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ABSTRAK 
Paralelisme merupakan isu yang sedang berkembang dalam dunia teknologi informasi. Sistem ini menjadi alternatif bagi 
penyeimbangan antara kinerja dan biaya. Akan tetapi, migrasi suatu sistem menjadi sistem paralel dapat memunculkan 
isu-isu baru dalam hal komunikasi dan koordinasi di antara prosesor-prosesor. Di samping itu, suatu sistem paralel 
umumnya memiliki struktur dan cara kerja yang rumit karena ditujukan untuk menyelesaikan berbagai permasalahan 
yang rumit pula. Makalah ini mencoba untuk menyajikan pembangunan sistem paralel dengan menggunakan 
mikrokontroler yang merupakan prosesor murah, berkemampuan rendah, dan terbatas pada penggunaan spesifik, tetapi 
telah memiliki fasilitas-fasilitas minimum sebagai suatu sistem komputer. Untuk itu, rangkaian mikrokontroler juga 
dapat dibentuk menjadi suatu sistem paralel dengan kemampuan cukup baik untuk aplikasi-aplikasi tertentu. Salah satu 
implementasi kontroler yang terus berkembang dengan pesat adalah dalam dunia robotika. Robot-robot yang semakin 
kompleks akan memerlukan prosesor-prosesor terpisah untuk menangani beberapa fungsinya yang modular. Dengan 
demikian, konsep-konsep paralelisme yang dihasilkan dari sistem paralel mikrokontroler ini dapat diadaptasi untuk 
diterapkan dalam robotika. Analisis mengenai hal ini juga akan disajikan pada bagian akhir makalah. 
Kata Kunci: Parallel, Microcontroller, Embedded System, Robotics 
 
1. Introduction 
At the beginning, computer was created in a linear-processing manner. With only one processor, every task is executed 
one by one. It is quite simple, but has a lot of drawbacks when applied to heavy tasks of today’s applications such as 
matrix calculation of image processing or complex system of robotics. Those kinds of applications need a bigger 
processing capacity and the alternatives are to have a faster single processor or to use parallelized processors. 
 
1.1. Background 
The wide variety of parallel processors structures have been implemented in a lot of circumstances. Mostly, these parallel 
structures can be found in the systems that involve heavy calculation processes as their fundamental activity. Those 
implementations are usually accomplished by parallel arrays of processors placed in a specially-designed computers. In 
this kind of computer, the processors have been arranged to execute certain complex problems, such as the calculations 
of world weather predictions that would need hours, days, and even weeks of processing activity when executed by an 
ordinary single-processor computer. Unfortunately, the system would perform a very complex flow of communications 
and computations held by the processors. It would also yield extraordinary effort and a really great cost when it is tried to 
be constructed in personal workshop. Therefore, a simpler implementation method of parallel structure can be proposed 
for such simpler systems. 
 
Microcontroller is a single embedded processor used for single purpose applications. A microcontroller would include 
minimum requirements for a computer system (processor, memory, interrupts, and timers) that would be sufficient to 
resemble a simple single computer. It would need less effort and less cost to build microcontroller-based systems than 
any other more sophisticated systems. Representing single computers, microcontrollers would also be able to be arranged 
in parallel manner. Hence, the parallel structure created from microcontrollers would have satisfied simpler 
implementations of parallel systems. Besides, it would be easier to observe the system and its aspects. 
 
1.2. Objective 
The purpose of this research is to observe the implementation of parallelism in microcontrollers as embedded systems 
and further implementation in robotics. Some detailed objectives of the purpose are: 

1) to apply the concept of parallelism on the configuration of parallel microcontrollers, 
2) to understand the aspects of parallelism and its influencing factors by observing a simple parallel system, 
3) to analyze and develop the parallel operating system for parallel microcontrollers (a system of parallel 

embedded system), and 
4) to analyze and propose the implementation of parallel concepts in robotics, according to the research on parallel 

microcontrollers. 
 
1.3. Problem Definition 
The problems observed in this research can be defined as follows: 
1) Structure and configuration of parallel microcontrollers is designed and implemented, 
2) Computation processes and communication between microcontrollers that perform parallelism among them is 

observed and analyzed, 
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3) Principles and aspects of parallelism (parallel embedded processors) observed in the research is applied to propose a 
general concept in parallel approach of robotics. 

 
2. Fundamental Theory 
2.1. Operating System 
An Operating system is designed for two basic functions: extending the machine and resource scheduling. In extending 
the machine, an operating system operates as virtual machine which communicates the user and hardware. In resource 
scheduling, an operating system manages the occupation of resources. 
 
Conceptually, an operating system in general comprises several fundamental aspects that should be put into design 
considerations [8], such as process, deadlock, memory management, input/output, file system, security, and shell. These 
consideration factors will not appear explicitly in the parallel system design, but they will be used conceptually. 
 
2.2. Parallel Computer 
There are some important things that should be considered in creating parallel computation[6]: 
1) processors (as workers), 
2) network (connection between workers), 
3) environment to create and manage parallel processing: 

(1) operating system as system administrator which handles the workers, 
(2) parallel programming paradigm (message passing, parallel data), 

4) parallel algorithm and parallel program resulted from the decomposition of a huge problem. 
Other important things that should be put into consideration of constructing a parallel computer are[6]: 
1) The architecture, which according to Flynn is divided into SISD (Single Instruction Single Data), SIMD (Single 

Instruction Multiple Data), MISD (Multiple Instruction Single Data), and MIMD (Multiple Instruction Multiple 
Data).  

2) Topology, which consists of bus, star, linear array, ring, mesh, torus, tree, hypercube, crossbar, etc. 
3) Memory architecture: shared memory and distributed memory. 
4) Programming paradigm: message passing (communication through data transfers between processors) and parallel 

data (message passing without being noticed by the programmer). 
5) The steps of implementation: 

(1) analyzing the possible parallelism for the existing problem, 
(2) program decomposition (functional or domain decomposition), 
(3) parallel  program code development, 
(4) compilation, testing, and debugging, and 
(5) optimization (measuring performance, locating problem areas). 

6) Other considerations such as load balancing, granularity (proportion of computation and communication), data 
dependency, deadlock, communication pattern and bandwidth, I/O pattern, and performance monitoring. 

 
2.3. Parallelism in robotics 
Parallelization of the problems in robotics can be implemented to achieve better performance, especially in the 
computations that involve heavy calculations. In general, parallelism in robotics can be classified into 8 different 
degrees[4]. This parallelism is usually done by dividing the whole system into several subsystems. The classifications in 
details are: 

1. Multi-robot Level 
In this level, parallelism is done by using several robots. For a complex or large scope task (such as exploration 
mission), it is more convenient to use more than one robot. The centralized control method has to deal with the 
problems of communication and coordination. They can be solved by giving independence to the robots or by 
implementing parallelism to the problem. These two approaches, centralized and independent are what we call 
swarm robot and centralized architecture. 

2. Robot Level 
In this level, parallelism is implemented from the perspective of robot components, such as manipulator, end-
effector, or overhead camera. These components have their own PE. The component modules are 
computationally independent from each other. They are controlled in parallel. Extra PE for each component can 
increase parallelism, but unused PE of temporarily unused components indicates low scalability. 

3. Kinematics Level 
The main control loop can be decomposed into several control loops. In this case, each degree-of-freedom can 
be controlled by one PE. Each joint of a kinematics chain can be provided an extra loop that is controlled by a 
single PE. 

4. Control Level 
A good sampling rate is needed to maintain the stability of a controlled system. This situation can be obtained 
by breaking the control task down into simpler subtasks, each executed by single PE. This is done by pipelining 
the functions of the control loop. Hereby, each processor is specialized to its own job by adding co-processors.  
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5. Functions Level 
In this level of parallelism, the different functions (tasks) of a robot, such as perception, planning, execution, and 
exception handling are processed in parallel. Extensibility of the system is achieved by its ability of adding 
independent modules on its functional level. 

6. Behaviors Level 
The general behavior of a robot is constituted from several independent behaviors, such as wander, explore, and 
avoid collision. These independent behaviors are arranged in the hierarchical manner of several single PE. The 
higher level can subsume or inhibit the lower level behavior and this is called subsumption architecture. 

7. Abstraction Level 
Control architecture is divided into the degree levels of abstraction of processed data and response time. These 
architectures may vary from centralized (one PE for each node) to layered architectures (simultaneously-
working and quasi-independent layers are implemented on different PEs) with communication within the layer 
and between two adjacent layers. 

8. Algorithm Level 
This level offers a parallelized single algorithm of robot systems. It is done to attain the speed up of massive-
computational algorithm, such as kinematics and dynamics computation. 

 
3. Research Methodology 
The research methodology of the system is explained as follows: 
1) In this research, the microcontrollers are constructed to form an integrated structure of parallel processors. There is 1 

microcontroller as the coordinator and 4 other microcontrollers as the workers.  
2) Each microcontroller (coordinator and worker) is arranged in one module. Every module contains microcontroller 

and memory chip whereas the module of coordinator would also contain a MAX232 chip (voltage converter). This 
chip becomes the connector between the parallel system and a personal computer that need voltage conversion.  

3) The workers (slave) are connected to the coordinator (master). Together they form a parallel machine. The 
communication and computation process is then observed and analyzed further to propose a paradigm of parallel 
processor connection in the concept of robotics. In this case, a robot may contain several parts, which can be handled 
separately by single processors. Thus, the whole robot would be a parallel machine. 

 
4. Parallel Processing Using Microcontrollers Array as Embedded Processors Array 
This research was conducted as an experiment of implementing parallel processing on the platform of microcontrollers 
array[9]. Therefore, it was intended to make an experimental parallel computer prototype as a tool for analyzing aspects in 
parallelism, especially for its evolvement in embedded system. Hereby, the microcontrollers are treated as single 
processors. As mentioned before, one processor will take role as master (coordinator) and the rest of them as slaves 
(workers). 
 
The parallel system built comprises a personal computer (as the terminal input device), AT89C52 microcontrollers as the 
processors, and AT24C256 memory chips as RAMs (Random Access Memory) for every processor. The connection 
between the personal computer and master processor occur by using a serial port connected to MAX232 chip (RxD and 
TxD pins) as voltage level converter. The connections of processors and their memory chips are conducted through SCL 
and SDA pins of the AT24C256. Meanwhile, the connection between the master processor and all slave processors is 
performed through port 2 (port 2 of microcontroller). Thus, port 2 becomes the main bus for all processors. 
 

 
Figure 1. Schematic of the Parallel Microcontrollers 

 
The connection is established when the slaves register themselves to the master processor as workers. In this experiment, 
we build the system of 1 master processor and up-to-4 configurable slaves. The master processor will automatically 
detect the number of slaves attached to the system at initialization phase and it will distribute the tasks inputted from PC 
for each slave, according to number of slaves detected. In the next step, each slave calculates its batch of processes. The 
results will be sent back to master processor and they will be accumulated. The final result is displayed later on the PC’s 
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screen. In addition, the process conducted in this system is the arithmetic operation (addition) on a batch of numbers. The 
user can input data (batch of numbers) and monitor the activity of the system through personal computer running 
specially-designed monitoring software. 
 
Those processes above are analyzed and implemented in five phases of operation: 
1) handshaking phase, 
2) data distribution phase, 
3) calculation phase, 
4) result gathering phase, and 
5) final result phase. 
 
The data communication pattern has been derived from the common methods of data communication[7]. 
Handshaking is a phase in which connections of personal computer, master processor, and slave processors are built. 
First, user has to activate the monitoring software before he initiates the parallel computer. Next, the master processor 
will handshake the slaves mounted to the system. Each slave sends a registration signal (its unique hardware ID) to the 
master through its own unique line in port 2 (the main bus). The signals will be memorized by the master processor and 
the handshaking process with each slave will be performed based on this memory. The master handshakes the slaves one 
after another. For each sub phase of handshaking, the master processor challenges the corresponding slave by sending a 
unique slave ID to it. The slave will respond by sending a unique reply to the master and the master will once again send 
a packet containing a unique temporary ID used in the further parallelism (communication and coordination process) 
occurs in the system. 
 
Having been recognized through handshaking, the slaves wait for incoming data to be processed. Hence, the system is 
entering the data distribution phase. Data distribution is a phase in which the master processor receives data packet, 
create data subsets, and forward them to slave processors. After handshaking, the master will wait for a data packet sent 
from personal computer through pin 3.0 (RxD pin of the serial port). The user opens the file containing the data packet 
(the data is in the format of integer which value ranges from 0 – 100) and inputs a command to send the packet to the 
master processor. The master processor receives the data packet and stores it in its local memory. The master will part the 
data packet according to the number of registered slaves. Since a microcontroller division can only handle 8-bit 
arithmetic operation, we need a special formula to handle the 16-bit arithmetic operation. The formula can be written as 
follows: 
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 ×+






 ×=

256256  (1) 

where: 
D  = number of data for each slave 
DPH = HIGH BYTE of the DPTR 
DPL = LOW BYTE of the DPTR 
x  = number of slaves 
n  = the mantissa from the division of DPH and x 
By using this formula, the division operation will be done one by one with the help of buffers. The term DPH/x*256 
is intended to calculate the portion of HIGH BYTE of the total result. The term DPL/x is intended to calculate the 
portion of LOW BYTE of the total result. Then, the term n*256/x appears to contribute the loss of HIGH BYTE 
calculation to the total result in order to get a complete result. For example: The number to be calculated is 1500 
(10111011100) and the number of slaves is 4. Thus, the result of 1500/4 should be 375 (in integer). By using the 
above formula (DPH = 00000101 = 5, DPL = 11011100 = 220) we can calculate as follows: 
DPH/x*256 = 3/4*256 = 256 (this term will be 256, because if we divide 5 by 4 in the microcontroller register, the 

result will be 1 and the mantissa (n) will be 1). 
DPL/x = 220/4 = 55 (this is the LOW BYTE division) 
n*256/x = 1*256/4 = 64 (this term is the contribution of HIGH BYTE division mantissa to the total result). 
Therefore, the total result is 256 + 64 + 55 = 375. This is the strategic formula to overcome the weakness of the 
microcontroller 8-bit non-floating point register. 

 
Next, all slaves are registered once again before the data subsets are distributed. Re-registration process is achieved 
through the similar process that took place in the handshaking phase. All slaves are re-registered and the data subsets will 
be sent to each slave one after another. The master sends the slave a temporary ID for one slave and the corresponding 
data subset is sent byte per byte to the slave. One byte will be replied by one acknowledgment. The next data subset will 
be sent to the next slave processor following the transmission of the previous data subset. At the end of this phase, every 
slave will have its own set of data and the calculation will be carried out subsequently. 
 
Each slave continues the process by performing a calculation on its own subset of data. This is the calculation phase. 
Each number in the subset is accumulated byte per byte. The register length is only 8-bit, so we need a larger capacity. 
Hence, we try to create a 24-bit virtual register by using buffers. In this case, we create 3 buffers which handle high, 
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middle, and low bytes. The first number is fetched from the memory, and then the second one is also fetched and 
accumulated to the first one using the low-byte buffer. Next, the following numbers are fetched and also accumulated to 
the low-byte buffer one after another. If the C (carry) appears, we increment the middle-byte buffer and also if the C 
(carry) appears from the middle-byte buffer, we increment the high-byte buffer. In addition, we use DPTR as the counter 
for the data fetching. This process will end as all data has been accumulated completely (for every slave). In the next 
step, the calculation result (the 24-bit virtual number) will be gathered in the master processor. 
 
To obtain the final result, the system is going to the state of result gathering. After finishing its calculation, a slave will 
send an end-of-calculation signal to the master processor through the same way as in the handshaking. It is also useful for 
the second re-registration process – the master processor will evaluate the consistency of the slaves. The results are 
gathered one by one. It sends a temporary slave ID distributed in the handshaking phase and the corresponding slave will 
reply by sending the 3-byte (24-bit) calculation result. The master will send an ACK (acknowledgment) signal for each 
byte received. It stores the 3-byte from one slave in its memory and it will continue to send the temporary ID of the 
remaining slaves. At the end of this phase, the calculation results have been packed in the memory and they are ready to 
be summarized for the final result. 
 
Finally, the master processor accumulates all of the calculation results. Having been packed per 3-bytes in the memory, 
calculation results from the slaves are accumulated. The accumulation is conducted by using 3-byte final buffer (low, 
middle, and high byte). All of the low bytes will be summed up and the C (carry) will be added to the middle byte. Then, 
middle bytes will also be summed up along with the C (carry) and the resulting C (carry) will be added to the high byte. 
Last, the high byte is accumulated along with C (carry) from the middle byte. It is quite similar to the process of data 
calculation occuring in each slave in the calculation phase. At the end, the final result will be in the form of 3 bytes. This 
three bytes are sent to the personal computer (monitoring software) and the results will be displayed on the monitor. In 
short, these five phases propose a basic (generic) structure of communication, coordination, and parallelism in a parallel 
processor construction. These concepts might be explored more thoroughly in other fields needing more processing 
capacity, such as robotics. 
 
The problem that might occur among the processors is the problem of communication and coordination. The 
communication between the processors would be determined mainly by the condition of network that connects the 
processors. If the network is good, the communication will also be fine. The coordination explains how the processors 
work together – who will be the first and who will be later. This issue focuses on the algorithm of the parallel system and 
it is out of the scope of this paper. 
 
5. Implementation of Parallel Microcontrollers Array In Building a Robot 
 
5.1. Parallelism and Robotics 
A simple robot may only contain single processor that controls all of its stuffs (sensors, actuators, end-effector, etc). 
However, in a more complex system, more processors would be needed to handle smaller subsystems constructing the 
whole system. This additional processors are intended to yield a faster response time (make a faster execution time), but 
they would make things more complicated because of the coordination process between them. The only thing that should 
be considered is a balanced proportion of processing time and communication time of the processors. In order to make an 
efficient system, the designer should make extra efforts to have a longer processing time compared to the communication 
time. The concept of parallelism in robotics proposed by Dominik and Thomas[4] is differentiated into 8 degrees of 
parallelism: multi-robot, robot, kinematics, control, function, behaviors, abstraction, and algorithm. The organization of 
parallel microcontrollers could actually be applicable to all degrees. 
 
Figure 2 below proposes four separate subsystems of a robotic scheme. A sensing subsystem consists of sensors and 
other input devices. An actuating subsystem consists of motors and other actuators. A calculation subsystem is the part 
that does calculation before the robot can make decisions. All of them communicate with each other through the core 
processing subsystem. The core creates an interconnection between all subsystems. Those subsystems do their own 
processes separately, communicate with each other and execute processes as a parallel system. In this case, the sensing 
subsystem could continue its sensing activities, while the actuating subsystem continues the movement of actuators. 
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Figure 2. Example Scheme of Parallelism on Robot Subsystems 

 
5.2. Example of Parallelism in Humanoid Robot 
The humanoid robot ARMAR also has several levels for its task coordination[10]. As shown in figure 3, it has three levels: 
task planning level, task coordination level, and task execution level, coordinated by the scheme of Petri nets.  
1) The task planning level specifies subtasks for multiple subsystems of the robot. The subtasks created are then 

submitted to the lower level.  
2) The next level is task coordination level that generates sequential/parallel primitive actions for the execution level. It 

is intended to achieve the goal of a given task.  
3) The last level, task execution level, executes specified sensory-motor control commands. It uses task specific local 

models of the environment and objects. 
These coordinated task model can be considered as a part of the core processing subsystem as proposed before. It 
receives the input from the robot sensors. Then, it plans, coordinates, and executes the output through the actuators. Thus, 
the implementation of ARMAR shows how the subsystems can communicate with each other in the real situation. 
 

 
Figure 3. Task Levels of ARMAR 

 
The core processing part becomes the center of all activities. It handles input, does processing activities (may also be in 
parallel manner), and delivers the output. The sensing and actuating subsystems coordinate with the core processing. 
Each of those subsystems has one or more processors, so they can operate simultaneously. For example, actuating 
subsystems consists of head, arm, torso, and platform controllers. These controllers construct the actuating subsystems. 
Therefore, the communication and coordination activities will occur not only at the level of the system, but also at the 
level of the subsystems. This is a detailed scheme that can be proposed for further analysis. 
 
Figure 4 proposes a further analysis of coordination between subsystems and within each subsystem. This coordination 
occurs between the controllers. The controllers work on their own, but they communicate with each other led by the core 
processing subsystem. Hence, parallelism occurs in the system and it involves all of the controllers to achieve some goals 
of the system. In this case, parallelism could be considered to be implemented in robot level, control level, and function 
level[4]. 
 
Relating to the research of parallel microcontrollers, the five phase division of parallelism proposed there can also be 
applied in this scheme. The five-phase parallelism, which consists of handshaking, data distribution, calculation, result 
gathering, and final result, is applicable in hierarchical manner. In this case, handshaking is done between the core 
processing subsystem and the other subsystems. Data would be originated from the sensing subsystem as input. The data 
would then be sent to the core and it would be distributed partially to the calculation subsystem, actuating subsystem, and 
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also back to  the sensing subsystem for particular purposes. The data is processed within each subsystem and the result 
would be gathered by the core to determine the next processes of coordination. The five-phase might also occur in a 
subsystem for it would also contain several processors (controllers) within. Thus, the scheme consists of two level of 
hierarchy. 

 
Figure 4. The Conceptual Coordination between and within Subsystems 

 
6. Conclusion 
In summary, this paper proposes a parallel system constructed from parallelized microcontrollers. A microcontroller is a 
simple and compact embedded processor device. It can be parallelized for some usage of establishing special purposed 
systems without spending a lot of cost and resources. The research of the parallelism on microcontrollers can be 
implemented in term of robotics. A robot may consist of several single processors that handle separate subsystems. In 
some ways, this method, as well as the aspects, of parallelism can be a solution for a robot with many modules. It would 
be simple but powerful for simple implementation. The only problems that might occur are communication and 
coordination. 
 
7. Limitation of Research 
This research is limited in terms of the usage of microcontrollers. In the research, general parallelism of processors is 
reduced into the parallelism of embedded processors. The function of a microcontroller is specific to the program code 
injected into it. On the other hand, microcontroller is not a high speed processor. Therefore, this research is limited only 
to some extent of its applications in embedded systems. 
 
The research can be extended to implement more sophisticated and more reliable parallelism in robotics and other 
embedded systems that would need more processing power in the future. A microcontroller is a low-cost processor and 
its processing speed is enough for some simple implementations, so it would be affordable and quite effective to build 
parallelism in microcontrollers array. Flexibility and modularity of the system can also be developed to extend the 
implementation. 
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