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Part I

This report presents an overview of the paper, “Simulation of Vegetable Population Dynamics Based on Cellular Automata” and explores expansion possibilities of Cellular Modeling. The identified problem domain would be expanded, formally specified and implemented as the assignment progresses. The implemented model simulation and results will be delivered at the end of the assignment.

Based on: Simulation of Vegetable Population Dynamics Based on Cellular Automata

Stefania Bandini and Giulio Pavesi

Dept. of Computer Science, Systems and Communications

University of Milan-Bicocca

Milan, Italy

Overview of the paper:
This paper discusses the possible dynamics of vegetable population. Sunlight, water, fertilizers (natural, artificial) are example factors that influence the growth of vegetable population. The competitive nature of the population for resources during growth for survival is depicted in the model. 

The paper presents a two-dimensional discrete CA model, that models and simulates evolution of heterogeneous vegetable population as in real woods and forests. In the model each cell in CA represents a given portion of the area and contains multiple resources. If conditions are favorable then that cell can host a tree, otherwise be empty. The tree may grow, survive, reproduce or die depending on the conditions. Trees growing closer to each other may have the disadvantage of losing resources to its neighbor. Such scenarios are also taken into consideration. Environmental factors that may affect the growth such rain, animals are also accounted for.

The Cells: Each cell in the automation represents a square portion with specified dimensions. 

The cell may signify the following details:

· Tree presence, size, height, amount of resource, and reproduction

· Amount of resource present and resource reproduced in the cell

· Seeds scattered in the cell by tree in the cell or the neighbors

The Update Rule: At each update step of the automation, the tree present in the cell takes the resources it needs from the cell itself and uses them to survive, grow and produce seeds. If more resources are available then the tree stores. Conversely, if not enough resources are present then the tree uses the stored resource. The tree dies if it has no stored resources and none available at neighbors. In general, the cell hosting a tree would have less resource than the neighboring cells due to consumption in the present cell by the tree.
Tree sustenance: If a tree is present in a cell then it takes certain amount of each available resource depending on its physical constraints. 

Tree reproduction: There can only be one tree in a cell or be empty. The tree could produce seeds, which could be scattered in the cell or in neighbor cells and grow.

Resource production and flow: Each cell produces resource but cannot exceed the maximum value. The flow of the resource goes from the richer cells to poorer cells. So that bigger trees in a particular cell may make use of the resource in neighboring cells.

Part II

Assignment Overview:

The goal of the assignment is to show the understanding of modeling and simulation using the cell-DEVS formalism, and application of the techniques using the CD++ tool. In the assignment the dynamics of a vegetable population is modeled and simulated using cellular automata. Initially the dynamics of a vegetable population is analyzed in the paper, “Simulation of Vegetable Population Dynamics Based on Cellular Automata” [1].

Problem Statement & Initial Model (Identified in the Paper)

As described in Part I, the dynamics of the vegetable population is discussed in two dimensions. The objective is to analyze how the dynamics of the vegetable population is affected as the resources change according to the rules specified. The initial model presented in the paper has been modified and expanded for detailed analysis as presented later in the report.

Alterations & Final Model

The initial model is kept as described in the paper with no changes, yet additional information are added to make the model interesting and more complex. The cell space is arbitrarily chosen for analysis with the tree types and the other relevant attributes. The tree sprouts, survives, grows and dies depending on the external events and the available resources. 

The height of the tree is added as the third dimension. Thereafter, each three dimensional cell is subdivided into five different planes (the fourth dimension) to represent the attributes of the cell such as water, nitrogen, potassium and other relevant information. Therefore, the dimension of the yard, which is the whole model, is;

(yardLength x yardWidth x maxTreeHeight x numCellAttributes)

The numCellAttributes dimension is the fourth dimension introduced to represent the different attributes of the cells. In other words, the numCellAttributes number of planes are introduced into each of the three dimensional cells.

For example:

Presume the model dimension to be (4x4x2x5), and the fourth dimension (representing different planes in the three dimensional cell) would have the following semantics:

0 ( Existence of the tree, possible values are 0 (no tree), 1 (Locust), 2 (Pine), 3 (Oak)

1 ( amount of Water resource

2 ( amount of Nitrogen resource

3 ( amount of Potassium resource

4 ( amount of Sunlight resource

Thus a cell having the value (0, 0, 0, {2, 100, 2.4, 1.1, 17}) imply that the cell at (0, 0, 0) has a tree of type Pine, with 100 ml water, 2.4 grams Nitrogen, 1.1 grams Potassium and 17 Joules sunlight.

It must also be noted that the cells extending in the third dimension (above the ground), depicting the height of the tree would not have resource values, since they are not in the ground layer. Thus, it is not possible for them to have any associated values in the fourth dimension. This fact further simplifies the neighbors of a particular cell in the model. As shown in the figure below, one cell could possibly have eleven neighbor cells (including itself) Nine cells in the ground layer to exchange resources and one above (growth) and one below (death). Hence they are all combined to generate the neighbor list.


Figure 1: Neighbor cells, counting to eleven (including current cell)

Neighbors = { (-1, -1, 0), (0, -1, 0), (1, -1, 0), (-1, 0, 0), (0, 0, 0), (1, 0, 0), (-1, 1, 0), (0, 1, 0), (1, 1, 0), (0, 0, 1), (0, 0, -1) }

As illustrated in the figure, a cell would possibly have eleven neighbors, which can be identified using coordinates, where the present cell would be (0, 0, 0) and be the reference cell.


Figure 2: Cell representation with fourth dimension (of planes)

Now that the fourth dimension has been introduced with planes, the neighbor list set alters accordingly. For example the new neighbor list for nitrogen resource (plane 2) would be:  (During coding, care must be taken to identify the reference cell and the corresponding offset coordinate values)

Neighbors = { (-1, -1, 0, 2), (0, -1, 0, 2), (1, -1, 0, 2), (-1, 0, 0, 2), (0, 0, 0, 2), (1, 0, 0, 2), (-1, 1, 0, 2), (0, 1, 0, 2), (1, 1, 0, 2), (0, 0, 1, 2), (0, 0, -1, 2) }

This model was implemented and simulated and the test runs were observed for correctness. Yet the four-dimension aspect of the model was not supported by the Drawlog component and thus the visual model could not be obtained. Thus the model has been further modified for the simplicity as follows.
The vertical component, depicting the height of the tree, is not modeled as a dimension. Rather, the height is added as another plane in the cell. Hence, examining the value in the fifth plane would indicate the growth of the tree. If the value is zero (and the tree type is zero) then there is no tree. If the value is zero (and the tree type is not zero) then there are seeds, rather than tree that are about to sprout.  Therefore the dimensions would be as follows:

(yardLength x yardWidth x  numCellAttributes)
Presume the model dimension to be (4x4x6), and the third dimension (representing different planes in the cell) would have the following semantics:

0 ( Existence of the tree, possible values are 0 (no tree), 1 (Locust), 2 (Pine), 3 (Oak)

1 ( amount of Water resource

2 ( amount of Nitrogen resource

3 ( amount of Potassium resource

4 ( amount of Sunlight resource

5 ( height of the tree


Figure 3: Cell representation with five planes

Thus a cell having the value (0, 0, {2, 100, 2.4, 1.1, 17, 2.3}) imply that the cell at (0, 0, 0) has a tree of type Pine, with 100 ml water, 2.4 grams Nitrogen, 1.1 grams Potassium and 17 Joules sunlight. The tree height is 2.3 meters. This modification has not only made the model visible in the Drawlog, but also has simplified the simulation and reduced the simulation time. Figure below illustrates the final model of the yard.


Figure 4: Final representation of the Yard
In the new cell space the neighbors would slightly differ, which are implemented in the final version. No changes to the initial set of nine neighbors in the same layer (For example, in the ground level) for a particular plane. In addition five other neighbors would be added to the newly added plane of “Height of the tree”.  The resources that are available at the cell, such as the water, nitrogen, potassium and sunlight, would influence the height of the tree. Thus they will be its neighbors. Hence in total the neighbors’ list would have fourteen cells. Which can be specified as follows :

Neighbors = { (-1, -1,  0), (0, -1, 0), (1, -1, 0), (-1, 0, 0), (0, 0, 0), (1, 0, 0), (-1, 1, 0), (0, 1, 0), (1, 1, 0),  // immediate neighbors on same plane, which exchange resources among them in the same plane

(0, 0, -1), (0, 0, -2), (0, 0, -3), (0, 0, -4), (0, 0, -5) // height plane (5th) accessing the resources below in order to decide the amount of growth.

(0, 0, 1), (0, 0, 2), (0, 0, 3), (0, 0, 4), (0, 0, 5)  // the planes in the cell (resources) having to access the planes above and below in order to decide the amount consumed by the tree.

(-1, -1, 5), (0, -1, 5), (1, -1, 5), (-1, 0, 5), (0, 0, 5), (1, 0, 5), (-1, 1, 5), (0, 1, 5), (1, 1, 5)  // in order to decide the height of the tree, the existence of the tree must be confirmed. Thus this level of access is required.

 }

Design Specification of the Vegetable Population

This section of the report presents the initial state of the yard and the evolution as time proceeds according to the rules specified.

Initial Values

The Vegetable population is simulated for a yard size of (10x10x6). Hence the land would consist of 100 cells and six planes of relevant tree existence/resource/height values. The scaling factor can be decided as preferred during simulation and can be altered. The initial values of the model are supplied via a file named, “Vegetable.val”, where initial values for each cell is assigned.

Plane description

There exist six planes of information in each cell. These planes in each cell carry information that is needed for the dynamics of the vegetable population. Depending on the values contained in the planes the rules will be applied to the vegetable population. 

Plane 0 – Tree existence

Initially the tree existence plane (which is the ground layer where the tree roots and seeds itself) is discussed. This would consist of three types of trees. Each tree is planted as seeds, and initially in the model two seeds of each type are planted. Thus resulting in a total of six trees. (Refer to the *.val file for the location of the tree)

Plane 1 – Water level

10 units of water are uniformly distributed to all the cells in the ground floor (plane one). 

Plane 2 – Nitrogen level

100 units of nitrogen fertilizer are uniformly distributed to all the cells in the plane 2.

Plane 3 – Potassium level

100 units of potassium fertilizer are uniformly distributed to all the cells in the plane three.

Plane 4 – Sunlight level

5 units of sunlight are uniformly distributed to all the cells in the plane four.

Plane 5 – Tree height level

Initially the tree height is assigned to be zero, since there has been no growth so far in the yard.

Zone

Zones are declared to restrict the space in which certain rules are to be applied; hence the other cells in the yard will not be affected. For example, updating the nitrogen resource should not affect the potassium or water layers and so on. Therefore, the following four zones are declared:

AdjustWater: 
spans a row of cells in the plane one

AdjustNitro:
spans a row of cells in the plane two

AdjustPota:
spans a row of cells in the plane three

AdjustSun:
spans a row of cells in the plane four

These zones depict a river like behavior, or a stream like behavior. For example, the water zone, where the water resource would be inserted along the cells indicated by {(9, 0, 1)..(9, 9, 1)}. Once inserted, they shall diffuse and penetrate into other cells following any relationship. The relationship followed by other cells for the consumption of the resources, which may be based on the distance or other factors, are detailed in the update rules.

Another set of zones are declared for the update operation of the resources. The resources are inserted into a set of cells and then they are updated into the other cells defined in the following zones. which are:

Update_Water:
spans cells except the cells where water was adjusted

Update_Nitro:

spans cells except the cells where nitrogen was adjusted

Update_Pota:

spans cells except the cells where potassium was adjusted

Update_Sun:

spans cells except the cells where sunlight was adjusted

Finally the update_height and reproduction zones are defined, where the height only involves the cells in the sixth plane and the reproduction involves all the cells in the zero planes.

Rules

Rules are used to change the state of the vegetable population in each cell. These rules would be executed during each step and be applied to cells that are defined in the zones. If there is no zone description for a particular cell, then it would be applied to all the cells in the yard.

Update-Nitro Rule

This rule is applicable to each cell in the defined cell space. Initially the available nitrogen resource in the cell and the presence of tree is evaluated. Then the amount required for the growth is subtracted from the available amount. Then the nitrogen resource available in the adjacent cells and the current cell are added and equally distributed to all the adjacent cells, self-inclusive. The maximum amount of nitrogen resource that can be possessed by each cell is kept as the boundary and checked during each update. If available resource exceeds the possible maximum amount, then the cell would posses the maximum amount.

Update-Pota Rule

Same as the nitrogen rule, except applied for the potassium resource.

Update-Water Rule

Same as the nitrogen rule, except applied for the water resource.
Update-Sun Rule

Same as the nitrogen rule, except applied for the sunlight resource.
You 

Reproduction Rule

A seed would be dropped in a cell, where there is no tree present by the adjacent cells’ trees. Conditionally, the trees in the adjacent cells must have reached the reproduction age. The reproduction age is different for different types of trees. The seed survivability is higher for the seeds, which are dropped later in time. For example, if there is a Pine and Oak tree to a adjacent cell with no tree, that have reached the reproduction age, they may drop their seeds in the empty cell. The survivable seed of this cell would be the one, which is dropped later in time, regardless of the number of seeds present.

Update Height Rule

In a cell with a tree, or a seed, with enough resources to grow or sprout the growth would be enabled, depending on the tree type. If there is not enough resource then the tree dies immediately. It has been considered that the amount of resource requirement for the growth and death of each tree is different for different types of trees.

Formal Specification of the Cell-DEVS Model

Timed Cell-DEVS models are defined as a space composed of individual cells that are lately coupled to form a complete cell space. This section presents the formal specification of each cell with explicit delays. The rules are also defined to model the behavior depending on the external, internal transitions and the expected results.

TDC = < X, Y, I, V, , E, delay, d, int, ext, , , D >

Where for #T {N, Z, R, {0,1} 

· X T is the set of external input events, which are in turn the outputs of the neighboring cells.

· Y T is the set of external output events; which are in turn the inputs to the neighboring cells.

· V  T is the set of values that can be used as state variables for each of the cell in question.  Further more, the variable in the cell are further broken down into:



V = {R, M, P, T, ZT, UGT, UST, RT, MT, GT, S}

· R – is the vector defining the amount of resources in the cell 

· { Water(W), Sunlight(S), Nitrogen (N), Potassium(P) } 

· M – is the maximum amount of each resources in the cell

· { W = x, S = y, N = z, P = s }

· P – is the amount of each resource produced by the cell at each update

· { W = a, S = b, N = c, P = d }

· T – is the flag indicating the existence of a tree in a cell

· { 0 – No, 1 – Locust, 2 – Pine, 3 – OAK

· ZT – size of different parts of the tree

· { zt is the size of the truck in consideration }

· UGT - is the vector defining the amount of each resource needed at each update step by the tree to grow. 

· {( gt1 {w} = w1, gt2{w} = w2, gt3{w} = w3), (gt1{n} = n1, gt2{ n } = n 2, gt3{n} = n3), (gt1{p} = p1, gt2{p} = p2, gt3{p} = p3), (gt1{s} = s1, gt2{s} = s2, gt3{s} = s3)}

· UST - is a vector defining the minimum amount of each resource the tree needs at each update step to survive. 

· {( st1 {w} = w1, st2{w} = w2, st3{w} = w3), (st1{n} = n1, st2{ n } = n 2, st3{n} = n3), (st1{p} = p1, st2{p} = p2, st3{p} = p3), (st1{s} = s1, st2{s} = s2, st3{s} = s3)}

· RT - is the amount of each resource stored by the tree at previous update steps. 

· {( rt1 {w} = w1, rt2{w} = w2, rt3{w} = w3), (rt1{n} = n1, rt2{ n } = n 2, rt3{n} = n3), (rt1{p} = p1, rt2{p} = p2, rt3{p} = p3), (rt1{s} = s1, rt2{s} = s2, rt3{s} = s3)}

· MT - is the maximum amount of each resource that can be contained by the cell. 

· {((wt1max=m1w), (wt2max=m2w), (wt2max=m3w)), ((nt1max=n1n) (nt2max=n2n), (nt2max=n3n)), ((pt1max=m1p), (pt2max=m2p), (pt2max=m3p)), ((st1max=m1s), (st2max=m2s), (st2max=m3s))

· S - is a vector defining the number of seeds present in the cell for each of the l species growing in the territory. {St1,  St2, St3}
· Delay = {transport}

· d = {1000} time units (milliseconds)

· update rule {refer to the rules section}

· D = 10 time units (seconds)

Coupled Cell-DEVS

GCTD = < X, Y, Xlist, Ylist, I, , N, {i, j, k}, C, B, Z, select > 

where for #T {N, Z, R, {0,1} 

· X T is the set of external input events; T = {water, nitrogen, potassium, sunlight
· Y T is the set of external output events; T = {growth
· Ylist = { (i, j, k,) / i [0,m], j [0,n], k [0,o]} is the list of output coupling. Where the i, j, k represent the index values of the cells (that couple with its neighbors) which are bound by m, n, o dimension.

· Xlist = { (i, j, k,) / i [0,m], j [0,n], k [0,o]} is the list of input coupling. Where the i, j, k represent the index values of the cells (that couple with its neighbors) which are bound by m, n, o dimension.

· I = < Px, Py, Pz > represents the definition of the modular model interface. Here,

· for i = X | Y|Z, Pi is a port definition (input or output respectively). For example, the resource exchanges and the confirmation of rules will be established by communication through these ports (which enable identification of the values of resources in the cell).

· 27 and the neighbor list set is given as follows: 

· N = {(-1, -1, 0), (0, -1, 0), (1, -1, 0), (-1, 0, 0), (0, 0, 0), (1, 0, 0), (-1, 1, 0), (0, 1, 0), (1, 1, 0), (0, 0, -1), (0, 0, -2), (0, 0, -3), (0, 0, -4), (0, 0, -5), (0, 0, 1), (0, 0, 2), (0, 0, 3), (0, 0, 4), (0, 0, 5), (-1, -1, 5), (0, -1, 5), (1, -1, 5), (-1, 0, 5), (0, 0, 5), (1, 0, 5), (-1, 1, 5), (0, 1, 5), (1, 1, 5)}

Now, 


The corresponding inverse neighborhood would be,

1. PijY1 ( Pij-1X1

PijY1 ( Pij+1X1
2. PijY2 ( PijX2


PijY2 ( PijX2
3. PijY3 ( Pij+1X3

PijY3 ( Pij-1X3
4. PijY4 ( Pi-1jX4

PijY4 ( Pi+1jX4
5. PijY5 ( Pi-1j-1X5

PijY5 ( Pi+1j+1X5
6. PijY6 ( Pi-1j+1X6

PijY6 ( Pi+1j-1X6
7. PijY7 ( Pi+1j-1X7

PijY7 ( Pi-1j+1X7
8. PijY8 ( Pi+1j+1X8

PijY8 ( Pi-1j-1X8

These illustrated scenarios show the neighborhood list for the immediate neighbors in the same plane (nine of them) and their inverse list. The same applies for the other neighbors.

· C = {Cijk / i [0,9], j [0,9], k [0,5]}

· B = {} if the cell space is wrapped; or

· Z is the translation function, which determines the dynamics of the vegetable population (refer to the rules section).

Simulation and Analysis

Execution of the Vegetable Population

<00:00:00:000>
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Initial Values set: the resources some seeds on the ground 
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The concentration of the resources change according to the rules defined.  The seeds are growing in height as they consume the resources.  As it can be seen each of the resources changes in accordance with each type of the tree. 

<00:00:02:000>
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The tree height keeps increases and the concentration changes accordingly.

<00:00:03:000>
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<00:00:04:000>
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Gradually, the cells are updated with the change in concentration of the resources and tree grows with the consumption of resources.

<00:00:05:000>
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Gradually, the cells are updated with the change in concentration of the resources and tree grows in height with the consumption of resources.

<00:00:06:000>
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Gradually, the cells are updated with the change in concentration of the resources and tree grows with the consumption of resources.
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Gradually, the cells are updated with the change in concentration of the resources and tree grows with the consumption of resources.
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Seeds

The trees have matured to the stage of reproduction.  Two of the trees put seeds and in the next stage they will grow if there is enough resources.

<00:00:09:000>
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      New trees

The seeds contribute the growth of new trees in the last box.

<00:00:10:000>
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And the new trees grow and grow !!!

 Few Things to Note:

During the course of this assignment, we came across few things that need to be considered. 

cdModeler:

( We put some initial values for our resources in the simulation.  But the tool doesn’t take that value, rather in puts some different values.  We tried different values, but couldn’t be able to fix it.

( Secondly, there were some columns in the animation, which we couldn’t explain.  I think it was a ‘bug’ that needs to be addressed

VRML GUI:
· It wasn’t getting our .pal file properly, even though our names match properly.  We had to reconfigure some of the values to fit in the colors.  The range is not properly supported.

· The tool to “pan”, “zoom”, and “rotate” work only if we drag the mouse on the empty space.  But it should be made that it would work even if we drag on the cubes.

CD++ User Guide

( Nice to include an improved section on “syntax”, as we were using, most of the things we had to learn my trial and error.  At the same time, it doesn’t catch few of the purposely-made errors

( Need a good debugger.  We used the –v –p<file> option on the simulator to catch most of the errors that we had.

( Our initial model, we were going with 4 dimensional, but we couldn’t get the drawlog tool to function to work to our satisfaction.  So we cut our dimension down to 3D so we have a good functional model to complete the assignment.
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BONUS: Using CD++ VRML GUI
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This figure illustrates our 3 D structure of our vegetation proposal.  Here we see our (10x10x6) dimension, where the third dimension (6) governs our resource and tree management.
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This is another view of our structure where we could see the (10 x 10) structure clearly. The purple blocks illustrates the assigned values of the resources and the yellow blocks show the default values of the cells.
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Another clear-cut of our model showing the assigned resources and unsigned cells.
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Sub division of each cell into six planes, depicting attributes of each cell as planes.


i.e.: Applicable to all cells.








