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Abstract 

Due to increased complexity of today’s computer systems, which are manufactured in recent 
semiconductor technologies, and the fact that recent semiconductor technologies are more 
liable to soft errors (non-permanent errors) it is inherently difficult to ensure that the systems 
are and will remain error-free. Depending on the application, a soft error can have serious 
consequences for the system. It is therefore important to detect the presence of soft errors as 
early as possible and recover from the erroneous state and maintain correct operation. There is 
an entire research area devoted on proposing, implementing and analyzing techniques that can 
detect and recover from these errors, known as fault tolerance. The drawback of using fault 
tolerance is that it usually introduces some overhead. This overhead may be for instance 
redundant hardware, which increases the cost of the system, or it may be a time overhead that 
negatively impacts on system performance. Thus a main concern when applying fault 
tolerance is to minimize the imposed overhead while the system is still able to deliver the 
correct error-free operation. In this thesis we have analyzed one well known fault tolerant 
technique, Rollback-Recovery with Checkpointing (RRC). This technique is able to detect 
and recover from errors by taking and storing checkpoints during the execution of a job. 
Therefore we can think as if a job is divided into a number of execution segments and a 
checkpoint is taken after executing each execution segment. This technique requires the job to 
be concurrently executed on two processors. At each checkpoint, both processors exchange 
data, which contains enough information for the job’s state. The exchanged data are then 
compared. If the data differ, it means that an error is detected in the previous execution 
segment and it is therefore re-executed. If the exchanged data are the same, it means that no 
errors are detected and the data are stored as a safe point from which the job can be restarted 
later. A time overhead due to exchanging data between processors is therefore introduced, and 
it increases the average execution time of a job, i.e. the average time required for a given job 
to complete. The overhead depends on the number of links that has to be traversed (due to 
data exchange) after each execution segment and the number of execution segments that are 
needed for the given job. The number of links that has to be traversed after each execution 
segment is twice the distance between the processors that are executing the same job 
concurrently. However, this is only true if all the links are fully functional. A link failure can 
result in a longer route for communication between the processors. Even though all links are 
fully functional, the number of execution segments still depends on error-free probabilities of 
the processors, and these error-free probabilities can vary between processors. This implies 
that the choice of processors affects the total number of links the communication has to 
traverse. Choosing two processors with higher error-free probability further away from each 
other increases the distance, but decreases the number of execution segments, which can 
result in a lower overhead. By carefully determining the mapping for a given job, one can 
decrease the overhead, hence decreasing the average execution time. Since it is very common 
to have a larger number of jobs than available resources, it is not only important to find a 
good mapping to decrease the average execution time for a whole system, but also a good 
order of execution for a given set jobs (scheduling of the jobs). We propose in this thesis 
several mapping and scheduling algorithms that aim to reduce the average execution time in a 
fault-tolerant multiprocessor System-on-Chip, which uses Network-on-Chip as an underlying 
interconnect architecture, so that the fault-tolerant technique (RRC) can perform efficiently. 
 



 iv 



 v 

Acknowledgements 

I, Erik Karlsson, author of this thesis wish to thank Erik Larsson, my examiner, for qualified 
feedback and great support. I would also like to thank my two supervisors, Dimitar Nikolov 
and Urban Ingelsson, for all the help and feedback. An extra big “thank you” goes to Dimitar, 
for sacrificing late nights for my sake. My last thanks goes to my beloved fiancée, Nina 
Andersson, who for a long time had to put up with me working late nights in front of the 
computer and going to sleep in an empty bed. She has been a great support for me during this 
long journey of writing this thesis.  



 vi 



 vii  

Table of Contents 

ABSTRACT.........................................................................................................................................................III 

ACKNOWLEDGEMENTS..................................................................................................................................V 

1 INTRODUCTION......................................................................................................................................... 9 

1.1 MULTIPROCESSOR SYSTEM-ON-CHIP (MPSOC).................................................................................... 10 
1.2 NETWORK-ON-CHIP (NOC)................................................................................................................... 10 
1.3 SYSTEM SOFTWARE.............................................................................................................................. 12 
1.4 FAULT TOLERANCE............................................................................................................................... 13 
1.5 ROLLBACK-RECOVERY WITH CHECKPOINTING (RRC) ......................................................................... 13 
1.6 PROBLEM FORMULATION ...................................................................................................................... 14 
1.7 NOTATIONS........................................................................................................................................... 15 

2 BACKGROUND AND RELATED WORK.............................................................................................. 17 

2.1 MAPPING AND SCHEDULING ................................................................................................................. 17 
2.2 FAULT TOLERANCE IN MULTIPROCESSOR SYSTEMS-ON-CHIPS............................................................. 19 

2.2.1 Processor Failures ......................................................................................................................... 19 
2.2.2 Link Failures .................................................................................................................................. 19 

3 JOB MAPPING ADDRESSING LINK FAILURES................................................................................ 21 

3.1 AVERAGE COMMUNICATION TIME ........................................................................................................ 22 
3.2 COST VS. RELIABILITY .......................................................................................................................... 24 
3.3 SUMMARY ............................................................................................................................................. 25 

4 JOB MAPPING AND SCHEDULING ADDRESSING PROCESSOR FAILURE .............................. 27 

4.1 SEPARATED MAPPING AND SCHEDULING.............................................................................................. 28 
4.1.1 Greedy-based Mapping Algorithm ................................................................................................. 29 
4.1.2 Graph-based Mapping Algorithm................................................................................................... 30 
4.1.3 Scheduling Algorithm ..................................................................................................................... 37 

4.2 INTEGRATED MAPPING AND SCHEDULING ............................................................................................ 38 
4.3 SUMMARY ............................................................................................................................................. 41 

5 EXPERIMENTAL EVALUATION .......................................................................................................... 43 

5.1 TRIVIAL MAPPING ALGORITHMS .......................................................................................................... 43 
5.1.1 Horizontal Mapping Algorithm ...................................................................................................... 43 
5.1.2 Vertical Mapping Algorithm........................................................................................................... 44 

5.2 EXPERIMENTAL SETUP.......................................................................................................................... 44 
5.3 EXPERIMENTAL RESULTS...................................................................................................................... 44 
5.4 CONCLUSION AND FUTURE WORK ........................................................................................................ 48 

6 REFERENCES............................................................................................................................................ 49 

APPENDIX A – ANALYZIS CONCERNING THE BEHAVIOR OF TH E AVERAGE EXECUTION 
TIME WHEN DEPENDENT ON THE AVERAGE COMMUNICATION TI ME ...................................... 51 

APPENDIX B – MAXIMUM DISTANCE BETWEEN TWO NODES IN A SQUARE MESH SHAPED 
TOPOLOGY ....................................................................................................................................................... 57 

APPENDIX C - DICTIONARY CONTAINING TERMS USED IN TH IS THESIS.................................... 61 



 8 



 9 

1 Introduction 
The number of transistors in an Integrated Circuit (also known as IC, microcircuit, microchip, 
silicon chip, or chip) reflects its complexity and often its computational capacity. By 
shrinking transistors’ sizes, latest semiconductor technologies have made it possible to design 
and fabricate ICs that contain hundreds of million transistors [7]. By increasing the number of 
transistors in a system, the system becomes more complex. Due to increased system 
complexity and the fact that newer semiconductor technologies are more liable to soft errors 
[13] (errors that occur in a system but disappear after a while) it is inherently difficult to 
ensure that the system itself is and will remain, error-free. The presence of soft errors in a 
system usually disrupts the system functionality, which leads to a behaviour other than 
expected. Depending on the application, one can not tolerate system misbehaviour because it 
can have serious consequences and there is therefore a need to detect the presence of soft 
errors as early as possible and try to recover from the erroneous state to maintain correct 
operation. For example a computer driven car that calculates the distance to the closest object 
in front of it, can have very drastic consequences if it calculates the wrong value and breaks 
too late, so for this type of applications it is highly required to ensure correct operation. Even 
in general-purpose systems we may have applications that do not tolerate presence of errors. 
For instance, in a video application if the colour of one pixel is not computed correctly, the 
erroneous behaviour is almost not observable and therefore presence of errors is tolerated, 
while on the other hand if you have an application that performs intensive computations and 
requires long execution time, it is important that at the end the application outputs correct 
result and therefore presence of errors is not tolerated in this case. Out of this discussion we 
see that there are applications where soft errors are not tolerated, and to prevent the erroneous 
behaviour of the system, it should incorporate techniques that detect and recover from errors. 
There is an entire research area devoted on proposing, implementing and analyzing such 
techniques, known as fault tolerance. Applying fault tolerance in a system has the positive 
side of detecting and recovering from errors. However, this is not completely free, but instead 
it comes at a certain cost. Usually when applying fault tolerance, it introduces some overhead. 
This overhead may for instance be redundant hardware, which increases the cost of the 
system, or it may be a time overhead that negatively impacts on system performance. Thus a 
main concern when applying fault tolerance is to minimize the imposed overhead while the 
system is still able to detect and recover from errors, such that correct error-free operation is 
delivered. In this thesis we have analyzed one well known fault tolerant technique, Rollback-
Recovery with Checkpointing (RRC). This technique is able to detect and recover from errors 
at the cost of introducing time overhead that increases the average execution time of a job 
(AETJOB), i.e. the average time required for a given job to complete. The thesis aims to reduce 
the average execution time in a fault-tolerant multiprocessor System-on-Chip (MPSoC) that 
uses Network-on-Chip (NoC) as an underlying interconnect architecture, so that the fault-
tolerant technique (RRC) can perform efficiently. The concepts of multiprocessor System-on-
Chip and Network-on-Chip along with the fault-tolerant technique Rollback-Recovery with 
Checkpointing are explained later in this chapter.  
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1.1 Multiprocessor System-on-Chip (MPSoC) 
The rapid development in semiconductor technologies has enabled manufacturing of 
integrated circuits (ICs) that can implement entire system onto a single die, and such ICs are 
often referred to as System-On-Chip (SoC). These ICs are equipped with a variety of 
functions, and deliver very high performance, and therefore they are becoming commonly 
used among different applications. To keep up with the constant need of high performance, it 
is very common that SoCs are designed with several processors, and these SoCs are also 
known as multiprocessor System-on-Chip (MPSoC). The most common architecture of an 
MPSoC is depicted in Figure 1. It consists of a set of processors that use a single shared bus to 
access the shared memory. The drawback of this architecture is that only one processor can 
access the shared memory at a time, meaning that other processors need to wait for the shared 
bus to get free.  

 

1.2 Network-on-Chip (NoC) 
To avoid the drawback of the architecture presented in the section above, a new architecture is 
described; known as Network-on-Chip (NoC). The NoC architecture consists of a network 
topology with several nodes, containing resources and a switch. The switch handles traffic 
between the resources in the network. A resource can be anything from a memory storing data 
to a processor computing data [6]. The most commonly used network topology is the mesh-
shaped network consisting of m columns and n rows (an example is illustrated in Figure 2). 
Another common network topology is the torus network, which is an improved mesh-shaped 
network. Top node of a column is connected to the bottom node from the same column and 
the first node of a row is connected to the last node from the same row (an example is 
illustrated in Figure 3) [7]. Both these topologies give a great scalability. 

 

Processor 1 
Shared 

Memory Processor 2 Processor N 

Figure 1: MPSoC architecture with N processors and a shared memory 
communicating via a shared bus. 

Shared bus 

•  •  • 

Figure 3: Five by four torus-
shaped network. 

Figure 2: Five by four mesh-
shaped network. 
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The scalable network infrastructure is a flexible platform that can be adapted to the needs of 
different applications. With the scaling and more complex architecture, the error probability 
increases and it is therefore important to implement techniques for the system that can detect 
and handle these errors as they occur. Our research assumes the network to have a topology of 
a simple mesh, i.e. a square matrix of m by m identical nodes where m is any number larger 
than one, illustrated by Figure 4. Every node is represented with (x, y) coordinates in the 
network and consists of a processor for computing data, a memory to store program and data, 
an independent hardware to handle fault tolerance and a switch for communicating with other 
nodes in the network (illustrated in Figure 5). We assume that the switch has a routing 
algorithm that always finds the shortest available route between two communicating nodes. A 
route is a path that connects two nodes. We define the length of the route as the number of 
traversed links. There can be different routes of the same length that connect the same two 
nodes. Communicating over a link takes a certain time, which is defined as the link cost (τlink). 
All the links in the network have the same link cost. The minimal communication time 
between two nodes in a network is therefore the minimum distance between the nodes in the 
network multiplied with the link cost. The minimum distance can be calculated with the 
Manhattan distance function; in a plane where there are two points A(x1, y1) and B(x2, y2) the 

distance between these points is calculated as 2121 yyxx −+− . This means that the minimal 
communication time can be calculated with Eq. (1), where xi and yi are the coordinates of 
node Ni 

( ) ( )1min 2121 linkcom yyxx ττ ⋅−+−=     

For simplicity in this thesis we will, when using examples, refer to a four by four (4x4) 
network where the nodes are labelled with the notations from N0 to N15, starting from the top 
left corner to the bottom right corner, as illustrated in Figure 6. 

  

Memory 

0,0 1,0 2,0 m,0 

m,1 2,1 1,1  

0,2 1,2 2,2 m,2 

m,m 2,m 1,m 0,m 

Figure 4: Layout inside a node of a NoC architecture. 

N0 N1 N2 N3 

N7 N6 N5 N4 

N8 N9 N10 N11 

N15 N14 N13 N12 

Processor 
Fault 

tolerance 
hardware 

Memory 

Figure 5: MPSoC with a NoC architecture, 
consisting of 4 by 4 nodes. Figure 6: MPSoC with a NoC architecture, 

consisting of m by m nodes. 

Processor 
Fault 

tolerance 
hardware 

Switch Switch 
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1.3 System Software 
The hardware architecture described earlier (MPSoC with an underlying NoC interconnect 
architecture) is used for running the system software. The system software consists of a set of 
jobs. These jobs can either be dependent or independent. Dependent jobs mean that several 
jobs depend on each other. For example one job needs calculations from another job before it 
can compute the correct output. For simplicity in this thesis we only address jobs that are 
independent. To run a job on the system requires some hardware resources. Allocating 
hardware resources for a particular job is called job mapping. For example in the system 
illustrated in Figure 7, three jobs: J1, J2 and J3 are mapped to N5, N7 and N12, respectively. The 
good side of having hardware architecture like this is that several jobs can be run 
concurrently. Due to concurrency the throughput of the system is increased. Usually the 
system software is heavier than the hardware, meaning that it is very common to have larger 
number of jobs than available resources. All jobs are therefore stored in a waiting queue and 
are run after a schedule, which decides at what time a job is to be executed. When the job is 
scheduled to execute, a processor in the NoC is chosen for that particular job, i.e. the job is 
mapped on that processor. For example, at time zero in a four by four NoC system, three jobs: 
J1, J2 and J3 are mapped to N5, N7 and N12, respectively as illustrated in Figure 7. Later at time 
τ, J1 has finished its execution and two new jobs: J4 and J5 are mapped to N2 and N10, 
respectively as illustrated in Figure 8. During job execution, a processor may experience an 
error that can lead to an incorrect output. To detect when these errors occur, fault tolerance is 
required.  

 

N0 N1 N2 N3 

N7 N6 N5 N4 

N8 N9 N10 N11 

N15 N14 N13 N12 

 

J3 

J2J1 

Figure 7: Three jobs mapped in NoC 
architecture, consisting of 4 by 4 nodes. 

Time 0: 
Job 1 mapped to node 5. 
Job 2 mapped to node 7. 
Job 3 mapped to node 12. 

N0 N1 N2 N3 

N7 N6 N5 N4 

N8 N9 N10 N11 

N15 N14 N13 N12 

Figure 8: Four jobs mapped in NoC 
architecture, consisting of 4 by 4 nodes. 

J4

J5

J2

J3

Time τ: 
Job 1 finishes. 
Job 4 mapped to node 2. 
Job 5 mapped to node 10. 
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1.4 Fault Tolerance 
Fault tolerance is used to ensure correct operation even in presence of errors. The errors are 
manifestation of preceding faults. Depending on the duration of a fault, faults can be 
classified into permanent, transient and intermittent. A permanent fault is a type of fault 
which remains present in the system once it has occurred; an example of such fault can be a 
broken hardware. A transient fault is a type of fault which appears for a short time causing the 
hardware to malfunction, but disappear afterwards; an example of such fault can be a 
flickering screen on a television due to the data traffic being interfered. An intermittent fault 
is a fault that changes from being active and quiescent and once it occurs in a system it never 
really goes away. When the fault is quiescent the system functions normally, but when the 
fault is active the system starts to malfunction [8]. In this thesis we only refer to intermittent 
and transient faults, since these faults can result in soft errors. Fault tolerance ensures correct 
operation even in presence of errors, but with a trade-off. For example one way to ensure 
correct operation of the system is to employ a fault tolerance technique that uses several 
hardware replicas of the same unit, and all replicas execute the same software (job). After 
execution of the job a comparison is made and the result which is most common is chosen. 
This technique, known as voting, has a drawback, i.e. the extra cost for the additional 
hardware. To overcome this drawback in this thesis we focus on another less costly fault 
tolerance technique, rollback-recovery with checkpointing (RRC) which is described in the 
next section. 

1.5 Rollback-Recovery with Checkpointing (RRC) 
Roll-back recovery with Checkpointing (RRC) is a time redundant fault-tolerant technique. 
Here we present the general idea for this technique. During time, the execution of the software 
(job) is interrupted by checkpoint requests. Upon receiving a checkpoint request, checkpoint 
information is extracted. The checkpoint information represents the job’s state at the time 
when the checkpoint request is issued. The checkpoint contains enough information, so that 
the job can easily be restarted from that state. Next, an error-detection mechanism is used to 
check whether an error is captured within the checkpoint information. If no errors are 
detected, the checkpoint information is stored in a stable storage and the job continues with its 
execution. If an error is detected in the checkpoint information, the execution of the job is 
rolled-back from the latest saved job’s state (checkpoint information). 

We introduce the term execution segment, which represents a portion of job’s execution 
between two subsequent checkpoint requests. Therefore we can think as if the job is divided 
into smaller portions, execution segments, and a checkpoint is taken after each execution 
segment. Error-detection mechanism checks whether an error is captured in the checkpoint 
information. If an error is detected, only the last execution segment is re-executed, otherwise 
the job continues its execution with the following execution segment. To improve the error-
detection mechanism, a job is concurrently executed on two processors, and whenever a 
checkpoint request is issued, each of the processors extracts the checkpoint information which 
is later compared. If the checkpoint information for both processors is the same, then no error 
is detected and the checkpoint information can be stored as a safe point from each later the job 
can be restarted. If the checkpoint information from the processors differ, that means that an 
error has occurred in at least one of the processors and therefore the last execution segment 
needs to be re-executed. This is illustrated in Figure 9. 

When implementing RRC in NoC, an independent hardware that is attached in each node of 
the NoC, handles the comparison and checkpointing operations as illustrated in Figure 3 in 
Section 1.2. Checkpointing imposes an overhead that comes from comparing the data, loading 
or saving a checkpoint and transfer data between the two mapped processors in the network. 
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The overhead imposed due to the transfer of data through the network (communication 
overhead) dominates in the total overhead (illustrated in Figure 10) and therefore we only 
focus on the communication overhead. The communication overhead scales with the number 
of traversed links. Increasing the distance between the two processors on which a job is being 
executed results in a longer communication overhead, which impacts on the average 
execution time for a job to complete. In this thesis we try to improve efficiency of RRC by 
reducing the AETJOB. 

 

1.6 Problem Formulation 
The problem that exists is for a given MPSoC that uses NoC as underlying interconnect 
architecture, assuming that RRC is employed for ensuring correct operation, to define 
machines, i.e. groups of two processors, such that a minimal overall system average execution 
time (AETSYS) is achieved. We define AETSYS as the time it takes for the entire system 
software to be executed. We also assume that all of the processors in the architecture have the 
same computational capacity. This thesis approaches the above problem by splitting it up into 
two simplified problems.   

Problem i. Define the mapping of independent jobs in an NoC which results in lowest 
AETSYS, when using RRC as fault tolerance technique and assuming jobs of 
equal length, the error-free probability of a processor is the same for all the 
processors, the communication cost for one link is the same for all the links 
through the network and link failures can occur. 

Problem ii. Define the mapping and schedule of independent jobs in an NoC which results 
in lowest AETSYS, when using RRC as fault tolerance technique and assuming 
jobs of equal length, the error-free probability of a processor varies from 
processor to processor and the communication cost for one link is the same for 
all the links through the network, but no link failure can occur. 

 

ES1 OH ES2 OH ES2 OH • • • 

OH: Overhead 
ESi: Execution segment i 

Error occur Error detected ES2 re-executed 

Figure 9: RRC process when error occurs. 

τoh τc τ 

τoh: Time for checkpoint overhead 
τc: Time for comparison (error detection) 

τ: Time for data transfer (communication) 

Figure 10: The different overhead imposed by RRC 
in an estimated relation to each other. 
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1.7 Notations 
This section contains explanations of common mathematical notations used through out this 
thesis, so that the reader can easily lookup any if needed. 

Notation Name Explanation 

AETJOB Average execution time 
The average time required for a job to 
finish. 

AETSYS 
Overall system average 
execution time 

The average time between that the first 
job starts until the last job finishes. 

nc 
Number of execution 
segments 

The number of execution segments that a 
given job with error-free execution time T 
is divided into. 

Pi 
Probability of processor i’s 
error-free execution time 

The probability of processor i to execute a 
job without any errors occurring. 

T Error-free execution time 
The time it takes for a job to finish when 
no errors occur. 

Ji Job i Notation for the job with index i. 

Ni Node i Notation for the node with index i. 

τACT Average communication time 
The average time required for two 
processors to communicate with each 
other. 

τb Time for bus communication 
The time it takes to transfer data on the 
shared bus in a common MPSoC 
architecture. 

τc Time for comparison 
The time it takes to make a comparison, 
i.e. detect errors. 

τoh Time for checkpoint overhead 

The time it takes to load and start a new 
ES in case of no error or the time it takes 
to load and restart at the previous 
checkpoint if one or more errors have 
been detected. 

τlink Link cost 
The time it takes to communicate over 
one link in an NoC-based MPSoC. 

λ Probability of link failure The probability for a link to fail. 
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2 Background and Related work 
This chapter describes more background to this thesis and related work. 

2.1 Mapping and Scheduling 
The current traditional proposed mapping algorithms for the NoC architecture, when no fault- 
tolerant technique is applied, map dependent jobs in such way that the traffic is minimized, 
hence reducing cost. Cost often refers to energy consumption, execution time or 
communication time. Only heuristic mapping algorithms are proposed since even a simple 
mapping problem with dependent jobs is NP-hard and an optimal solution is computational 
expensive [10].  A number of known mapping algorithms are discussed in [10]. For example a 
deterministic branch-and-bound mapping algorithm has been proposed in [14], which reduces 
the communication energy (the energy consumption of sending a packet through the network) 
in an NoC-based system. In [15], it is presented how a mapping that reduces both power 
consumption and execution time is found by analyzing the bandwidth requirements of the 
application and message dependencies. This thesis on the other hand addresses the problem to 
map independent jobs for a system with NoC architecture that uses fault tolerance. Mapping 
independent jobs on processors, which have the same computational capacity without using 
any fault tolerance, is not a problem. Because this means that each job can be executed on 
each processor without having any penalty. A given job will require the same time to be 
executed no matter on which processor it is mapped on. When using RRC, a job needs to be 
mapped on two processors (one machine) that will exchange data with each other. The time it 
takes to execute the job depends on how long it takes to exchange the data (after each 
checkpoint) and how frequently this happens (how many checkpoints are taken). The time it 
takes for the two processor nodes to exchange data, depends on where these two nodes are 
located in the NoC architecture. This thesis aims to minimize the execution time when using 
RRC and will therefore focus on these factors. When looking at the whole system with all of 
its given jobs, it is not only the mapping that will effect the total execution time but also the 
scheduling, i.e. it is not only important to know where jobs are to be mapped but also when 
they should be executed. Even the simplest scheduling problem, i.e. scheduling jobs with 
varying execution times in NoC architecture such that the overall execution time is 
minimized, is not trivial. For example, an NoC-based system with four identical processors is 
given, which for simplicity is not using any fault tolerance techniques. The task is to schedule 
ten given jobs (with the time units as in Figure 11), such that overall system time is 
minimized. When the jobs are randomly scheduled among the four different processors as in 
Figure 11, Processor 1 finishes last and the overall system time can be calculated as 1900 time 
units (500 + 700 + 700 = 1900). 

 

Job 1   = 500 time units 
Job 2   = 550 time units 
Job 3   = 600 time units 
Job 4   = 650 time units 
Job 5   = 700 time units 
Job 6   = 700 time units 
Job 7   = 700 time units 
Job 8   = 750 time units 
Job 9   = 900 time units 
Job 10 = 950 time units 

Processor 1: 
 

500 t.u. 

550 t.u. 
 

600 t.u. 
 

650 t.u. 
 

700 t.u. 
 

700 t.u. 
 

750 t.u. 
 

900 t.u. 
 

Processor 2: 
 
Processor 3: 
 
Processor 4: 
 

Figure 11: An example of randomly scheduling ten jobs on four processors. 

700 t.u. 
 

950 t.u. 
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To show that the problem is not trivial, the example will be demonstrated with shortest job 
first (SJF) scheduling algorithm and longest job first (LJF) scheduling algorithm, illustrated in 
Figure 12 and Figure 13. The overall system time results in 2200 time units for the SJF 
algorithm and in 1950 time units for the LJF algorithm, showing that the problem does not 
have a simple and straight-forward solution. 

 

 
 
Heuristic algorithms for NoC-based MPSoCs that minimize the overall test time of a system 
that is not using a fault tolerance technique are presented in [11],[12]. This relates to this 
thesis when considering that a test is equal to a job. Just as they minimize the overall time to 
execute all tests, we aim to minimize the overall time to execute all jobs. For simplicity, this 
thesis will concentrate on a system where all jobs have the same error-free execution time, 
since the problem is not simple even when not using fault tolerance. Scheduling a number of 
jobs with the same length of execution in a system where all processors have the same 
computational capacity and no fault tolerance techniques are used is trivial. As long as they 
are mapped on first available machine, it does not matter which order they are scheduled, 
since they all take the same amount of time to execute. The mapping and scheduling problem 
can be handled as an integrated problem, but are often separated as independent problems 
since both mapping and scheduling are computationally hard problems. Though finding the 
optimal solution for the integrated problem often provides a better result, but solving them 
together is more difficult than solving them one by one [9]. This thesis will first focus on 
solving them as separated problems and then address the more computationally hard 
integrated problem to get a better result. 
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Figure 13: An example of scheduling ten jobs on four processors with longest job first. 
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Figure 12: An example of scheduling ten jobs on processors with the shortest job first. 
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2.2 Fault tolerance in Multiprocessor Systems-on-Chips 
When having an MPSoC system with interconnection like the NoC architecture where several 
jobs are executed on multiple processors and communicating with each other, two kinds of 
problems exist. An error can occur in any of the processors during execution of a job and a 
link in the interconnection between the processors can fail. These failures affect the 
performance of the system and it is therefore necessary to implement fault tolerance 
techniques to handle them.  

2.2.1 Processor Failures 
There exist several fault-tolerant techniques able to handle errors that occur in a processor 
during execution of a job. These techniques, as mentioned before, impose overhead and can 
also mean an increase in cost of more hardware being used. To make the fault-tolerant 
techniques work efficiently, the overhead should be minimized. For a given multi-processor 
system-on-chip (MPSoC) using shared bus Väyrynen et al. defined mathematical formulas to 
calculate the AET that includes bus communication for a given job and a soft error probability 
for two fault-tolerant techniques: voting and rollback-recovery with checkpointing (RRC). 
They also defined integer linear programming (ILP) models that minimize AET including bus 
communication overhead when: (1) selecting the number of checkpoints when using RRC, (2) 
finding the number of processors and job-to-processor assignment when using voting, and (3) 
defining fault-tolerance scheme (voting or RRC) per job and defining its usage for each job. 
Their experiments demonstrate significant savings in AET. For general purpose applications 
they emphasize that the AET for a system is most important while ensuring fault tolerance. 
Their results show that voting is a costly fault-tolerant technique while RRC is shown to be a 
technique that if optimized properly can lead to significant savings of AET [1]. This is the 
reason why this thesis focuses on using RRC as the fault-tolerant technique.  

2.2.2 Link Failures 
There is not much work by the research community, addressing either temporary or 
permanent link failures. The papers [2],[3] points out that this has rarely been addressed 
probably because NoCs are considered stable and the rate for such failures is very low. 
 



 20 



 21 

3 Job Mapping Addressing Link Failures 
This chapter analyzes the first defined problem (Problem i) in Section 1.6. The problem at 
hand is to find a mapping in an NoC-based system such that the AETSYS is minimized when 
using rollback-recovery and checkpointing while considering that link failure can occur. We 
assume that all given jobs have the same length and the error-free probability is the same for 
all processors. Using RRC on an MPSoC with this architecture imposes an overhead coming 
from communication on the shared bus (τb), detecting errors when comparing checkpoint 
information from the two processors (τc) and checkpoint overhead (τoh), which is to load and 
start a new execution segments if no errors have been detected or to load and restart from 
previous checkpoint if one or more errors have been detected [1]. For this thesis we assume 
that τc and τoh are negligible when compared to the communication overhead. The 
communication overhead in an NoC scales linear with the number of traversed links. If one of 
the links between two communicating nodes fails, it means that the communication between 
these nodes has to take another route, which might be longer when compared to the route that 
the nodes were using before link failure occurred. As discussed earlier, due to link failures the 
communication between two nodes will be forced to take different routes, and these routes 
can be either of the same or longer lengths. Therefore an average value is required to 
represent the time needed for communication between two nodes, i.e. average communication 
time (τACT). An expression (Eq. (2)) to calculate the average execution time for a given job 
(AETJOB) when using RRC in an MPSoC, with an architecture that uses a shared bus, has 
already been defined in the paper by Väyrynen et al, [1]. They divide a given job with error-
free execution time T and probability of no error P into nc number of execution segments. Out 
of this they derived an expression (Eq. (3)) for finding the optimal number of checkpoints [1]. 
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Having the assumption that it is the communication overhead that dominates in the total 
overhead of RRC, we can simplify the equations presented by Väyrynen et al. by replacing  
the overhead (2×τ b + τc + τoh) with τACT (see Eq. (4) and Eq.(5)). 

( ) ( )4
1

2cnACTc
P

nTAET ⋅⋅+= τ  

( ) ( ) ( ) ( )5
ln

2
ln

2
ln 2222

ACT
c

PTPP
n

τ
⋅−








+−=  

We assume that if there are no link failures, the communication between two nodes will take a 
route that has the minimal length. This minimal length is equal to the Manhattan distance 
between two communicating nodes. When we consider that there are no link failures, the 
average communication time is equal to the minimum communication time (route with 
minimal length). Figure 14, shows how optimal average execution time, i.e. average execution 
time while considering optimal number of checkpoints nc, depends on the average 
communication time. For this plot we assume: error-free execution time T equal to 500 time 
units and error-free probability P equal to 85%. From Figure 14 we conclude that optimal 
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average execution time is a monotonically increasing function that depends on average 
communication time (for further details see Appendix A). Therefore when assuming that no 
link failure can occur, the optimal average execution time for a given job can be achieved 
with any mapping that yields to lowest possible communication time. Such mapping is the 
adjacent mapping (job is mapped on two physically adjacent nodes). 
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3.1 Average Communication Time 
Average communication time is defined as the average time needed for two nodes to 
communicate with each other, and it represents the communication overhead. As mention 
earlier, in a scenario without link failure, the communication time is the same as the minimum 
distance times the link cost (τlink). Depending on link failure, the communication overhead 
might change. We assume that the switches in the NoC architecture have a routing algorithm 
that always finds shortest available route between two nodes. There can be several routes of 
the same distance between two nodes. When a link failure occurs, a chosen route for 
communication between two nodes might not be available and an alternative route has to be 
found. For example, a link failure occurs such that a chosen route with minimum distance 
between two nodes gets unavailable. There might be an alternative route with the same 
distance, meaning that the minimal communication cost between these two nodes will not be 
affected. If there are no other available routes with same length, the data will have to be 
switched around the broken link to get to its destination. To go around a broken link, the data 
needs to visit two extra nodes, i.e. the data will traverse over two extra links. The available 
distances for a route between two nodes are therefore a sequence from the minimum distance 
to the maximum distance in the network with a step of two links in between all elements. (The 
curious reader can lookup Appendix B on how to calculate the maximum distance between 

Figure 14: A plot of the average execution time dependent on the average communication 
time. T is equal to 500 and P to 85% for this example. 
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two nodes in a square mesh topology considering that each node in the route can be traversed 
only once.) The number of alternative paths with minimum distance increases when mapping 
nodes on the diagonal. For example, consider the different possible mappings where one of 
the two chosen nodes is the top left corner node N0 (illustrated in Figure 15). Choosing the 
second node for the mapping in the top row (N1, N2 or N3) or the first column (N4, N8 or N12) 
would only yield one possible route with minimum distance for that mapping. Choosing any 
of the other nodes as the second node in the mapping would yield more than one possible 
route with the minimum distance, binomially increasing with the distance. The S over N0, in 
Figure 15, means the starting node and the number over the other nodes means the number of 
available routes with minimum distance between these nodes and N0. 

 
As we mentioned before, when no link failures occur the communication should be 
minimized to minimize the AETJOB. It is therefore interesting to look on the two closest cases 
of mapping jobs; mapping a job on two adjacent nodes versus mapping a job on two nodes 
that are diagonally placed in the network with distance of two links. The communication cost 
when a job is mapped on adjacent nodes is lower compared with the case when a job is 
mapped on diagonally placed nodes. However, when the only used link in the adjacent 
mapping fails, the communication cost for the adjacent mapping will be increased, due to the 
fact that a new route has to be found, and this route will be longer than the distance between 
two diagonally mapped nodes. This makes it interesting to see how the communication time 
for both mappings behaves in average. Calculating the average communication time for two 
nodes in a large network can be computationally hard. We will therefore make an 
approximation of the average communication time and only concentrate on the minimum 
distance and the minimum distance plus two links for both mappings. Assuming that when 
one or more link failures occur such that a route with the minimum distance cannot be found, 
a route with a longer distance will always be chosen and this distance will be approximated to 
minimum distance plus two links. Longer routes will for simplicity be neglected. A route for 
the adjacent mapping will therefore either have the distance of one link or three links and a 
route for the diagonal mapping, with minimum distance of two links, will either have the 
distance of two links or four links. We denote the probability of a link to fail with λ. Each link 
in the network is assumed to have an equal probability of link failure λ and it is assumed 
never to be equal to 100%, since it would mean that all links are broken. Because of our 
approximation we only concentrate on the links that affect the minimum distance. As a 
comparison, average communication time based on λ for the adjacent mapping with N0 and 
N1 and the diagonal mapping with N0 and N3 in Figure 16 can be calculated. When plotting 
the average communication time for adjacent mapping and diagonal mapping (illustrated in 
Figure 17), we see that in average the communication time for adjacent mapping will never be 
higher than the communication time for diagonal mapping. Though, because the diagonal 
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Figure 15: MPSoC with a NoC architecture, 
consisting of 4 by 4 nodes. 
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mapping has more combinations of routes with minimum distance, a new interesting point 
comes up concerning reliability.  

Average communication time for adjacent and diagona l mapping
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3.2 Cost vs. Reliability 
Even though the adjacent mapping performs best in average, there can be cases where a link 
failure results in increase of communication cost (overhead) above the communication cost 
for the diagonal mapping. The trade-off for using a more expensive diagonal mapping is that 
when the probability of link failure is low, it is more reliable to keep minimal communication 
cost for the mapping. This is because of the more possible routes with minimum distance. 
When the probability of a link failure increases, the probability of taking a longer route than 
the minimum distance in the diagonal mapping becomes higher than for an adjacent mapping. 
This is due to the fact that such mapping relies on more links in total and the probability of 
taking a longer route does not increase linear with the probability of link failure as with 
adjacent mapping. Calculating and plotting (illustrated in Figure 18) the probability of taking 
a longer route than the minimum distance for the adjacent mapping and diagonal mapping in 
the network is illustrated in Figure 16. By observing Figure 16 we can see that up to about 
39% of link failure probability, the diagonal mapping would be a more reliable choice of 
keeping its minimal communication cost. For example a system might have a time constraint 
that a job must finish in a certain time. The minimal communication cost for both the adjacent 
mapping and diagonal mapping meet this condition, but the maximum communication cost 
does not. If the probability of link failure is low, choosing the adjacent will often perform 
better than the diagonal mapping but the diagonal mapping will have a higher probability of 
meeting the time constraint. This means that it can be more desirable to choose the diagonal 
mapping to reduce the chance of not meeting the time constraint. 

Figure 17: A plot depicting the communication time in average for adjacent and diagonal 
mapping in two by two networks. (λ is assumed never to be equal to 100%) 
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3.3 Summary  
When using RRC as fault tolerance technique in an NoC-based MPSoC, where the probability 
of a processor’s error-free execution is the same for all processors, and aiming to reduce the 
average execution for a given job, one should map the given job such that the average 
communication time is minimized. Though, by choosing a diagonal mapping with higher 
average communication time can lead to an increase in reliability of not having a mapping 
where the communication needs to take a longer route, hence increasing the communication 
time. As seen in Figure 19, when the probability of link failure is low, the average 
communication time can be estimated to the minimum communication time. Because the 
average communication time in large networks is computationally hard, we will for the 
remainder of this thesis assume that the probability of a link failure is very low and that the 
τACT can be calculated with Eq. (1) as if no link failures occur. This also results in that the 
solution for Problem i, is to adjacently map as many nodes as possible. 
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Figure 18: A plot depicting the probability of losing connectivity for adjacent and diagonal 
mapping in two by two networks. (λ is assumed never to be equal to 100%) 

Figure 19: A plot depicting the communication time in average for adjacent and 
diagonal mapping in two by two networks. 
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4 Job Mapping and Scheduling Addressing Processor 
Failure 

As link failures were discussed in the previous chapter, in this chapter we omit link failures 
and only consider processor failures. By processor failure we mean that an error has occurred 
in the processor, which has disrupted the correct operation and led to erroneous result. To 
handle errors we employ RRC, which requires a job to be concurrently executed on two 
processor nodes. During execution of a job, both processor nodes need to exchange data to 
ensure correct execution. Since we omit link failures, each two processors in an NoC can 
always communicate with each other by using a route with the minimal length and therefore 
obtain minimal communication time. When considering that all of the processors have the 
same error-free probability, then each job can be mapped on any two processors. However, 
mapping a job on processors that are far from each other would lead to large communication 
time and the average execution time of the job would therefore be larger. Since it is the same 
on which two processors a job can be mapped (due to the same error-free probability for all 
the processors), it is always good to map a job on processors that are adjacent to each other, 
such that lowest communication time is achieved which leads to lowest average execution 
time. Therefore, the mapping is trivial in the case where all of the processors have the same 
error-free probability (adjacent mapping). It is more complicated when processors have 
different error-free probabilities. We calculate the AET of a given job J1, which is executed 
concurrently on two processors with error-free probabilities P1 and P2, while considering that 
RRC is being used, and the optimal number of checkpoints nc using equations Eq. (6) and Eq. 
(7) respectively. Consider the following example: given is a job J1 with error-free execution 
time T=500 time units and three processor nodes N1, N2 and N3 with error-free probabilities 
P1=0.8, P2=0.8 and P3=0.9 respectively. In Figure 21, we plot the average execution time 
(AET) as a function of average communication time (τACT) for the cases: (1) job J1 is mapped 
on processors N1 and N2 and (2) job J1 is mapped on processors N1 and N3. 
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From the figure, we can easily observe that mapping job J1 on processors N1 and N3 will have 
lower AET than if the job is mapped on processors N1 and N2, when the distance between N1 
and N2 is equal to the distance between N1 and N3. Even if the distance between N1 and N3 is 
larger than the distance between N1 and N2, mapping J1 on processors N1 and N3 yields to 
lower AET. For example, mapping J1 on processors N1 and N2 that require communication 
overhead of 70 time units, yields to AET of approximately 800 time units. If the job J1 is 
instead mapped on processors N1 and N3 then an AET smaller or equal to 800 time units can 
be achieved when processor N3 is placed in the network, such that the distance between N1 
and N3 is almost as double the distance between N1 and N2. 
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From this discussion we observe that it is more affordable to map jobs on processors with 
higher error-free probability, even though these processors are placed far from each other. 
There is a trade-off when mapping the jobs on these processors. Mapping a job on two 
processors that have the highest error-free probability, can lead to having another job mapped 
on processors with low error-free probability where a much higher AETJOB will be obtained. 
The later machine could therefore slow down the system and a better AETSYS might be found 
by pairing together a processor with high error-free probability with a processor with low 
error-free probability. Therefore in this chapter we define the following problem (Problem ii): 
Given a set of independent jobs and an NoC that contains n processor nodes each with 
different error-free probability Pi, map and schedule the jobs such that lowest AETSYS is 
obtained. For solving this problem, we propose two approaches: (1) separated mapping and 
scheduling and (2) integrated mapping and scheduling. 
 In separated mapping and scheduling, we solve the problem by splitting it in two parts. 
First we identify pair of processor nodes, i.e. machines, on which jobs will be executed. This 
part solves the mapping problem. Once these machines are identified we schedule jobs while 
considering these machines. For identifying the machines we have presented three heuristics: 
Greedy-based mapping algorithm, Graph-based mapping algorithm and Modulo Graph-based 
mapping algorithm; and for scheduling the jobs we presented a scheduling algorithm. Details 
of these algorithms are presented further in this chapter, Section 4.1. 
 In integrated mapping and scheduling, we combine mapping and scheduling at the same 
time. For this approach we have presented Dynamic Programming Mapping (DPM) 
algorithm, which is elaborated in Section 4.2. 

4.1 Separated Mapping and Scheduling  
In a network that consists of n processor nodes, n/2 machines can exist since each machine 
represents a group of two processor nodes. These n/2 machines are selected from a set of 
possible machines. Since a network has a fixed amount of processor nodes, there are a fixed 
number of combinations to pair two nodes, i.e. a fixed number of machine combinations. 
Pairing a node Ni with a node Nj is considered the same as pairing node Nj and node Ni, the 
order is of no significance. Since the order is not important, the number of possible machines 
(PM) is calculated with Eq. (8).  

Figure 20: A plot comparing a given job, with an error-free execution time of 500 time units, 
mapped onto two different processor node pairs with different error-free probability. 
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The AET for all these combinations of machines can be calculated and stored in a list. This 
list sorted in ascending order is what we will refer to as the AET list. The mapping algorithms 
assume that this AET list is available and use it to define which machines are to be used. To 
achieve a minimum AETSYS out of the defined machines a scheduling algorithm is required.  
The scheduling is not trivial. Consider the following example: given is a 4x4 NoC, and 8 jobs 
to be executed. RRC is used to ensure error-free operation. All of the jobs have the same 
error-free execution time T=500 time units. The processors in the NoC have different error-
free probabilities, as depicted in Figure 21, and the communication time of traversing one link 
in the NoC is 10 time units. Assume that after using a mapping algorithm the machines 
presented in Table 1 and depicted by the red thick lines in Figure 21 are defined.  
 
Defined Machines AET (time units) 
(N6, N7) 630.177 
(N2, N3) 1409.4 
(N4, N5) 1428.11 
(N14, N15) 1473.21 
(N10, N11) 1537 
(N0, N1) 1616.55 
(N12, N13) 1616.55 
(N8, N9) 1689.34 

Table 1. AET of eight horizontal trivial mapped machines 

A naive scheduling algorithm would schedule each job on the first available machine. In this 
case all 8 jobs will be scheduled on all 8 defined machines and therefore this scheduling 
would yield to an AETSYS=1689.34 time units, since the machine with N8 and N9 will finish 
last. If instead two jobs are scheduled to run on the first machine, N6 and N7, this would yield 
to an AET of 1260.354 time units (2 · 630.177 = 1260.354) and the last machine, N8 and N9, 
can be skipped. Such scheduling gives a better AETSYS of 1616.55 time units. From this 
example we conclude that scheduling is not trivial, and therefore we propose a scheduling 
algorithm, which is described in Section 4.1.3.  

4.1.1 Greedy-based Mapping Algorithm 
The Greedy-based algorithm takes the AET list as an input, and traverses it from top to 
bottom. For each element in the AET list, i.e. for each possible machine, it checks if it 
contains nodes that are already used in previously defined machines. If the current observed 
possible machine contains nodes that aren’t already used in previously defined machines then 
the current observed possible machine is defined as a new machine, otherwise the current 
observed possible machine is discarded and the algorithm continues by iterating through the 
AET list. The algorithm terminates when the number of defined machine is equal to the 
number of nodes in the NoC divided by two (only n/2 machine can exist in an NoC that 
contains n nodes). For example, in a 4x4 NoC with a link cost of 10 time units, where each 
processor has different error-free probability (see Figure 22), and considering only jobs with 
error-free execution time of T=500 time units, the following possible machines and their AET 
are observed in the top part of the AET list (Table 2). 
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Figure 21: Eight horizontal mapped machines 
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Table 2. The top ten elements in the AET list for the 
Greedy-based mapping algorithm example 

The Greedy-based algorithm will start looking at the first element in the list and check if any 
of the nodes are used before. Since it is the first element in the list and there aren’t any 
previously defined machines, then the first possible machine will be the first defined machine 
(nodes N6 and N7 in the example). Now N6 and N7 are already used and can never be used in 
any other machine. This means that the next possible machine that can be defined is the 10th 
element in the list, N1 and N2. If the task was to map two jobs, this would mean that the 
system overall AET would be 1142.06 time units for this NoC. A closer look reveals that 
there is a better solution for mapping two jobs in the NoC presented in Figure 22. The better 
solution would be to use element two and element four in the list as the defined machines, 
resulting in an overall system AET of 1019.2. Therefore the Greedy-based algorithm is a poor 
heuristic for this example and the problem of reducing system AET by mapping jobs on pairs 
of processors in an NoC. Next we discuss an improved heuristic. 

4.1.2 Graph-based Mapping Algorithm 
The Greedy-based algorithm has the drawback that once it identifies a machine that has not 
been used, it takes it in the solution and many other possible machines later are therefore 
ignored (discarded). Therefore we propose another approach, i.e. the Graph-based algorithm. 
The Graph-based algorithm takes two inputs: number of machines to be defined and the AET 
list. This approach traverses the AET list from top to bottom and defines the machines such 
that the last defined machine can have the minimal AETJOB. Next we explain the algorithm. A 
node in the NoC will be represented as a vertex in the graph and a mapping between two 
nodes will be represented as an edge between their two respective vertices. If a new mapping 
contains nodes already used in the graph, those vertices do not have to be recreated, just the 
new edge between them. An example of creating a graph can be illustrated in Figure 23.  

 

Possible Machines AET (time units) 
1. (N6, N7) 630.177 
2. (N2, N6) 762.842 
3. (N2, N7) 872.716 
4. (N7, N15) 1019.2 
5. (N6, N10) 1083.39 
6. (N7, N11) 1083.39 
7. (N4, N6) 1119.58 
8. (N5, N6) 1121.09 
9. (N6, N15) 1137.22 
10. (N1, N2) 1142.06 
11. … … 
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        AET list 
1. Mapping (v – w) 
2. Mapping (w – x) 
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Figure 23: Creation of a graph based on the AET list, divided into four steps. 
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When the number of possible mappings in the graph is equal to the number of machines that 
will be used, the solution has been found. Finding the number of possible mappings in these 
created graphs can be related with the matching problem in graph theory. Let us first 
introduce some terms. A graph is an abstract representation of a set of objects where some 
pairs of the objects are connected by links. The set of objects is known as set of vertices, and 
the set of links that connect two vertices is called a set of edges. Therefore a graph G is 
composed of a set of vertices V and a set of edges E. In a graph G we say that a vertex v is 
incident to an edge e, if edge e connects the vertex v to any other vertex from the set of 
vertices V. The number of edges incident to the vertex v is called degree of vertex v. For a 
given graph G, we define as degree sequence, a vector of all vertices’ degrees [5]. A matching 
in a graph G is a set of non-loop edges with no shared endpoints (the two vertices connected 
with the edge), and the number of such edges represents the size of the matching. The vertices 
incident to the edges of a matching M are said to be saturated by M; the others are said to be 
unsaturated by M. A perfect matching in a graph is a matching that saturates every vertex in 
G. A matching that contains the largest possible number of edges is called maximum 
matching; it does not have to be only one maximum matching per graph [4]. To find a 
maximum matching, and its size, in a graph we use the backtracking method (described in 
Section 5.1.3.1) which uses the degree sequence. The method assumes that the degrees 
sequence is sorted in descending order. 

 
Since there can be several maximum matchings, we cannot guarantee that the backtracking 
method finds the best machines and will therefore only restrict to only looking at the size of 
the maximum matching. When the size of maximum matching is the same as number of 
machines that can exist in the NoC, i.e. n/2 where n is the number of nodes in the NoC, the 
last machine mapping is stored as a solution and all possible machines in the AET list that 
contain any node from this machine will be removed. The Graph-based mapping algorithm is 
called recursively with the updated AET list and one less machine to map. This is done until 
all machine definitions are stored, i.e. when there are no more machines to map. For a 
maximum matching to have a size the same as the number of machines to be defined, it is 
necessary that the number of vertices in the graph has to be at least twice as the number of 
machines. It is therefore unnecessary for the Graph-based mapping algorithm to use the 
backtracking method to find the size of a maximum matching for a graph that does not meet 
this condition. Two criteria have to be met before the Graph-based mapping algorithm finds 
the solution. The first criterion is the necessary condition, a solution cannot be found if this 
condition is not met, and the second criterion is the satisfying condition, when this condition 
is met a solution is found. 
Criterion 1. The number of vertices in the graph has to be at least twice as the number 

of machines to be defined. 

Criterion 2. The size of the maximum matching has to be equal to the number of 
machines to be defined. 
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Figure 24: An example graph and its degree sequence. 
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The Graph-based mapping algorithm can be summarized with nine steps, represented as a 
flowchart in Figure 25.  

 

Step 1. Update the graph with a new mapping from the AET 
list of possible machine definitions, starting at the top. 

Step 2. Update the degree sequence 
to correspond with the new graph. 

Step 4. Find the maximum matching for the new graph with 
the backtracking method. 

Yes 

Step 3. Is 
Criterion 1 met? 

No 

Step 5. Check the size of the maximum matching. 

Step 6. Is 
Criterion 2 met? 

Step 7. Store the latest used machine mapping 
from the AET list as a defined machine. 

Step 8. Remove all mappings from the AET list that includes the 
two processor nodes used for the defined machine in previous step. 

Step 9. Is the number of 
machines left to be 

defined greater than zero? 

The graph based algorithm finishes. 

Subtract the number of 
machines left to be 

defined with one, and 
remove the graph and 
its degree sequence. 

No 

Yes 

No 

Yes 

Figure 25: A flowchart of the graph based algorithm. 
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For example, in a four by four NoC with the error-free probabilities of processors as 
illustrated in Figure 26, considering jobs with an error-free execution time of T=500 time 
units and a link cost of 10 time units, the following possible defined machines and their AET 
are observed in the top part of the AET list (Table 3). 

Table 3. The top ten elements in the AET list for the Graph-
based mapping algorithm example 

In this example we only show how the algorithm defines three machines. The Graph-based 
mapping algorithm will start building the graph (Step 1) and the degree sequence (Step 2) 
until six different nodes have been used (two times the number of machines that has to be 
defined (Step 3)) as illustrated in Figure 27.  

 
It is now possible that the graph can have a maximum matching with a size of three, but not 
necessarily (this is the first criterion and it is a necessary condition but not sufficient). The 
Graph-based mapping algorithm will now use the backtracking method to find the size of the 
maximum matching (Step 4) and if it is not three (Step 5 and Step 6) it will keep building the 
graph out of the AET list. This will keep going until the condition in Criterion 2 is met (Step 1 
to Step 6). The last graph building steps are illustrated in Figure 28; the edges marked with 
thick red lines together represent a maximum matching. 

 

Possible Machines AET (time units) 
1. (N6, N7) 630.177 
2. (N2, N6) 762.842 
3. (N2, N7) 872.716 
4. (N7, N15) 1019.2 
5. (N6, N10) 1083.39 
6. (N7, N11) 1083.39 
7. (N4, N6) 1119.58 
8. (N5, N6) 1121.09 
9. (N6, N15) 1137.22 
10. (N1, N2) 1142.06 
11. … … 

7 8 9 

Figure 28: Mapping six to mapping ten in the AET list, built into a graph that is used for the Graph-
based algorithm example, when finding the first machine. 
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Figure 27: The first six mappings in the AET list, built into a graph that is used for the 
Graph-based algorithm example when finding the first machine. 
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Figure 26: 16 processor nodes with 
their error-free probability. 
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The Graph-based mapping algorithm now stores the mapping between N1 and N2 as one 
machine (Step 7) and then calls itself recursively, but now with only two machines to define 
(Step 9). The current graph and the degree sequence are removed (Step 9) and any mapping 
that includes N1 and N2 are ignored in the future (consequence of Step 8). The graph and 
degree sequence are rebuilt until it has four nodes (Step 1 to Step 3) and the Graph-based 
mapping algorithm then checks whether the maximum matching is two (one machine is 
already defined) (Step 4 and Step 5) as illustrated by Figure 29. 

 
This time the maximum matching has the target size right away after meeting the first 
condition (Step 6). This mean the Graph-based mapping algorithm will not have to continue 
building the graph and stores the mapping between N6 and N10 as the second machine  
(Step 7). The Graph-based mapping algorithm will yet again remove the graph and degree 
sequence and call itself recursively, now with one machine to define (Step 9). This will be a 
trivial problem, because it meets both criteria with one mapping. The solution will be the first 
available mapping, which is the first mapping in the AET list that does not include N1, N2, N6 
or N10 (consequence of Step 8). This mapping is found at index four in the list, the mapping 
between N7 and N15, which will be stored as the third and last machine (Step 1 to Step 9). The 
resulting defined machines can be seen in Table 4. 

Defined Machines AET (time units) 
4. (N7, N15) 1019.2 
5. (N6, N10) 1083.39 
10. (N1, N2) 1142.06 

Table 4. The three chosen machine mappings in the Graph-based mapping algorithm example 

If only three jobs are to be mapped, this would result in an AETSYS of 1142.06 time units, 
which is the same time when mapping two jobs using the Greedy-based mapping algorithm. 
Therefore the Graph-based mapping algorithm is a better heuristic when compared with the 
Greedy-based mapping.  

6 7 1 4 5 

Figure 29: Mapping one, four and five in the AET list, built into a graph that is 
used for the Graph-based algorithm example when finding the second machine. 
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4.1.2.1 Backtracking Method 

The backtracking method is used for finding the size of a maximum matching in a graph. The 
method starts by matching the vertex from the degree sequence that has the lowest degree 
(last element in the degree sequence), with its neighbouring vertex that has the lowest degree 
(a vertex can have a number of neighbouring vertices). It does not automatically mean that the 
neighbouring vertex is the vertex with second overall lowest degree in the graph. The degree 
sequence is then adjusted as if those two vertices were removed. The backtracking method 
will then be repeated until the degree sequence is empty or if it just contains degrees of zero. 
If the degree sequence is empty, then the algorithm has found a perfect matching and if the 
degree sequence contains only zeros, then there are vertices that cannot be saturated by the 
matching. By starting with vertices with lowest degree the matching is guaranteed to be a 
maximum matching. The number of iterations of the backtracking method gives the size of 
the maximum matching.  
Proof. When removing two vertices from a graph, the rest of vertices in the graph will have 
its degree lowered by zero, one or two: 

� Zero if a vertex is not a neighbouring vertex to any of the removed vertices. 

� One if a vertex is a neighbouring vertex to at most one of the removed vertices.  

� Two if a vertex is a neighbouring vertex to both removed vertices.  

If a vertex degree becomes zero it cannot be saturated by the matching, since it does not have 
any neighbours left. It is therefore important to match and remove vertices with lowest degree 
first, since they have the least amount of neighbours and therefore minimizing the chance of a 
remaining vertex in the graph to be unsaturated by the maximum matching. If the maximum 
matching results in having unsaturated vertices, it means that there is at least one more 
alternative of the maximum matching. An example can be illustrated in Figure 30, matching 
the middle vertex with any of the other vertices (which all have the lowest degree of one) will 
make the rest of the vertices unsaturated by that maximum matching. In the presented 
example (Figure 30) the maximum matching has a size of one, achieved by matching nodes v 
and z, and therefore only vertices v and z are saturated with this matching and all the rest of 
the nodes are unsaturated. However there are other alternatives here that again result in a 
maximum matching with the size of one, but then the set of saturated and unsaturated vertices 
are changed. For example, if vertex x is matched with v, then vertex x becomes saturated and 
vertex z becomes unsaturated. 
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Figure 30: An example of using the backtracking method on a simple graph. 
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4.1.2.2 Modulo Graph-based Algorithm 

Applying the Graph-based algorithm for a number of jobs that is larger than the maximum 
number of machines (n/2), would result in the same mapping as the mapping for number of 
jobs that is equal to the maximum number of machines. When the number of jobs is greater 
than the number of maximum machines, at least one machine will need to run more than one 
job. Regardless of using the scheduling algorithm or not, these extra jobs will most of the time 
be mapped to machines that produce lower AETJOB. The Graph-based algorithm works in 
such way that it tries to minimize the AETJOB of the slowest machine (the machine with 
highest AETJOB among all the machines in a mapping) with the trade-off of making the faster 
machines a bit slower. When the maximum number of machines is not a factor of the number 
of jobs, the slowest machine will not be the machine that is most frequently used (the number 
of jobs scheduled on this machine is lower when compared to the other machines). This 
means that another machine will most likely finish last. For example, a given system can have 
a maximum number of four defined machines and with the task to execute 14 jobs. We 
assume that the Graph-based algorithm defines a mapping with four machines having the 
AETJOB of 550 time units, 575 time units, 600 time units and 625 time units respectively. This 
would result in an AETSYS of 2300 time units (demonstrated in Table 5), with the second best 
machine (machine that obtains second lowest AETJOB) finishing last.  

AET JOB No. of Jobs Total AET of the machine 
550 4 2200 
575 4 2300 
600 3 1800 
625 3 1875 

Table 5. Results of mapping 14 jobs for the first mapping in the example 

As seen in Table 5, the second machine is the slowest machine among the machines that 
execute 4 jobs. It is therefore reasonable to aim at minimizing the AETJOB on that machine. If 
the Graph-based algorithm is executed to define two machines, then it is very likely that 
AETJOB for the second machine will be lower than the AETJOB for the second machine which 
we get when running the algorithm with the goal to define four machines. However since 
there can be two more machines defined (the maximum number of machines is four and we 
have only defined two of them) then we can run the algorithm again with the goal to define 
only two machines, while putting the constraint that we have already defined two machines 
from the previous execution of the algorithm. Considering this discussion, we get four defined 
machines, which differ from the previous case, and AETJOB of these new four machines are: 
525 time units, 550 time units, 575 time units and 700 time units. When running 14 jobs on 
these machines we get an AETSYS of 2200 time units (demonstrated in Table 6) and therefore 
this new mapping is a better solution for this system and amount of jobs. 

 

 
 
  
  

Table 6. Results of mapping 14 jobs for the second mapping in the example 

AET JOB No. of Jobs Total AET of the machine 
525 4 2100 
550 4 2200 
575 3 1725 
700 3 2100 
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Having this discussion we present a new heuristic, and that is the Modulo Graph-based 
approach. This method is derived from the Graph-based algorithm. The Modulo Graph-based 
algorithm performs two iterations of the Graph-based algorithm, where each iteration creates 
a sub-mapping, which combined together represent the final mapping. In the first iteration, the 
Graph-based algorithm is executed to define a number of machines which equals Z = J % M, 
where J is the number of jobs that are to be executed, M is the maximum number of machines 
that can exist in the system, and (%) is the modulo operator. After running the first iteration of 
the Graph-based algorithm a sub-mapping which defines Z machines is generated, and the 
AET list (input for the Graph-based algorithm) is updated such that all elements in the list that 
refer to processors that are included in the sub-mapping are removed from the AET list. Then 
the second iteration of the Graph-based algorithm is started, and this time the Graph-based 
algorithm is executed to define M-Z machines. The output of the second iteration is the 
second sub-mapping. Union operation above both sub-mapping sets from both iterations is the 
output of this algorithm. The advantage of Modulo Graph-based algorithm is that in most of 
the cases where the maximum number of machines is not a factor of the number of jobs, a 
lower AETSYS is achieved. When the maximum number of machines is a factor of the number 
of jobs, the Modulo Graph-based and the Graph-based algorithms define the same mapping, 
which means they also yield the same AETSYS. The drawback of this method is that at a 
certain amount of total jobs to be executed in the system, the slowest machine will be the 
dominated machine that will affect the AETSYS, even though it executes less number of jobs. 
What this means, is that when the number of jobs increases, the efficiency of the Modulo 
Graph-based algorithm decreases. It can result in that the Graph-based algorithm defines a 
mapping that results in a lower AETSYS.  

4.1.3 Scheduling Algorithm 
After all machines have been defined with a mapping algorithm, the scheduling algorithm is 
used for scheduling the given number of jobs on the defined machines. Each defined machine 
has a predefined duration of executing a job (AETJOB). Each extra job scheduled to run on a 
machine increases its execution time with one times the predefined duration. This we define 
as a slot. The scheduling algorithm analyzes all the slots for each new job to schedule and 
finds out which slot gives minimal AETSYS. When the best slot has been found, the 
scheduling algorithm schedules the job to be run on that machine and next job is tested and 
scheduled. For example, in a system with four defined machines with 100 time units, 160 time 
units, 330 time units and 430 time units as the predefined duration of executing a job, the 
following scheduled would be defined for six jobs.  

• The first job will be scheduled to be the first job that runs on the machine with 
AETJOB equal to 100 time units, yielding an AETSYS of 100 time units. 

• The second job will be scheduled to be the first job that runs on the machine 
with AETJOB equal to 160 time units, yielding an AETSYS of 160 time units. 

• The third job will be scheduled to be the second job that runs on the machine 
with AETJOB equal to 100 time units, yielding an AETSYS of 200 time units. 

• The fourth job will be scheduled to be the third job that runs on the machine 
with AETJOB equal to 100 time units, yielding an AETSYS of 300 time units. 

• The fifth job will be scheduled to be the second job that runs on the machine 
with AETJOB equal to 160 time units, yielding an AETSYS of 320 time units. 

• The sixth job will be scheduled to be the first job that runs on the machine with 
AETJOB equal to 330 time units, yielding an AETSYS of 330 time units. 
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This is resulting in three jobs being scheduled to run on first machine, two on the 
second machine, one on the third and no jobs will be scheduled to run on the last 
machine and is illustrated in Figure 31. The transparent bar at Machine 4 shows how 
long a job would take if executed on that machine, i.e. the slot for Machine 4, and the 
machine is therefore not executing any job at the moment. 

 

4.2 Integrated Mapping and Scheduling 
The second approach of solving Problem ii is to define the machines while considering that 
several jobs are scheduled on one machine, i.e. a combination of mapping and scheduling 
jobs. A preparation that has to be made is to extend the AET list. The AET list that was input 
for the algorithms discussed in the previous section only includes the AET while considering 
that only one job is scheduled on each possible machine. Here we extend the list, such that a 
number of jobs can be scheduled on each possible machine. Therefore for each element in the 
list we need an extra variable that stores information of how many jobs are mapped on that 
particular machine, which resembles with the element in the list. The list is extended so that 
each possible machine is assumed to run all the jobs that constitute the system software. Once 
the list is generated, it is sorted in an ascending order. The idea is that mapping several jobs 
on one machine can yield to a lower total AET than mapping the jobs on more machines. For 
example, mapping one job on Machine X will result in an AET of 300 time units and mapping 
one job on Machine Y will result in an AET of 1000 time units, therefore the AET of 
mapping up to three jobs on Machine X (3 · 300 = 900) is lower than mapping one job on 
Machine Y. 

4.2.1 Dynamic Programmed Mapping Algorithm 
The Dynamic Programmed Mapping (DPM) algorithm is based on the same principals as the 
Graph-based mapping algorithm. The big difference is the usage of the new extended AET list 
that DPM takes as an input. When building a graph from the extended AET list there can exist 
several edges between two vertices. The number of edges between two vertices represents the 
number of jobs that will be mapped to that machine. For example in a 4x4 NoC with the 
error-free  probabilities of processors as illustrated in Figure 32, assuming link cost of 20 time 
units and system software which consists of jobs with an error-free execution time of 300 
time units, the following possible defined machines and their AET are observed in the top part 
of the extended AET list. 

 

 

 

Machine 1: 
 

100 t.u. 

160 t.u. 
 

330 t.u. 
 

100 t.u. 
 

430 t.u. 
 

Machine 2: 
 
Machine 3: 
 
Machine 4: 
 

Figure 31: Illustration of the scheduling example where the scheduling algorithm is applied on four 
machines and seven jobs. The transparent bar represents the slot for Machine 4. 
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Possible Machines Nr of Jobs AETJOB Total AET 
1. (N6, N7) 1 412.298 412.298 
2. (N2, N6) 1 525.889 525.889 
3. (N2, N7) 1 621.46 621.46 
4. (N7, N15) 1 747.399 747.399 
5. (N6, N10) 1 800.508 800.508 
6. (N7, N11) 1 800.508 800.508 
7. (N6, N7) 2 412.298 824,596 
8. (N5, N7) 1 832.827 832.827 
9. … … … … 

Table 7. The eight first elements in the AET list used in the DPM algorithm example 

 

Building the graph step by step according to the list presented in Table 7, after including the 
element with index 7, the constructed graph looks like the one depicted in Figure 33. A 
similar criterion as the second criterion in Graph-based mapping algorithm can be applied 
here as well, i.e. the size of the maximum matching has to be equal to the number of jobs to 
be mapped. Earlier as a solution to this we presented the backtracking method. However, the 
backtracking method does not always find the maximum matching, especially when the graph 
contains vertices which are connected to each other with more than one edge. For example, 
applying the backtracking method on the graph depicted in Figure 34 yields a matching with 
size two (the edge between vertex 0 and vertex 1 plus the edge between vertex 2 and vertex 
3), but as one can see the maximum matching is to match the three edges in the middle 
between vertex 1 and vertex 2. This results in a maximum matching with the size of three. 

 
As a solution to this problem we propose an algorithm that has similar concept as of dynamic 
programming, and therefore we refer to this algorithm as Dynamic Programming based 

Figure 34: An example of a graph 
where the backtracking method does 

not find the maximum matching. 

1 2 

 0  3 

Figure 33: The graph built from the eight 
mappings in Table 5 
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Figure 32: 16 processor nodes with 
their error-free probability. 

81% 87% 94% 

 
80% 

 

98% 98% 84% 

 
89% 

 

82% 

 
84% 

 
85% 

 
85% 

 

91% 

 
81% 

 
87% 

 
81% 

 

N0 N1 N2 N3 

N4 N5 N6 N7 

N8 N9 N10 N11 

N12 N13 N14 N15 



 40 

Mapping (DPM). This algorithm does not only find the maximum matching that satisfies the 
two criteria, but it also defines which machines are to be used and how jobs are going to be 
scheduled on these machines. The basic idea of the DPM algorithm is, during the process of 
building the graph, to find the maximum matching for each step. At each new step, i.e. every 
time when a new edge is added in the graph, the size of the maximum matching for this step is 
determined as the maximum value obtained from these two cases: 

�  The size of the maximum matching from the previous step. 

�  The size of the maximum matching of a graph that does not include the vertices from 
the recently added edge, plus a constant. This constant represents the number of jobs 
that are scheduled on the possible machine represented with the edge. 

The algorithm terminates at a step at which the size of the maximum matching equals to the 
number of jobs that are to be mapped and scheduled in the system. The maximum matching 
represents the defined machines and the numbers of edges for each vertex pair represent the 
number of jobs scheduled to run on that particular machine. The AET value of the last 
inserted edge in the graph represents the AETSYS.  While building the graph, the state of the 
graph is stored together with the information for the maximum matching and its size at that 
step. A state of a graph is a uniquely represented with the number of edges and their incident 
vertices. There are two states of a graph for which finding the maximum matching and its size 
is trivial: 

� The graph consists of two vertices connected by a number of edges. For this case the 
maximum matching is the entire graph and its size is equal to the number of edges. 

� The graph consists of a single vertex. For this case there can be no maximum 
matching, i.e. its size is equal to zero. 

Finding the size of  the maximum matching for a given state Si (this resembles to a step of the 
DPM) requires calculation of the maximum matching of the previous state Si-1 of the graph, 
which is easily accessible, and require calculation of the size of the maximum matching of a 
more complex state of the graph Sj. This complex state Sj of the graph is obtained by 
removing the vertices incident to the latest added edge ei. The number of edges that are 
incident to both of the removed vertices are counted, nj (they represent the number of jobs that 
can be scheduled to that machine). This more complex state of the graph Sj might have been 
accessed and stored earlier during the process of the DPM algorithm. If this is the case then a 
candidate value for the size of the maximum matching for state Si is the size of the maximum 
matching for the state Sj plus nj. The size of the maximum matching for state Si, we denote as 
MM(Si) and is calculated with Eq. (9). If MM(Si)=MM(Sj)+nj, that means that with the 
recently added edge (machine) the size of the maximum matching is not increased and 
therefore the solution from the previous step is better since it will result in lower AETsys. 
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If the state Sj has not been accessed during the process of the DPM algorithm, then this state 
is created by invoking the DPM algorithm with an updated AET list that excludes the entries 
that refer to processors that constitute the possible machine represented with the edge ei. We 
can easily observe that finding the maximum matching for Sj would follow the same 
procedure as when finding the maximum matching for Si. Therefore the maximum matching is 
obtained recursively as new states are created, by merging the results from each recursive call. 
For example applying the DPM algorithm on the NoC system described earlier in this section 
(illustrated in Figure 32) with two jobs to map and schedule, the jobs have an error-free 
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execution time of 300 time units and using the RRC over one link takes 20 time units, the 
eight top elements of the extended AET list can then be observed in Table 5 earlier in this 
section.  

 

The first mapping is created as a graph representation, which has a trivial maximum matching 
with its only edge. This is illustrated in Figure 35a, the red thick lines represents the 
maximum matching. The DPM algorithm continues and adds the next edge from list (as 
illustrated in Figure 35b). To check if there is a new matching that has greater size than the 
previous one, the DPM algorithm excludes the second mapping and all edges incident to its 
vertices from the graph. One edge was counted to be incident to both vertices that were 
excluded in the graph. The state of the graph that remains is just one vertex, which has no 
matching (as illustrated in Figure 35c). The size of the resulting matching in the previous state 
where the second mapping where added is then one plus zero. The size of the new matching is 
therefore not greater and will not replace the old remembered matching. The DPM algorithm 
will then continue and add the third mapping in the graph (as illustrated in Figure 35d). The 
added edge and the incident vertices will be excluded from the state of the graph. The new 
state consists of one vertex and no edges, resulting in a total size of one for the matching in 
the state where the third mapping was added (as illustrated in Figure 35e). The new matching 
will not replace the remembered one and the fourth mapping is added to the graph (as 
illustrated in Figure 35f). The newly added edge and the incident vertices (N7 and N15) are 
excluded from the graph. After they are excluded, a state that consists of two vertices (N2 and 
N6) and an edge connecting them remains (as illustrated in Figure 35g). This is a trivial state 
of a graph and has a matching with size one (there is only one edge connecting the vertices). 
The total size of the matching in the state where the fourth mapping is added equals therefore 
to two (one plus one). This mapping is greater than the remembered mapping and that one is 
replaced (as illustrated in Figure 35h). It is also has a size equal to the number of jobs to map 
and schedule, which means this is the solution for this example.  

4.3 Summary 
The Greedy-based algorithm picks and defines the first best possible machines from top to 
bottom in the AET list. This results in a poor heuristic algorithm for Problem ii, when the 
slowest machines dominate the AETSYS. Better heuristic method for this case is the Graph-
based algorithm. It aims to minimize the AETJOB for the slowest machine, but with the trade-
off of making the faster machines a bit slower. The Graph-based algorithm is therefore a good 
heuristic algorithm when the slowest machines dominate the AETSYS, but a poor heuristic 
algorithm when the fastest machines dominate the AETSYS. With this knowledge, further 
improvements were made to the Graph-based Algorithm and a new algorithm was proposed, 
i.e. Modulo Graph-based algorithm. The Modulo Graph-based gives a good balanced 
performance for any number of jobs, but decreases in performance when the number of jobs 
increases drastically. To find an algorithm that always performs well, the problem was 
approached as an integrated mapping and scheduling problem and out of this, the Dynamic 
programmed mapping (DPM) algorithm was derived. The DPM algorithm always achieves 
the lowest AETSYS among these suggested methods, but cannot be seen as a heuristic 
algorithm since it requires quite much time to find the solution. The best way of using the 
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Figure 35: All the different states of the graph during the DPM example. 
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DPM algorithm is to offline calculate the mapping and schedule for up to a specific number of 
jobs. Out of these results a chart can be created for each number of jobs to be mapped and 
scheduled in a system.   
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5 Experimental Evaluation 
To evaluate the different suggested algorithms in Chapter 4, we implemented the algorithms. 
Further to show that the problem is not trivial, two trivial algorithms are presented, a 
horizontal mapping algorithm and a Vertical mapping algorithm. The Greedy-based 
algorithm, the Graph-based algorithm, the Modulo Graph-based algorithm, the Horizontal 
algorithm and the Vertical algorithm will be compared against the Dynamic programmed 
mapping algorithm, since it is suggested to be the best performing algorithm in this thesis. We 
also evaluated the scheduling algorithm, proposed in Section 4.1.3. We performed 
experiments where for scheduling we used the proposed algorithm against a naive scheduling 
algorithm that schedules a given job on the first available machine (group of two processors) 
in the system. The machines are identified due to running the mapping algorithms first. 

5.1 Trivial Mapping Algorithms 
A trivial mapping maps jobs on adjacent processors. We define two trivial mapping 
algorithms called Horizontal mapping algorithm and Vertical mapping algorithm. The first 
algorithm maps as many adjacent processors on the horizontal plane and the second as many 
processors on the vertical plane.  

5.1.1 Horizontal Mapping Algorithm 
The horizontal trivial mapping algorithm defines machines in an NoC starting with the two 
nodes at top left corner, then going towards the right and continues doing this row per row as 
long as possible. If the NoC has an odd number of nodes it will mean that there will be an 
unmapped column at the right border of the NoC. This column will be mapped vertically from 
the top towards bottom as long as possible. An example of an NoC with an even number of 
nodes and horizontal mapping can be seen in Figure 36 and an example of an NoC with an 
odd number of nodes and horizontal mapping can be seen in Figure 37, the links that are 
marked with thick red lines mark the machines.  

 

Figure 37: An example of a horizontal 
trivial mapping in a five by five NoC-

based system. 

Figure 36: An example of a horizontal 
trivial mapping in a four by four NoC-

based system. 
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5.1.2 Vertical Mapping Algorithm 
The vertical trivial mapping algorithm defines machines in an NoC starting with the two 
nodes at top left corner, then going downwards and continues doing this column per column 
as long as possible. If the NoC has an odd number of nodes it will mean that there will be an 
unmapped row along the bottom of the NoC. This row will be mapped horizontally from the 
left to the right as long as possible. An example of an NoC with an even number of nodes and 
vertical mapping can be seen in Figure 38 and an example of an NoC with an odd number of 
nodes and vertical mapping can be seen in Figure 39. 

 
 

5.2 Experimental Setup 
Two experiments are constructed, each analyzing 250 four by four networks with random 
error-free processor probabilities ranging between 80% and 99%. The error-free execution 
time for all jobs (T) is set 500 time units and the communication cost (link cost τlink) for using 
RRC over one link is set to 10 time units. All links have the same communication cost. The 
number of jobs for each system ranges from one job to forty jobs. The AETSYS of each 
network with the specific number of jobs is calculated. The results will then be summarized 
and then divided with 250 to get an average AETSYS for that number of jobs. The first set of 
experiments computes results for the horizontal and vertical trivial algorithms, the Greedy-
based algorithm, the Graph-based algorithm and the Modulo Graph-based algorithm when 
using the naive scheduling algorithm. The second set of experiment computes the results for 
the horizontal and vertical trivial algorithms, the Greedy-based algorithm, the Graph-based 
algorithm and Modulo Graph-based algorithm when using the scheduling algorithm explained 
in Section 4.1.3. All results are compared with the results from the Dynamic programming 
mapping algorithm.  

5.3 Experimental Results 
The goal with these experiments is to show that the DPM algorithm performs the best and that 
the Modulo Graph-based is a good heuristic algorithm. The Graph-based is also included to 
show the comparison with Modulo Graph-based as well as how it performs against the DPM 
algorithm. The Greedy-based and the trivial mapping algorithms (horizontal and vertical 
mapping) are included in the experiment, and show that the problem is not trivial. Table 8 
shows the average AETSYS for a specific number of jobs when applying the DPM algorithm 
and the other mapping algorithms when using the naive scheduling algorithm on the networks 
and assumptions proposed in previous section. 
 

Figure 39: An example of a vertical 
trivial mapping in a five by five NoC-

based system. 

Figure 38: An example of a vertical 
trivial mapping in a four by four NoC-

based system. 
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Horizontal Vertical Greedy Graph Mod. Graph DPM 

1 569.185 569.127 536.406 536.406 536.406 536.406 
2 577.633 578.986 548.507 546.828 546.828 546.828 
3 581.657 582.453 557.461 553.909 553.909 553.909 
4 584.523 584.880 566.841 560.599 560.599 560.599 
5 586.609 587.029 575.105 566.204 566.204 566.204 
6 587.615 588.100 582.175 571.725 571.725 571.725 
7 588.855 588.787 595.254 576.889 576.889 576.881 
8 589.613 589.553 649.645 583.859 583.859 583.858 
9 1088.87 1088.45 1072.81 1105.75 1072.81 1072.81 
10 1111.19 1110.63 1097.01 1121.72 1093.66 1093.66 
11 1124.69 1124.80 1114.92 1132.00 1107.82 1107.82 
12 1135.91 1135.42 1133.68 1139.37 1121.20 1121.20 
13 1145.05 1145.89 1150.21 1145.49 1132.41 1132.41 
14 1154.91 1155.31 1164.35 1151.44 1143.45 1143.45 
15 1166.23 1166.08 1190.51 1157.99 1153.78 1153.76 
16 1179.23 1179.11 1299.29 1167.72 1167.72 1167.72 
17 1633.31 1632.68 1609.22 1658.63 1609.22 1609.22 
18 1666.78 1665.94 1645.52 1682.57 1640.49 1640.49 
19 1687.03 1687.20 1672.38 1698.01 1661.73 1661.73 
20 1703.87 1703.14 1700.52 1709.05 1681.80 1681.80 
21 1717.58 1718.83 1725.31 1718.23 1698.61 1698.61 
22 1732.37 1732.97 1746.53 1727.16 1715.18 1715.18 
23 1749.35 1749.11 1785.76 1736.99 1730.67 1730.64 
24 1768.84 1768.66 1948.94 1751.58 1751.58 1751.57 
25 2177.74 2176.90 2150.54 2211.51 2145.63 2145.63 
26 2222.38 2221.26 2195.85 2243.43 2187.31 2187.31 
27 2249.37 2249.60 2230.19 2264.01 2215.63 2215.63 
28 2271.82 2270.85 2267.42 2278.74 2242.39 2242.39 
29 2290.11 2291.77 2300.42 2290.97 2264.82 2264.82 
30 2309.83 2310.62 2328.70 2302.88 2286.90 2286.90 
31 2332.46 2332.15 2381.02 2315.99 2307.61 2307.54 
32 2358.45 2358.21 2579.22 2335.43 2335.43 2335.43 
33 2722.18 2721.13 2707.21 2764.39 2682.03 2682.03 
34 2777.97 2776.57 2759.53 2804.29 2734.14 2734.14 
35 2811.72 2812.00 2800.20 2830.01 2769.54 2769.54 
36 2839.78 2838.56 2842.30 2848.42 2802.99 2802.99 
37 2862.63 2864.71 2879.85 2863.71 2831.11 2831.11 
38 2887.28 2888.28 2913.19 2878.60 2859.27 2858.65 
39 2915.58 2915.19 2976.40 2894.99 2889.33 2885.00 
40 2948.07 2947.76 3163.44 2919.29 2919.29 2919.29 

Table 8. The average AETSYS for the number of jobs from one to forty when using DPM or 
any of the other proposed mapping algorithms with the naïve scheduling algorithm. 

When using the scheduling algorithm proposed in Section 4.1.3 instead of the naive approach, 
the data in Table 9 is extracted. 

Algorithm  

No. of Jobs 
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Horizontal Vertical Greedy Graph Mod. Graph DPM 

1 544.436 544.225 536.406 536.406 536.406 536.406 
2 555.594 555.315 548.507 546.828 546.828 546.828 
3 562.344 562.400 557.461 553.909 553.909 553.909 
4 567.956 567.712 566.841 560.599 560.599 560.599 
5 572.527 572.943 575.105 566.204 566.204 566.204 
6 577.457 577.656 582.175 571.725 571.725 571.725 
7 583.115 583.038 595.254 576.889 576.889 576.881 
8 589.613 589.553 649.645 583.859 583.859 583.858 
9 1088.87 1088.45 1072.81 1105.75 1072.81 1072.81 
10 1111.19 1110.63 1097.01 1121.72 1093.66 1093.66 
11 1124.69 1124.80 1114.92 1132.00 1107.82 1107.82 
12 1135.91 1135.42 1133.68 1139.37 1121.20 1121.20 
13 1145.05 1145.89 1150.21 1145.49 1132.41 1132.41 
14 1154.91 1155.31 1164.35 1151.44 1143.45 1143.45 
15 1166.23 1166.08 1190.51 1157.99 1153.78 1153.76 
16 1179.23 1179.11 1299.29 1167.72 1167.72 1167.72 
17 1633.31 1632.68 1609.22 1658.63 1609.22 1609.22 
18 1666.78 1665.94 1645.52 1682.57 1640.49 1640.49 
19 1687.03 1687.20 1672.38 1698.01 1661.73 1661.73 
20 1703.87 1703.14 1700.52 1709.05 1681.80 1681.80 
21 1717.58 1718.83 1725.31 1718.23 1698.61 1698.61 
22 1732.37 1732.97 1746.53 1727.16 1715.18 1715.18 
23 1749.35 1749.11 1785.76 1736.99 1730.67 1730.64 
24 1768.84 1768.66 1944.02 1751.58 1751.58 1751.57 
25 2177.74 2176.90 2148.71 2211.51 2145.63 2145.63 
26 2222.38 2221.26 2195.51 2243.43 2187.31 2187.31 
27 2249.37 2249.60 2230.13 2264.01 2215.63 2215.63 
28 2271.82 2270.85 2267.42 2278.74 2242.39 2242.39 
29 2290.11 2291.77 2300.42 2290.97 2264.82 2264.82 
30 2309.83 2310.62 2328.70 2302.88 2286.90 2286.90 
31 2332.46 2332.15 2381.02 2315.99 2307.61 2307.54 
32 2358.45 2358.21 2562.98 2335.43 2335.43 2335.43 
33 2722.18 2721.13 2697.21 2764.39 2682.03 2682.03 
34 2777.97 2776.57 2749.22 2804.29 2734.14 2734.14 
35 2811.72 2812.00 2792.94 2830.01 2769.54 2769.54 
36 2839.78 2838.56 2837.97 2848.42 2802.99 2802.99 
37 2862.63 2864.71 2877.54 2863.71 2831.11 2831.11 
38 2887.28 2888.28 2913.06 2878.60 2859.27 2858.65 
39 2915.58 2915.19 2973.98 2894.99 2889.33 2885.00 
40 2948.07 2947.76 3143.63 2919.29 2919.29 2919.29 

Table 9. The average AETSYS for the number of jobs from one to forty when using DPM or 
any of the other proposed mapping algorithms with the scheduling algorithm proposed 

in Section 4.1.3. 

 

Algorithm  

No. of Jobs 
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The difference of the average AETSYS calculated as a percentage between DPM algorithm and 
the other algorithms in the experiment when using the naive scheduling algorithm, can be 
observed in Figure 40 and the difference when using the scheduling algorithm proposed in 
Section 4.1.3, can be observed in Figure 41. The number of jobs can only be a natural 
number, so the lines between the dots in the graphs are therefore only included to make it 
easier for the reader to distinguish the different algorithms. 

Difference in Average System AET compared to Dynami c 
Programmed Mapping Algorithm expressed as a percent age
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Since both graphs show positive numbers in difference, it means that the DPM algorithm 
performs the best. It is also observable that the result from the Modulo Graph-based algorithm 
stays close to the x-axis, which means that it performs almost as good as the DPM algorithm 
and can be considered a good heuristic algorithm. The Graph-based algorithm can only be 
considered a good heuristic algorithm when the number of jobs is equal or less than the 
number of machines and when the number of machines is a divisor of the number of jobs. 

Figure 41: Diagram showing the increase of AETSYS for all the other algorithms in the experiment, 
when using the scheduling algorithm proposed in Section 4.1.1, compared to DPM. 

Figure 40: Diagram showing the increase of AETSYS for all the other algorithms in the experiment, 
without using any scheduling algorithm, compared to DPM. 
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5.4 Conclusion and Future Work 
Since it is important for a system to perform efficiently and error-free, the work of this thesis 
has been to apply RRC as fault-tolerant technique on an NoC-based MPSoC, executing 
independent jobs and to find a mapping and scheduling that reduces the average execution 
time for this system. Mapping and scheduling are hard problems and to avoid that the problem 
escalates, a couple of assumptions has been made. All jobs have been assumed to have equal 
length, the probability of a processor’s error-free execution time vary from processor to 
processor and the communication cost for one link is the same for all the links through the 
network, but also assumed that no link failure could occur. The problem was divided into two 
approaches, finding separated mapping and scheduling algorithms and finding an integrated 
mapping and scheduling algorithm. For the separated we proposed three heuristic mapping 
algorithms that we called Greedy-based mapping algorithm, Graph-based mapping algorithm 
and Modulo Graph-based mapping algorithm. We also proposed a scheduling algorithm that 
is applied once the mapping is done. For the integrated mapping and scheduling approach we 
proposed an algorithm that gives the best results (lowest AETSYS) for our defined problem, 
which we called Dynamic Programmed Mapping algorithm. Dynamic Programmed Mapping 
algorithm performs the best, but can become computationally hard when the network 
increases in size. The heuristic algorithms that are faster and not as computationally hard can 
therefore be a better option to find a mapping and scheduling that is almost as good as DPM. 
The Graph-based algorithm can only be considered a good heuristic algorithm when the 
number of jobs is equal or less than the number of machines and when the number of 
machines is a divisor of the number of jobs. We have also seen that there are no trivial 
solutions for the problem. Mapping adjacently or using the Greedy-based algorithm does not 
perform as well as the Dynamic Programmed Mapping algorithm. 
 We mention in Chapter 2 that scheduling jobs, which does not have equal length, is not a 
trivial problem, but a rather complex one. Removing the assumption that the jobs have equal 
length in our problem makes it therefore even more complex and would make it an interesting 
case to do research about in the future. 
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Appendix A – Analyzis Concerning the Behavior of the 
Average Execution Time when Dependent on the 
Average Communication Time 
This appendix contains limit calculations to determine the exact behaviour of AET (Eq. (4)) 
when changing τACT. τACT is defined to be greater than zero, since it would otherwise mean an 
instantaneous communication or a communication that rewinds time. As seen in Eq. (4), AET 
is dependant on nc and nc · τACT. It is therefore necessary to know how nc (Eq. (5)) and nc · 
τACT behave before knowing how AET (Eq. (4)) behaves, therefore we will also have to 
define the equation for nc · τACT, Eq. (10).  
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The limits that have to be analyzed are the limits of nc, nc · τACT and AET as τACT approaches 
zero from above and positive infinity, starting with the limit of nc as τACT approaches zero 
from above (Lim. (L1)). 
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The probability of a two processors’ error free execution time is in the range above 0% and 
lower than 100% (0 < P2 < 1), i.e. one can never be 100% that a processor’s execution time is 
error free and it should always give a error free execution time at least [1]. The natural 
logarithm of P2 is negative since the natural logarithm of a decimal number between zero and 
one is always negative. A positive constant subtracted with a negative constant that is divided 
by a value approaching zero from above is equal to a value approaching positive infinity, that 
is why nc approaches positive infinity when τACT approaches zero from above (Lim. (L1)). 
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nc · τACT approaches zero from above when τACT approaches zero from above (Lim. (L3)), 
since a value approaching zero from above subtracted with a value approaching zero from 
below is equal to a value approaching zero from above (Lim. (L2)). 
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As shown before, nc · τACT approaches zero from above when τACT approaches zero from 
above (Lim. (L3)), nc approaches positive infinity when τACT approaches zero from above 
(Lim. (L1)) and the range of  P2 is defined as 0 < P2 < 1. An infinite nth root out of a small 
number (between zero and one) approaches 1 and that is why AET approaches T when τACT 
approaches zero from above (Lim. L4).  
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A division approaches zero when the dividend is a constant and the divisor is approaching 
infinity, therefore the last division in Limit (L5) can be looked aside and squareroot out of a 
square value equals the value resulting in Limit (L6). A constant subtracted with the same 
constant equals zero, that is why nc approaches zero from above when τACT approaches 
positive infinity (Lim. (L6)). 
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A value approaching positive infinity subtracted with a value approaching negative infinity 
equals a value approaching positive infinity (Lim. (L7)), that is why nc · τACT approaches 
positive infinity when τACT approaches positive infinity (Lim. (L8)). 
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nc root is the same as power of 1/ nc which approaches positive infinity when τACT approaches 
positive infinity, since nc approaches zero from above when τACT approaches positive infinity 
(Lim. (L6)). An infinite power out of a small number (between zero and one) has the limit 
zero and a value that approaches positive infinity multiplied with another value that 
approaches positive infinity is equal to a value approaching positive infinity and that is why 
AET approaches positive infinity when τACT approaches positive infinity (Lim. (L9)).  
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These calculations show that when τACT approaches zero from above AET approaches T from 
above and when τACT approaches positive infinity so does AET as well, but it does not prove 
that the function is monotonically increase for all values in between. To prove that the AET 
function (Eq. (3)) is monotonically increasing, we need to analyze the derivative of the AET 
in respect of τACT. To make it easier to find the derivative, we rewrite the root in Eq. (4) into 
an exponential function (Eq. (4b)).   
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T is a constant and the derivative of constant is zero. nc is not a constant, but a function 
dependant on τACT, for now we write the derivative of nc as nc´, which we mean the derivative 
of nc with the respect of τACT. After calculating two product differentiation rules and an 
exponential function with double chain differentiation rules the following derivative (Deriv. 
(D1)) of AET with respect of τACT is found.  
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The Derivative D1 can be simplified into the Derivative D2. 
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To analyze this further we need the derivative of nc with the respect of τACT. First we rewrite 
Eq. (5) into Eq. (5b) so it is easier to find the derivative. 
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After a normal polynomial differentiation rule and a chain differentiation rule the following 
derivative (Deriv. (D3)) of nc with respect of τACT is found. 
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The Derivative (D3) can be simplified into Derivative (D4). 
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For AET to be a monotonically increasing function, the derivative of AET, with respect of 
τACT, should be strictly greater than zero.  
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By analyzing the Derivative (D2) with the help of Derivative (D4) we can see that the only 
possible solution for the derivative of AET with respect of τACT to be less than or equal to 
zero, is if the derivative of nc multiplied with τACT is greater than nc. So to prove that the 
derivative of AET, with respect of τACT, is strictly greater than zero we have to prove that the 
expression of nc (Eq. (5)) added together with the derivative of nc, with respect of τACT, 
multiplied with τACT is greater than zero (shown in Eq. (12a)). The same square-root 
expression can be found in both equations and has been replaced with the expression sqroot 
(Eq. (11)) to make it easier to follow. The square-root expression is strictly greater than zero. 
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The fraction including τACT in the last term of Eq. (12a) can be reduced and the other terms 
have to be converted into fractions with quantity of sqroot, so that addition between the 
fractions is possible (Eq. 12b).  

 
Since all fractions now have the same quantity, it possible to unify the terms into one big 
fraction (Eq. 12c).  
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The second to last fraction in the numerator had its quantity converted into 2 · τACT, so the last 
two terms can be unified. It is now possible to analyze the positivity for every term in the 
numerator and the positivity of the denominator (Eq. (12d)).  

( ) ( ) ( )
)12(0

2

ln

2

ln

2

ln

0

0

2

0

22

0

2

d
sqroot

PTPsqrootP

nn ACT
ACTcc >










⋅
⋅−+








+⋅−

=⋅′+

>

>>>

321

44844764847644 844 76

τ
τ

The natural logarithm of P2 is negative and sqroot is positive, as shown before, so the first 
term in the numerator is strictly greater than zero. The square of anything is always positive; 
meaning the second term in the numerator is strictly greater than zero. Both T and τACT are in 
themselves defined as strictly greater than zero, therefore is the last term in the numerator 
strictly greater than zero. As shown in Eq. (11), sqroot is strictly greater than zero, therefore is 
the denominator strictly greater than zero. This proves that derivative of AET with respect of 
τACT is strictly greater than zero, meaning AET is a monotonically increasing function and the 
minimum AET can be achieved with the lowest τACT possible. 
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Appendix B – Maximum Distance Between Two Nodes 
in a Square Mesh Shaped Topology 
This appendix contains the calculations on how to determine the maximum distance between 
two nodes in a square mesh shaped topology. The maximum distance between two nodes, Ni 
and Nj, is defined as the maximum number of links than one can traverse, going from Ni to Nj, 
when assuming that a node in the network may only be visited once. If traversing from a node 
to another in a network of m by m nodes and all nodes are visited, the maximum distance is 
always the number of nodes minus one, i.e. all nodes in the network not counting the starting 
nodes. Though depending on where the two nodes are located in the network it may not 
always be possible to visit all the nodes. For example in a four by four network the maximum 
distance traversing between N5 and N15, as illustrated in Figure 42, is fourteen links, the 
number of nodes minus two, i.e. all nodes in the network not counting starting node and one 
node that cannot be visited. 

 
The maximum distance depends on the physical position of the two communicating nodes in 
the network and the size of the network. If for example N5 is the starting node (white node in 
Figure 43) and all the other nodes can be considered end nodes when traversing through the 
network and trying to find the maximum distance, then all nodes with an even minimum 
distance (grey nodes in Figure 43) has the maximum distance (n – 2), were n is the number of 
nodes, and all nodes with an odd minimum distance (black nodes in Figure 43) has the 
maximum distance (n – 1). With this knowledge we can define an expression (Eq. (13)) for 
the maximum distance in an m by m network, where m is an even number.  

( ) ( )132%1.max 2121 yyxxndisteven −+−−−=  

When analyzing an m by m network where m is an odd number, an inverse chessboard pattern 
is discovered as illustrated by Figure 44. For example when traversing through the network 
and trying to find the maximum distance where N6 is the starting node (white node in Figure 
44) and all the other nodes can be considered end nodes, then all nodes with an odd minimum 
distance (grey nodes in Figure 44) has the maximum distance (n – 2), were n is the number of 
nodes, and all nodes with an even minimum distance (black nodes in Figure 44) has the 
maximum distance (n – 1). 
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Figure 42: One of the longest possible routes 
between N5 and N15 in a four by four network. 
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Figure 43: The longest possible route between 

N5 and a grey node is n-2, and between N5 and a 
black nodes it is n-1 

0,0 1,0 2,0 3,0 

0,1 1,1 2,1 3,1 

0,2 1,2 2,2 3,2 

0,3 1,3 2,3 3,3 



 58 

 

Analyzing even further reveals that in an m by m network where m is an odd number the 
location of the starting node is also important. If for example N5 is the starting node (white 
node in Figure 45) and all the other nodes can be considered end nodes when traversing 
through the network and trying to find the maximum distance, then all nodes with an even 
minimum distance (grey nodes in Figure 45) has the maximum distance (n – 3), were n is the 
number of nodes, and all nodes with an odd minimum distance (black nodes in Figure 45) has 
the maximum distance (n – 2). This is because an extra node gets cornered out.  

 

This behaviour can be generalized by adding the starting node’s X-coordinate with its Y-
coordinate and adding the ending node’s X-coordinate with its Y-coordinate. When both sums 
equal to an even number the maximum distance between those two nodes is (n – 1), where n 
is the number of nodes in the network. If one and only one of the sums equal to an odd 
number the maximum distance between those two nodes is (n – 2) and if both sums equal to 
an odd number the maximum distance is (n – 3). This is summarized in Table 10. 
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Figure 45: The longest possible route between N6 and a grey 
node is n-2, and between N6 and a  black nodes it is n-1. 
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Figure 44: The longest possible route between N6 and a grey 
node is n-2, and between N6 and a  black nodes it is n-1 
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Pi (x + y)%2 Pj (x + y)%2 Maximum distance 

0 0 n – 1 – 0 
0 1 n – 1 – 1 
1 0 n – 1 – 1 
1 1 n – 1 – 2 

Table 10. Table showing the maximum distances depending on the parity of the two 
communicating nodes (Pi and Pj ) 

Out of Table 10 we can define an expression (Eq. (14)) for the maximum distance between 
two nodes in an m by m network, where m is an odd number. 

( ) ( )( ) ( )142%2%1.max 2211 yxyxndistodd +++−−=  

By redefining Eq. (13) and Eq. (14) into Eq. (15) and Eq. (16) where the expressions only 
describes the behaviour of nodes that cannot be visit in a maximum distance, defined as 
nlesseven and nlessodd, we can easily combine Eq. (15) and Eq. (16) and define an expression 
(Eq. (17)) to calculate the maximum distance in any square mesh shaped network with n 
nodes. Where n is the number of nodes in a network of m by m nodes. 

( ) ( )152%2121 yyxxnlesseven −+−=  
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( ) ( ) ( ) ( )172%2%11.max nnlessnnlessndist oddeven ⋅−+⋅−−=  
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Appendix C - Dictionary Containing Terms Used in This 
Thesis 
This appendix consists of several terms used in this thesis that might be unknown for the 
reader, all sorted in alphabetical order. 

average communication time (τACT ) 
The average time required for two processors to communicate with each other. 

average execution time (AETJOB) 
The average time required for a job to finish. 

deterministic 
A system is deterministic when knowing the inputs to the system you can always know the 
output. E.g. if input X results in output Y, then input X can never result in output Z. 

e.g. 
Abbreviation of exempli gratia, which is Latin for “for example”. 

edge 
A one-dimensional line segment joining two vertices. 

error-free execution time (T) 
The time it takes for a job to finish when no errors occur. 

et al. 
Abbreviation of et alii, which is Latin for “and others”. 

execution segment 
A segment of an error-free execution T that is used in RRC. After each segment a checkpoint 
is inserted. 

heuristic 
An adjective used for problem solving methods. A heuristic method is often used to try and 
rapidly get a result near the optimal solution. 

i.e. 
Abbreviation of id est, which is Latin for “that is; in other words”. 

incident 
Means belonging to. The vertices and the edge of two adjacent vertices with a joined edge 
between them are all considered incident. 

integrated circuit (IC) 
A tiny electronic circuit that has been etched on the surface of a thin substrate of 
semiconductor material. 

link cost 
The time it takes for two processors to exchange data over a link in the NoC architecture 
when using RRC as fault tolerance technique. 

matching 
A set of pairwise non-adjacent edges in a graph, where no two edges share a common vertex. 

maximum matching 
A matching that contains the largest possible number of edges 

multiprocessor System-on-Chip (MPSoC) 
A System-on-Chip composed of two or more independent processor cores that are linked to 
each other by an on-chip interconnect. For a more detailed description see Section 1.1. 

 
 



 62 

nc 
The notation for the number of execution segments that a given job with error-free execution 
time T is divided into. 

NP 
Stands for non-deterministic polynomial-time and is a complexity class of a set of decision 
problems for which the answer “yes” has simple proofs. 

NP-hard 
Stands for non-deterministic polynomial-time hard and is a complexity class of problems 
that is at least as hard as the hardest problems NP and are often problems that are 
computationally expensive, i.e. takes up a lot of memory and a long time to execute.   

Network-on-Chip (NoC) 
A technique to implement a network based architecture of an MPSoC. For a more detailed 
description see Section 1.2. 

overall system average execution time (AETSYS) 
The average time between that the first job starts until the last job finishes. 

Pi 
The notation for the probability of processor i’s error-free execution time, i.e. the probability 
of processor i to execute a job without any errors occurring. 

rollback-recovery with checkpointing (RRC) 
A fault tolerance technique that divides a job into checkpoints and recovers when errors 
occur, be re-execution of the job from the last checkpoint. For a more detailed description 
see Section 1.4. 

saturated 
A vertex is saturated if it is incident to an edge in the matching. 

System-on-Chip (Soc) 
A chip with integrated electrical components making the chip incorporating a complete 
system. 

topology (geometric topology) 
The study of how several geometry spaces, e.g. nodes, are connected to each other. For 
example describing the design of a network. 

unsaturated 
A vertex is unsaturated if it is not incident to an edge in the matching. 

vertex 
A node in a graph. 
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