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Abstract—This paper addresses the inherent unreliability and 
instability of the multiple uncertain characteristics of complex 
embedded multiprocessor systems, such as MPSoC (multi-
processor system on chip) systems. In this work, we propose a 
fuzzy sets description for the multiple uncertain characteristics of 
system, and using fuzzy set membership calculation to determine 
the scheduling priorities of tasks and resources, in order to 
improve the capability of concurrent executions of tasks. And 
also we present a method estimation of comprehensive analysis 
on the multiple performances in order to increase utilization 
factor and balancing loads on processors. Through simulation, 
we demonstrate that the fuzzy dynamic scheduling algorithm can 
handle wide variety requirements of multiple performances, and 
we also show an improved approach to solve its demerit of partial 
adjustment. We implemented a prototype MPSoC system, which 
utilizes the proposed fuzzy dynamic scheduling algorithm to 
allocating tasks onto the multiprocessors. And in our case studies, 
we design a parallel architecture h.264 encoder, running on a 
multicore MPSoC system on FPGA. The speedup ratio of this 
prototype application system is up to 12.69. 

Keywords-MPSoC System; Dynamic Scheduling; Multi-
characteristics;  Priority Level;  Fuzzy Set; Video Processing; 
Parallel Processing 

I. INTRODUCTION  
With the rapid improvement of microprocessor technology, 

MPSoC system, featured as high in performance, extensible, 
small in size and low in power consumption, is able to meet 
requirements of complex embedded systems for computing 
performance, power consumption and cost, thus having become 
one of the mainstream development trends of embedded 
systems [1], [2]. Currently, MPSoC is widely used in computer 
communication, digital media, auto electronics, medical 
electronics, aviation and aerospace, industrial control and many 
other fields, and the relevance of research topics on MPSoC 
has engaged many enterprises and institutes in research on 
MPSoC, such as programming model, task scheduling, system 
development, debugging environment and system safety; 
among these, real-time dynamic scheduling has become an 
important topic [3], [4]. 

While scheduling of multicore processor is NP-Hard [5], 
there is no optimal polynomial-time algorithm. Meanwhile, 
realization of a scheduler applicable to systems of different 

structures and application fields becomes a new challenge. 
Researchers apply heuristic search to find a partial optimal 
scheduling solution for this system [16], [17], [18], [19]. 
Priority scheduling algorithms are most commonly used. 
Scheduling algorithms based on task priority mainly include 
RM, EDF, LSF [6], [7], [8], [9], and some complex fix-priority 
policies such as the policy of integrated priority [10], [11]. And 
the myopic [12], [13], thrift [14], group-proper [15] algorithms 
analyzed in this paper are integrated priority. 

However, the above algorithms are dependent on prior 
characteristic values of the system and loads, and can only 
provide performance guarantee in a predictable environment 
when all constraints of system and tasks are known accurately. 
In actual applications however, characteristics of many tasks 
are always uncertain and fuzzy. Furthermore, execution 
performance of computing and control algorithms, real-time 
operating system, scheduling and network delay may cause 
delays and errors, and system overload or failures may also 
lead to uncertain changes in the system. And also some 
characteristics of tasks are time-varying, such as the laxity time 
of tasks, the executed ratio of tasks and the remaining ratio of 
tasks. These characteristics can’t be calculated completely 
accurately, so they can be considered as fuzzy and uncertain 
random variables. Further, the key features of tasks are relative, 
and it is not suitable to use a certain value describing the 
criticality of tasks distinguishingly. 

Hence some researchers have proposed to utilize the fuzzy 
theory for dynamic scheduling, fuzzy sets for description of 
uncertainties and priority levels of different tasks, and the rules 
of fuzzy sets for determination of priority levels. Some fuzzy 
dynamic scheduling algorithms [16], [17] and some fuzzy 
model [18], [19] for representation of fuzzy constraint rules, 
but most description functions in these papers are certain, it is 
inflexible to use certain functions for description of time-
varying uncertain characteristics; in addition, all the above 
methods give no consideration to other characteristics such as 
key features of tasks, resource factor or limited priority levels, 
and more system performances. They just only focus on a 
certain feature or a certain performance of system scheduling, 
that is unable to meet diversified requirements of a system, 
such as success ratio of scheduling, schedule time length etc. 

This work was supported by the China National Natural Science Foundation 
under Grant 60773186, and the High-level Personnel Training Project of 
Beijing University of Technology. 
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The main goal of this paper is to establish fuzzy model of 
complex MPSoC system, and apply proper scheduling policy to 
meet composite requirements for multiple performances. In 
order to do that, we propose a new real-time fuzzy scheduling 
algorithm for MPSoC, multi-characteristics fuzzy dynamic 
scheduling (Multi-Fuzzy algorithm), It uses language fuzzy sets 
for modeling various characteristics of tasks and system, and 
calculates the target priority functions of tasks and resources 
based on the membership rules of these fuzzy sets, and this 
paper further proposes the solution for partial adjustment. 

The rest of this paper is organized as follows: section II 
Introduces our models, definitions and computation methods of 
algorithm, section III discusses the multi-characteristics fuzzy 
dynamic scheduling algorithm. In section IV a case study and 
simulation results are presented and discussed. Finally, section 
V summarizes the work. 

II. CONCEPTS, DEFINITIONS, METHODS 

A. System and Task Model 
Provided a real-time MPSoC system S  has m processors 

(m 1), r resources (r 1) and n tasks in a task set (n>>1), this 
system can be described as below: 

{ , } | |m r nS P R T H=  
Definitions of the key parameters are summarized in Table I.  

TABLE I.  SYMBOLS AND DEFINITIONS IN ALGORITHM 

symbol definition 
at τ  Task arriving time 
dt τ  Task deadline 
et τ  Task executing time 

( )ret τ  The remaining executing time of taskτ  

( )ts τ  The laxity time of taskτ , ( ) ( )ts td t retτ τ τ= − − ; 
1 2,wt wt  The weights in time factor for tasks 

EAT  The earliest available time 

ft  Factor time, 1 2[ ( ) * ( )] /d eft t wt EAT wt ts tτ ττ τ= + × +  

fp  Factor parallel level 
1min( ( ),..., ( ))R Rnfp tk tkτ τ=  

fc  Factor parallel level 
0 ( )efc fc t retτ τ−= +  

wp  The weights in processors priority 

( )PU p  The utilization ratio of processors 

( )PEAT p  The earliest available time of processors 

 

In system resource kR  has kr  access tokens tk (maximum 
number of shared access), tokens are independent and each 
enables a shared access. The available resource state can be 
signed as  

1 1{ ( ), , ( )}k k k k

k k

R R R Rtk EAT tk EATr r  

Each of the kr access tokens has a time label kREAT it 
means this token’s earliest available time. And 
setting _Rk sEAT , _Rk eEAT  denote the EAT of resource 

kR in shared mode and exclusive mode, then 

 

_

_

min( ),

max( ),

0

k

k

R
Rk s j

R
Rk e j

k

EAT EAT

EAT EAT
j r

=

=

< ≤

 (1) 

So, the EAT f source for task  s denoted as: 

 _ _max(max( ), max( ))R Rj e Rj sEAT EAT EAT=  (2) 

The EAT of system processors is 

 min( ),0P PjEAT EAT j m= < ≤  (3) 

PjEAT  is the EAT of processor Pj. 

Then, the earliest available time of task  should be  

 ( ) max( , , ( ))a RpEAT t EAT EATττ τ=  (4) 

B. Fuzzy Set Model  
Fuzzy sets are described based on uncertain multi-

characteristics of tasks, and target priority function ( )TH τ  is 
worked out after computation and quantitative evaluation based 
on the rules of fuzzy sets. 

• Relative time ft  

ft  is an evaluation value of the time factor of all tasks. It 
changes with increase of scheduling time. As described in 
Table 1, ft  is a weighted comprehensive estimation of dt τ , 

( )EAT τ  and ( )ts τ . Therefore, the relative time of tasks is 
uncertain and can be described with fuzzy sets, such as “most 
urgent (shortest)”, “urgent (short)”, “moderate (medium)”, 
“slack (long)”, “slackest (longest)” and etc., and expressed as 

1( ), , ( )nA sa A sa fuzzy sets. It is denoted as   

 
( 1) ( )( ) ( )( ) ,
( 1) ( )

A sa A sanu ft u ftSa ft
A sa A san

= +…+  (5) 

Here ( )( )A saiu ft  is the membership of relative time to 

fuzzy set ( )iA sa , and ( )
1

( ) 1
n

A sai
i

u ft
=

= . 
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• Parallel level fp  

Similarly, the capability of parallel execution of tasks is 
decided by the resources available tokens at that time. fp  is 
equal to the minimum of number of available resources 
tokens( 0fp ≥ ), and task of lower fp  value will be given 
higher priority. The system resources access tokens are time-
varying by the system scheduling process. So fp  is also 
uncertain and can be described with fuzzy sets, classified as 
“higher”, “medium”, “lower”, and denoted as   

 
1

1

( ) ( )( ) ,
( ) ( )

b bn

b bn

u fp u fpSb fp
B s B s

= +…+  (6) 

• Key feature fc  

 Key feature is the importance mark of a task in the task set, 
which is describing the criticality of tasks. And as shown in 
Table 1, it is related to the executed time of task, which is 
time-varying. So we use fuzzy sets express it as “important”, 
“ordinary” and “unimportant”, and denoted as   

 
1

1

( ) ( )( ) ,
( ) ( )

C Cn

n

u fc u fcSc fc
C sc C sc

= +…+  (7) 

C. Calculation Methods 
• Composite target function of task priority 

Let g indicating uncertain characteristics be represented 
by{ , , }A G , and the jth fuzzy set of uncertain characteristic 
xi as ( )( )A aj xi ; fuzzy membership ( )( )A aj xiu  is the possibility 
of task  belonging to ( )( )A aj xi ; then matrix ( )fQ τ  
represents the possible membership of a task in various fuzzy 
sets: 

 

( 1)( 1) ( )( 1)

( 1)( ) ( )( )

( )
A sa x A san x

f

G sg xg G sgn xg

u u
Q

u u
τ

…
= … … …

…
 (8) 

To decide the importance of fuzzy sets and multi-
characteristics in priority levels, we set up resultant weight 
vector fW  and evaluation level vector fΔ of different fuzzy 
characteristics, shown as: 

 ( ) ( )f f fTH W Qτ τ= ⋅Δ  (9) 

Here,  

 1 1[ , , ] , [ , , ]T
f f f f gW w wηΔ = Δ Δ =   

We get the membership of task priority level, through the 
computation on max-min rules of fuzzy set, as ( )f fPb W Q τ=  

[ ]1, ,b bp p η= …  and then Pb  is multiplied by fΔ  to get the co-
rresponding value of ( )TH τ . Scheduling of tasks should be 
decided according to the ( )TH τ  value of current tasks. And 
generally, the smaller the ( )TH τ  value is, the higher the 
priority level is. 

• Target function of processor priority 

In the policy of processor selection, we should consider the 
relationships between the feasible time of tasks, available time 
of resources and available time of processors, and select the 
appropriate processor in available processor subsets to reduce 
the schedule time length of task sets and improve processor 
utilization. 

 

min min

( ) ( ) * ( ),
()

{ | ( ) min( ( )), }

P P P P

P P j j

H p EAT p W U p
Pchoose

p H p H p p P

= +

= = ∈
 (10) 

• Auto-adjustment 

 
Figure 1.  Multi-Fuzzy Algorithm 

The method of auto-adjustment is for purposes of better 
comprehensive performances in scheduling success, schedule 
time length and resource utilization, and modification of the 
weights of various fuzzy characteristics of priority levels , if the 
schedule performance of a partial task subset is lower than the 
initial threshold value during scheduling of task sets, namely 

'f f fW W W= + Δ ; and then adjusting step by step until the 
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schedule performance reaches the initial threshold, so as to 
improve scheduling performance of task sets. 

III.  MULTI-FUZZY SCHEDULING ALGORITHM 

A. Description of Multi-Fuzzy Algorithm 
As described in Fig.1, multi-fuzzy algorithm is divided 

into several parts: Lines1 to 2 are designed for initial setting of 
the system, and line 3 for updating tasks ready for the task 
ready queue _T ready , in the order of increasing deadlines; 
Lines 4 to 19for heuristic scheduling; specifically, lines 6 for 
feasibility analysis of tasks in the search window ws; lines 8 to 
10 for further extension of partial schedule only when feasible, 
selecting proper tasks and processors for execution, updating 
the status table after execution, while system scheduling goes 
to line 5 for the next scheduling; lines 12 to 14 forces search 
tree to backtrack to the upper level schedule and for resetting 
the processor choose l when unfeasible, while lines 17 to 19 for 
auto-adjustment of the algorithm’s weight parameter W, so as 
to properly adjust weight ratios between various characteristics. 

B. Metrics for Performance Evaluation 
For task scheduling of MPSoC, success ratio is an 

important metric for evaluation; meanwhile, other metrics such 
as schedule time length, average scheduling cost and processor 
utilization, affect scheduling performance directly and reflect 
the scheduling efficiency per unit of time, the power 
consumption of the system and effective utilization of 
resources. Hence this paper studies the metrics of these 
performances. 

• Success Ratio ( )SR T :  

 ( ) / 100%success sumSR T N N= ×  (11) 

successN , number of task sets that can be successfully 
scheduled; sumN , total number of task sets. 

• Scheduling Time Length TL :  

 
1

( ) /success
finish

N
success

i
TL t i N

=
=  (12) 

( )finisht i , scheduling time for each task set; TL , the 
average value of schedule time of all the task set available for 
scheduling; 

• Average scheduling cost HN  

HN refers to the number of times that local scheduling 
function is called during scheduling of task sets, namely the 
average length of total schedule number of calculation of task 
priority and evaluation value of processors. 

• Processor Utilization PUR :  

 / 100%Pj e finish
Pj

UR t tτ= ×  (13) 

e
Pj

t τ  refers to the total execution time of tasks allocated 

to processor jP . 

IV. CASE STUDIES 

A. Simulation Experiments   
The primary MPSoC system is built on the XUPV5-

LX110T Development Board from Xilinx, this board has a 
Virtex-5 XC5VLX110T FPGA, and a video VGA input and 
DVI output hardware. Our experiments are simulated on the 
FPGA, setting the MPSoC system on FPGA processing the 
video data, and output the video multi-display onto a PC 
screen. 

 

Figure 2.  Experiment Platform Overview.  

 

Figure 3.  Architecture of MPSoC System for Video Processing.  

The video processing is divided into some tasks to be 
executed on multiprocessors, and each processor has a local 
BRAM resource and share an external DDR2 SDRAM. The 
overview of the experiment platform is given in Fig. 2. And the 
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architecture of MPSoC System for Video Processing is shown 
in Fig. 3. 

B. Results Analysis  
Fig. 4 shows effects of laxity r on success ratio SR of 

algorithms. SR of the four algorithms becomes higher when r  

 

Figure 4.  Success Ratio of Scheduling. 

 

Figure 5.   Average Number of Backtracking. 

 

Figure 6.  Average Scheduling Cost 

increases; specifically, when r falls in the interval (0, 0.1), SR 
of multi-fuzzy algorithms are relatively low; but it increases  
rapidly when r is over 0.3, exceeds other algorithms when r is 
around 0.5 and remains the highest when r is above 0.5. For 
multi-fuzzy algorithm with different weights, the success ratio 
varies significantly when r value is small, and the rate of 
change is different as r increases, but after r exceeds 0.5, the  

 

Figure 7.  Average Scheduling Time Length. 

 

Figure 8.   Processor Utilization: (a) Myopic. (b) Thrift. (c) Group-Proper. (d) 
Multi-Fuzzy  

 

Figure 9.   Improvement of Multi-Fuzzy Algorithm 
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difference becomes insignificant, falling within 10%. The 
performance test of Average number of backtracking sets 
maximum backtracking number N as 10. As show in Fig. 5, all 
algorithms decreases slowly with r; thrift algorithm is the 
highest, 3-4 times per task set; that of group-proper algorithm 
is the second highest with a level of 2.5-3.5 times per task set; 
and larger number of backtracking means a lower probability 
of successful search for a feasible solution, and the correspon-
ding scheduling cost and time of the scheduler are added. In 
Fig. 6, scheduling costs of thrift and group-proper algorithms 
are obviously higher when r value is small; as r the scheduling 
costs of algorithms increases, and when laxity r is over 0.6, SR 
of all algorithms is close to each other, multi-fuzzy algorithm is 
just only higher than myopic algorithm. HN (shown in Fig. 7) 
of thrift and group-proper is longer and increases linearly with 
laxity r, while that of myopic and multi-fuzzy algorithms tend 
to be stable around 340-350 time units, close to the basic time 
length of task set generator SC(330 on average); this resulted 
from effects of the policy of processor allocation of algorithms. 
And for PUR in Fig. 8, single processor utilization of the thrift 
algorithm is the highest, up to 94%; that of myopic and group-
proper algorithms are 74% and 85% respectively, and that of 
the multi-fuzzy algorithm is 92%. In terms of equalizing in 
processor utilization, performance of the multi-fuzzy algorithm 
is the best, for loads on various processors are the most even. 

C. Improvement Policy of Multi-Fuzzy Algorithm 
In the test in section IV-A, SR of multi-fuzzy algorithm 

is not so high when laxity r is low, thus we adjust part of the 
scheduling policy. Standards for processor selection can be 
properly loosened so as to select feasible processors with a 
suboptimal evaluation function value or a value closer to the 
average, providing more opportunities for those infeasible 
tasks. For example, the processor with a ( )PH P  value close to 

PH  can be selected, as 

 
1, 0.3

( )
( ), 0.3

P
P

r
f r

Lt H r

>
=

≤
 (14) 

with set ( )Pf r  as a selection parameter of the algorithm. 

When r is no higher than 0.3, ( )PLt H  is the sequence number 

of processor whose ( )PH P  is closest to and less than PH ; A 
simulation test is performed in reference to the adjustment 
policy. It can be seen from simulation results in Fig. 9 that the 
algorithm is significantly improved when time constraints are 
tight (r 0.3), in that SR is increased from 20%-30% to 50%. 

D. Implement h.264 Encoder on FPGA 
A high performance FPGA was used to implement an 

MPSoC of h.264 encoder, as shown in Fig. 10, and the 
heterogeneous multi-core processor architecture has been 
designed for the special use of mass data computation. The 
MPSoC has five MBs (MicroBlaze), which is a software IP 
core of 32bit general CPU. These MBs are connected by the on 

chip high speed interconnection network directly. The Main 
Processor is in charge of the system initialization and system 
controlling, and other Synergistic Processors execute parallel 
video data computation separately. Each processor has a local 
L1 cache to load and store data used by executing unit. So there 
is potential competition to the occupation of data transmission. 
The Multi-Fuzzy Scheduling is running on the Main MB to be 
evaluated for scheduling and communication of system.  

 

Figure 10.   Architecture of Heterogeneous Multiprocessor System for Video 
Processing 

 
Figure 11.  The Data Flow and Task Allocation of h.264 Encoder 

In the h.264 video encoding application, the prototype 
system will capture the video stream as input, encode these 
video data and stored the encoded data to the output buffer.  
Fig. 11 outlines the data flow and task mapping of this 
application. In this application, the main MB is charge for 
allocating video stream data to the other Synergistic Processors, 
and gathering the encoded data from the video processing 
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processors to output into the external memory. Each MB will 
execute a complete h.264 encoding process. This process is 
divided up into several tasks: Intra Prediction, Forward and 
Inverse Transforms, Forward and Inverse Quantization, 
Reconstruction and Entropy Coder. We map these tasks onto 
different cores in each MB subsystem. 

In the h.264 encoding processing, a frame is divided into 
many macroblocks. Hence it becomes the basic processing 
object for each core. The shared local memory (L1 cache) and 
some buffers between cores (such as FIFOs) are using for 
cache data, by which the one-way data stream can be divided 
into Multi-stage pipeline to greatly improve the system 
parallel performances.  

 

Figure 12.   Execution Time of h.264 Encoder 

 

Figure 13.  Speedup Ratio of h.264 Encoder 

The Fig. 12 shows the execution time of the h.264 encoding 
for different number of processors. We have run the encoder 
under 100MHz system clock. In this example the baseline 
case allocates the tasks with the invariable macroblocks onto 
these processors, and the improved case use the fuzzy 
dynamic scheduling to allocate the macroblocks onto the 
appropriate processor. And the Fig. 13 shows the parallel 
speedup ratio performance, with the increase of number of 
processors, the speedup ratio of this application is improved. 
The highest speedup ratio is up to 10.53 and 12.69 in baseline 
case and improved case. The improved case can achieve better 
speedup ratio performance, because it minimize the difference 

of each processor’s executing time so  that there are less 
communications  and high utilization. 

V. CONCLUSION 
The multiple performances are keys for scheduling 

algorithms and scheduler. By referring to these scheduling 
performance parameters, we can study the corresponding 
performances in detail, such as cost efficiency, scheduling 
efficiency. The multi-fuzzy algorithm is better suited to task 
scheduling in a complex system with multiple characteristics, 
and it works well in various scheduling performances, thus able 
to meet the requirements for dynamic task scheduling more 
effectively. 

In different target systems actually designed, performance 
parameter standards and weights may vary significantly due to 
difference in design key points. Therefore, algorithms should 
be applied according to actual conditions during design of 
scheduler. 

And we implement a prototype design with the fuzzy 
dynamic scheduling method for the hierarchical MPSoC 
architecture, which adopts a MPSoC h.264 encoder. The 
speedup ratio of this prototype application system is up to 
12.69. 
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