its state
is defined in state element which corresponds to the state of newly added agents.

An example of agent function for xagent outputs in shown Figure [3.12]
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<xagentOutputs>
<gpu:xagentOutput>
<xagentName>agent name</xagentName>
<state>alive</state>
</gpu:xagentOutput>
</xagentOutputs>

Figure 3.12: An example of agent function inputs and outputs

3. Global function conditions

<gpu:globalCondition>
<lhs>
<agentVariable>movement</agentVariable>
</lhs>
<operator>&lt ;</operator>
<rhs>
<value>0.25</value>
</rhs>
<gpu:maxlItterations>200</gpu:maxItterations>
<gpu:mustEvaluateTo>true</gpu:mustEvaluateTo>
</gpu:globalCondition>

Figure 3.13: An example of global function condition

A global function condition, defined within gpu:globalCondition element, acts
as a switch to identify whether the agent transition function is applied to all or
none of the agents. It consists of logical statements which are formulated using
sub-elements: lhs, operator and rhs. The agent variable that need to tested are
kept in 1hs element. The rhs contains reference values or variables against which
agent variables are tested. The operator element acts as a medium to compare lhs
and rhs element. It also consists of maxItterations and mustEvaluateTo element.
The element maxItterations allows to define maximum number of iterations to
execute agent functions without being affected by global function condition. The
mustEvaluateTo element drives the global function condition and its value is set to

either true or false. If the value is set to true, global function condition is applied
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to all the agents whereas false value will not apply global function condition to any

of the agents. An example of global function condition is shown in Figure [3.13] (55).

4. Function conditions

<condition>
<lhs>
<agentVariable>variable name</agentVariable>
</lhs>
<operator>&lt ;</operator>
<rhs>
<condition>
<lhs>
<agentVariable>variable name2</agentVariable>
</1hs>
<operator>f</operator>
<rhs>
<value>l</value>
</rhs>
</condition>
</rhs>
</condition>

Figure 3.14: An example of function condition with recursive condition element

The function condition is similar to global function condition but only difference
between them is function condition is applied to agents that satisfy conditions applied
to it. Like global function condition, it also consists of logical statements which
are formulated by three sub-elements: left hand side state (1hs), right hand side
statement (rhs) and an operator. The agent variables, constant values and recursive
conditions are defined by agentVariable, value and condition element inside 1hs
or rhs element. Agent variables must be derived from the list of variables defined in
memory element. An example of function condition with recursive condition element

defined inside rhs element is shown in Figure (55).
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3.6.3 Agent states

Agent state lists all the state transitions that an agent makes during the course of the
simulation. It is defined within states element in XMML model file with a unique
and non optional name. Besides, initial state of an agent also needs to be defined
which corresponds to its state during the start of the simulation. It is defined within
initialState of states element. Figure m (55)) is an example of listing of agent

states (dead or alive).

<states>
<gpu:state>
<name>alive</name>
</gpu:state>
<gpu:state>
<name>dead</name>
</gpu:state>
<initialState>alive</initialState>
</states>

Figure 3.15: An example of listing of agent states

3.6.4 Agent messages

Messages act as a bridge of communication between agents which allows agents to
interact with each other. The agent variables which influence agents for its state
change are passed as messages variables and are stored in memory board located in
global memory of GPU which are accessible by all the agents. A skeletal framework
for defining agent messages is shown in Figure m (55).

As shown in the Figure[3.16] it consists of unique and non optional name along with
optional description of the message, a list of message variables (variables), parti-
tioning type (partitioningType) and buffer size (bufferSize). The partitioning of
message variables are of three types: non partitioned (partitioningNone), discretely

partitioned (partitioningDiscrete) and spatially partitioned (partitioningSpatial)
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<messages>
<gpu:message>
<name>message name</name>
<description>optional description</description>
<variables>...</variables>
...<partitioningType/>... //replace with a
partitioning type
<gpu:bufferSize>1024</gpu:bufferSize>
</gpu:message>
<gpu:message>...</gpu:message>
</messages>

Figure 3.16: A skeletal framework for agent messages

(55). These partitioning techniques ensure that message variables are made available
to agents accessing message variables in an optimal way. The bufferSize element

determines the maximum number of messages that exist in a simulation model.

1. Message variables

Message variables contain vital information to allow communication between agents.
The agent variables that influence the state change of other agents are defined as
message variables. They are defined in variables inside messages element and are
specified in a similar way as agent variables as shown in Figure 3.9/ The only difference
between agent and message variable is the need of certain variable name and type
for specific message partitioning technique. For instance, discrete partitioning type
requires position coordinates in x and y direction of type int. While, spatial parti-
tioning needs three variables of type float in x, y and z direction. Non partitioned

technique, on the other hand, has no limitation on type of message variables.

2. Non partitioned messages

Non partitioned messages require brute force search algorithm (57)) which allows an
agent to iterate through all the message lists. It has an order of O(n?) and it is com-

putationally expensive when the message list is very large. However, this technique is
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efficient compared to spatial partitioned technique for small number of messages since
it requires less overhead or setup (55) . It is defined as <gpu:partitioningNone\>

inside gpu:message element in XMML model file.

3. Discrete partitioned messages

It is specifically used for non mobile discrete agents (Cellular Automata) as a medium
of communication between other discrete agents (55). An example to define discrete

partitioned messaging is shown in Figure [3.17] (55).

<gpu:partitioningDiscrete>
<gpu:radius>1</gpu:radius>
</gpu:partitioningDiscrete>

Figure 3.17: An example of definition of discrete message partitioning

The gpu:radius element consists of constant value for the range of message iter-
ation. When value of radius is defined as '0’, the message iteration function returns
a single message. However, when radius value is greater than '0’, message iteration
function seeks for messages in discrete neighboring grids in both x and y direction
which are at a distance equal to radius. For example, if the value of radius is '1’,
the message iteration function will iterate through 9 messages (55) in 2-D space. Fur-
thermore, message iteration function for discrete partitioning demands two message

variables (x, y) of type int as input arguments.

4. Spatially partitioned messages

The spatially partitioned messaging technique is especially designed to gather mes-
sages from continuously spaced agents in a simulation model. This method is based
on the concept of particle systems (58)) which divides the simulation into uniformly
sized grids. It is particularly efficient compared to non partitioned messages when

number of messages is very large because this method iterates through the messages




44

located in nearest neighboring grids rather than iterating through entire message list.
It bins the agents messages belonging to same grid based on the grid index and sorts
the messages by fast radix sort algorithm. A scatter kernel is used to find first and
last index of agent messages (Figure in sorted list to iterate through 9 messages
(2D) or 27 messages (3D). An agent message within predefined radius of influence is

considered for communication.

O [0
0 1 2

Figure 3.18: A schematic representation of 2D spatial partition technique

It consists of two sub-elements: a radius which determines the range of message
iterations and a set of minimum and maximum bounds which represents the size of
simulation domain within which agent messages exist. If agent messages lie outside
the environment bounds, then they are bounded to nearest possible location in sim-
ulation domain (55). The message iteration function for this method required three

agent variables (x, y, z) of type float. An example for defining 3D spatial partitioned

messaging technique is shown in Figure (55).

3.6.5 Function layers

Function layer handles the order in which the agent functions are executed in the
simulation. The agent functions defined within function layers are executed for each

iteration when the simulation is run for predefined number of iterations. An example
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<gpu:partitioningSpatial>
<gpu:radius>1</gpu:radius>
<gpu:xmin>0</gpu:xmin>
<gpu:xmax>10</gpu:xmax>
<gpu:ymin>0</gpu:ymin>
<gpu:ymax>10</gpu:ymax>
<gpu:zmin>0</gpu:zmin>
<gpu:zmax>10</gpu:zmax>

</gpu:partitioningSpatial>

Figure 3.19: An example of definition of spatial message partitioning

for definition of function layers is shown in Figure [3.20|(55]).

<layers>
<layer>
<gpu:layerFunction>
<name>functionl</name>
</gpu:layerFunction>
<gpu:layerFunction>
<name>function2</name>
</gpu:layerFunction>
</layer>
<layer>
<gpu:layerFunction>
<name>function3</name>
</gpu:layerFunction>
</layer>
</layers>

Figure 3.20: An example of definition of spatial message partitioning

As shown in the figure [3.20] it consists of layers element within which multiple
layer sub-element may be defined. The layer can include multiple gpu: layerFunction
element within which agent function name is defined. The agent functions which are
independent of each other must to defined within a same layer whereas agent func-
tions which share messages with each other are defined in a different layer. In the
example shown above, functionl and function2 are defined within a same layer

which shows that they are independent of each other.
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3.6.6 Initial XML agent data

It consists of numerical values of agent variables that are passed as input before that
start of the simulation. Agents’ information are initialized within states element

along with an iteration number (itno) set to ’0’ which is updated at every time step.

<states>
<itno>0</itno>
<xagent>
<name>AgentName< /name>
<id>1</id>
<x>21.088< /x>
<y>12.834</y>
<2>5.367</z>
</xagent>
<xagent>...</xagent>
</states>

Figure 3.21: Initialization of agent variables for a single agent

The xagent element inside states element contains name and initial values for
agent variables. The name of an agent and type of value assigned to it must be
exactly same as defined in XMML model file. Figure [3.21] (55) shows an example of

values assigned to each agent variables for a single agent.

3.6.7 Agent function scripting in FLAME GPU

Agent function script in FLAME GPU uses C based syntax to translate theoretical
behavioral rules of agents into a computer code. In FLAME GPU, the change in
behaviors of agents are governed by change in internal memory of agents when it
iterates through messages of neighboring agents in a message iteration function. The
creation of new messages as well as new agents also influence behavior of agents. The
agent behavioral rule is defined for an individual agent in a specific state and it is
assigned to all the agents in same state to run in parallel.

The data structures associated with agents and messages are dynamically created
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_ FLAME GPU FUNC  int position update
(xmachine _memory myAgent* xmemory,
xmachine message location listx location messages)

{

int count;
float avg x, avg y, avg z,

/* Get the first location messages %/

xmachine message location* message;
message = get first location message(location messages);

/* Loop through the messages x/
while (message)

{

if ((message—>id != xmemory—>id))

avg X += message—>X;
avg y += message—>y;
avg 7z += message—>z;

count-++;

}

/* Move onto next location message */

message — get next location message (message,
location messages);

}
if (count)
avg X /= count;

avg y /= count;
avg z /= count;

Xmemory—>x += avg X,
Xmemory—>y = avg_y,;
Xmemory—>z = avg_ 7z,

return 0;

Figure 3.22: Agent function script using non partitioned messaging to find average
position of agents
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and are defined in header file "header.h". The agents variables are defined in a
structure named xmachine_memory_agent_name where agent_name refers to name
of an agent defined in XMML model definition (55). Likewise, message variables
are included within xmachine_message_message_name structure. The header file
"header.h" also contains structure of arrays that store agent and message list. Agent
lists are created under the name of xmachine_memory_agent_name_list and message
list are created with xmachine_message_message_name_list structure (55). These
data structures are passed as arguments to agent functions and simulation API func-
tions. The simulation API function could be message iteration function, message or
agent addition function.

All the agent function declarations have a prefix __FLAME_GPU_FUNC__ followed by
agent function name and a set of function arguments defined within a parenthesis. The
function name must be exactly same as defined in XMML model file. Additionally, the
function arguments may consist of pointers which provide an access to agents, agents
list or messaging list data structures and depends upon agent function definition
in XMML model file. The function argument may also contain RNG pointer which
generate random numbers in the simulation if gpu:RNG element is defined as true in
XMML model file.

The body of an agent function consists of C based script that describes the rules
of behavior for agents. Since the behavior of an agent is influenced by its neigh-
boring agents, it also has a simulation API function for message iteration which
allows an agent to access message variables of neighbors. The process for access-
ing message variables has three basic steps: First, a pointer is defined within agent
function which provides an access to data structure containing message variables.
Second, array containing first group of messages are loaded into shared memory
by get_first_message_name_message (arguments,...) API function. Finally, a

simulation API function get_next_message_name_message (arguments,...), which
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reads messages in shared memory sequentially, is called inside a while loop until first
group of messages present in shared memory is exhausted. After the first group
of message list is exhausted, get_next_message_name_message function loads next
group of messages into shared memory.

An example of agent function script using non partitioned messaging to find the av-
erage position of the agents is shown in Figure m (55). As shown in the figure above,
the agent function name is position_update with two function arguments: a xmemory
pointer which has an access agent data variables within xmachine_memory_myAgent
structure and location_messages pointer which accesses message list present in
xmachine_message_location_list structure. In the example illustrated above, the
body of an agent function contains a C based script to calculate the average lo-
cation of an agent based on position coordinates of its neighboring agents. It has
a pointer messages which accesses to message variables i.e. position coordinates
of neighboring agents. This pointer is then assigned to simulation API function,
get_first_location_message(location_messages), which takes a pointer to a
message list as a function argument. This API function loads the first group of loca-
tion messages into shared memory and these messages are read sequentially inside a
while loop by get_next_location_messages(message, location_messages) as-
signed to message pointer, with two function arguments. Three variables avg_x,
avg_y and avg_z of type float is defined in the beginning of agent function script to
store the average value of position coordinates in x, y and z direction. The average
values for position coordinates are calculated by summing the message variables hav-
ing position coordinates inside a while loop which is then divided by total count of
neighboring agents. Finally, calculated average values are assigned to agent variables

which updates the internal memory of agents.
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3.6.8 FLAME GPU simulation templates

FLAME GPU consists of number of simulation templates that generate dynamic
simulation code. These templates are defined based on Extensible Stylesheet Trans-

formations (XSLT) (55) and are of following types:

1. header.xslt

This template generates a header file "header.h" which contains agent and message
data structures as well as agent and simulation function prototypes.

2. main.xslt

It generates a source file named "main.cu" which contains an entry point for execution
of simulation. It also handles command line arguments, such as input XML file name

and number of iterations.

3. io.xslt

It generates a source file, "io.cu", which handles the reading of agent data variables

from input XML file as well as write updated agent data variables into an output

XML file.

4. simulation.xslt

It creates a source file "simulation.cu" for host (CPU) that is responsible for trans-
ferring agent data to and from device (GPU). It also includes calls to CUDA kernel

functions that execute agent functions.

5. FLAMEGPU_kernels.xslt

It creates a CUDA header file "FLAMEGPU_kernels.cu" that contains CUDA kernel

functions such as partitioning function which allocates each agent to its respective
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grid.

6. visualization.xslt

It creates an OPEN GL source file "visualization.cu" accompanied by header file
"visualization.h" which allows the basic of representation of agents by spheres
in 3D space. The header file contains parameters, such as size of spheres, which
are passed to OPEN GL source file ("visualization.cu") and they are defined

manually.
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Chapter 4

Immune System

Immune system is a biological defense system in living organism that protects them
from invasion of external pathogens such as bacteria, viruses, and fungi and keeps
functional tissues healthy. All forms of living organisms are equipped with immune
system and they could be primitive (immune system of single celled bacteria) or
complex (immune system of human beings). It must possess an ability to evolve and
adapt since the pathogens are increasingly evolving to avoid detection by the immune
system.

The immune system protects the living organisms from infection using a layered
defense mechanism. The first layer of this defense mechanism is a physical or external
barriers ,such as skin, which prevents the entry of bacteria and viruses into the body. If
it fails to prevent the entry of pathogens, the first line defense mechanism called innate
immune system (59) acts upon these external pathogens in response to distressed
signals from infected cells (I]) and kills them (the cells) upon contact. It is non-specific
and acts upon pathogens in a generic way (60). If the innate immune system fails to
eliminate the pathogens completely, the second line of defense called adaptive immune
system (60)) is activated by innate immune system. The adaptive immune system is
antigen specific and act upon pathogens that matches its specificity. Moreover, it
evolves as it eliminates the pathogens and develops an immunological memory so
that the immune response is faster and stronger when immune system is invaded by
same pathogen (3)) once again. The detail description of innate and adaptive immune

system is described in the section below.
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4.1 Innate immune system

The innate immune system is the first line defense (59) of the immune system against
invasion by foreign entities. They are non- specific and act upon different invaders in
a generic way. Besides, it is incapable of providing long lasting protection to the host
as they lack immunological memory (60). The essential functions of innate immune
system are: activate adaptive immune system by presenting antigens to adaptive
immune cells, create a barrier (physical and chemical) to harmful pathogens, identify
and remove pathogens from tissues, organs and blood by white blood cells, promote
complement system (61]) for removal of dead cells and respond to distressed signals
from infected cells by recruiting innate immune cells. The components of innate
immune system (Figure (62)) is categorized based on its functionality and they

are:

Innate Immunity

Epithelial barriers
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Phagocytes Dendritic cells
Ix »
Plasma proteins NK cells

Figure 4.1: Components of innate immune system
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4.1.1 Anatomical barrier

Epithelial tissues of skin, respiratory tract and gastrointestinal tract are the examples
of anatomical barriers which prevents the penetration of foreign microbes by forming
physical or chemical barriers. Integrity of cells in epithelial tissue form a physical
barrier which serves as first line of defense to prevent the entry of pathogens (60).
They also secrete anti-microbial chemicals that suppress the growth of microbes (62)).
Furthermore, respiratory and gastrointestinal tract also create a physical barrier by
trapping pathogens in mucus produced by them (63]). The elimination of microbes by
stomach acids and digestive enzymes in a stomach is an example of chemical barrier

created by gastrointestinal tract (62).

4.1.2 Complement system

Complement system, a part of innate immune system, is composed of more than
twenty sets of protein molecules in the blood stream in an inactive state (61)). They
are activated when they encounter a site of infection where they attack the surface
of pathogen. This leads to series of events that eliminate microbes, and therefore,
infection. Upon activation, complement proteins may bind to antibodies that ad-
here to surface of microbes and form a biochemical cascade (64) to activate other
complement proteins. The cascade produces peptides that attract immune cells to
kill microbes (65). Besides, the proteins may also be bound to carbohydrates on the
surface where it forms a layer of complements which disrupt the plasma membrane

of microbes, thereby, killing it (66]).

4.1.3 Innate immune cells

Innate immune cells are White Blood Cells (WBCs) that form a second line defense of

innate immune system (60). They are independent, not the part of any specific tissues
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or organs, which function as single cell organisms capable of moving freely, identifying
and eliminating foreign particles and harmful micro-organisms. They are product of
stem cells present in bone marrow (60). They eliminate pathogens by direct contact
or by engulfing them (6I)). Innate immune cells also act as a mediator to activate
adaptive immune system (67). They can be classified based on their functionality

and they are:

1. Phagocytes

Phagocytes are one of the group of innate immune cells that remove foreign particles,
bacteria, dead or dying cells that are at the end of their life cycle (68). There are
about six million phagocytes in one liter of human blood (69)). The name phagocyte is
derived from the Greek word, phagein and cyte which means "eater cells" (70). They

simply ingest the microbes and neutralize them by a process called "Phagocytosis"

(Figure (71 [72).
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Figure 4.2: Phagocytosis by a Macrophage

In the process of phagocyotsis, the phagocytes extend the portion of their plasma

membrane to engulf the microbes until they are completely enclose inside their mem-
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brane (61). They produce digestive enzymes to kill microbes followed by respiratory
burst with a release of free radicals (73; [74). Phagocytes are either "professional"
or "non-professional" based on effectiveness of phagocytosis they perform (71)). The
professional phagocytes have receptors on their surface that is capable of identifying
micro-organisms that are not the part of the body (71I)). Besides, they also possess a
capability to follow distressed signals produced by infected cells by a process called
chemotaxis. After the completion of phagocytosis, the cells such as macrophages and
dendritic cells extract the antigen from microbes and present it to adaptive immune
cells. On the other hand, non-professional phagocytes are responsible for scavenging
dead cells and create suitable conditions for regeneration of healthy cells (75). The

different type of phagocytes are described below:

a. Macrophages

The name Macrophage (M®) comes from the Greek word makros and phagein which
means big eaters (70)). A typical size of a macrophage found in human body is 21 pm
(76) with an average life span ranging from 4 to 15 days (71).

They are usually found residing in the tissues where they are activated when they
sense the presence of foreign particles (77). They ingest and neutralize foreign parti-
cles, bacteria and cancer cells by phagocytosis. There are two types of macrophages:
M1s that promote inflammation which is result of response to infection or injury
and M2s that reduce inflammation (anti-inflammatory) and promote the repair of
damaged tissues by scavenging the dead or dying cells (78)).

Apart from inflammatory and anti-inflammatory response, they play an important
role in activation of adaptive immune cells. After the microbe is neutralized by
digestive enzymes in phagocytosis, they extract an antigen from it and attach it
to a MHC (Major Histocompatibilty Complex) class II molecule (61]), located on

its surface, so that other white blood cells can distinguish them from pathogens.
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They present an antigen to helper T cell for killing of pathogens with same antigen

specificity (61)).

b. Neutrophils

Neutrophils are the type of White Blood Cells (WBCs) that constitutes majority of
innate immune cells (50% to 60% of WBCs) (79). The number of neutrophils present
in one liter of human blood is approximately five billion (69). It has an average size
of 10pm in diameter (80) with average life span of 5 days (81). The neutrophils
circulating in the blood stream are activated by danger signals and enter the site of
infection from blood stream where they kill microbes and infected cells coated with
antigen and complement proteins, thereby, causing inflammation (81)). After the kill,

neutrophils die and are released as pus (81)).

c. Dendritic Cells

Unlike the macrophages which kills and scavenge infected cells and microbes, dendritic
cells plays an important role in tissue surveillance to monitor the well being of cells
in tissues. They are usually present in tissues that are in contact with external
environment such as skin as well as in the stomach, lungs and inner portion of nose
(69).

Dendritic cells are equipped with a special protrusion called dendrites (82]) to
engulf microbes and perform antigen presentation for activation of T cells and B cells
(83; [81)). After they gather antigen from pathogens, they are activated and travel to
lymphoid tissues to initiate adaptive immune response by presenting antigen to T and
B cells (84). The presentation of antigen activates T cells which later differentiate to
helper T cells and killer T cells to kill pathogens that matches its antigen specificity
(85). The helper T cells prepare B cells to produce antibodies specific to antigen

presented.
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2. Mast cells

Mast cells are another group of White Blood Cells (WBCs) derived from myeloid
stem cell that trigger an immune response (inflammatory) leading to allergies (86))
(79). They are similar to basophils in terms of outlook and their functions and differ
from basophils by their location of residence. Mast cells usually are found in tissues

(eg: mucosal tissues) whereas basophils are present in blood stream (87)).

3. Basophils and Eosinophils

Basophils and Eosinophils, often termed as Basophil granulocytes and Fosinophil
granulocytes, are innate immune cells that kill parasites by releasing poisonous toxins.
Basophils are activated when they confront pathogens and release a chemical called
histamine (61) to eliminate them. The killing of parasites by such chemical lead to
hypersensitivity and allergic reactions such as asthma (79). Like basophils, eosinophils
also release toxins and free radicals upon activation by parasites and bacteria, thereby,
killing them instantly. However, these toxins also causes the destruction of healthy

cells causing tissue damage which ultimately leads to allergic reactions (79).

4. Natural Killers

Natural killers (NKs) are the group of innate immune cells that kill the cells infected
by viruses in response to danger signals emitted by infected cells. They mature and
proliferate in bone marrow, spleen, lymph nodes and thymus and enter the blood
stream for circulation (88)). Unlike the other immune cells which require detection
of antigen attached to the surface of infected cells, natural killers possess an ability
to identify infected cells without the presence of antibodies and antigens (61]). This
feature of NKs produces faster immune response as they can detect harmful cells

without an antigen on its surface which cannot be identified by other immune cells(89).
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4.2 Adaptive immune system

Adaptive immune system consists of highly specialized antigen specific cells that
eliminate pathogens matching their antigen specificity and develop an immunolog-
ical memory to provide an effective protection to the body for long period of time
when infested by the same group of pathogens. For example, a patient who has re-
covered from measles will be immune to it in the future. It is also referred to as
acquired immunity since it is developed during the life time due to the production of

antibodies when exposed to an antigen (90)).

Adaptive Immunity
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Figure 4.3: Components of adaptive immune system

The adaptive immune system consists of group of White Blood Cells (WBCs)
called lymphocytes (B cells and T cells) and is driven by two kinds of responses:
antibody and cell mediated response. The antibody response is triggered by acti-
vation of B cells producing antibodies. Antibodies are made up of proteins called

immunoglobulins that bind to an antigen, thereby, inactivating it to prevent infection
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of host cells (60). Cell mediated response, on the other hand, is driven by activation
of T cells which seeks for antigen bound cells and pathogens and kill them upon con-
tact. The components of adaptive immune system is shown in Figure (62)) and

are described in the section below:

4.2.1 T Lymphocytes (T cell)
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Figure 4.4: The process involving T cell activation

T cells are the group of lymphocytes that drive cell mediated response of adaptive
immune system to kill stressed cells or parasites matching its antigen specificity (91))
as well as help B cells for their activation (91)). They are produced in thymus where
they mature and then enter the blood stream for circulation (60]). They are equipped
with T Cell Receptor (TCR) on their surface to detect antigen present on MHC class
IT molecule of dendritic cells and B cells (92)).

T cells are in naive state during the start of their life cycle. They circulate in the

blood stream after they leave the thymus. When they detect and make contact with
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MHC class II molecules containing an antigen on the surface of B cells or dendritic
cells, they get activated and start releasing chemicals called cytokines (93). After its
activation, they may transition into helper, killer or memory cells as shown in Figure

1.4(93).

a. Helper T Cell

The primary function of helper T cell is to manage activities of other immune cells
(marcophages and Bcells) by releasing cytokines rather than performing phagocytic
or cyto-toxic activities by it self (91)). It has a T Cell Receptor (TCR) that detects and
recognizes MHC class 1T molecules present on the surface of Antigen Presenting Cell
(APC). The recognition of MHC class II molecules activates naive helper T cell and
activation of helper T cell results in release of cytokines which attract macrophages
to the site of infection (94). It also activates Antigen Presenting Cells (APCs) that
present an antigen to helper T cell.

Helper T cells are of two types, Thl and Th2, and are classified based on the
contact they make with particular type of Antigen Presenting Cells (APCs) (91)).
Helper T cell of type Thl drives cell mediated immunity by influencing macrophages
to kill stressed cells (9I)). On the other hand, helper T cell of type Th2 activates B
cells to produce non-cytolytic antibodies (91]). Thl helper T cells are effective against
intracellular microbes such as viruses which reside inside the host cells where as Th2
helper T cells are more powerful against extracellular parasites such as bacteria and

toxins (91).

b. Cytotoxic and Memory T Cell

Cytotoxic T cell or Killer T Cell is one of the forms of T cell that causes the death of
infected or damaged cells by releasing cytotoxins (91)). The naive T cells transition

to Cytotoxic T cells when T Cell Receptor (TCR) detect peptide bound MHC class
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I molecules which activates killer T cells (91)). Upon activation, killer T cells prolif-
erate exponentially and seek out other peptide bound MHC class I molecules. The
cytotoxins released by Cytotoxic T Cell perforates the plasma membrane of infected
cells through which water and ions enter into the cytoplasm. This causes an infected
cell to explode (91). The killer T cells die after the infection is cleared, however, few
of them transition to memory T cells which develop an immunological memory to a
specific antigen (94)). If the same group of pathogens invade the system in the future,
these memory cells transition back to killer cells, hence, resulting in faster immune

response.

4.2.2 B Lymphocytes (B cell)

B cells are Antigen Presenting Cells (APCs) that drives the humoral response of the
immune system by producing antibodies when they encounter antigens that matches
their specificity. They are produced in bone marrow of mammals (60) and begin as
immature B cells that enter into the blood stream where they transition into plasma
cells that produce antibodies when they sense antigens and cytokines released by T
cells (91). They have a receptor similar to T cells called B Cell Receptor (BCR) which
binds a specific antigen. The difference between receptor of B and T cell is that BCR
recognizes an antigen in unprocessed form whereas TCR can only detect processed
antigens bounded with peptide (91).

The immature B cells circulating in the lymphatic system remain inactive and
cannot produce antibodies until they encounter antigens of specific type in the blood
stream. When they detect an antigen in its native form, the BCR present on their
surface binds the unprocessed antigen. The unprocessed antigen bound on BCR is
engulfed within plasma membrane of B cell where it is processed (93)). The processed
antigen is bound to its MHC molecule in the BCR receptor to present it to other

immune cells such T cells. B cells activate and proliferate when they make contact
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with T cells in presence of cytokines released by T cells and transition to either short-

lived plasma cells or memory B cells. The process of activation of B cells is shown in

Figurdd.F| (93).

A B-cell is triggered when it encounters its
matching antigen

\ N The B-cell engulfs the antigen and
@ digests it,

\ then it displays antigen fragments
bound to its unique MHC molecules

This combination of antigen and
MHC attracts the help of a mature

matching T-cell.
Q .
©

Cytokines secreted by
the T-cell help the B-cell
to multiply and mature

into antibody producing
plasma cells.

Released into the blood,
antibodies lock onto matching antigens. The
antigen-antibody complexes are then cleared by the
complement cascade or by the liver and spleen.

Figure 4.5: The process involving B cell activation

Each Plasma B cell is responsible for producing hundreds and thousands of an-
tibodies (92) whose primary function is to activate complement proteins and help
in elimination of antigens by binding and presenting them to phagocytes or killer
immune cells (91). Plasma cells undergo apoptosis once the body recovers from in-
fection. However, few plasma cells (about 10%) transition to memory B cells that

develop an immunological memory against infection (91)).
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Chapter 5

Implementation of Immune Simulator in FLAME

GPU

Unlike the traditional framework for ABMs such as Repast which is based on algo-
rithms that are executed serially on CPUs, FLAME GPU utilizes the parallel compu-
tational feature of GPUs, thereby significantly increasing computational performance.
This results in efficient simulation of even large models that cannot be handled with
frameworks such as Repast. Additionally, visualization is relatively inexpensive to
achieve since agent data is located in GPU memory where it can be rendered directly

without any additional computational overhead.

5.1 Definition of immune cells in FLAME GPU

As discussed in chapter 2, different immune cells in the immune simulator can be rep-
resented as agents executing their own set of behavioral rules. The agent and message
variables associated with immune cells, agent transition function definition handling
their state changes and layers which schedule the execution of agent functions are
defined within XMML model file definition. An example of specification for one of
the cell type (parenchymal cell) is shown in Figure 5.1} As shown in the Figure [5.1]
memory element in XMML model file consists of definition of agent variables and their
type (int, float, double) associated with a parenchymal cell that store its position
coordinates, state, and amount of chemical signals emitted when infected by a virus.
The initial value of variables (Figure [p.2h) are defined in a file with xml extension

and these values are supplied as input into simulation.
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<xagents>
<gpu:xagent>
<name>Parenchymal cell</name>

<memory>
<gpu:variable><type>int</type><name>id</name>
</gpu:variable>
<gpu:variable><type>float</type><name>x</name>
</gpu:variable>
<gpu:variable><type>float</type><name>y</name>
</gpu:variable>
<gpu:variable><type>float</type><name>z</name>
</gpu:variable>
<gpu:variable><type>int</type><name>state</name>
</gpu:variable>
<gpu:variable><type>int</type><name>bearAb</name>
</gpu:variable>
<gpu:variable><type>float</type><name>s PKl</name>
</gpu:variable>
<gpu:variable><type>float</type><name>s virus</name>
</gpu:variable>
<gpu:variable><type>float</type><name>s apoptic</name>
</gpu:variable>
<gpu:variable><type>float</type><name>s mnecrotic</name>
</gpu:variable>
<gpu:variable><type>int</type><name>stressed Time</name>
</gpu:variable>
<gpu:variable><type>int</type><name>killDelay</name>
</gpu:variable>

<functions>...</functions>

<states>

<gpu:state>
<name>default pcells</name>
</gpu:state>
<initialState>default pcells</initialState>

</states>

<gpu:type>continuous</gpu:type>

<gpu:bufferSize>5457</gpu:bufferSize>

</gpu:xagent>
</xagents>

Figure 5.1: XMML model file definition for Parenchymal cells




66

<xagent>
<name>Parenchymal cell</name>
<id>0</id>
<o—1< /x>
<y>—1</y>
<z>0</z>
<state>4</state>
<bearAb>0</bearAb>
<s_ PKI>0</s PKI>
<s_ virus>0</s virus>
<s_apoptic>0</s apoptic>
<s mecrotic>0</s mnecrotic>
<stressedTime>0</stressedTime>
</xagent>

<xagents>
<gpu:xagent>
<name>Parenchymal cell</name>
<memory> . . .</memory>
<functions>
<gpu:function>
<name>state pcells</name>
<currentState>default pcells</currentState>
<nextState>default pcells</nextState>
<inputs>
<gpu:input>
<messageName>agent bcells</messageName>
</gpu:input>
</inputs>
<outputs>
<gpu:output>
<messageName>agent pcells</messageName>
<gpu:type>single message</gpu:type>
</gpu:output>
</outputs>
<gpu:reallocate>false</gpu:reallocate>
<gpw:RNG>false</gpu:RNG>
</gpu:function>
</functions>
</gpu:xagent>
</xagents>

Figure 5.2: a) Figure on the top shows initial value of variables for one Parenchy-
mal cell b) Figure on the bottom is an example of agent function definition
(state_pcells)
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Additionally, function element includes the definition of all the agent transition
functions associated with the parenchymal cell that handle its state change, and
input/output of messages. An example that illustrates the definition of one of the
agent functions of parenchymal cell i.e. state_pcells is shown in Figure [5.2b. The
message names i.e. agent_bcells and agent_pcells defined within inputs and
outputs element inside state_pcells function, create a template for message API
functions to read and write messages from message board. Besides, the function
state_pcells also includes C based script that determines whether parenchymal

cells are healthy or infected by a virus.

5.2 Simulation domain

The simulation domain implemented in FLAME GPU is adapted from previous ver-
sion of Basic Immune Simulator (BIS) developed in RePast to preserve qualitative
nature of the simulation. The simulation domain is divided into three zones namely:
Zone 1, Zone 2 and Zone 3 (6} [7). Figure shows the virtual representation of
three different zones of the immune simulator implemented in FLAME GPU which is
similar to its RePast implementation. Zone 1 is a representation of site for viral infec-
tion of generic parenchymal cells. The healthy parenchymal cells are represented by
yellow spheres and the infected parenchymal cells are represented by green spheres as
shown in Figure [5.3h. Zone 1 is also a residence for tissue surveilling innate immune
cells called Dendritic cells (DCs). Zone 2 (Figure [5.3p) is a residence for adaptive
immune cells (B cell agents, T cell agents and Cytotoxic T Lymphocyte agents) and
represents lymph nodes or spleen. Zone 3 (Figure ) is a representation of blood
circulation system which acts as a media to supply adaptive immune cells to site of
viral infection i.e. Zone 1.

Adaptive immune cells move randomly in Zone 3 for some period of time before
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Figure 5.3: Virtual representation of three different zone in FLAME GPU: a) Zone 1:
Site for infection of parenchymal cells by a virus b) Zone 2: Representation of lymph
node or spleen c¢) Zone 3: Representation of blood circulation system

they move to Zone 1. Zone 3 also contains granulocyte agents which are the type
of white blood cells for fighting the infection. Each zone contains portal agents
which represent lymphatic and blood vessels. These portal agents are responsible for

transferring immune cells from one zone to the other.

5.3 Agent types

The agents that take part in immune system simulation are generic functional tis-
sue cells (Parenchymal cells), innate immune cells (Macrophages, Natural Killers,
Dendritic cells and Granulocytes) and adaptive immune cells (B cells, T cells and
CTLs). Innate immune cells originate in bone marrow (95). These immune cells are
the first ones to respond to distressed signals (1) produced by infected parenchymal
cells. They enter Zone 1 via portals present in this zone.

Natural Killers kill infected parenchymal cells. Macrophages are responsible for
killing infected parenchymal cells as well as scavenging of dead parenchymal cells.
The process of scavenging of dead parenchymal cells sets up a necessary condition

for regeneration of healthy parenchymal cells. Dendritic cells gather antigens from
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infected parenchymal cells and travel to Zone 2 i.e. the lymph nodes, through portals
and present antigens to adaptive immune cells that matches its specificity. Activation,
proliferation, as well as transition of adaptive immune cells (B cells, T cells, CTLs)
to memory cells take place in Zone 2 when they come in contact with dendritic cells
or with each other. The activated adaptive immune cells first move to Zone 3 where
they randomly move for some time and finally travel to Zone 1.

T cells represent helper T cells which manage activities of macrophages and B
cells by releasing cytokines (91)). CTLs are killer cells responsible for killing infected
parenchymal cells that match their antigen specificity. B cells, on the other hand,
produce antibodies against the antigens making them primary targets for killer im-
mune cells. Agent motion is influenced by chemical signals detected in the proximal
environment. Immune cells would tend to move randomly if there isn’t any chem-
ical signal around them. If they detect any chemical signal in their vicinity, they
will follow the signal with highest concentration (96]).The rules for the state change
of different type of cells participating in simulation is described in the sub-section

below:

5.3.1 Parenchymal cell agents

Parenchymal cells are the generic functional tissue cells that remain stationary through-
out the course of simulation. These agents are initialized in a HEALTHY state dur-
ing the start of the simulation. The viral infection starts at the center of Zone 1
which gradually spreads out infecting all neighboring parenchymal cells. The in-
fected parenchymal cells release a distressed signal, parenchymal-kine 1 (PK1) in the
form of heat shock proteins (97)), uric acid (98) or chemerin (99).

The infected PCs then make a state transition to one of three states: STRESSED,
CHALLENGED or TARGETED. The challenged PCs are target for natural killers,

pro-inflammatory T cells or CTLs and are killed upon contact. They may undergo ly-
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sis in presence of complement products(C’) and antibody Abl (100). The challenged
PCs make a transition to state TARGETED when they are bounded by antibody pro-
duced by B cells making them susceptible for killing by pro-inflammatory macrophage
agents (101). This causes neighboring parenchymal cells to become stressed as a re-
sult of reactive oxygen species released by pro-inflammatory macrophages (102). The
granulocytes also act upon the stressed PCs and kill them by a release of lethal de-
granulation product 1 (G1) (102 1T03). The dead parenchymal cells are scavenged by

macrophages facilitating necessary conditions for regeneration of healthy PCs (L104)).

Algorithm 1 State change : Parenchymal Cells

1: procedure STATE PARENCHYMAL _CELLS()

2 if (state==HEALTHY & virus>Abl1+Ab2) then

3 state=CHALLENGED

4: end if

5: if (state==CHALLENGED) then

6: PK1=outputSignal

7 if (Abl+Ab2>virus & (bearAb==FALSE) & (Ab2>0) then
8 state=TARGETED

9

: end if
10: if (NK||Ts||M®s ) then
11: state=APOPTIC
12: end if

13: end if

14: if (C’>0) & ((Abl-(virus+Ab2)>Ab_Lysis) then
15: state=NECROTIC

16: end if

17: if (state==STRESSTED) then

18: PK1=outputSignal

19: if (life>stressedTime+DURATION STRESSED) then
20: state=HEALTHY

21: end if

22: end if

5.3.2 Dendritic cell agents

The DCs begin in an INACTIVE state in zone 1 and are of two types: pro-inflammatory
(DC1) and anti-inflammatory (DC2). The DCs in INACTIVE state can transition
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to two possible states: ACTIVATED or AG-PRIMED (antigen primed) depending

upon the type of signal it detects.

Algorithm 2 State change : Dendritic Cells - Zone 1

1: procedure STATE DENDRITIC CELLS ZONEI()
2 if (life < LIFE_DC_ ZONE1) then

3 if (state==INACTIVE) then

4: if (PK1>0) then

5: state=ACTIVATED

6 if (MK1>MK2 & type==DC1) then
7 type=DC2

8 end if

9: end if

10: if (virus>200) then

11: state = AG-PRIMED

12: if (Ab1>200 & Ab2>200 & type==DC1) then
13: type=DC2

14: end if

15: if (CK1>200) & type==DC2 then
16: type=DC1

17 end if

18: end if

19: end if

20: if (state==ACTIVATED) then

21: if (virus || CHALLENGED PC contact) then
22: state=AG-PRIMED

23: end if

24: end if

25: end if

26: if (life>LIFE_DC_ZONE1) then
27: state=APOPTIC

28: end if

The dendritic cells of type DC1 or DC2 move randomly until it detects shock
signal (PK1) produced by infected parenchymal cells. The detection of PK1 in its
immediate environment causes DCs to change to ACTIVATED state (105). The
activated DCs produce a chemical signal MK1 (Mono-kine 1) or MK2 (Mono-kine
2) depending on its type. For example, INACTIVE DC1 changes to ACTIVATED
DC1 and INACTIVE DC2 changes to ACTIVATED DC2 upon detection of PK1.
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However, if signal MK2 (Mono-kine 2) is greater than signal MK1 (Mono-kine 1), it
converts to ACTIVATED DC2 (106)).

Algorithm 3 State change : Dendritic Cells - Zone 2

1: procedure STATE DENDRITIC CELLS ZONE2()

2 if (life < LIFE_DC ZONEL1 & zone==2) then

3 if (state==AG-PRIMED) then

4: if (type==DC1 || type==DC2) then

5: if (timerMK<DURATION MK ZONE2) then
6: MK1 or MK2 = outputSignal

7 timerMK1 or timerMK2 4= 1

8

9

end if

: if (Ag-matched Bl or B2) then
10: life=0
11: end if
12: if (Ag-matched T1 or T2) then
13: MK1 or MK2 = 0
14: NumTsContact += 1
15: end if
16: end if
17: end if

18: end if
19: if (numTsContact>12) then

20: state=APOPTIC

21: end if

22: if (life>LIFE_DC_ZONEI1) then
23: state=APOPTIC

24: end if

The DCs attain antigen-primed (AG-PRIMED) state under three conditions.
First, the detection of virus signal in the proximal location of DC1 or DC2 causes
them to convert to AG-PRIMED DC1 or AG-PRIMED DC2 (I07). Second, the pres-
ence of virus along with antibody changes INACTIVE DC1 to AG-PRIMED DC2
(108). INACTIVE DC2 is transitioned to AG-PRIMED DC1 in presence of virus
and signal CK1 (cyto-kine 1) (109). Third, the DCs in ACTIVATED state when
make contact with virus infected PCs change to AG-PRIMED state respective of its
type (I10). The AG-PRIMED DCs move to Zone 2 via portals present in Zone 1 to

present the antigen to adaptive immune cells (B cells, T cells and CTLs) (110).The
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DCs undergo apoptosis if they fail to detect any infected PCs or stress signal within
their lifetime (111)).

After the DCs move to Zone 2, they move randomly for some time and become
stationary. They continue to produce MK1 or MK2 in Zone 2 as well. At this moment,
DCs wait for antigen matched adaptive immune cells (B cells, T cells and CTLs) to
make contact with them. The contact with DCs affects the state of adaptive immune
cells as well as their own state. For example, contact with antigen matched B cells
extends the life of DCs (112) and contact with antigen matched T cells resets the
production of MK1 or MK2. The DCs undergo apoptosis if they reach the allocated

life time in Zone 2 or exceed threshold for T cells contact (113; [114).

5.3.3 Macrophage agents

The macrophages (M®s) enter Zone 1 in naive state (M®0) when portals present in
Zone 1 sense PK1 emitted by infected PCs. The state change of M®s is determined
by type of signals it senses from its local environment.

The presence of PK1, CK1, C’ (complement products) and necrotic debris (100)
cause M®s to transition to ACTIVATED M®1s (pro-inflammatory) whereas sensing
of apoptic signal and antigen-antibody (Ag-Ab) complexes (10T]) cause M®s to change
to ACTIVATED M®2s (anti-inflammatory). Both M®1 and M®2 in activated state
have the ability to scavenge dead PCs which provides necessary condition for regen-
eration of healthy PCs. M®1 also has the ability to kill infected PCs. M®1 and M®2
in activated state produce signals MK1 and MK2 respectively. The killing of infected
PCs and scavenging of dead PCs cause M®s to attain antigen-primed (AG-PRIMED)
state respective of their type. The M®s in AG-PRIMED state posses ability from
previous state to scavenge dead PCs as well as kill PCs bound by a antibody. If M®s
in this state make contact with antigen-matched T cells, it extends the life of M®s.

The M®s in activated and antigen primed state undergo apoptosis when their life



time is exhausted.

74

Algorithm 4 State change : Macrophages

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

procedure STATE MACROPHAGES()

if (life < LIFE_M® ZONE1) then
if (state==M®0) then
if (PK1>0 || CK1>0 || C’>0 || Nec. debris>0 ) then
state=ACTIVATED M®1
end if
if Apop.Signal>0 || Ab-Ag complexes then
state=ACTIVATED M®2
end if
end if
if (state——ACTIV. M®1 | ACTIV. M®2) then
if (kill PCs || scavenge PCs) then
state = AG-PRIMED M®1 or M®2
end if
end if
end if
if (life>LIFE_M® ZONE1) then
state=APOPTIC
end if

5.3.4 Natural Killer agents

Natural Killers (NKs) are introduced to Zone 1 when portals in Zone 1 sense PK1

from PCs. They move randomly for some time. When they detect PK1 that is being

emitted from infected PCs, they follow PK1 with the highest concentration eventually

seeking infected PCs. If the signal PK1 is greater than CK1 around the Natural Killer

of interest, killing of infected PCs takes place upon contact. At this time, release of

chemical signal CK1 by NKs also takes place (I115). After the killing of infected PCs

and CK1 production, NKs return to the state where they continue to move randomly.

They have a limited number of kills and lifetime, after which they undergo apoptosis.
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Algorithm 5 State change : Natural Killers

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:

14:
15:
16:

17:
18:
19:
20:
21:
22:
23:
24:

procedure STATE NATURAL KILLERS()
if (life < LIFE_NK_ ZONE1) then

if (PK1>0) then
followPK1=TRUE
end if
if (PK1>CK2 & followPK1==TRUE) then
killPC = TRUE
end if
if (kilPC==TRUE) then
killCount+=1 ; CK1Timer=DURATION NK CK1
end if
if (CK1Timer>0) then
CK1l=outputSignal ; CK1Timer -=
end if
if (CK1Timer==0) then
followPK1 = FALSE ; randomMotion = TRUE
end if
if (killCount > NK KILL LIMIT) then
state=APOPTIC
end if

end if
if (life > LIFE_NK ZONE1) then

state=APOPTIC

end if

5.3.5 Granulocyte cell agents

Granulocytes begin in Zone 3 where they are moving randomly. They travel to

Zone 1 when portals present in Zone 3 sense presence of complement products (100)

or MK1.

After enter Zone 1, they move randomly until they detect complement

products around them and eventually follows signal of highest concentration. They

release degranulation product which is capable of killing any stressed PCs (103). They

undergo apoptosis after their time is up.
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Algorithm 6 State change : Granulocytes - Zone 1

1:
2
3
4:
5
6
7

procedure STATE GRANULOCYTES ZONEI()

if (life < LIFE_GRAN_ ZONE1) then
Gl=outputSignal

end if

if (life > LIFE_ GRAN ZONE1) then
state=APOPTIC

end if

5.3.6 T cell agents

T cells begin in Zone 2 i.e. lymph nodes in an INACTIVE state where they move

randomly until it finds a DC matching its antigen specificity. The contact with DC1

or DC2 results in activation and proliferation of T'1 or T2 respectively (116} 110} T13;

117) and release of signal CK1 or CK2.

Algorithm 7 State change : T cells - Zone2

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:

15:
16:
17:
18:
19:
20:
21:
22:

procedure STATE TCELLS ZONE2()

if (state==INACTIVE T0) then
if (Ag-matched DC1 or DC2) then
state=ACTIVATED T1 or T2
end if
end if
if (state==ACTIVATED T1 or T2) then
if timerCK < DURATION CK_ ZONE2 then
CK1 or CK2 = outputSignal
timerCK1 or timerCK2 +=1
end if
if (Ag-matched DC1 or DC2) then
life += ADD _ LIFE
Birth Ts = ADD Ts
end if
if MK1==0 || CK1 == 0 then
state = MEMORY T1 or T2
end if
end if
if (state==ACTIVATED & life > LIFE Ts ZONE2) then
state=APOPTIC
end if

Additionally, contact with antigen matched B cells as well as series of contacts
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with DCs extend the life of Ts. ACTIVATED Ts make a transition to MEMORY
Ts if there is an absence of CK1 or CK2 in the environment. However, contact with
antigen matched DC makes MEMORY Ts to be ACTIVATED again. Ts move to Zone
3 where they randomly for some time before traveling to Zone 1. If ACTIVATED Ts

fail to make contact with DC within certain period of time, they undergo apoptosis.

Algorithm 8 State change : T cells - Zonel

1: procedure STATE TCELLS ZONEI()

2 if (life < LIFE_Ts ZONEIL) then

3 if (state==ACTIVE Ts|state==MEMORY Ts) then
4: if (Ag-matched M® contact) then

5: CK1 or CK2 = outputSignal

6 end if

7 if (CHALLENGED PC) then

8 killPC = TRUE ; killCount += 1

9

: end if
10: if (killCount>MAX T KILLS) then
11: state=APOPTIC
12: end if
13: end if
14: end if
15: if (life>LIFE_Ts ZONEI then
16: state=APOPTIC
17: end if

T cells (Ts) enter Zone 1 in response to detection of PK1 signal by portals present
in Zone 1. T cells of type T1 seek infected PCs by following PK1 with strongest
concentration and kill them upon contact. If T1 or T2 makes contact with antigen-
matched macrophage (M®), they start to produce CK1 or CK2 depending upon type
of macrophage (M®) (118). T cells of type T1 undergo apoptosis if they reach beyond

the threshold for number of kills (IT9)) or exceed allocated lifetime in Zone 1.

5.3.7 CTL agents

Like other adaptive immune cells, CTLs begin in an INACTIVE state in zone 2,

moving randomly waiting to make contact with an antigen-matched DC1. The contact
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with DC1 makes them ACTIVATED.
Algorithm 9 State change : CTLs - Zone2

1: procedure STATE _CTL_ZONE2()

2 if (Ag-matched DC1) then

3 if (state==INACTIVE) then

4: state = ACTIVATED

5: end if

6 if (state==ACTIVATED & CK1==0) then
7 state = MEMORY CTLs

8
9

end if
: if (state==MEMORY _CTLs & CK1>0) then
10: state = ACTIVATED
11: end if
12: end if
13: if (life < LIFE_CTLs ZONE2) then
14: if (state==ACTIVATED) then
15: CK1 = outputSignal
16: BIRTH CTLs = ADD_CTLs
17 end if

18: end if

19: if (life > LIFE_CTLs ZONE2) then
20: state=APOPTIC

21: end if

In an ACTIVATED state they proliferate and release CK1 signal. ACTIVATED
CTLs transition to MEMORY CTLs if they make contact with a DC1 in absence of
CK1 signal (120). The presence of CK1 signal and contact with DC1 extends the
life of CTLs. ACTIVATED CTLs then migrate to Zone 3 and eventually to Zone 1
where they kill infected PCs. CTLs enter Zone 1 in an activated state and continue
to produce CK1 signal for a finite period of time.

Like T cells (Ts), they seek virus infected PCs by following PK1 emitted by
such PCs and kill them upon contact. The contact with infected PCs also extend
the duration of emission of CK1 signal by CTLs. ACTIVATED CTLs transition to
MEMORY CTLs in absence of PK1 or CK1 in their immediate environment. The
contact with infected PCs cause MEMORY CTLs to be ACTIVATED again. CTLs

undergo apoptosis after their life is over.
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Algorithm 10 State change : CTLs - Zonel

1: procedure STATE CTL_ZONEI()

2 if (CHALLENGED or TARGETED PC contact) then
3 if (state==ACTIVATED) then

4: killPC = TRUE

5: end if

6 if (state==MEMORY _CTLs) then

7 state = ACTIVATED

8
9

end if
: end if
10: if (life<LIFE CTL_ ZONEI & state==ACTIV.) then
11: if (No CK1 or PK1) then
12: state = MEMORY CTLs
13: end if
14: if (ticker<DURATION CK1 ZONE1) then
15: CK1 = outputSignal ; ticker += 1 end if

16: end if

17: if (life > LIFE_CTL_ ZONE1) then
18: state=APOPTIC

19: end if

5.3.8 B cell agents

B cells (Bs) reside in Zone 2 in an INACTIVE state waiting for antigen matched
DCs to make contact with them (12I)). If they make contact with DC1, B cells of
type B1 are produced and type B2 is the result of contact with DCs of type DC2. B
cells of type (B1 or B2) gets ACTIVATED when they make contact with activated,
antigen-matched T1 or T2. Bs in ACTIVATED state may transition into either of
two states: GERMINAL or PLASMA.

Germinal cells in activated state produce anti-bodies and remain in Zone 2 where
as Plasma B cells, on the other hand, travel to Zone 1 and produce anti-bodies there.
Contact with Ts also leads to birth of B cells. ACTIVATED Bs make a transition
to MEMORY Bs when they make series of contacts with antigen matched DC1 or
DC2, thus, extending life of B cells. Memory Bs are again activated when they make

contact with antigen matched Ts in presence of cytokines (MK1, CK1 or MK2, CK2).
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Algorithm 11 State change : B cells - Zone2

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:

16:
17:
18:
19:

20:
21:
22:
23:

24:
25:
26:
27:
28:

29:
30:
31:
32:

33:
34:
35:
36:

37:
38:
39:
40:
41:

procedure STATE BCELLS ZONE2()

if (Ag-matched DC1 or DC2) then
if (type==B1 or B2 & state==ACTIV.) then
DCcontacts + =1 ; life += ADD LIFE

end if
if (type==Bl1 or B2 & state==MEM _Bs) then
DCcontacts + =1
end if
if (type==B0) then ; type = Bl or B2
end if
end if
if (Ag-matched T1 or T2) then
if (state==INACTIVE) then
if (type==B0) then
type = B1 or B2
end if
if (type==B1 or B2) then
state=ACTIVATED ; flag=rand() ; Birth_Bs = ADD_ Bs
mode=(flag>0.5) 7 GERMINAL:PLASMA

end if
end if
if (state==MEMORY _Bs) then
state=ACTIVATED ; mode=PLASMA ; BIRTH Bs=ADD Bs
end if
end if
if (state==ACTIVATED & DCcontacts>1 then
if (mode==GERMINAL) then
state = MEMORY _Bs ; life += ADD _LIFE

end if

end if

if (state==MEMORY _Bs & DCcontacts>1) then
life += ADD _LIFE

end if
if (state==ACTIVATED & type==B1 or B2) then
if (AbTimer<DURATION AB ZONE2) then
Abl or Ab2=outputSignal ; AbTimer += 1

end if

end if

if (life > LIFE_ B ZONE]1) then
state=APOPTIC

end if
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ACTIVATED Bs undergo apoptosis after their life surpasses allocated lifetime.
Plasma B cells travel to Zone 1 from Zone 3 via portals present in Zone 1. They
move randomly in Zone 1 where they produce antibodies in the presence of CK1 or
CK2 for predefined period of time. If they don’t detect CK1 or CK1 in its proximal
location, they stop producing antibodies. They undergo apoptosis after their life is

over.

Algorithm 12 State change : B cells - Zonel

1: procedure STATE BCELLS ZONEIL()

2 if (life < LIFE_Bs ZONEL) then

3 if (type==B1 or B2 & CK1 or CK2>0) then
4: if (AbTicker < DURATION AB ZONE1) then
5: Abl or Ab2 = outputSignal

6 AbTicker += 1

7 end if

8 end if

9: end if

10: if (life > LIFE_Bs_ZONE1) then

11: state=APOPTIC

12: end if
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Chapter 6

Results

In this chapter, the results obtained from immune simulator implemented in FLAME
GPU are compared with its RePast implementation to verify that immune cells ex-
ecuting in parallel demonstrate same behaviors, as in their RePast implementation,
without loss in statistical accuracy. The test of statistical accuracy is important be-
cause there is possibility that results obtained from immune simulator implemented
in FLAME GPU may deviate from its RePast version due to the difference in the way
the random motion of immune cells are implemented. Furthermore, discrepancies in
the order at which the state change of immune cells are executed could also lead
to difference in results. For this reason, statistical comparison is required to ensure
that results from immune simulator in FLAME GPU lie within statistical limits of
results obtained from its RePast implementation. The measure of statistical accu-
racy was done by utilizing the statistical measures such as mean value and standard
deviation. Apart from testing of statistical accuracy of immune simulator in FLAME
GPU, a benchmark is carried out to demonstrate the performance advantage of using
FLAME GPU when large population of immune cells execute their behavioral rules

in the simulation.

6.1 Qualitative and statistical analysis

The qualitative analysis and validation of statistical accuracy for immune cells count
at Zone 1 and Zone 2 were carried for immune win condition. Immune win is a

situation in which infection is completely eradicated as result of elimination of chal-
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lenged /stressed parenchymal cells by immune cells and sets up favorable conditions
for regeneration of healthy parenchymal cells. The initial condition for immune win
condition for immune simulator implemented in FLAME GPU was set, similar to as

initial condition for immune simulator implemented in RePast, as shown in Table

@.

Parameter Value Parameter Value
Number of PCs 5457  Duration Ab_Zonel 150
Viral Infection Threshold 50 NumTs ToSend 2
Ab_Lysis_Threshold 100 Life T Zonel 20
Duration Stressed 25 Life T Zone2 13
Number of DCs(Zone 1) 50 Life_ T Zone3 50
NumDC _ToSend 3 Duration CK Zonel /Zone2 25
Life DC_Zonel 50 T Max_Kills 10
Life DC_Zone2 100 NumM® ToSend 5
Duration MK Zonel /Zone2 25 Life M® Zonel 20
NumBs_ToSend 1 NumNK ToSend 4
Life B Zonel 25 NK Kill Limit 15
Life B Zone2 10 NumCTL ToSend 4
Life_ B_Zone3 25 Life  CTL_Zonel /Zone2 25

Table 6.1: Initial values for immune win condition

The simulation was carried out to observe the behavior of immune cells in re-
sponse to infection of parenchymal cells by a virus. The number of parenchymal
cells that took part in the simulation was 5457. Out of 5457 PCs, 192 cells were
initialized as cells infected by a virus and were placed in the space around the cen-

ter region of Zone 1. As the simulation progresses, infection spreads out which
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causes healthy parenchymal cells, located near infected ones, to be stressed/chal-
lenged when virus signal in their local environment is greater than the threshold
value (Virus_Infection Threshold). The innate immune cells are the first group of
immune cells to respond to the infection and enter Zone 1 when the portals present
in Zone 1 sense PK1 signal emitted by infected cells. The average count of innate
immune cells (Macrophages and Natural killers) in Zone 1, for both FLAME GPU
and RePast implementation of immune simulator, is shown in Figure [6.3] which is
obtained by running 50 trials of simulation for both FLAME GPU and RePast. Sim-
ilarly, the average count of dendritic cells and adaptive immune cells (T cells, B cells
and CTLs) in Zone 2 (Figure was obtained in a same way as for innate immune

cells count in Zone 1.

Natural Killer Count Macrophage Count
35 100 | ‘
20
30 i ‘
80
s T i |
. " ||
5§ 20 = 0 T |
E E 50 T
4= UL u FLAME GPU E W FLAME GPU
a0 &
5 ® RePast ﬁ W RePast
10 i - 30 = = —
“' 20
5 1 i
IJ p [
0 T 1] =3
50 100 150 200 250 300 350 400 450 500 550 600 50 100 150 200 250 300 350 400 450 500 550 600
Iteration number Iteration number

a) b)

Figure 6.1: Innate immune cells count in Zone 1. a) count of Natural killers b) count
of macrophages

The blue bars in Figure [6.3] represent the average count of innate immune cells
(natural killers and macrophages) that are present in Zone 1 at different period of
time (from infection to recovery). Similarly, the blue bars in Figure shows the
count of adaptive immune cells (T cells, B cells and CTLs) and dendritic cells in Zone
2. It is observed that the count of immune cells (both innate and adaptive) gradually
increase as the number of parenchymal cells infected by a virus rises and eventually

reaches a peak value when majority of parenchymal cells are infected. As the infected
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PCs are cleared by immune cells, the count of immune cells also gradually decreases

which indicate the process of recovery of parenchymal cells as dead PCs are replaced

by healthy ones.
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Figure 6.2: Count of different immune cells in Zone 2. a) count of T cells b) count of
B cells ¢) count of CTLs d) count of dendritic cells

Furthermore, for statistical analysis the count of immune cells present in Zone

1 and Zone 2 of immune system implemented in FLAME GPU is compared with

its RePast implementation. The red bars in Figures [6.3] and shows the count

of immune cells present in Zone 1 and Zone at different time steps. The standard

deviation bars at each time step verify that count of immune cells in Zone 1 and Zone

2 of immune simulator developed with FLAME GPU lie within statistical limits of

its RePast implementation. This outcome verifies its statistical accuracy i.e. paral-

lelization of immune cell agents does not effect the quality of outcomes from immune

simulator.
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6.2 Benchmark

The benchmark demonstrates the performance advantage when the immune simulator
developed with FLAME GPU simulates large population of immune cell agents in
parallel. The benchmark was carried out by varying the initial immune cells count
from 8,000 to 20,000. Since the number of parenchymal cells that take part in the
simulation is fixed, the initial immune cells count was achieved by varying initial
count of dendritic cells (DCs) from 500 to 3,500 as shown in Table and keeping

the count of other immune cells (B cell, T cell, NKs, M® and CTLs) unchanged.

Initial Agent count Initial DC count Speed Up

8,000 500 3.43
10,000 1,000 4.03
12,000 1,500 4.55
14,000 2,000 5.04
16,000 2,500 6.35
18,000 3,000 8.1
20,000 3,500 13.002

Table 6.2: Initial count of DCs for different agent population and simulation speed-up
with FLAME GPU

The simulation was run in Intel core i7 2.67 GHz CPU with 6.00 GB RAM
equipped with NVIDIA Tesla C2050 GPU on Windows 7 OS. The result of the bench-
mark was obtained by running 15 trials as the count of agent vary significantly in
each trial due to stochastic nature of simulation. Figure 7 illustrates plot for speed-up
obtained with FLAME GPU against agent population. It is observed that computa-
tional performance increased by 13 times when simulation was run for initial agent

count was set to 20,000 agents.
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Benchmark (FLAME GPU vs RePast)
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Figure 6.3: Benchmark: plot for speed-up obtained with FLAME GPU against agent
count

However, performance analysis wasn’t carried out for agent population greater
than 20,000 as immune simulator implemented in RePast as it would slow down the
simulation making it infeasible to operate. Hence, it can be noted that there is a

significant improvement in computational performance.
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Chapter 7

Conclusions and Future Work

The implementation of the basic immune simulator using FLAME GPU framework
was successfully completed. The major contribution of this thesis was the translation
of agent-state diagrams and various agent communications into the FLAME GPU
framework. The use of FLAME GPU for the implementation of the basic immune
simulator utilized the computational power of the GPUs via optimized CUDA code to
achieve significant improvement in computational performance compared to a previ-
ous serial implementation using the RePast agent modeling toolkit. Statistical com-
parison between the parallel FLAME GPU implementation and the original repast
implementation was done for immune win condition to validate statistical accuracy
of the implementation. The results show that the parallel implementation using the
FLAME GPU framework matched the results of the original RePast implementation
within statistical limits. Therefore, it was shown that parallelization does not effect
model accuracy.

In the current implementation of immune simulator, the diffusion of chemical
signals was carried using 2D convolution stencil as described in the paper by Folcik
et al. However, it is recommended to solve actual diffusion, reaction and advection
equation with PDEs in conjunction with Agent Based Models (ABMs). Furthermore,
for more accurate representation of the immune agent interaction, the ad-hoc rules,
currently present in the finite state models, can be replaced with rules based on actual
chemical kinetics.

The current implementation could be further developed to represent the immune

system at a much higher level of detail. The framework could then be modularized
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to enable simulation of various immune system related conditions. The goal of this
exercise would be to enable easy simulation by mixing and matching various modules
with virtually no coding to simulate a plethora of disease conditions. This would
enable basic science researchers who have typically limited training in programming,
let alone parallel programming to quickly test out various hypothesis with computer

models with a sufficient level of granularity.
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