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ABSTRACT 
 

Multiprocessor System-on-a-Chip (MPSoC), 
developed from the previous uniprocessor SoC, becomes 
popular recently. Using soft-core as a processing unit of 
MPSoC has no restriction on the semiconductor 
fabrication process and is more flexible than using hard-
core. To fit the demand of market, the production cycle 
of MPSoC is quite short and quick. Hence, using 
reconfigurable chip has become more and more common. 
The hardware layout can be modified to adopt the 
different demands of applications by using reconfigurable 
chip. However, for multiprocessor system, it will cause a 
bottleneck of system performance when processors 
accessing memory through the system bus concurrently. 
In this paper, a soft-core-based MPSoC is proposed, the 
re-layouted memory can be handled efficiently, and 
processors will be able to access memory concurrently. 
Moreover, the experimental results show that the 
proposed multiprocessor system, based on soft-core, can 
be reconfigured according to demands, and the system 
performance improvement can be achieved. 
Keywords : reconfigurable, FPGA, soft-core, multi-core, 

multiprocessor system. 
 

摘要 

 
目前前瞻晶片(SoC, System-on-a-Chip)的發展已經

從過去的單一處理器(uniprocessor)進展到今日的多處

理器(multiprocessor)。然而在 MPSoC (MultiProcessor 
System on-a-Chip)的開發與設計上，使用軟核心(Soft-
core)的好處除了可以不受半導體製程的限制外，也比

一般硬核心(Hard-core)更具有彈性。由於目前產品必

須快速地開發與設計，以因應市場需求，可重組的晶

片也因此而日趨普遍。利用可重組的晶片可隨著日後

所需執行應用程式的不同，而更新系統內部硬體線路

與核心架構，然而在多處理器系統架構中，因為存在

著系統匯流排的限制，使得處理器對於記憶體的存取

產生瓶頸，在本篇論文中，我們使用軟核心建構

MPSoC 架構，並且在架構中有效地切割記憶體與管

理記憶體，使得 MPSoC 系統中的處理器可以透過我

們所設計的架構，同時的存取記憶體。最後根據實驗

結果顯示，我們所提出之以軟核心為主的可組態多處

理器系統，不但可依需求重新組態，並且還可獲 得
相當的效能提昇。 
關鍵詞: 可重組的, FPGA, 軟核心, 多核心, 多處理器系

統. 
 

1. INTRODUCTION 
 

For porting new applications to embedded systems, it 
needs complex designs of multiprocessor on a single-chip 
to meet their real-time processing requirements while 
respecting other critical design constraints of embedded 
system, such as low energy consumption or restricted 
implementation size. Furthermore, the time-to-market 
and price is reducing more and more in the consumer 
market [1]. Therefore, it is a challenge to design and 
implement an embedded product in a short period.   

Developments in modern embedded devices for 
multimedia systems show a requirement for integrating a 
potentially large number of applications or functions in a 
single device. An increasing number of processors are 
being integrated into a single chip to build 
Multiprocessor System-on-a-Chip (MPSoC) [2]. MPSoC 
has become a promising solution for all problems 
mentioned above, since they are single-chip architectures 
consisting of complex integrated components 
communicating with each other at very high speeds [1]. 
Nevertheless, one of their main design challenges is the 
fast exploration of multiple hardware and software 
implementation alternatives with accurate estimations of 
performance, energy and power to tune the MPSoC 
architecture in an early stage of the design process. 

Reconfigurable architecture is becoming increasingly 
more important with the rising number of applications in 
the system. For embedded devices, particularly, it is 
desirable to use the same hardware, and reconfigure it for 
different applications. This also allows the system to 
accept new applications after it is designed. Furthermore, 
reconfigurable architecture decreases the cost of the 
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overall system, since hardware is re-used, as compared to 
designing custom hardware for each different application. 

A soft-core processor is a synthesizable processor 
mapped onto the FPGA fabric, in contrast to a hard-core 
processor that is laid out next to the FPGA fabric [3]. 
Many FPGA vendors are now offering such soft-core 
processors that designers can implement using a standard 
reconfigurable architecture, such as the Xilinx® 
MicroBlaze or the Altera® Nios [4][5]. These soft-core 
processors offer designers tremendous flexibility during 
the design process, and allowing the designers to 
configure the processor to meets the needs of their 
systems (e.g., adding custom instructions or 
including/excluding particular data-path coprocessors) 
and integrate the processor quickly within any 
reconfigurable architecture. Unlike single chip 
microprocessor systems using hard-core processors, soft-
core processors allow designers to incorporate varying 
numbers of processors within a single architecture design 
depending on requirements of the specific application [6]. 
 

2. MULTIPROCESSOR ARCHITECTURE 
 

Multiprocessor systems possess the benefit of 
increased performance, but nearly always at the price of 
significantly increased system complexity. For this 
reason, the use of multiprocessor systems has historically 
been limited to workstation and high-end PC computing 
using a complex method of load-sharing often referred to 
as symmetric multi processing (SMP). While the 
overhead of SMP is typically too high for most embedded 
systems, the idea of using multiple processors to perform 
different tasks and functions on different processors in 
embedded applications (asymmetrical) is gaining 
popularity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 shows a block diagram of autonomous 

multiprocessor system. While autonomous 
multiprocessor systems contain multiple processors, these 
processors are completely autonomous and do not 
communicate with others, much as if they were 
completely separate systems. Systems of this type are 
typically less complicated and pose fewer challenges 
because by design, the systems processors are incapable 
of interfering with each other’s operation. Where two 
processors can not shares resource in this architecture [7]. 

The mainly problem of designing a non-autonomous 
multiprocessor system is the shared resource problem. 
Resources are considered to be shared when they are 
available to be accessed by more than one processor. 
Shared resources can be a very powerful aspect of 
multiprocessor systems, but care must be taken when 
deciding which system resources are shared, and how the 
different processors will cooperate regarding the use of 
resources. Figure2. shows a block diagram of a non-
autonomous multiprocessor system which shares 
resources. Resources can be made shareable by simply 
connecting them to multiprocessor bus masters in the 
connection matrix of system bus, but that in no way 
guarantees that the processors that share them will do so 
non-destructively. The software running on each 
processor is responsible for coordinating access to shared 
resources with other processors in the system [7]. The 
problems of shared resources in multiprocessor systems 
will be described below. 

Shared Memory 

The most common type of shared resources in the 
multiprocessor system is shared memory whose purpose 
is to communicate status between processors, to complex 
data structures that are collectively computed by many 
processors simultaneously. If a memory component 

Figure1. Autonomous multiprocessor system 

Figure2. Non-autonomous 
multiprocessor system 



contains the program memory for more than one 
processor, each processor sharing the memory is required 
to use a separate segment for code execution. The 
processors cannot share the same segment of memory for 
program space. So each processor must have its own 
program space in the memory component. If one 
processor is writing to a particular segment of shared 
memory and another processor is reading or writing to 
that segment at the same time, data corruption will likely 
occur, causing application errors at the very least, and 
possibly a system crash. Hence, the processors sharing 
memory need a mechanism to inform one another when 
they are using a shared resource, so the other processors 
do not interfere. 

System Bus  

The design of system bus plays an important role for 
designing the System-on-a-Chip (SoC) architecture, 
especially for MPSoC architecture [8]. The high-speed 
system bus is usually connected with some low-speed 
devices, which may cause the problem of inefficiency. In 
order to make the data access more stable and faster, it 
will be needed to analyze the type of transmission data, 
and then select an appropriate channel of system bus to 
transmit these data. However, owing to the fixed 
bandwidth of system bus the bandwidth allotted to each 
processor will decrease when increasing the number of 
processors; moreover, a lot of communications between 
processors will also consume certain of bandwidth. 

Sharing Peripherals 

If a peripheral is allowed to interrupt all the 
processors that share it, there is no reliable way to 
guarantee which processor will respond first and service 
that interrupt. Additionally, if the peripheral is used as an 
input device for multiprocessor, it becomes difficult to 
determine which processor is supposed to collect given 
input from the device. 

 

3. DESIGN PROCESS OF PROPOSED 
MULTIPROCESSOR SYSTEM 

 
Design process of the proposed MPSoC can be 

summarized in three main parts, i.e. “hardware design 
and implementation”, “application software 
implementation” and “hardware/software optimization”. 

Hardware Design and Implementation  

This part can be divided into several steps. The first 
step is to analyze the control methods and access types of 
peripheral devices in the development platform. In the 
second step, we will design a special-purpose controller 
for those particular devices. Then we will build a system 
prototype on the reconfigurable chip for testing and 

connecting peripheral devices in the third step. Thus, we 
can confirm that if it works correctly when accessing data 
between proposed system and peripheral devices. If it 
works correctly, we proceed to next step. However, if it 
did not work or the result of data access is incorrect, the 
previous step will be proceeding again. In the fourth step, 
we will begin to design and implement the proposed 
MPSoC architecture. In the final step, we will test and 
verify the hardware of the proposed MPSoC. All the 
steps will be completed while the hardware works 
correctly and efficiently. Nevertheless, if it did not work 
or the testing result is not anticipated originally, we will 
also need to proceed to previous step.  

Application Software Implementation : 

In this part, we will implement the application 
software and this part can be summarized in several steps. 
In the first step, we select one or more applications 
regarded as the expected functions of the proposed 
MPSoC. In the second step, we implement these 
application software. In the final step, we will test and 
verify the implementations of application software. If the 
implementations work correctly and efficiently, all the 
steps are done. Otherwise, we will also need to proceed 
to previous step if it did not work or the testing result is 
not expected. Moreover, the ANSI C and the assembler 
programming language are supported here. Generally, the 
preferable choice to implement application software is 
using ANSI C owing to the portability, which allows to 
port implementation to other platforms. 

Hardware/Software Optimization : 

This part can be divided into some steps. In the first 
step, we need to analyze the application software, such as 
finding data dependencies for detecting the degree of 
parallelism. In the second step, we rewrite the application 
software and give them the abilities to run on the 
proposed MPSoC in parallel. In the third step, the 
application software will be ported to the proposed 
MPSoC. In the final step, we can evaluate the 
performance of the proposed MPSoC through the 
analysis of testing results. If the application software run 
on the proposed MPSoC correctly and efficiently, all the 
steps are accomplished. Otherwise, we will need to 
proceed to the second step if it did not work or 
unexpected results are given. 

 

3.1 PROPOSED SOFT-CORE BASED 
MULTIPROCESSOR SYSTEM 

 
The proposed multiprocessor system on a chip is built 
based on the Nios™ core, which is a soft-core and also a 
RISC-CORE, and is a commercial production of Altera® 
Corporation. The architecture of proposed system is  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
shown in Figure 3 and it is composed of two processors, 
i.e., Master and Slave. Both processors will work 
independently on different system buses. Referring to the 
SYSTEM BUS 1 it can be found that a Master and 
external devices, such as ETHERNET CONTROLLER, 
UART INTERFACE, I/O PERIPHERAL INTERFACE 
and so forth, are connected with SYSTEM BUS 1. The 
Master is built in the proposed system, and those external 
devices are provided for supporting different purpose. 
The Slave and an I/O PERIPHERAL INTERFACE 
connected with SYSTEM BUS 2. The usage of the I/O 
PERIPHERAL INTERFACE in SYSTEM BUS 2 is 
similar to the usage in SYSTEM BUS 1, hence we also 
can connect with DIP SW and LED via this interface. 
The SHARED MEMORY BRIDGE connect SYSTEM 
BUS, and all processor can be access the out-chip 
memory in same time. 

 

3.2 SHARED MEMORY BRIDGE 
 

In the proposed system, a mechanism, called 
SHARED MEMORY BRIDGE, is inserted to control the 
connections between processors and memory to solve the 
problem of concurrent memory accessing. The memory 
has been separated into two memory modules by 
modifying the hardware, and each module is divided into 
local memory block and shared memory block as shown 
in Figure 4. Therefore, each processor can access its own 
memory blocks at the same time. Besides, ADDRESS 
DECODER of the SHARED MEMORY BRIDGE can be 
used to decide the memory address space of each 
processor. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure4. Memory blocks for each processor 

The shared memory block of each memory module, 
i.e. Memory1 and Memory2, will be divided into two 
segments that include data segment and code segment as 
illustrated in Figure 5. The data segment is used to store 
operation arguments, while the code segment is used to 
store the operation instructions which will be executed by 
processors.  

When each processor in the proposed system 
executes the operations of application software, these 
processors, i.e. Processor1 and Processor2, will need to  
access the shared memory blocks. At first, Processor1 
loads the operation instructions from the code segment  
and operation arguments of data segment from Memory1 
or Memory2, and then stores the results into the data 
segment of Memory1 or Memory2 after completing the 
operations. At the same time, Processor2 will also load 
the operation instructions and operation arguments from 
segments of Memory2 or Memory1. After completing the 
operations, Processor2 will store the results into the data 
segment of Memory2 or Memory1. By applying the 
SHARED MEMORY BRIDGE mechanism, each 

Figure3. Architecture of proposed multiprocessor system 



processor in the proposed system can access Memory1 or 
Memory2 correctly at the same time. 

 
 
 
 
 
 
 
 
 
 
 
 

 

The architecture of SHARE MEMORY BRIDGE is 
shown in Figure6. There’s three major functional blocks 
in the architecture. Each functional block will be 
described below. 

ADDRESS DECODER BLOCK 

There exists a register in the ADDRESS DECODER. 
The register is used to record the base address of the 
shared memory and can divide memory module into two 
parts (i.e., local memory and shared memory). In addition, 
there is a control flag “CTRL_SIG” which is determined 
by the address from ADDRESS BUS connected to 
functional block MIC. If the address is less than the base 
address of the shared memory, control flag “CTRL_SIG” 
will be set to “0” since two memory modules cannot be 
interlaced when local memory is in loading; otherwise, 
control flag “CTRL_SIG” will be set to “1”. 

I/O CONTROL BLOCK 

I/O CONTROL is used to avoid from the collision of  
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 

system bus due to the interlace memory modules. 
According to the clock rate of external system bus, the 
I/O CONTROL will send appropriate values to the 
functional block MIC. 

MIC BLOCK 

This functional block is crucial block of SHARED 
MEMORY BRIDGE. The operations of this block are 
listed as follows.  

(1) MIC receives request signal “CTRL_SIG” from 
two ADDRESS DECODER      function blocks. 

(2) MIC decides the access types of processors and the 
reference methods of memory. 

(3) MIC links to the actual circuit of external memory 
module. 

(4) Finally, MIC accomplishes the memory access. 
 

4. EXPERIMENTAL ENVIRONMENT 
 

In this paper, we use Altera® NIOS II Development 
Board as our developing environment to implement the 
reconfigurable system with the proposed multiprocessor 
system. The specification of this board includes 
Cyclone® II EP2C35 FPGA CHIP, 4MB Flash Memory, 
8MB SDRAM, and the system is running on 50MHz. 
Two study cases are selected for evaluating the 

performance of the proposed multiprocessor system. The 

first case is the Matrix Multiplication program and the 

second case is the Discrete Cosine Transform operation 

program.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure5. Segments of shared memory block 

Figure6. Architecture of the proposed shared memory bridge 



4.1. MATRIX MULTIPLICATION and 
RESULT 

 
The executing time of matrix multiplication is related 

to the size of matrix, more time will spend while the 
matrix size increased. Hence, we can regard the size of 
matrix as the problem size. Matrix multiplication can be 
regarded as many multiplication operations, and most of 
these operations can be executed in parallel since there 
exists no dependence among those operations.  

The equation of matrix multiplication is shown below. 
 
 
 
 
The problem sizes of the matrix multiplication in our 

experiment include 64*64, 128*128 and 256*256. Table1 
and Figure 7 present the execution time of matrix 
multiplication program executed on proposed MPSoC 
and Non-Autonomous MPSoC. It shows that execution 
time of matrix multiplication program run on the 
proposed MPSoC with different problem sizes are always 
smaller than that of the Non-Autonomous MPSoC.  

Table1. Comparison of different MPSoCs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure7. Execution time of performing matrix 

multiplication 
 
4.3 DISCRETE COSINE TRANSFORM and 

RESULT 
 

Discrete Cosine Transform (DCT) is a widely used 
process for image compression. The DCT is similar to the 
Fourier transform but is a pure real operation [9]. The 
basic idea of image compression relies on the lack of 
human eye sensitivity to rapid (high frequency) color 
changes. Thus, by transforming the image to the 

frequency domain, the low frequency components are 
favored more than the high frequency components.  

In our DCT function, the Loeffler algorithm has been 
applied, since the minimum required number of additions 
and multiplications (11 multiplications and 29 additions) 
in this algorithm [10]. As shown in Figure 8, the 
complete 8-point transform can be performed in parallel 
by addition and multiplication and achieved by 4 stages. 
Figure 9 illustrates the building blocks of the algorithm. 
 
 
 
 
 
 
 
 
 

Figure 8. 8-point DCT using the Loeffler algorithm 
 
 
 
 
 
 
 
 

Figure 9. Building blocks for constructing the 
Loeffler algorithm 

The Loeffler algorithm divides the DCT operation 
into four stages.  Therefore, two processors in the MPSoc 
architecture we proposed can access the data via the 
interlace memory of SHARED MEMORY BRIDGE, and 
then rewrite the results sequentially into the shared 
memory after completing the operations. Table 2 lists the 
steps of memory access when Master and Slave are 
executing. Master processor will process stage1 and stage 
2 whose data be inputted in Memory 1 (M1) or Memory 
2 (M2), and Slave processor will be continuous to 
process stage 3 and stage 4, whose data is from Master 
processor of previous step. The first step, Master 
executes Stage1 and Stage2 of the Loeffler DCT 
operation with arguments loaded from M1, and the 
results is stored in M1, and Slave is idle. In the second 
step, Master still executes Stage1 and Stage2 with 
arguments loaded from M2, and writes these results into 
M2. Slave executes Stage3 and Stage4 by using the 
results of Stage1 and Stage2 loaded from Memory1 (M1), 
which are generated from Master in the previous step. 
After Stage3 and Stage4 completed, Slave writes the 
results into M1. In the third step, Master and Slave do the 
same operations as in the second step but with different 
memory. Similar steps are performed until completing 
the DCT operations. 



Table 2. DCT processing steps used in Master and 
Slave 

 

 

 

 

 
 
The comparisons of performance between proposed 

MPSoC and Non-Autonomous MPSoC are shown in 
Figure 10. Table 3 shows the time required when the 
DCT operations executed on both MPSoC systems. 

Table 3. Execution time of the Loeffler algorithm 
running on both MPSoCs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Execution time of performing the Loeffler 
algorithm 

 
5. CONCLUSIONS 
 

In this paper, we make a study of constructing a 
multiprocessor system with a reconfigurable architecture 
by using soft-core. We also propose the SHARED 
MEMORY BRIDGE that provides the mechanism for 
multiprocessor to access shared memory concurrently. 
Since using the architecture of reconfigurable chip, we 
can reduce the developing cycle significantly and can 
modify hardware circuits of MPSoC flexibly, i.e., to 
change the memory accessing range of the SHARED 
MEMORY BRIDGE according to different demands. 

In addition, we make two study cases to verify the 
performance of the proposed system when executing 
applications in parallel. The first case is Matrix 
Multiplication and the second case is DCT operations. 
Two testing systems are selected to execute both study 
cases and compare with each other. One of these two 
testing systems is proposed MPSoC; the other is Altera® 

Non-Autonomous MPSoC. The experimental results 
show that about 47% and 36% of performance 
improvement will be obtained when using proposed 
MPSoC to execute both study cases. 
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