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Abstract. Evolutions in the communication technology and Internet have enhanced efficient 
distributed and scalable systems. Now, with the distribution processing through the Internet, it is 
possible to solve problems which time of processing demand was recently prohibitive by 
centralized solution unviable. Using centralizes processing solution, problems such as, how to find a 
high degree two-dimensional polynomial that represents a relief of an area, are impracticable. The 
objective of this project is to develop a methodology for distribution of processing generated by a 
mathematical formulation that estimate the coefficients of a high degree polynomial to represent the 
relief of the state of Minas Gerais in Brazil. In order to distribute such processing, a mathematical 
formulation was developed based in the nonlinear regression model. The next step was the 
modeling of a system to distribute the processing among interlinked computers through the Internet. 
The system will be constituted by a coordinating application (responsible for the processing 
distribution) and several agents applications (to process data received from the coordinating 
application).    
   
Keyword:  Distributed systems, Distribution of Processing, Internet, Topography Representation, 
nonlinear Regression 
 
 
Introduction 
 
The evolution of the Internet has provided a progress in the communication and in software 
development. Now, with the growing number of connected computers in the Internet [1][2], it is 
possible to develop distributed applications using its communication infrastructure, without great 
efficiency problems. The area of distributed systems, particularly the sub-area of processing 
distribution has benefited with this progress.  The growth in number of linked computers in the 
Internet, the decreasing error rate in the physical media, net equipments and the evolution of safety's 
techniques has been contributing to turn the processing distribution through the Internet a viable 
solution for several types of problems. Several projects [3][2][4][5], use the Internet for processing 
distribution for efficient solution in cost terms and scalability. The Internet is cheap, supports a very 
big number of interlinked applications and is relatively safe and robust to interconnect applications 



of a system for distributed processing. An important characteristic of the distributed systems that 
use Internet to interconnect their applications is the volunteers' collaboration to offer processing 
power (or any other resource) to a certain project. Projects as [6][7][8] use volunteers' help so that it 
is possible the processing of great amounts of information. Many researches in areas such as physic, 
biology, mathematic and recently in geography are benefiting with the evolution of the distributed 
systems. Projects in these areas needs more and more information and a great amount of processing 
power, since they use relationship of more than one area of knowledge [9]. For this reason, the 
computer science is more and more present in researches and projects of several areas, as the Geo-
informatics, a sub-area of geography (also known as Geo-processing), responsible for the 
processing of geographical information. In Geo-informatics there is an area called Numeric Model 
of Land (MNT) which is a computational mathematical representation of distribution of a space 
phenomenon inside an area of the terrestrial surface [10]. In MNT, one numeric model generally 
used is the Model of Regular Grid, whose function is to generate a grid, starting from a group of 
points (longitude, latitude) and their respective altitudes, as in Fig. 1. 
. 
 
 

 
Fig 1 - Model of Regular Grid 

 
This grid can be generated by interpolation of points for a polynomial regression model to adjusts a 
two-dimensional polynomial that best represents the relief of an area. The regression analysis is a 
statistical instrument generally used in science. Its common use is due to the fact of making possible 
the description of a phenomenon through mathematical model (equation), based on a sample of 
data. Graphically, it is equal to identify the curve or mathematical surface that better adjusted to the 
points in the dispersion diagram. The mathematical models of regression are based in three 
statistical assumptions: a) the relationship among the dependent and independent variables is 
deterministic instead of stochastic; b) the errors measurement  are random, following  the Normal 
Distribution, average zero and constant variance; and c) the explanatory variables don't show 
correlation amongst themselves [11]. This technique of relief representation has some advantages 
over other techniques, basically by representing the relief through mathematical equations instead 
of images, latitude coordinates, longitude and altitude, or map of levels. One of the advantages is 
the significant reduction of the amount of necessary information to represent the relief of a certain 
area, since with the regression technique, the relief of an entire area can just be represented through 
the coefficients of two-dimensional polynomial. Through the polynomial representation it is 
possible to generate images with different resolution levels, since the data come from an image and 
the number of points used for its representation. Besides these advantages, there is a possibility of 
applying, on the polynomial, several mathematical functionalities, such as, how to find the maximal 
and minimal point, derivation, etc. However, the technique of polynomial regression has a 
disadvantage, since the complexity and the computational power demanded for obtaining such 
polynomial, is very high an sometimes impractical. For this reason the objective of this article is to 
present a methodology designed to make possible the distribution of the processing to compute a  
two-dimensional polynomial that represents the relief of the state of Minas Gerais, in Brazil, 



located in the Southeast Area of the country. Some estimative calculations, presented in this article, 
show that the necessary time of centralized processing to estimate such a polynomial is prohibitive, 
being necessary dozens of uninterrupted years of processing. 
 
 
Mathematical Formulation 
 
The surface representation, as well as the representation of other terrestrial phenomena, is 
constituted by three stages: data entry, data modeling and representation of the model [10]. For the 
relief representation of the state of Minas Gerais was used the data source and data model of the 
project GTOPO30 [12]. As the objective of the research it is to generate the representation of the 
relief, the Digital Model of Elevation (MDE) will used. By the MDE, the state of Minas Gerais, is 
defined by a data matrix with 1.043 lines and 1.343 columns, with space resolution of 30 seconds of 
the arch and approximately 900m of spacing. Based in latitude information of the data matrix 
(model of regular grid), a two-dimensional polynomial can adjusted to represent the relief of the 
Minas Gerais state using the method of the minimum square, defined for the Equation 1. The 
coefficients akl (k = 0, 1,..., r, l = 0, 1,..., s) that minimize the errors of the estimated function f(x,y), 
can be obtained by solving the Equation 2 for c = 0, 1,..., r and d = 0, 1,..., s. 
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xi Longitude i of MDE column, for  1 £ i £ 1.343 
yj Latitude  j of  MDE line, for 1 £ j £ 1.043, 
zij Altitude of (xi, yi) point 
r Polinomial degree in x, 
s Polynomial degree in y. 
akl  Coefficients which minimize the error of the estimated function f(x,y) 

 
By solving the Equation 2 we get the Equation 3 and by that we get the Equation 4. 
 

�� ��
= = = =

�
�

�
�
�

�
�
	



�
�



-=

¶
¶ m

i

n

j

d
j

c
i

r

k

s

l

l
j

k
iklij

cd

yxyxaz
a 0 0 0 0

2
x

 

 
Equation 3 

0
0 0 0 0

=�
�

�
�
�

�
�
	



�
�



-�� ��

= = = =

++
m

i

n

j

r

k

s

l

dl
j

ck
ikl

d
j

c
iij yxayxz

 

 
Equation 4 

 
Solving the Equation 4 for r = 2 and s = 2 we can get the matrix system of equation below, Fig. 2, 
represented by AX=B. 



 
Fig. 2 – Matrix system generated from solving the Equation 4. 

 
The solution of the matrix system of Fig.2 results the two-dimensional polynomial coefficients as 
the matrix X. The time requested to calculate the coefficients varies with degree of the polynomial, 
and varies from 28s for r=s=2 to 45,9 years for r=s=500. The estimated error decreases with the 
increase of the polynomial degree, as show by the Fig. 3 (b). The size of the represented area and 
the number of points of MDE also influences in time of processing. In a general way the complexity 
of the problem is of order O(n4). 
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Fig. 3 –  (a) Processing time;  (b) Estimated error  

 
 
MODEL FOR PROCESSING DISTRIBUTION  
 
Based on the graph of Fig. 3, in (a) it is possible to notice the exponential grow, in the time, as the 
degree of the polynomial increases, and  in (b) the necessity of a high degree polynomial (between 
40 and 200, in x and y) to represent, with relative fidelity (from 70% to 89% respectively), the relief 
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of an area. Yet by Fig. 3 it is possible to see that for a high degree polynomial, as for a 200 degree 
in x and y, we may need a time processing of 2.9 years.  
 In order do use a high degree polynomial to represents, with high fidelity, a relief of an area, 
a methodology was developed for processing distribution, as needed for solving the matrix system 
of Fig. 2, since it is through the solution of matrix system AX = B that we get the coefficients of the 
polynomial. The methodology consists in calculate the elements of the matrix A and the elements of 
matrix B, independently, using distributed processing. We can do that by making L a line and C a 
column as general terms of matrix A and B, respectively, and getting the Equation 5 and Equation 
6, respectively. By these two last equations the elements of matrix A and B can be easily computed 
in an independent way, fundamental characteristic for the distribution of the computations. The 
designed system, using these equations, will have the functionality of distributing the calculation of 
the elements of the matrix A and B for selected machines linked in a computer network like the 
Internet. 
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Equation 6  

 
The designed system will be formed by two types of applications, one will be the 

Coordinating Application responsible for coordinating the distribution of the processing. The 
second is the Application Agents that will be connected to the Coordinator by Internet and their 
functions will be to process the Coordinator's received information and return the results of such 
operations. The Coordinator should identify the Agents that are connected to him and the Agents 
that are not (in Fig. 4 these Agents are represented by the dark gray color and clear ash 
respectively). Making an analogy with workstations with multiple processors, each Agent being 
connected to the Coordinator can be thought as a new processor being activated in the workstation. 

 
 

 
Fig. 4. Project general view 

 
The designed system is divides in the following modules: 
1) Coordinator: 
a) Principal – Basically responsible for configuring the Coordinator, doing interface with user 
(administrator) and creating the Primary Connection thread. In order to recognize the desire to 
terminate an application, the thread uses a shared variable between Main module and Primary 
Connection. 



b) Primary Connection - Thread which is executed in parallel with the user interface and 
responsible for receiving connection requests by the Agents. It has port and IP address pre-defined 
and known by the Agents. After the establishment of the first connection with the Agent, this 
module negotiates with the Agent a port for establishment of the Secondary Connection, so that the 
Primary Connection is free for receiving new requests from other Agents. As this module will be 
executed in parallel with the main module, they will have a shared variable so it can be informed 
when to terminate (in case the administrator wants to quit the application). And it will be through 
this same shared variable that the module of Primary Connection will confirm the closing when all 
modules of Secondary Connection has finished. In order to access the shared variable as needed, 
this module will wait for connection in an asynchronous way, in other words, it won't be blocked 
when waiting for connection request. At each interval time the module will verify if there is 
connection request and  if the variable for finalization is set. Every time this module creates a 
module "Secondary Connection" it restarts the process which waits for connection request. Since 
this module will create several modules "Secondary Connection",  a hash  table that maps all the 
modules "Secondary Connections" and their respective ports is necessary. Before creating a module 
"Secondary Connection" this module may consult the hash table to identify the ports  in use. 
Whenever a module "Secondary Connection" is found, the "Primary Connection" module updates 
the hash table.    
c) Secondary Connection - Module created dynamically and executes in parallel with the Primary 
Connection. In this module a connection will be created through which the Agent will be 
authenticated and messages exchanged (sending operations and receiving results). After the 
negotiation of the port, where the secondary connection will be created, the Agent terminates the 
first connection so that the “Primary Connection” module can receive new requests of connection 
from other Agents. This module doesn't use busy wait when waiting for connection request, as well 
as the module “Primary Connection”. Such mechanism is necessary to avoid starvation for 
connection request, in case of a fault Agent. At the authentication moment, the Agent will be able 
to, instead of sending the name and password, to send a finalization warning (in case the volunteer 
wants the application to conclude at this time). After the authentication, a connection badge is 
generated, to uniquely identify the established connection between Agent and Coordinator. This 
connection ID is used to identify messages so that messages created by a third part are not received 
as legitimate message, since just the two parts know the connection ID. Before exchange messages 
can be initiating, the finalization (shared) variable is verified, since it might be possible the  
“Primary Connection” module wants to inform this module when the administrator wants the 
application to conclude. If the shares variable is set, exchange messages does not begun and a 
message of finalization warning is sent to the Agent and the module is terminated.    
d) Authentication Module - Module for authenticating a certain Agent based on "name" and 
"password", previously registered.. 
e) Data Access – module for accessing processed and not processed data. This module is important, 
since the information to be processed can be in different formats (XML, Database, files text). 
Initially a module will be developed to access text files (that is the format of MDE supplied by the 
project GTOPO30). Since the system is being designed to assist several Agents in parallel, there 
will be several modules at the same time trying to access the repository data. To avoid the race 
condition, mutual exclusion is implemented. This module also implements a technique to minimize 
the accessing time to the repository data. Since the data are stored as text file, an index was created 
to indicate to what extent all operations were processed, avoiding a linear search for operations and 
performance loss in extensive files. 
f) Exchange Messages – Module Responsible for exchange messages between Coordinator and 
Agent. The module sends an operation to be processed by the Agent and enters in busy wait state 
until the Agent sends the result of the operation. However a timeout was defined for this wait, 
avoiding Coordinator starvation in case of a flaw Agent. If a timeout occurs the connection is 



finished and the operations sent are registered as "no processed". Each operation has a status that 
indicates its current situation. An operation may have the status "no processed" when it was not yet 
sent for any Agent. The status "in processing", indicates that some other module has sent this 
operation for an Agent. And the status "already processed", indicates operation already processed 
by some Agent. Base on this information, this module should make the decision to send the 
operation to the Agent or to request another operation from the module of "Data Access". The 
messages exchanges will continue until one of the two parts shows intention to finish the 
connection. In the case of Coordinator its intention is demonstrated by adding a finalization warning 
at the end of a message (operation) that will be sent to the Agent. The closing can have several 
reasons, as the end of the operations to be processed, the finalization of one of the applications, etc.  
g) Disconnection – It will be executed if, in a moment of process distribution, some of the parts 
demonstrate interest to finish the connection. Its main function is to avoid abrupt disconnection 
without the Coordinator or the Agent knowing what the reason was, so that no operation is given 
the status “processed” before  being processed. 
h) Security – Responsible to cryptograph all messages that will be sent to a certain Agent. All 
exchanged messages between Coordinator and Agent will be secure to guarantee integrity and 
authenticity. In this module a technique will also be implemented to provide reliability in the 
connection as connection ID. This module can be understood a layer below the exchange messages 
layer that guarantee safety to the superior layer. 
 
2) Agente: 
a) Principal  – As well as in the Coordinator, this module is responsible for the application’s Agent, 
configuration, creating the thread Establishment of Connection and doing interface with user. 
b) Connection Establishment - Responsible for creating connection with the Primary Connection 
module on the Coordinator using an IP address and predefined known port. After the establishment 
of the connection this module will receive from the Coordinator a message with a suggestion port 
for the establishment of a secondary connection, where the authentication and change of messages 
will be accomplished. After verifying that the suggested port is not in use or is in use, the Agent 
will send confirmation or denial to the Coordinator (in case of denial, the Coordinator will suggest 
another port until they reach an agreement). When established the secondary connection, it will  
received the "name" and "password". The agent, at this moment will be able to authenticate itself 
with the Coordinator or terminate the application. If the agent decides to accomplish the 
authentication with the Coordinator, he will receive an encrypted Connection ID form messaging 
exchange with the Coordinator. After the reception of the Connection ID, the process of exchange 
of messages will begin. As well as in the Coordinator Primary and Secondary Connection, this 
module have a shared variable, used if the Agent wants to terminate the application. 
c) Authentication - Different from the Coordinating application, in the application Agent this 
module and the module of Messages Exchange won't execute in parallel (thread) with the 
Connection Establishment module 
d) Exchange Message - Main module at the application Agent, since it is in this module the 
operations will be obtained from the Coordinator. When a Agent receives an operation, it sends the 
operation to the processing module, that returns the result to the Exchange Message module to 
delivery it to the Coordinator. Then Exchange Messages module will enter in busy wait state until 
receiving the next operation. Always, before sending a result to the Coordinator, the finalization 
variable (shared) is verified. If this variable is set, this module add, at the end of the message, a 
warning message to the Coordinator, which means the Agent won't accept more operations. 
e) Security - As well as in the Coordinator, in the Agent, below the layer of exchange of message, 
there is a module responsible for security which uses cryptography for messages to guarantee the 
reliability in communication between Agent and Coordinator. 



f) Processing – Interpret the Coordinator's received operation by knowing which processing has to 
be done and do the processing. At the end of the processing the result is returned to the Exchange 
Messages module. Since the system will be applied to get the relief of an area through a 
polynomial, this module will be the responsible for processing the elements of matrix A and B as 
shown on Fig 2.  
 
 
Results 
 
The results of this research can be presented through diagrams that describe several aspects of the 
distribution model proposed. The diagrams (Appendix 1 to 9) describe, for both Application 
Coordinator and Agent, aspects of interaction between the application, user and states the 
application uses during the execution. This model can be implemented in any language that support 
programming for Internet and Object Oriented. Since the projected system was based on modules it 
is possible to develop more than a version of some of the modules. As an example, the Data Access 
module, one version can be implemented for accessing the data in the text file format and another 
version for accessing a database, without changing the interface with other module of the project, 
since they are independent.   
 The system was modeled so that it has a minimum human intervention. The diagrams in 
Appendix 1 and Appendix 2 show that the administrator of coordinating application and volunteer 
that executes the application agent, do not need specialized knowledge as  the system is executed. 
The diagrams on Appendix 3 show a general interaction by the Coordinator and Agent, and how 
some modules communicate. In these diagrams it is possible to visualize what are the actions 
related to error treatment, finalization of both applications, and the main execution flow. Diagrams 
in Appendix 4 represents the states assumed by the Coordinator's module Primary Connection, it 
can be seen how a warning of closing a application spreads by threads. Diagrams in Appendix 5 
represent the states assumed by the Coordinator's module Secondary Connection. In this diagram it 
can be seen how an authentication of a certain Agent is accomplished. Diagrams in Appendix 6 
show states of the Exchange Messages module. Diagrams in Appendix 7 show the necessary steps 
for the establishment of a Coordinator connection, as well as the negotiation of a port for the 
establishments of the secondary connection, the Agent's authentication and other stages that precede 
the exchange of messages. In Diagrams of Appendix 8 it is possible to visualize the states assumed 
by the module of Exchange Messages, responsible for receiving operations, processing them and 
sending results to the Coordinator. Finally, Diagrams in Appendix 9 show threads creation in 
Coordinator. In these diagrams it is possible to see that the thread of Primary Connection module  is 
created a only once, unlike the threads of the Secondary Connection modules that are created every 
time there is a connection request by an Agent.  
 
 
Conclusion 
 
Evolution of the communication technologies has provided solution of problems, in a distributed 
way, not possible recently. With a model of solid and efficient distribution it is possible to distribute 
the processing using mathematics formulation of a problem as introduced in this article for relief 
representation. It is important to notice that this mathematical formulation can be used to compute 
several other terrestrial phenomena such as temperature, humidity of the air, precipitation, images, 
pictures, etc. All phenomena or information that are represented through bitmap or matrix can also 
be represented through a two-dimensional polynomials. Not only the mathematical formulation is of 
general use, but also the modeling of processing distribution can be applied to other problem types. 
Calculations and processing in general that are susceptible to be distributed, can be distributed using 



this modeling. In general, the formulations and models presented represent contribution for the area 
of Geo-processing, as for the area of Distributed Processing. Some methodological options, not 
mentioned in the article, can be used to provide larger reliability and scalability to the model such 
as: same operation is sent to 3 or 4 agents. By doing this it is possible to compare the received 
results from different Agents and detect those that are sending incorrect results. To avoid 
concurrency on the data base of repository of data, a methodology of dividing de data in modules, 
can be used.   
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Appendix -1 
 

 
Anexo 1 - Diagrama de Caso de Uso da aplicação coordenadora 

 

 
Anexo 2 - Diagrama de Caso de Uso da aplicação agente 

 
Anexo 3 - Diagrama geral de Caso de Uso 



 
Anexo 4 - Diagramas de Estado do módulo “Conexão Primária” da aplicação coordenadora 

 
Anexo 5 - Diagrama de Estado do módulo “Conexão Secundária” da aplicação coordenadora 



 
Anexo 6 - Diagrama de Estado do módulo “Troca de Mensagens” da aplicação coordenadora 



 
Anexo 7 - Diagrama de Estado do módulo “Estabelecimento de Conexão” da aplicação agente 

 

 
Anexo 8 - Diagrama de Estado do módulo “Troca de Mensagem” da aplicação agente 



 
Anexo 9 – Diagrama de Atividade que representa a criação estática da thread do módulo de 

Conexão Primária e da criação dinâmica das threads dos módulos Conexão Secundária 


