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1 Introduction 
This document reports on our efforts towards design space exploration (DSE) techniques for 
adaptive MPSoC systems. These efforts address adaptivity in MPSoCs from two different angles. 
First, we have studied DSE techniques for fault-tolerant MPSoCs, in which adaptivity can e.g. be 
used to migrate tasks from faulty processors. With the reduction in feature size, transient errors start 
to play an important role in modern embedded systems. It is therefore important to make fault-
tolerance a first-class citizen in embedded system design. Fault-tolerance patterns are techniques to 
make an application fault-tolerant. Not only do fault-tolerance patterns affect the quality of the 
embedded system (like performance, energy and cost), but there also are many ways of applying 
them. In this work, we have developed the SAFE simulation framework – which is an extension of 
our Sesame simulation framework – that supports the early exploration of the different possibilities 
to apply fault-tolerance patterns to MPSoC-based embedded multimedia systems. The SAFE model 
incorporates fault injection, detection and correction. As a result, a Pareto front can be obtained that 
not only shows the trade-off between metrics like performance, energy, cost, but also captures 
reliability metrics like frame drops due to soft errors and the number of unresolvable faults.  

In a second research effort, we have studied adaptivity in MPSoCs from the perspective of run-time 
optimization of the system in terms of performance and energy consumption. The application 
workloads in modern MPSoC-based embedded systems are becoming increasingly dynamic. 
Different applications concurrently execute and contend for resources in such systems, which could 
cause serious changes in the intensity and nature of the workload demands over time. To cope with 
the dynamism of application workloads at run time and improve the efficiency of the underlying 
system architecture, this work has developed a novel scenario-based run-time task mapping 
algorithm. This algorithm combines a static mapping strategy based on workload scenarios and a 
dynamic mapping strategy to achieve an overall improvement of system efficiency. We have 
evaluated our algorithm using a homogeneous MPSoC system with three real applications. From 
the results, we found that our algorithm achieves an 11.3% performance improvement and a 13.9% 
energy saving compared to running the applications without using any run-time mapping algorithm. 
When comparing our algorithm to three other, well-known run-time mapping algorithms, it is 
superior to these algorithms in terms of quality of the mappings found while also reducing the 
overheads compared to most of these algorithms. 

2 SAFE: Early Design Space Exploration of Fault-tolerant MPSoCs 
The design of Multi-Processor System-on-Chip (MPSoC) based embedded systems deals with 
many objectives. One of them is reliability. An MPSoC design needs to be able to cope with soft 
and hard errors. Soft errors are transient errors that cause a temporal malfunction in the system. 
There are multiple sources of soft errors. Examples are single upset events (SUE) [23] caused by 
high-energy neutrons resulting from cosmic rays colliding with particles in the atmosphere, and 
negative bias temperature instability (NBTI) [1]. In general, soft errors are failures in processor 
execution due to electrical noise or external radiation. Traditionally, soft errors were only an issue 
in electronic circuits used in space. However, due to the reduction in feature size and voltage levels, 
MPSoCs are becoming more susceptible to soft errors [23]. Therefore, an MPSoC-based embedded 
system needs to be able to cope with these errors. 

Fault-tolerance patterns allow an MPSoC to deal with system errors. One of the possible fault-
tolerance patterns is active redundancy in space and/or time. If active redundancy is used in the 
space domain, different resources are used to run the same tasks by means of task replication. 
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Another possibility is to run the task multiple times on the same resource (time domain). The 
outcomes of the different runs are collected (no response within a certain time frame is also a 
response) and compared. Based on these results, majority voting can be applied to detect and handle 
faults. 

When mapping an application onto an MPSoC, there are many ways of applying fault-tolerance 
patterns to the application. This procedure of applying fault-tolerance patterns to an application is 
called patternization. The type of patternization that is applied (like the granularity of the patterns 
and the number of task replicates used) directly influences the quality of the design in terms of 
performance, energy and cost. As the effect is hard to predict, it is important to be able to reason 
about the effects of patternization, right from the start of the design process. Therefore, the 
patternization should be part of the early design space exploration (DSE) of MPSoC-based 
embedded systems. 

To explore different patternizations, we have developed the Sesame Automated Fault-tolerance 
Explorer (SAFE). SAFE provides a novel and generic framework for the early design space 
exploration of real-time multimedia applications where the effects of implementing fault-tolerance 
are taken into account. In other words, it aims at making fault-tolerance a first class citizen in early 
design space exploration. SAFE provides early feedback on the effects of making multimedia 
MPSoCs fault-tolerant, thereby enabling better decision taking as compared to an approach where 
fault-tolerance is only addressed in the later design phases. In the latter case, any fault-tolerance 
measure may invalidate all the decisions taken earlier. Moreover, SAFE provides a simulation-
based evaluation, which allows for more detailed architecture models compared to the analytical 
models often deployed in this domain. As a result, SAFE can produce important metrics like frame 
drop ratio for dynamically scheduled applications for a wide range of (mixed) fault-tolerance 
patterns. In this work, we only focus on active redundancy and soft errors, but SAFE also allows for 
deploying other types of fault-tolerance patterns, like (low overhead) assertion-based techniques, as 
well as for addressing permanent faults. A framework like SAFE is a prerequisite for modeling, 
simulating and performing DSE of adaptive, fault-tolerant MPSoCs, which is not yet addressed in 
this work and considered as future work. 

2.1	  The	  Sesame	  MPSoC	  simulation	  framework	  
For SAFE, we are building upon the Sesame framework for high-level simulation of multimedia 
MPSoCs [20]. The advantage of high-level modeling is that it allows for a quick pruning of the 
space of possible MPSoC designs. The Sesame framework, which is illustrated in Figure 1, enables 
fast performance evaluation using separate application and architectural models with a typical 
accuracy of 5% compared to a prototype implementation [17]. An application model is built using a 
Kahn Process Network (KPN) [13], while the architecture model models the MPSoC architecture in 
a cycle-approximate fashion. Subsequently, there is a mapping of the application model(s) onto the 
architecture model, implemented using trace-driven co-simulation of the two aforementioned 
models. Mapping solves two aspects concurrently: 1) allocation and 2) binding. Allocation selects 
the architectural components used in the MPSoC platform, whereas the binding defines on which 
architectural component the application tasks and communications are executed. During the 
evaluation of a mapping, each process in an application model generates a trace of application 
events, representing the workload at a high level of abstraction (like read/write a chunk of data, or 
execute a particular function). These event traces are simulated by the architecture model to obtain 
metrics like execution time and energy consumption. 
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Since the applications that need to be mapped on MPSoCs become more and more dynamic, SAFE 
uses the concept of scenario-based design [19]. More precisely, SAFE is based on the scenario-
based version of Sesame [24], deploying workload scenarios [8] to model dynamic application 
workloads. Where Sesame uses absolute metrics for an application workload, like total execution 
time and energy consumption, SAFE uses the notion of frames. As a result, SAFE considers metrics 
like frame rate and average power usage for frame processing. For this purpose, we assume that a 
single scenario of an application is equivalent to the handling of a single frame. That is, frames are 
the elementary unit of work performed by an application. For a video application this is the 
decoding of a single image, whereas the frame of an MP3 application is a single block of sound. 
Important to notice is that between scenarios (i.e., frames) application processes do not have any 
implicit state. As will be explained later on, this simplifies the implementation and modeling of 
fault-tolerance. 

2.2	  Fault	  tolerance	  integration	  
In this section, a description is given of how fault-tolerance is integrated in SAFE. The first 
subsection specifies the integration of the fault-tolerance patterns in the system model. Next, the 
mapping procedure is described. Finally, the fault-tolerance aware mapping process is illustrated 
using a motion-JPEG (MJPEG) application. 

2.2.1	  The	  system	  model	  
Figure 2 shows the SAFE system model that integrates fault-tolerance. Apart from the layers that 
were already mentioned in Section 2.1 (application, mapping and architecture), the system model 
also contains a pattern layer. The pattern layer consists of all the possible fault-tolerance patterns 
that can be used to make an application fault-tolerant. In the following, we will describe the layers 
in more detail: 

Application layer. Applications are represented by a directed graph GK(V, Ek) with V = VN ∪ 
VOWP and VN ∩ VOWP = ∅. Vertices represent the Kahn Process nodes. To make the external I/O 
with respect to the complete application explicit, a distinction is made between two types of nodes. 
Normal process nodes (VN) do not have any interaction with the outside world, whereas outside 
world processes (VOWP) exclusively model the interaction with the world externally to the 
application. Actions taken by normal process nodes should not affect anything externally to the 
application. This means that they also cannot write to memory that is accessible by components that 
are not part of the embedded system. As a result, normal process nodes can be replicated without 
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fault-tolerance patterns, like (low overhead) assertion based
techniques, as well as for addressing permanent faults.

This paper is organized as follows: the next section de-
scribes Sesame, a high level framework on which SAFE is
based. Next, the fault-tolerance integration in the MPSoC
model is described. The extension of the Sesame simulation
model is described in Section 4. Section 5 describes a num-
ber of experiments performed with SAFE. Finally, Section
6 describes related work and Section 7 concludes the paper.

2. THE SESAME ENVIRONMENT
For SAFE, we are building upon the Sesame framework

for high-level simulation of multimedia MPSoCs [20]. The
advantage of high-level modeling is that it allows for a quick
pruning of the space of possible MPSoC designs. The Sesame
framework, which is illustrated in Figure 1, enables fast
performance evaluation using separate application and ar-
chitectural models with a typical accuracy of 5% compared
to a prototype implementation [17]. An application model
is built using a Kahn Process Network (KPN) [13], while
the architecture model models the MPSoC architecture in a
cycle-approximate fashion. Subsequently, there is a mapping
of the application model(s) onto the architecture model, im-
plemented using trace-driven co-simulation of the two afore-
mentioned models. Mapping solves two aspects concurrently:
1) allocation and 2) binding. Allocation selects the architec-
tural components used in the MPSoC platform, whereas the
binding defines on which architectural component the ap-
plication tasks and communications are executed. During
the evaluation of a mapping, each process in an application
model generates a trace of application events, representing
the workload at a high level of abstraction (like read/write
a chunk of data, or execute a particular function). These
event traces are simulated by the architecture model to ob-
tain metrics like execution time and energy consumption.

Since the applications that need to be mapped on MP-
SoCs become more and more dynamic, SAFE uses the con-
cept of scenario based design [19]. More precisely, SAFE
is based on the scenario-based version of Sesame [24], de-
ploying workload scenarios [8] to model dynamic applica-
tion workloads. Where Sesame uses absolute metrics for an
application workload, like total execution time and energy
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Figure 2: System model with integrated fault-
tolerance patterns.

consumption, SAFE uses the notion of frames. As a result,
SAFE considers metrics like frame rate and average power
usage. For this purpose, we assume that a single scenario
of an application is equivalent to the handling of a single
frame. That is, frames are the elementary unit of work per-
formed by an application. For a video application this is the
decoding of a single image, whereas the frame of an MP3
application is a single block of sound. Important to notice is
that between scenarios application processes do not have any
implicit state. As will be explained later on, this simplifies
the implementation and modeling of fault-tolerance.

3. FAULT-TOLERANCE INTEGRATION
In this section, a description is given of how fault-tolerance

is integrated in SAFE. The first subsection specifies the inte-
gration of the fault-tolerance patterns in the system model.
Next, the mapping procedure is described. Finally, the
fault-tolerance aware mapping process is illustrated using
a motion-JPEG (MJPEG) application.

3.1 System model
Figure 2 shows the SAFE system model that integrates

fault-tolerance. Apart from the layers that were already
mentioned in Section 2 (application, mapping and architec-
ture), the system model also contains a pattern layer. The
pattern layer consists of all the possible fault-tolerance pat-
terns that can be used to make an application fault-tolerant.
In the following, we will describe the layers in more detail:

Application layer Applications are represented by a di-
rected graph GK(V, Ek) with V = VN [ VOWP and VN \
VOWP = ;. Vertices represent the Kahn Process nodes. To
make the external I/O with respect to the complete appli-
cation explicit, a distinction is made between two type of
nodes. Normal process nodes (VN) do not have any interac-
tion with the outside world, whereas outside world processes
(VOWP) exclusively model the interaction with the world ex-
ternally to the application. Actions taken by normal process
nodes should not a↵ect anything externally to the applica-
tion. This means that they also cannot write to memory
that is accessible by components that are not part of the
embedded system. As a result, normal process nodes can be
replicated without any side-e↵ects to the application output.
Directed edges Ek = V ⇥ V represent communications links
to pass messages between process nodes. It is not allowed
for OWP processes to communicate directly with eachother:

8v1, v2 2 VOWP : (v1, v2) /2 Ek

Architecture layer The architecture is described by the
undirected graph GR(R, ER). R represents architectural re-
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any side-effects to the application output. Directed edges Ek = V × V represent communications 
links to pass messages between process nodes. It is not allowed for OWP processes to communicate 
directly with each other: 

∀v1,v2 ∈ VOWP : (v1,v2) ∈/ Ek 

Architecture layer. The architecture is described by the undirected graph GR (R, ER). R represents 
architectural resources like processors, communication buses, splitters, majority voters and buffers. 
There are some special architectural elements that need to be mentioned specifically. Architectural 
processors RP ⊂ R are the elements capable of executing normal process nodes. OWP processes, on 
the other hand, are handled by I/O elements RI ⊂ R. Majority voters RV ⊂ R are special architectural 
resources for implementing active redundancy. They split messages to send them to the different 
replicas and do a majority voting on outgoing messages. The edges in ER = R × R describe the 
communication links in the architecture. 

Pattern layer. There are many approaches to make the application fault-tolerant. The collection F 
represents the possible fault-tolerance patterns. In this work, we focus on active redundancy [6], but 
in principle more approaches are possible. A fault-tolerance pattern f ∈ F contains a description of 
how the active redundancy is implemented. Examples are double modular redundancy (DMR) and 
triple modular redundancy (TMR). The fault-tolerance pattern also includes policies like what to do 
on the detection of a fault and the frequency of checkpoints. The function nproc(f) specifies the 
number of processors required for the fault-tolerance pattern f ∈ F. For the DMR pattern, this is two 
processors (possibly the same processor). 

Mapping layer. Patternization edges EP describe the manner in which the application is made fault-
tolerant. Each edge (v,f) ∈	  EP represents a possible appliance of the fault-tolerance pattern f ∈ F for 
the process node v ∈ VN . 

Mapping edges EM assign architectural resources to the fault-tolerance pattern. More precisely, the 
edge (f, r) ∈ EM assigns processor r ∈ RP ∪ RV to pattern f ∈ F. Next, the I/O edges (EIO) bind the 
I/O processes. An edge c = (v,i) assigns the OWP processes v ∈ VOWP to an I/O component i ∈ RI in 
the architecture. 

A final step in the mapping layer is the message dispatch. E.g., there may be multiple process 
replicas that generate different copies of the same data for a particular destination. Similarly, data 
may need to be sent to multiple processes Let M = VN × V × R be the set of messages. A message m 
= (vs, vd, r) ∈ M is data sent from normal process node vs from resource r such that (vs,vd) ∈	  Ek ∨	  
(vd,vs) ∈	  Ek. 

Dispatch edges ED specify the target of the messages. When (m,r) ∈ ED, message m ∈ M needs to be 
sent to architectural resource r ∈ R. 
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fault-tolerance patterns, like (low overhead) assertion based
techniques, as well as for addressing permanent faults.

This paper is organized as follows: the next section de-
scribes Sesame, a high level framework on which SAFE is
based. Next, the fault-tolerance integration in the MPSoC
model is described. The extension of the Sesame simulation
model is described in Section 4. Section 5 describes a num-
ber of experiments performed with SAFE. Finally, Section
6 describes related work and Section 7 concludes the paper.

2. THE SESAME ENVIRONMENT
For SAFE, we are building upon the Sesame framework

for high-level simulation of multimedia MPSoCs [20]. The
advantage of high-level modeling is that it allows for a quick
pruning of the space of possible MPSoC designs. The Sesame
framework, which is illustrated in Figure 1, enables fast
performance evaluation using separate application and ar-
chitectural models with a typical accuracy of 5% compared
to a prototype implementation [17]. An application model
is built using a Kahn Process Network (KPN) [13], while
the architecture model models the MPSoC architecture in a
cycle-approximate fashion. Subsequently, there is a mapping
of the application model(s) onto the architecture model, im-
plemented using trace-driven co-simulation of the two afore-
mentioned models. Mapping solves two aspects concurrently:
1) allocation and 2) binding. Allocation selects the architec-
tural components used in the MPSoC platform, whereas the
binding defines on which architectural component the ap-
plication tasks and communications are executed. During
the evaluation of a mapping, each process in an application
model generates a trace of application events, representing
the workload at a high level of abstraction (like read/write
a chunk of data, or execute a particular function). These
event traces are simulated by the architecture model to ob-
tain metrics like execution time and energy consumption.

Since the applications that need to be mapped on MP-
SoCs become more and more dynamic, SAFE uses the con-
cept of scenario based design [19]. More precisely, SAFE
is based on the scenario-based version of Sesame [24], de-
ploying workload scenarios [8] to model dynamic applica-
tion workloads. Where Sesame uses absolute metrics for an
application workload, like total execution time and energy
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consumption, SAFE uses the notion of frames. As a result,
SAFE considers metrics like frame rate and average power
usage. For this purpose, we assume that a single scenario
of an application is equivalent to the handling of a single
frame. That is, frames are the elementary unit of work per-
formed by an application. For a video application this is the
decoding of a single image, whereas the frame of an MP3
application is a single block of sound. Important to notice is
that between scenarios application processes do not have any
implicit state. As will be explained later on, this simplifies
the implementation and modeling of fault-tolerance.

3. FAULT-TOLERANCE INTEGRATION
In this section, a description is given of how fault-tolerance

is integrated in SAFE. The first subsection specifies the inte-
gration of the fault-tolerance patterns in the system model.
Next, the mapping procedure is described. Finally, the
fault-tolerance aware mapping process is illustrated using
a motion-JPEG (MJPEG) application.

3.1 System model
Figure 2 shows the SAFE system model that integrates

fault-tolerance. Apart from the layers that were already
mentioned in Section 2 (application, mapping and architec-
ture), the system model also contains a pattern layer. The
pattern layer consists of all the possible fault-tolerance pat-
terns that can be used to make an application fault-tolerant.
In the following, we will describe the layers in more detail:

Application layer Applications are represented by a di-
rected graph GK(V, Ek) with V = VN [ VOWP and VN \
VOWP = ;. Vertices represent the Kahn Process nodes. To
make the external I/O with respect to the complete appli-
cation explicit, a distinction is made between two type of
nodes. Normal process nodes (VN) do not have any interac-
tion with the outside world, whereas outside world processes
(VOWP) exclusively model the interaction with the world ex-
ternally to the application. Actions taken by normal process
nodes should not a↵ect anything externally to the applica-
tion. This means that they also cannot write to memory
that is accessible by components that are not part of the
embedded system. As a result, normal process nodes can be
replicated without any side-e↵ects to the application output.
Directed edges Ek = V ⇥ V represent communications links
to pass messages between process nodes. It is not allowed
for OWP processes to communicate directly with eachother:

8v1, v2 2 VOWP : (v1, v2) /2 Ek

Architecture layer The architecture is described by the
undirected graph GR(R, ER). R represents architectural re-
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2.2.2	  Mapping	  procedure	  
During DSE, different design instances are created from the system model. To achieve this, a Y-
chart approach [14] is used. Figure 3 shows the modification to the Y-chart to integrate fault-
tolerance in the DSE. The inputs to our DSE are the applications, the architecture and the fault-
tolerance patterns. With these inputs, the mapping procedure can synthesize a design instance. This 
instance is used in the SAFE simulation framework to obtain performance numbers, after which the 
DSE process uses these numbers to optimize the application, architecture or mapping. 

The mapping procedure maps the application onto the fault-tolerant architecture and is divided into 
three steps: patternization, binding and message dispatch. Patternization selects the fault-tolerance 
patterns that will be used in the application. The binding step binds the application onto the 
architectural resources. Finally, the dispatch specifies the destination of the messages that are sent 
between the architectural resources. The complete procedure is as follows: 

Patternization. The first step in our fault-tolerant mapping is patternization ψ. The patternization ψ 
contains one edge for each node in VN such that ψ ⊆	  EP: 

∀v ∈	  VN : |{f | (v,f) ∈	  ψ}| = 1 

The complete patternization ψ describes the used fault-tolerance patterns in the MPSoC design and 
the process nodes that ���are assigned to them. Processes that are connected to a pattern f ∈ F are 
called a fault-tolerant subnetwork (Gf ): 

Gf  := {v | (v,f) ∈	  ψ} 

Computational Binding. Computational binding βx maps the fault-tolerant subnetworks onto the 
architecture such that βx ∈ EM . In case a fault-tolerant pattern is used it must be assigned to a voter 
and a set of processors: 

∀f ∈	  F : Gf =∅	  ∨	  (|{r | (f,r) ∈	  βx ∧	  r ∈	  RV}| = 1 ∧  |{p | (f,p) ∈ βx ∧ p ∈ RP }| = nproc(f)) 

The implication of this constraint is that all the processes in a replica of a subnetwork are mapped 
onto the same processor. This is useful for minimizing the overhead of explicit checkpoints as the 
checkpoint can be taken locally at the processor. Each voter may only be used by one pattern: 

∀r ∈	  RV :|{f | (f,r) ∈	  βx}| ≤ 1 

sources like processors, communication buses, splitters, ma-
jority voters and bu↵ers. There are some special architec-
tural elements that need to be mentioned specifically. Ar-
chitectural processors RP ⇢ R are the elements capable of
executing normal process nodes. OWP processes, on the
other hand, are handled by I/O elements RI ⇢ R. Majority
voters RV ⇢ R are special architectural resources for im-
plementing active redundancy. They split messages to send
them to the di↵erent replicas and do a majority voting on
outgoing messages. The edges in ER = R ⇥ R describe the
communication links in the architecture.

Pattern layer There are many approaches to make the ap-
plication fault-tolerant. The collection F represents the pos-
sible fault-tolerance patterns. In this paper, we focus on
active redundancy [6], but in principle more approaches are
possible. A fault-tolerance pattern f 2 F contains a descrip-
tion of how the active redundancy is implemented. Exam-
ples are double modular redundancy (DMR) and triple mod-
ular redundancy (TMR). The fault-tolerance pattern also in-
cludes policies like what to do on the detection of a fault and
the frequency of checkpoints (see Section 4.3). The function
nproc(f) specifies the number of processors required for the
fault-tolerance pattern f 2 F . For the DMR pattern, this is
two processors (possibly the same processor).

Mapping layer Patternization edges EP describe the man-
ner in which the application is made fault-tolerant. Each
edge (v, f) 2 EP represents a possible appliance of the fault-
tolerance pattern f 2 F for the process node v 2 VN .

Mapping edges EM assign architectural resources to the
fault-tolerance pattern. More precisely, the edge (f, r) 2 EM

assigns processor r 2 RP [RV to pattern f 2 F . Next, the
I/O edges (EIO) bind the I/O processes. An edge c = (v, i)
assigns the OWP processes v 2 VOWP to an I/O component
i 2 RI in the architecture.

A final step in the mapping layer is the message dispatch.
E.g., there may be multiple process replicas that generate
di↵erent copies of the same data for a particular destination.
Similarly, data may need to be sent to multiple processes
Let M = VN ⇥ V ⇥ R be the set of messages. A message
m = (vs, vd, r) 2 M is data sent from normal process node
vs from resource r such that (vs, vd) 2 Ek _ (vd, vs) 2 Ek.

Dispatch edges ED specify the target of the messages. When
(m, r) 2 ED, message m 2 M needs to be sent to architec-
tural resource r 2 R.

3.2 Mapping procedure
During DSE, di↵erent design instances are created from

the system model. To achieve this, a Y-chart approach [14]
is used. Figure 3 shows the modification to the Y-chart to
integrate fault-tolerance in the DSE. The inputs to our DSE
are the applications, the architecture and the fault-tolerance
patterns. With these inputs, the mapping procedure can
synthesize a design instance. This instance is used in the
SAFE simulation framework to obtain performance num-
bers, after which the DSE process uses these numbers to
optimize the application, architecture or mapping.

The mapping procedure maps the application onto the
fault-tolerant architecture and is divided into three steps:
patternization, binding and message dispatch. Patterniza-
tion selects the fault-tolerance patterns that will be used
in the application. The binding step binds the application

Application Architecture

Fault Tolerance
Patterns

Fault-tolerant Mapping
Patternization

Binding

Dispatcher

Performance
Numbers
Simulation

�

�

�

SA
FE

Figure 3: The modified Y-chart for synthesis with
fault-tolerance support.

onto the architectural resources. Finally, the dispatch spec-
ifies the destination of the messages which are sent between
the architectural resources. The complete procedure is as
follows:

Patternization The first step in our fault-tolerant map-
ping is patternization  . The patternization  contains one
edge for each node in VN such that  ✓ EP :

8v 2 VN : |{f |(v, f) 2  }| = 1

The complete patternization  describes the used fault-tolerance
patterns in the MPSoC design and the process nodes that
are assigned to them. Processes that are connected to a
pattern f 2 F are called a fault-tolerant subnetwork (Gf ):

Gf := {v|(v, f) 2  }

Computational Binding Computational binding �x maps
the fault-tolerant subnetworks onto the architecture such
that �x 2 EM . In case a fault-tolerant pattern is used it
must be assigned to a voter and a set of processors:

8f 2 F : Gf = ; _ (|{r|(f, r) 2 �x ^ r 2 RV }| = 1 ^
|{p|(f, p) 2 �x ^ p 2 RP }| = nproc(f))

The implication of this constraint is that all the processes
in a replica of a subnetwork are mapped onto the same pro-
cessor. This is useful for minimizing the overhead of explicit
checkpoints (as described in Section 4.3.2) as the checkpoint
can be taken locally at the processor. Each voter may only
be used by one pattern:

8r 2 RV : |{f |(f, r) 2 �x}|  1

I/O binding I/O binding �io maps the OWP processes
onto the architecture such that �io 2 EIO:

8v 2 VOWP : |{i|(v, i) 2 �io}| = 1

Each OWP process must be mapped on exactly one I/O
component.

Message Dispatch After binding, a message dispatch �
must be generated. The dispatch � defines the target of
each message such that � 2 ED. Additionally, the routing
between the processors, voters and I/O elements is deter-
mined. Currently, this routing is fixed and is not part of the
mapping procedure.
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���I/O binding. I/O binding βio maps the OWP processes onto the architecture such that βio ∈ EIO : ���∀v 
∈ VOWP : |{i | (v,i) ∈ βio}| = 1 

Each OWP process must be mapped on exactly one I/O component. 

Message Dispatch. After binding, a message dispatch δ must be generated. The dispatch δ defines 
the target of each message such that δ ∈ ED. Additionally, the routing between the processors, 
voters and I/O elements is determined. Currently, this routing is fixed and is not part of the mapping 
procedure. 

In order for the dispatch to be valid, two requirements must be met: 1) the process must be mapped 
on the resource the message is sent from and 2) each message has at most one destination resource: 

∀((vs,vd,r),rd) ∈	  δ : ∃f ∈	  F |((vs,f) ∈	  ψ ∧	  (f,r) ∈	  βx)  

∀m ∈ M :|{r | (m, r) ∈ δ}| ≤ 1 

The dispatch must also be complete. For each link e ∈ Ek, the message dispatch must specify the 
destination resource of all the messages: 

 

A design instance is feasible if and only if all the constraints during the patternization, 
computational binding, I/O binding and message dispatch are fulfilled. 

There are two types of communication: internal and external communication. Figure 4 shows the 
communication types. 

 
Internal communication is communication between two process nodes in the same fault-tolerance 
subnetwork (in the example between processes A and B). This communication is handled internally 
by the processor and is unverified (recall that the computational binding enforces that processes on 
the same subnetwork are mapped onto the same processor). For each of the replicated processes, a 
message dispatch entry must be present: 

Intern(vs, vd, f) := |{ r | ((vs, vd, r), r) ∈ δ ∧ r ∈ RP }| = nproc(f) 
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Figure 4: The di↵erent types of communication and
the required caching for enabling restarting.

In order for the dispatch to be valid, two requirements must
be met: 1) the process must be mapped on the resource the
message is sent from and 2) each message has at most one
destination resource.

8((vs, vd, r), rd) 2 � :9f 2 F | ((vs, f) 2  ^ (f, r) 2 �x)

8m 2 M :|{r|(m, r) 2 �}|  1

The dispatch must also be complete. For each link e 2 Ek,
the message dispatch must specify the destination resource
of all the messages:

8(vs, vd) 2 Ek :

⇢
Intern(vs, vd, f) 9f 2 F : vs, vd 2 Gf

Extern(vs, vd, f) @f 2 F : vs, vd 2 Gf

There are two types of communication: internal and external
communication. Figure 4 shows the communication types.

Internal communication is communication between two pro-
cess nodes in the same fault-tolerance subnetwork (in the ex-
ample between processes A and B). This communication is
handled internally by the processor and is unverified (recall
that the computational binding enforces that processes on
the same subnetwork are mapped onto the same processor).
For each of the replicated processes, a message dispatch en-
try must be present:

Intern(vs, vd, f) :=|{r|((vs, vd, r), r) 2 � ^ r 2 RP }| = nproc(f)

If the processes of the link are not in the same subnet-
work, the communication is external. External communi-
cation passes the majority voter and consists of two steps:

Extern(vs, vd, f) :=V(vs, vd, f) ^
⇢

IO(vs, vd) vd 2 VOWP

T (vs, vd) vd 2 VN

The first step is verified communication (V ). This is commu-
nication from the replicated process to the majority voter.
The majority voter will collect the messages of the di↵erent
replicas of vs and will verify the message that is passed on
to the destination process vd:

V (vs, vd, f) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RP ^ rd 2 RV

^ (f, rd) 2 �x}| = nproc(f)

The second step of external communication depends on the
type of the process node vd. If the destination process is a
normal process node (vd 2 VN), there will be a transfer (T)
of the message to the subnetwork of vd. In the case of an

OWP process (vd 2 VOWP), IO is performed:

IO(vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RV

^ (vd, rd) 2 �io ^ rd 2 RI}| = 1

T (vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r, rd 2 RV

^ (vd, fd) 2  ^ (fd, rd) 2 �x}| = 1

This second step only needs to be done once. For a transfer,
the destination resource must be the voter on which the
subnetwork of vd is mapped. The message will be split by a
splitter (which is physically part of a voter component, see
Figure 5b) for use by the replicated processes of vd. In case
of I/O, the destination resource must be the I/O element on
which process vd is mapped.

Besides writing data, read requests are issued by process
nodes. These read requests are passed on to a voter element
or an I/O element. The completeness requirements are sim-
ilar to those of writing data, except that the reading node
is the sending process and the writing node is the receiving
process:

8(vs, vd) 2 Ek :

⇢
Intern(vd, vs, f) 9f 2 F : vs, vd 2 Gf

Extern(vd, vs, f) @f 2 F : vs, vd 2 Gf

A design instance is feasible if and only if all the constraints
during the patternization, computational binding, I/O bind-
ing and message dispatch are fulfilled.

3.3 An MJPEG Example
To illustrate the fault-tolerance aware mapping in SAFE,

an example mapping of an MJPEG encoder is given in Fig-
ure 5. First, the application model is illustrated in Figure
5a. All the processes are normal (VN), apart from the OWP
process. As discussed in the previous section, the OWP is
part of VOWP to make those actions explicit that can have
side-e↵ects external to the specific application. As the OWP
is aware of the arrival times of frames, as well as their output
times, we can determine if a certain frame rate is met.

DMR-A and DMR-B are the fault-tolerance patterns that
are used in our example application. DMR is a type of active
redundancy [6] that uses two processors (not necessarily dif-
ferent). The active redundancy subnetwork is duplicated in
time or space (nproc(DMR) = 2) among the processor(s) to
be able to compare the di↵erent outgoing messages. An ar-
chitectural majority voter (VOTER-A or VOTER-B) takes
care of the splitting of incoming messages to the replicas and
the verification of outgoing messages using majority voting.
The complete description of the mapping procedure is as
follows:

The first step of the mapping is the patternization. Most
fault-tolerant exploration frameworks are fixated on a single
fault-tolerance pattern: replicate the complete application
or replicate each single process. The SAFE model is, how-
ever, not limited to a fixed pattern. In our example (Fig-
ure 5a), the MJPEG encoder is split into two fault-tolerant
subnetworks: Gf,DMR-B = {DMUX, RGB2YUV, DCT} and
Gf,DMR-A = {Control, Q, VLE}.

 = {(DMUX, DMR-B), (Control, DMR-A),

(RGB2YUV, DMR-B), (DCT, DMR-B),

(Q, DMR-A), (VLE, DMR-A)}

A next step is to perform the binding (see Figure 5b).
During the communication binding, the OWP process is
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In order for the dispatch to be valid, two requirements must
be met: 1) the process must be mapped on the resource the
message is sent from and 2) each message has at most one
destination resource.

8((vs, vd, r), rd) 2 � :9f 2 F | ((vs, f) 2  ^ (f, r) 2 �x)

8m 2 M :|{r|(m, r) 2 �}|  1

The dispatch must also be complete. For each link e 2 Ek,
the message dispatch must specify the destination resource
of all the messages:

8(vs, vd) 2 Ek :

⇢
Intern(vs, vd, f) 9f 2 F : vs, vd 2 Gf

Extern(vs, vd, f) @f 2 F : vs, vd 2 Gf

There are two types of communication: internal and external
communication. Figure 4 shows the communication types.

Internal communication is communication between two pro-
cess nodes in the same fault-tolerance subnetwork (in the ex-
ample between processes A and B). This communication is
handled internally by the processor and is unverified (recall
that the computational binding enforces that processes on
the same subnetwork are mapped onto the same processor).
For each of the replicated processes, a message dispatch en-
try must be present:

Intern(vs, vd, f) :=|{r|((vs, vd, r), r) 2 � ^ r 2 RP }| = nproc(f)

If the processes of the link are not in the same subnet-
work, the communication is external. External communi-
cation passes the majority voter and consists of two steps:

Extern(vs, vd, f) :=V(vs, vd, f) ^
⇢

IO(vs, vd) vd 2 VOWP

T (vs, vd) vd 2 VN

The first step is verified communication (V ). This is commu-
nication from the replicated process to the majority voter.
The majority voter will collect the messages of the di↵erent
replicas of vs and will verify the message that is passed on
to the destination process vd:

V (vs, vd, f) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RP ^ rd 2 RV

^ (f, rd) 2 �x}| = nproc(f)

The second step of external communication depends on the
type of the process node vd. If the destination process is a
normal process node (vd 2 VN), there will be a transfer (T)
of the message to the subnetwork of vd. In the case of an

OWP process (vd 2 VOWP), IO is performed:

IO(vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RV

^ (vd, rd) 2 �io ^ rd 2 RI}| = 1

T (vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r, rd 2 RV

^ (vd, fd) 2  ^ (fd, rd) 2 �x}| = 1

This second step only needs to be done once. For a transfer,
the destination resource must be the voter on which the
subnetwork of vd is mapped. The message will be split by a
splitter (which is physically part of a voter component, see
Figure 5b) for use by the replicated processes of vd. In case
of I/O, the destination resource must be the I/O element on
which process vd is mapped.

Besides writing data, read requests are issued by process
nodes. These read requests are passed on to a voter element
or an I/O element. The completeness requirements are sim-
ilar to those of writing data, except that the reading node
is the sending process and the writing node is the receiving
process:

8(vs, vd) 2 Ek :

⇢
Intern(vd, vs, f) 9f 2 F : vs, vd 2 Gf

Extern(vd, vs, f) @f 2 F : vs, vd 2 Gf

A design instance is feasible if and only if all the constraints
during the patternization, computational binding, I/O bind-
ing and message dispatch are fulfilled.

3.3 An MJPEG Example
To illustrate the fault-tolerance aware mapping in SAFE,

an example mapping of an MJPEG encoder is given in Fig-
ure 5. First, the application model is illustrated in Figure
5a. All the processes are normal (VN), apart from the OWP
process. As discussed in the previous section, the OWP is
part of VOWP to make those actions explicit that can have
side-e↵ects external to the specific application. As the OWP
is aware of the arrival times of frames, as well as their output
times, we can determine if a certain frame rate is met.

DMR-A and DMR-B are the fault-tolerance patterns that
are used in our example application. DMR is a type of active
redundancy [6] that uses two processors (not necessarily dif-
ferent). The active redundancy subnetwork is duplicated in
time or space (nproc(DMR) = 2) among the processor(s) to
be able to compare the di↵erent outgoing messages. An ar-
chitectural majority voter (VOTER-A or VOTER-B) takes
care of the splitting of incoming messages to the replicas and
the verification of outgoing messages using majority voting.
The complete description of the mapping procedure is as
follows:

The first step of the mapping is the patternization. Most
fault-tolerant exploration frameworks are fixated on a single
fault-tolerance pattern: replicate the complete application
or replicate each single process. The SAFE model is, how-
ever, not limited to a fixed pattern. In our example (Fig-
ure 5a), the MJPEG encoder is split into two fault-tolerant
subnetworks: Gf,DMR-B = {DMUX, RGB2YUV, DCT} and
Gf,DMR-A = {Control, Q, VLE}.

 = {(DMUX, DMR-B), (Control, DMR-A),

(RGB2YUV, DMR-B), (DCT, DMR-B),

(Q, DMR-A), (VLE, DMR-A)}

A next step is to perform the binding (see Figure 5b).
During the communication binding, the OWP process is
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If the processes of the link are not in the same subnetwork, the communication is external. External 
communication passes the majority voter and consists of two steps: 

 
The first step is verified communication (V). This is communication from the replicated process to 
the majority voter. The majority voter will collect the messages of the different replicas of vs and 
will verify the message that is passed on to the destination process vd: 

V(vs,vd,f) := |{r | ((vs,vd,r),rd) ∈	  δ ∧	  r ∈	  RP ∧	  rd ∈	  RV ∧ (f, rd) ∈ βx}| = nproc(f) 

The second step of external communication depends on the type of the process node vd. If the 
destination process is a normal process node (vd ∈ VN), there will be a transfer (T) of the message to 
the subnetwork of vd. In the case of an OWP process (vd ∈ VOWP), IO is performed: 

IO(vs, vd) := |{r | ((vs, vd, r), rd) ∈ δ ∧ r ∈ RV ∧	  (vd,rd) ∈	  βio  ∧	  rd ∈	  RI}| = 1 

T(vs,vd) := |{r | ((vs,vd,r),rd) ∈	  δ ∧	  r,rd ∈	  RV ∧ (vd, fd) ∈ ψ ∧ (fd, rd) ∈ βx}| = 1 

This second step only needs to be done once. For a transfer, the destination resource must be the 
voter on which the subnetwork of vd is mapped. The message will be split by a splitter (which is 
physically part of a voter component, see Figure 5b) for use by the replicated processes of vd. In 
case of I/O, the destination resource must be the I/O element on which process vd is mapped. 

Besides writing data, read requests are issued by process nodes. These read requests are passed on 
to a voter element or an I/O element. The completeness requirements are similar to those of writing 
data, except that the reading node is the sending process and the writing node is the receiving 
process: 

A design instance is feasible if and only if all the constraints during the patternization, 
computational binding, I/O binding and message dispatch are fulfilled. 
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In order for the dispatch to be valid, two requirements must
be met: 1) the process must be mapped on the resource the
message is sent from and 2) each message has at most one
destination resource.

8((vs, vd, r), rd) 2 � :9f 2 F | ((vs, f) 2  ^ (f, r) 2 �x)

8m 2 M :|{r|(m, r) 2 �}|  1

The dispatch must also be complete. For each link e 2 Ek,
the message dispatch must specify the destination resource
of all the messages:

8(vs, vd) 2 Ek :

⇢
Intern(vs, vd, f) 9f 2 F : vs, vd 2 Gf

Extern(vs, vd, f) @f 2 F : vs, vd 2 Gf

There are two types of communication: internal and external
communication. Figure 4 shows the communication types.

Internal communication is communication between two pro-
cess nodes in the same fault-tolerance subnetwork (in the ex-
ample between processes A and B). This communication is
handled internally by the processor and is unverified (recall
that the computational binding enforces that processes on
the same subnetwork are mapped onto the same processor).
For each of the replicated processes, a message dispatch en-
try must be present:

Intern(vs, vd, f) :=|{r|((vs, vd, r), r) 2 � ^ r 2 RP }| = nproc(f)

If the processes of the link are not in the same subnet-
work, the communication is external. External communi-
cation passes the majority voter and consists of two steps:

Extern(vs, vd, f) :=V(vs, vd, f) ^
⇢

IO(vs, vd) vd 2 VOWP

T (vs, vd) vd 2 VN

The first step is verified communication (V ). This is commu-
nication from the replicated process to the majority voter.
The majority voter will collect the messages of the di↵erent
replicas of vs and will verify the message that is passed on
to the destination process vd:

V (vs, vd, f) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RP ^ rd 2 RV

^ (f, rd) 2 �x}| = nproc(f)

The second step of external communication depends on the
type of the process node vd. If the destination process is a
normal process node (vd 2 VN), there will be a transfer (T)
of the message to the subnetwork of vd. In the case of an

OWP process (vd 2 VOWP), IO is performed:

IO(vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RV

^ (vd, rd) 2 �io ^ rd 2 RI}| = 1

T (vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r, rd 2 RV

^ (vd, fd) 2  ^ (fd, rd) 2 �x}| = 1

This second step only needs to be done once. For a transfer,
the destination resource must be the voter on which the
subnetwork of vd is mapped. The message will be split by a
splitter (which is physically part of a voter component, see
Figure 5b) for use by the replicated processes of vd. In case
of I/O, the destination resource must be the I/O element on
which process vd is mapped.

Besides writing data, read requests are issued by process
nodes. These read requests are passed on to a voter element
or an I/O element. The completeness requirements are sim-
ilar to those of writing data, except that the reading node
is the sending process and the writing node is the receiving
process:

8(vs, vd) 2 Ek :

⇢
Intern(vd, vs, f) 9f 2 F : vs, vd 2 Gf

Extern(vd, vs, f) @f 2 F : vs, vd 2 Gf

A design instance is feasible if and only if all the constraints
during the patternization, computational binding, I/O bind-
ing and message dispatch are fulfilled.

3.3 An MJPEG Example
To illustrate the fault-tolerance aware mapping in SAFE,

an example mapping of an MJPEG encoder is given in Fig-
ure 5. First, the application model is illustrated in Figure
5a. All the processes are normal (VN), apart from the OWP
process. As discussed in the previous section, the OWP is
part of VOWP to make those actions explicit that can have
side-e↵ects external to the specific application. As the OWP
is aware of the arrival times of frames, as well as their output
times, we can determine if a certain frame rate is met.

DMR-A and DMR-B are the fault-tolerance patterns that
are used in our example application. DMR is a type of active
redundancy [6] that uses two processors (not necessarily dif-
ferent). The active redundancy subnetwork is duplicated in
time or space (nproc(DMR) = 2) among the processor(s) to
be able to compare the di↵erent outgoing messages. An ar-
chitectural majority voter (VOTER-A or VOTER-B) takes
care of the splitting of incoming messages to the replicas and
the verification of outgoing messages using majority voting.
The complete description of the mapping procedure is as
follows:

The first step of the mapping is the patternization. Most
fault-tolerant exploration frameworks are fixated on a single
fault-tolerance pattern: replicate the complete application
or replicate each single process. The SAFE model is, how-
ever, not limited to a fixed pattern. In our example (Fig-
ure 5a), the MJPEG encoder is split into two fault-tolerant
subnetworks: Gf,DMR-B = {DMUX, RGB2YUV, DCT} and
Gf,DMR-A = {Control, Q, VLE}.

 = {(DMUX, DMR-B), (Control, DMR-A),

(RGB2YUV, DMR-B), (DCT, DMR-B),

(Q, DMR-A), (VLE, DMR-A)}

A next step is to perform the binding (see Figure 5b).
During the communication binding, the OWP process is
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In order for the dispatch to be valid, two requirements must
be met: 1) the process must be mapped on the resource the
message is sent from and 2) each message has at most one
destination resource.

8((vs, vd, r), rd) 2 � :9f 2 F | ((vs, f) 2  ^ (f, r) 2 �x)

8m 2 M :|{r|(m, r) 2 �}|  1

The dispatch must also be complete. For each link e 2 Ek,
the message dispatch must specify the destination resource
of all the messages:

8(vs, vd) 2 Ek :

⇢
Intern(vs, vd, f) 9f 2 F : vs, vd 2 Gf

Extern(vs, vd, f) @f 2 F : vs, vd 2 Gf

There are two types of communication: internal and external
communication. Figure 4 shows the communication types.

Internal communication is communication between two pro-
cess nodes in the same fault-tolerance subnetwork (in the ex-
ample between processes A and B). This communication is
handled internally by the processor and is unverified (recall
that the computational binding enforces that processes on
the same subnetwork are mapped onto the same processor).
For each of the replicated processes, a message dispatch en-
try must be present:

Intern(vs, vd, f) :=|{r|((vs, vd, r), r) 2 � ^ r 2 RP }| = nproc(f)

If the processes of the link are not in the same subnet-
work, the communication is external. External communi-
cation passes the majority voter and consists of two steps:

Extern(vs, vd, f) :=V(vs, vd, f) ^
⇢

IO(vs, vd) vd 2 VOWP

T (vs, vd) vd 2 VN

The first step is verified communication (V ). This is commu-
nication from the replicated process to the majority voter.
The majority voter will collect the messages of the di↵erent
replicas of vs and will verify the message that is passed on
to the destination process vd:

V (vs, vd, f) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RP ^ rd 2 RV

^ (f, rd) 2 �x}| = nproc(f)

The second step of external communication depends on the
type of the process node vd. If the destination process is a
normal process node (vd 2 VN), there will be a transfer (T)
of the message to the subnetwork of vd. In the case of an

OWP process (vd 2 VOWP), IO is performed:

IO(vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r 2 RV

^ (vd, rd) 2 �io ^ rd 2 RI}| = 1

T (vs, vd) :=|{r|((vs, vd, r), rd) 2 � ^ r, rd 2 RV

^ (vd, fd) 2  ^ (fd, rd) 2 �x}| = 1

This second step only needs to be done once. For a transfer,
the destination resource must be the voter on which the
subnetwork of vd is mapped. The message will be split by a
splitter (which is physically part of a voter component, see
Figure 5b) for use by the replicated processes of vd. In case
of I/O, the destination resource must be the I/O element on
which process vd is mapped.

Besides writing data, read requests are issued by process
nodes. These read requests are passed on to a voter element
or an I/O element. The completeness requirements are sim-
ilar to those of writing data, except that the reading node
is the sending process and the writing node is the receiving
process:

8(vs, vd) 2 Ek :

⇢
Intern(vd, vs, f) 9f 2 F : vs, vd 2 Gf

Extern(vd, vs, f) @f 2 F : vs, vd 2 Gf

A design instance is feasible if and only if all the constraints
during the patternization, computational binding, I/O bind-
ing and message dispatch are fulfilled.

3.3 An MJPEG Example
To illustrate the fault-tolerance aware mapping in SAFE,

an example mapping of an MJPEG encoder is given in Fig-
ure 5. First, the application model is illustrated in Figure
5a. All the processes are normal (VN), apart from the OWP
process. As discussed in the previous section, the OWP is
part of VOWP to make those actions explicit that can have
side-e↵ects external to the specific application. As the OWP
is aware of the arrival times of frames, as well as their output
times, we can determine if a certain frame rate is met.

DMR-A and DMR-B are the fault-tolerance patterns that
are used in our example application. DMR is a type of active
redundancy [6] that uses two processors (not necessarily dif-
ferent). The active redundancy subnetwork is duplicated in
time or space (nproc(DMR) = 2) among the processor(s) to
be able to compare the di↵erent outgoing messages. An ar-
chitectural majority voter (VOTER-A or VOTER-B) takes
care of the splitting of incoming messages to the replicas and
the verification of outgoing messages using majority voting.
The complete description of the mapping procedure is as
follows:

The first step of the mapping is the patternization. Most
fault-tolerant exploration frameworks are fixated on a single
fault-tolerance pattern: replicate the complete application
or replicate each single process. The SAFE model is, how-
ever, not limited to a fixed pattern. In our example (Fig-
ure 5a), the MJPEG encoder is split into two fault-tolerant
subnetworks: Gf,DMR-B = {DMUX, RGB2YUV, DCT} and
Gf,DMR-A = {Control, Q, VLE}.

 = {(DMUX, DMR-B), (Control, DMR-A),

(RGB2YUV, DMR-B), (DCT, DMR-B),

(Q, DMR-A), (VLE, DMR-A)}

A next step is to perform the binding (see Figure 5b).
During the communication binding, the OWP process is

Control
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(b) Synthesized design with two DMRs

Figure 5: MJPEG application synthesized with two active redundancy networks.

bound onto the I/O module. As the DMR pattern of subnet-
work Gf,DMR-A requires two processors, subnetwork Gf,DMR-A

is bound to processors PROC-B and PROC-D. Similarly,
subnetwork Gf,DMR-B is bound to PROC-A and PROC-C.
In this example, all the replicas are mapped to di↵erent pro-
cessors. The SAFE model does not require this and all the
replicas could e.g. also have been mapped to PROC-A.

�io = {(OWP, I/O)}
�x = {(DMR-A, PROC-B), (DMR-A, PROC-D),

(DMR-A, VOTER-A), (DMR-B, PROC-A)

(DMR-B, PROC-C), (DMR-B, VOTER-B)}

The final step is generating the dispatch of the messages.
In this example, we will discuss messages from four links:
(VLE, OWP), (Q, VLE), (DCT, Q) and (OWP, DMUX).
For each link, multiple messages need to be dispatched: one
message per replicated process and possibly a verified mes-
sage after majority voting. For the replicated processes, the
communication is internal or verified. (Q, VLE) is internal
because Q and VLE are on the same subnetwork GDMR-A.
That is why Q on PROC-B can directly write a message to
VLE on PROC-B without any dependency on the Q process
that is running on PROC-D.

For (VLE, OWP), (DCT, Q) and (OWP, DMUX) the
communications (read/write) are external. For the DMR
pattern, this means that for written data the messages of all
the replicas must be compared before a message is passed
on. Take for example (DCT, Q). Both the DCT processes
on PROC-A and PROC-C must write a message after which
they are processed (i.e., voting) and a single message is
passed on. As the destination of the message is located
in another subnetwork (Gf,DMR-A), the resulting messages
are transferred to VOTER-B. Whenever one of the Q pro-
cesses does a read request on (DCT, Q), it receives a copy of
the message from VOTER-B. The OWP process is passive.
Incoming frames for the MJPEG application, i.e. (OWP,
DMUX), are handled by sending the data to the voter be-
longing to the subnetwork of the target process (VOTER-B
for (OWP, DMUX)). Whenever a voter has a message for
an OWP process (outgoing I/O) it will be sent to the I/O
element.

4. SIMULATION MODEL
After a design instance is generated using the mapping

procedure, a SAFE simulation model is used to obtain its
performance numbers. This section describes the di↵erent
aspects of this fault-tolerant aware model. The first subsec-
tion discusses the fault injection, followed by a description
of the fault detection. To facilitate fault correction, restart-
ing and checkpointing is introduced in the simulation model.
This is elaborated in the third subsection. Finally, the last
subsection describes the obtained performance metrics.

4.1 Fault Injection
To be able to reason about the trade-o↵ between objec-

tives like reliability and performance, faults must be sim-
ulated in our model. First, we make the assumption that
the communication network is fault-tolerant. Therefore, the
only source of error is at the processor level. Potentially,
all the di↵erent processor components can be a↵ected by an
error [3]. Examples are the register file, the logical units
and the on-chip memories. As SAFE models a processor at
a high level of abstraction, we only know what function an
application is executing and when it reads or writes data.
Therefore, we use the SoftWare Initiated Fault Injection
(SWIFI) method [22]. In principle, both permanent and
transient errors can be modeled. In this paper, however, we
limit ourselves to transient errors.

The processor models the occurrence of faults using an
exponential random distribution. An exponential distribu-
tion describes the time between events in a Poisson process,
which occur continuously and independently at a constant
average rate. This is very suitable for modeling fault injec-
tion times [7] as transient errors are infrequent and indepen-
dent of earlier errors. During the simulation, the processor
model iteratively injects transient faults based on the expo-
nential distribution. Here, it depends if the transient error
a↵ects the execution of the application. The fault does not
have any consequences when no process is active at the time
the fault occurs. However, in case a process is active, it will
invalidate all future output of the process. In reality, it may
be the case that the fault does not a↵ect the output, but
in our high-level approach we cannot know the exact e↵ect.
Therefore, we take the most pessimistic assumption.

4.2 Fault Detection
A fault injected into an application will be propagated

until it is detected by one of the fault-tolerant subnetworks.
When a fault-tolerant subnetwork detects an error, there
are two possible responses: fault masking and fault correc-
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2.2.3	  An	  MJPEG	  example	  
To illustrate the fault-tolerance aware mapping in SAFE, an example mapping of an MJPEG 
encoder is given in Figure 5. First, the application model is illustrated in Figure 5a. All the 
processes are normal (VN), apart from the OWP process. As discussed in the previous section, the 
OWP is part of VOWP to make those actions explicit that can have side-effects external to the 
specific application. As the OWP is aware of the arrival times of frames, as well as their output 
times, we can determine if a certain frame rate is met. 

DMR-A and DMR-B are the fault-tolerance patterns that are used in our example application. DMR 
is a type of active redundancy [6] that uses two processors (not necessarily different). The active 
redundancy subnetwork is duplicated in time or space (nproc(DMR) = 2) among the processor(s) to 
be able to compare the different outgoing messages. An architectural majority voter (VOTER-A or 
VOTER-B) takes care of the splitting of incoming messages to the replicas and the verification of 
outgoing messages using majority voting. The complete description of the mapping procedure is as 
follows: 

The first step of the mapping is the patternization. Most fault-tolerant exploration frameworks are 
fixated on a single fault-tolerance pattern: replicate the complete application or replicate each single 
process. The SAFE model is, however, not limited to a fixed pattern. In our example (Figure 5a), 
the MJPEG encoder is split into two fault-tolerant subnetworks: Gf,DMR-B = {DMUX, RGB2YUV, 
DCT} and Gf,DMR-A ={Control,Q,VLE}. 

ψ = {(DMUX, DMR-B), (Control, DMR-A), (RGB2YUV, DMR-B), (DCT, DMR-B),  
         (Q, DMR-A), (VLE, DMR-A)} 

A next step is to perform the binding (see Figure 5b). During the communication binding, the OWP 
process is bound onto the I/O module. As the DMR pattern of subnetwork Gf,DMR-A requires two 
processors, subnetwork Gf,DMR-A is bound to processors PROC-B and PROC-D. Similarly, 
subnetwork Gf,DMR-B is bound to PROC-A and PROC-C. In this example, all the replicas are 
mapped to different processors. The SAFE model does not require this and all the replicas could 
e.g. also have been mapped to PROC-A. 

βio = {(OWP,I/O)} βx ={(DMR-A,PROC-B),(DMR-A,PROC-D), (DMR-A, VOTER-A), 
            (DMR-B, PROC-A) (DMR-B, PROC-C), (DMR-B, VOTER-B)} 

The final step is generating the dispatch of the messages. In this example, we will discuss messages 
from four links: (VLE, OWP), (Q, VLE), (DCT, Q) and (OWP, DMUX). For each link, multiple 
messages need to be dispatched: one message per replicated process and possibly a verified 
message after majority voting. For the replicated processes, the communication is internal or 
verified. (Q, VLE) is internal because Q and VLE are on the same subnetwork GDMR-A. That is why 
Q on PROC-B can directly write a message to VLE on PROC-B without any dependency on the Q 
process that is running on PROC-D. 

For (VLE, OWP), (DCT, Q) and (OWP, DMUX) the communications (read/write) are external. For 
the DMR pattern, this means that for written data the messages of all the replicas must be compared 
before a message is passed on. Take for example (DCT, Q). Both the DCT processes on PROC-A 
and PROC-C must write a message after which they are processed (i.e., voting) and a single 
message is passed on. As the destination of the message is located in another subnetwork (Gf,DMR-A), 
the resulting messages are transferred to VOTER-B. Whenever one of the Q processes does a read 
request on (DCT, Q), it receives a copy of the message from VOTER-B. The OWP process is 
passive. Incoming frames for the MJPEG application, i.e. (OWP, DMUX), are handled by sending 
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the data to the voter belonging to the subnetwork of the target process (VOTER-B for (OWP, 
DMUX)). Whenever a voter has a message for an OWP process (outgoing I/O) it will be sent to the 
I/O element. 

2.3	  Simulation	  model	  
After a design instance is generated using the mapping procedure, a SAFE simulation model is used 
to obtain its performance numbers. This section describes the different aspects of this fault-tolerant 
aware model. The first subsection discusses the fault injection, followed by a description of the fault 
detection. To facilitate fault correction, restarting and checkpointing are introduced in the 
simulation model. This is elaborated in the third subsection. Finally, the last subsection describes 
the obtained performance metrics. 

2.3.1	  Fault	  injection	  
To be able to reason about the trade-off between objectives like reliability and performance, faults 
must be simulated in our model. First, we make the assumption that the communication network is 
fault-tolerant. Therefore, the only source of error is at the processor level. Potentially, all the 
different processor components can be affected by an error [3]. Examples are the register file, the 
logical units and the on-chip memories. As SAFE models a processor at a high level of abstraction, 
we only know what function an application is executing and when it reads or writes data. Therefore, 
we use the SoftWare Initiated Fault Injection (SWIFI) method [22]. In principle, both permanent 
and transient errors can be modeled. In this work, however, we limit ourselves to transient errors. 

The processor models the occurrence of faults using an exponential random distribution. An 
exponential distribution describes the time between events in a Poisson process, which occur 
continuously and independently at a constant average rate. This is very suitable for modeling fault 
injection times [7] as transient errors are infrequent and independent of earlier errors. During the 
simulation, the processor model iteratively injects transient faults based on the exponential 
distribution. Here, it depends if the transient error affects the execution of the application. The fault 
does not have any consequences when no process is active at the time the fault occurs. However, in 
case a process is active, it will invalidate all future output of the process. In reality, it may be the 
case that the fault does not affect the output, but in our high-level approach we cannot know the 
exact effect. Therefore, we take the most pessimistic assumption. 

2.3.2	  Fault	  detection	  
A fault injected into an application will be propagated until it is detected by one of the fault-tolerant 
subnetworks. When a fault-tolerant subnetwork detects an error, there are two possible responses: 
fault masking and fault correction. Fault masking is applied when there is a clear majority for the 
data values among the different replicates. The execution can be continued by passing on the data 
value of the majority. The corrupt replicate is allowed to continue its execution. As there is no 
implicit state between frames in our KPN applications (see Section 2.1), the next frame is processed 
with clean data again. 

If there is no majority, then only fault detection can be performed. On the detection of a non-
maskable fault, there are two options: skipping and restarting. In case of skipping, the current frame 
is dropped and the processing of the next frame is started. 

2.3.3	  Fault	  correction	  
If the number of skipped frames becomes too large, then the quality of service (QoS) of the 
application significantly deteriorates. In this case, restarting the frame processing can improve the 
QoS. To facilitate such restarting, checkpointing must be part of the SAFE model. 
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Checkpoint budget. As illustrated in Figure 6, there are two types of checkpoints: implicit and 
explicit. Implicit checkpoints are located at the frame barriers. In the example of Figure 6 
checkpoints CA.3.0 and CB.3.0 form the implicit checkpoint at frame 3. Notice that an implicit 
checkpoint is not taken at once. Process A reaches the barrier of frame 3 much earlier than process 
B. The complete implicit checkpoint is available once every process in the subnetwork has reached 
the specific frame barrier. A complete implicit checkpoint does not require storage (as there is no 
implicit state between frame barriers), but it allows us to perform message cleanup as will be 
discussed later on. 

As will also be detailed in the next subsection, the restart from an implicit checkpoint is trivial 
because no state needs to be restored for the processes. Still, restarting from an implicit checkpoint 
has some disadvantages. Not only needs the complete frame to be recalculated, but it can also be the 
case that the application is not started at its full capacity. Take the simple application in Figure 6. 
On a restart from an implicit checkpoint at the end of frame 2, both processes start at the barrier of 
frame 2. In this case process B needs to wait for output of process A before it can do any work. 

To resolve this, explicit checkpoints can be taken during the lifetime of an application. Explicit 
checkpoints are initiated by the voter and store the state of all the processes in the active 
redundancy network and their internal communication channels at a specific point in time. In 
contrast to implicit checkpoints, the complete subnetwork is halted to capture the state of the 
current processes and the internal communication channels. To obtain a consistent explicit 
checkpoint, the voter will ensure that all the replicas stop at the same point in the application. One 
of the processes in the subnetwork will be responsible for collecting and sending the checkpoint. 
This results in a checkpoint for each replica, which will be compared by the voter. In Figure 6, 
CA.4.1 and CB.2.1 are illustrations of an explicit checkpoint. 

Implicit and explicit checkpoints can also enhance each other. Take for example the checkpoints in 
Figure 6. If there is a restart just after the checkpoint of CB.3.1, the restart can take place from a 
combination of the explicit checkpoint C∗.∗.1 and the implicit checkpoint C∗.3.∗. This means that 
process A starts from CA.4.1 and process B starts from CB.3.1. Without the presence of explicit 
checkpoints, process A should have processed frame 3 again. Similarly, with only explicit 
checkpoints, process B would have been required to process frame 2 again. 

For each fault-tolerant subnetwork, a checkpoint budget is defined. The checkpoint budget 
determines the check-pointing granularity by describing the number of explicit checkpoints per 
frame (possibly 0). The size, and thus the overhead, of the checkpoint is dependent on the 
application processes and the amount of data in the internal communication channels. This also 
means that the voting time of a checkpoint is variable. That is, the explicit checkpoints of the 

tion. Fault masking is applied when there is a clear majority
for the data values among the di↵erent replicates. The ex-
ecution can be continued by passing on the data value of
the majority. The corrupt replicate is allowed to continue
its execution. As there is no implicit state between frames
in our KPN applications (see Section 2), the next frame is
processed with clean data again.

If there is no majority, then only fault detection can be
performed. On the detection of a non-maskable fault, there
are two options: skipping and restarting. In case of skipping,
the current frame is dropped and the processing of the next
frame is started.

4.3 Fault Correction
If the number of skipped frames becomes too large, then

the quality of service (QoS) of the application significantly
deteriorates. In this case, restarting the frame processing
can improve the QoS. To facilitate such restarting, check-
pointing must be part of the SAFE model.

4.3.1 Checkpoint budget
As illustrated in Figure 6, there are two types of check-

points: implicit and explicit. Implicit checkpoints are lo-
cated at the frame barriers. In the example of Figure 6
checkpoints CA.3.0 and CB.3.0 form the implicit checkpoint
at frame 3. Notice that an implicit checkpoint is not taken
at once. Process A reaches the barrier of frame 3 much
earlier than process B. The complete implicit checkpoint is
available once every process in the subnetwork has reached
the specific frame barrier. A complete implicit checkpoint
does not require storage (as there is no implicit state be-
tween frame barriers), but it allows us to perform message
cleanup as will be discussed in Section 4.3.2.

As will also be detailed in the next subsection, the restart
from an implicit checkpoint is trivial because no state needs
to be restored for the processes. Still, restarting from an
implicit checkpoint has some disadvantages. Not only needs
the complete frame to be recalculated, but it can also be the
case that the application is not started at its full capacity.
Take the simple application in Figure 6. On a restart from
an implicit checkpoint at the end of frame 2, both processes
start at the barrier of frame 2. In this case process B needs
to wait for output of process A before it can do any work.

To resolve this, explicit checkpoints can be taken during
the lifetime of an application. Explicit checkpoints are ini-
tiated by the voter and store the state of all the processes
in the active redundancy network and their internal com-
munication channels at a specific point in time. In contrast
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Figure 6: Implicit versus explicit checkpoints as il-
lustrated by a timeline of a simple application.

to implicit checkpoints, the complete subnetwork is halted
to capture the state of the current processes and the inter-
nal communication channels. To obtain a consistent explicit
checkpoint, the voter will ensure that all the replicas stop at
the same point in the application. One of the processes in
the subnetwork will be responsible for collecting and send-
ing the checkpoint. This results in a checkpoint for each
replica, which will be compared by the voter. In Figure 6,
CA.4.1 and CB.2.1 are illustrations of an explicit checkpoint.

Implicit and explicit checkpoints can also enhance each
other. Take for example the checkpoints in Figure 6. If
there is a restart just after the checkpoint of CB.3.1, the
restart can take place from a combination of the explicit
checkpoint C⇤.⇤.1 and the implicit checkpoint C⇤.3.⇤. This
means that process A starts from CA.4.1 and process B starts
from CB.3.1. Without the presence of explicit checkpoints,
process A should have processed frame 3 again. Similarly,
with only explicit checkpoints, process B would have been
required to process frame 2 again.

For each fault-tolerant subnetwork, a checkpoint budget
is defined. The checkpoint budget determines the check-
pointing granularity by describing the number of explicit
checkpoints per frame (possibly 0). The size, and thus the
overhead, of the checkpoint is dependent on the application
processes and the amount of data in the internal commu-
nication channels. This also means that the voting time of
a checkpoint is variable. That is, the explicit checkpoints
of the di↵erent replicas in a subnetwork must be verified
against each other to ensure that on a restart the process
state is valid. After verification by the voter, the explicit
checkpoint is stored locally at the processor.

Explicit checkpoints are not only useful to minimize the
amount of work that has to be redone, but they also allow
to implement fault-tolerant techniques like Roll Forwarding
Checkpointing Schemes [21] or assertion based techniques
[11] where a fault is corrected by reprocessing the frame.
This is, however, beyond the scope of the current paper.

4.3.2 Restart budget
Fault correction is not simply the case of enabling or dis-

abling the possibility to restart the processing of a corrupted
frame. As restarting requires some overhead, it cannot be
done unlimitedly. Therefore, a restarting budget is specified.
The restarting budget defines the number of times a restart
may be done during the processing of a frame. In case the
restart budget is zero, no restarting is performed at all and
the fault-tolerant subnetwork will skip corrupted frames.

When restarting is enabled, some data must be cached (see
Figure 4). The explicit checkpoints must be stored locally
at each of the processors on which the fault-tolerant sub-
network is mapped. Moreover, messages need to be cached
at the splitter. Without caching the incoming messages of
the subnetwork, it cannot be guaranteed that input data is
still available. On top of that, it must be possible to restart
subnetworks without the need of restarting other networks
to regenerate the incoming data. The caches can be pro-
tected from errors in several ways, but as SAFE is currently
only targeted towards transient errors a memory with ECC
should be su�cient.

The splitter model incorporated in SAFE models a limited
amount of cache capacity. Therefore, a policy is required for
message cleanup. There are two moments for cleaning up
messages: during explicit checkpoints and during implicit
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different replicas in a subnetwork must be verified against each other to ensure that on a restart the 
process state is valid. After verification by the voter, the explicit checkpoint is stored locally at the 
processor. 

Explicit checkpoints are not only useful to minimize the amount of work that has to be redone, but 
they also allow to implement fault-tolerant techniques like Roll Forwarding Checkpointing 
Schemes [21] or assertion based techniques [11] where a fault is corrected by reprocessing the 
frame. This is, however, beyond the scope of the current work. 

Restart budget. Fault correction is not simply the case of enabling or disabling the possibility to 
restart the processing of a corrupted frame. As restarting requires some overhead, it cannot be done 
unlimitedly. Therefore, a restarting budget is specified. The restarting budget defines the number of 
times a restart may be done during the processing of a frame. In case the restart budget is zero, no 
restarting is performed at all and the fault-tolerant subnetwork will skip corrupted frames. 

When restarting is enabled, some data must be cached (see Figure 4). The explicit checkpoints must 
be stored locally at each of the processors on which the fault-tolerant subnetwork is mapped. 
Moreover, messages need to be cached at the splitter. Without caching the incoming messages of 
the subnetwork, it cannot be guaranteed that input data is still available. On top of that, it must be 
possible to restart subnetworks without the need of restarting other networks to regenerate the 
incoming data. The caches can be protected from errors in several ways, but as SAFE is currently 
only targeted towards transient errors a memory with ECC should be sufficient. 

The splitter model incorporated in SAFE models a limited amount of cache capacity. Therefore, a 
policy is required for message cleanup. There are two moments for cleaning up messages: during 
explicit checkpoints and during implicit checkpoints. During explicit checkpoints all the messages 
in the cache may be discarded. At implicit checkpoints, all the input messages of earlier frames may 
be removed. 

If a corrupted frame is encountered then there are two possibilities. When the restart budget is 
empty, the current frame is dropped. Otherwise, the restart budget is decreased by one and the 
subnetwork is restarted from the most recent checkpoint. Two things need to be done during a 
restart: 1) extract the process states from the checkpoint (not necessary in the case of an implicit 
checkpoint) and 2) restoring the externally incoming messages at the splitter. 

To conclude, checkpointing involves overhead (in space and time), but it tries to avoid skipping 
frames on faulty processors. The usage of checkpoints depends on the application and the failure 
rate of the processors. The higher the failure rate of processors, the higher the fraction of skipped 
frames will be. Additionally, the type of application determines the fraction of skipped frames that 
can be tolerated. For a safety critical application, none of the frames may be skipped. Multimedia 
applications typically allow for a small fraction of the frames to be skipped, as long as it is 
unnoticeable to the user. All these trade-offs can be explored automatically by SAFE. 

Performance metrics. All the techniques described in the previous subsections have been 
implemented in an extension of the Sesame environment [20]. As the external I/O is made explicit 
by the use of OWP processes, SAFE allows for obtaining metrics like frame rate in the presence of 
transient faults. Moreover, since the modeled architectural elements include fault-tolerance 
components such as majority voters, the overhead of applying active redundancy (or any other 
fault-tolerance implementation technique) is part of the analysis. Besides the frame rate, other 
metrics can be obtained as well, such as frame miss ratio, the number of unrecoverable faults and 
the number of frames that are skipped because the incoming I/O is not available anymore. 
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We should note, however, that our simulation-based approach is not able to provide guarantees for 
the real-time behavior. Its goal is not to make the system reliable, but to identify the most reliable 
design in the design space taking all the other system objectives into account. SAFE is thus able to 
prune the design space such that only a limited number of designs need to be studied in more detail 
during later design phases. 

2.4	  Experiments	  	  
In this section, a use case for fault-tolerant DSE with SAFE will be presented. For this purpose, 
three different applications are used: an MJPEG encoder, a sobel edge detector (to detect edges for 
each image in a video stream) and an MP3 decoder. All of these applications are individually 
mapped onto an MPSoC, which somewhat resembles the architecture in Figure 5b. The only 
difference is that for our experiments, 6 voters are available. To reduce the probability of a 
communication bottleneck, there are two buses to which all the processors are connected. The 
voters, however, are distributed: 3 voters are connected per bus. 

All the processors have the same failure rate: 10−6 FIT. This is a rather conservative choice based on 
logic implemented in a 180nm technology [23]. Our focus will be on exploring the trade-offs of 
implementing fault-tolerance. Therefore, the computational binding will be fixed: processors A, B 
and C will be used to for the first, second and third instance of each replicated process. 

We have performed two experiments. In the first experiment, the MJPEG application is revisited. 
Here, we will scrutinize the process of patternization, and in particular, the identification of several 
optimal patternizations. Subsequently, SAFE is used for a fault-tolerant DSE on the three test 
applications individually. 

2.4.1	  MJPEG	  patternization	  	  
To study the process of patternization, we performed an exhaustive patternization for the MJPEG 
application and an MPSoC where only triple modular redundancy (TMR) patterns are used. There 
are multiple instances of the TMR in the set of fault-tolerance patterns, involving different choices 
for the restart budget and the checkpoint budget. 

Figure 7 shows the optimal patternization for a different number of fault-tolerant subnetworks. In 
this case, we have taken frame drop ratio as a primary objective and power consumption as a 
secondary objective. A first observation is that in this design space the patternization is incremental. 
By adding an additional subnetwork, one of the processes is moved into the new subnetwork. In the 
case of two subnetworks, the application is split into two equally sized subnetworks. Not only are 
these subnetworks equally sized, but also the number of external communication channels is kept 
minimal. Apart from the I/O communication channels (which are external by definition), only the 
channels (DCT, Q) and (DMUX, Control) are external. Due to this minimum of external channels, 
the amount of majority voting (only done on external communication) is minimized. 
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Figure 7: Optimal patterns for a di↵erent number of fault-tolerance subnetworks.

5.2 Fault-tolerant DSE
To further illustrate the potentials of SAFE, three test ap-

plications are mapped using a fault-tolerant DSE: MJPEG,
sobel and MP3. To keep the experiment feasible, we per-
formed a partial search of the design space. To achieve this,
we explored all the mappings with at most six fault-tolerant
subnetworks. Each of the subnetworks is implemented us-
ing the same type of fault-tolerance pattern. The explored
fault-tolerance types are DMR and TMR, and for the restart
budget and the checkpoint budget (only relevant when the
restart budget is nonzero) the complete range between 0 and
6 is covered. Our model is only able to make explicit check-
points between communication events. Because the MP3
application is too coarse grained as it has at most two com-
munication events per frame, the fault tolerance patterns
with an explicit checkpoint budget larger than 0 are not
explored for the MP3 application.

5.2.1 Power and Frame Drop Ratio
Figure 9a shows the frame drop ratio and power consump-

tion trade-o↵ for all of the design points. The design points
are di↵erentiated based on the type of fault-tolerant pattern:
1) DMR or TMR and 2) restarting enabled or not. A first
and straightforward observation is that for our experiment
DMR takes less power than TMR. The overhead of execut-
ing an additional replica, is clearly larger than the restarting
overhead, since DMR with restarting takes less power than
TMR without restarting.

Therefore, for this experiment, it depends on the applica-
tion if it makes sense to use TMR. Figure 9a also shows the
Pareto front of non-dominated solutions. For MJPEG and
MP3, DMR dominates all the design instances with TMR.
The reason is that DMR is already capable of achieving a
frame drop ratio close to or equal to zero. However, for
the sobel application, DMR cannot obtain a frame drop ra-
tio below 5 percent. With TMR, sobel can achieve a frame
drop ratio of 1.4 percent. Similarly, it depends on the ap-
plication if restarting is required. The MP3 application is
quite lightweight and can already achieve a frame drop ratio
of 0.1 percent without restarting. Heavier applications like
sobel and MJPEG cannot go below a frame drop ratio of 16
and 31 percent respectively without restarting.

More unexpected are the two clusters of design instances
for the MJPEG application. For each experiment instance
(DMR, TMR, with and without restarting), there are roughly
two clusters: a large drop ratio and a low one. Further in-
vestigation showed that once the frame drop ratio is above
a certain threshold (±50%) the MJPEG application can-
not keep up pace with the incoming frames from the OWP

process. As a result, many frames are skipped (e.g., not pro-
cessed at all) due to deadline misses and the frame drop ratio
is drastically increased. The higher number of unprocessed
input images has a side e↵ect: less power is required.

Also interesting to notice is the shape of the front of the
MP3 application. Increasing power consumption of the sys-
tem (e.g., making it more fault-tolerant), makes the frame
drop ratio even higher. This is caused by the fault tolerance
overhead as will be discussed in the next subsection.

5.2.2 Breakdown of Frame Drop Ratio
Dropping a frame can have several causes, which is illus-

trated in Figure 9b. First, there are corrupted frames. In
these frames, a fault is detected (due to a transient error),
but the restart budget was too small to correct these faults.
Second, there are deadline misses. In these cases, the ap-
plication is too late to retrieve or deliver a frame from/to
the OWP process. For the experiment in Figure 9b, we have
taken all the design points of the previous experiments where
the explicit checkpoint budget was 0. These design points
are di↵erentiated by restart budget and for each category
the average frame drop ratio is given. Not only the total
drop ratio is given, but also the fractions that are due to
corrupt frames and deadline misses.

A larger restart budget can both improve the frame drop
ratio (less corrupted frames) and degrade the frame drop
ratio (more deadline misses). The more e↵ort is put in fault
correction the lower the number of corrupted frames. How-
ever, the e↵ort has a negative e↵ect on the number of dead-
line misses. The optimal restart budget is thus application
dependent. For all our applications, the gain in the reduc-
tion of corrupted frames is overshadowed by the increase of
deadline misses at about 1 or 2 restarts per frame. How-
ever, the MP3 application is not influenced anymore once
the restart budget is above 3. In this case, the MP3 appli-
cation is already able to circumvent corrupted frames and
the additional restarts will not be used.

5.2.3 Buffer Requirements
We have already shown that restarting and checkpoint-

ing have a positive e↵ect on the frame drop ratio. A next
question is what the e↵ect of the additional checkpointing
is on the bu↵er requirements. For this purpose, we stud-
ied the MJPEG and the sobel applications and selected the
best design points for a checkpoint budget between 0 and
6. The results are illustrated in Figure 10. The left vertical
axis represents the normalized bu↵er size, whereas the right
vertical axis shows the frame drop ratio.

The checkpoint budget has a positive e↵ect on the bu↵er



	  

15	  

 
When increasing the number of subnetworks to three, the DCT process is put into a separate 
subnetwork. The rationale is not the minimization of external communication, but the guarding of 
the compute intensive tasks. As the DCT is the most computationally expensive operation, it is 
beneficial to ensure that verified data is used in the computation. If it would have been unverified, it 
can be the case that unnecessary computation will be done. The same is true for the optimal 
patternization with four subnetworks. In this case, the quantization (Q) process is separated, being 
the second most compute intensive operation in MJPEG. 

Having more fault-tolerant subnetworks may increase the quality of the application (with respect to 
frame drop ratio). However, it also increases overhead. This can be seen in Figure 8. Up to four 
subnetworks, the frame drop ratio reduces to 0 percent. With five or more subnetworks, the frame 
drop ratio quickly climbs up to 69 percent when each process is placed in a separate subnetwork. 

2.4.2	  Fault-‐tolerant	  DSE	  	  
To further illustrate the potentials of SAFE, three test applications are mapped using a fault-tolerant 
DSE: MJPEG, sobel and MP3. To keep the experiment feasible, we performed a partial search of 
the design space. To achieve this, we explored all the mappings with at most six fault-tolerant 
subnetworks. Each of the subnetworks is implemented using the same type of fault-tolerance 
pattern. The explored fault-tolerance types are DMR and TMR, and for the restart budget and the 
checkpoint budget (only relevant when the restart budget is nonzero) the complete range between 0 
and 6 is covered. Our model is only able to make explicit checkpoints between communication 
events. Because the MP3 application is too coarse grained as it has at most two communication 
events per frame, the fault tolerance patterns with an explicit checkpoint budget larger than 0 are 
not explored for the MP3 application. 

Power and Frame Drop Ratio. Figure 9a shows the frame drop ratio and power consumption 
trade-off for all of the design points. The design points are differentiated based on the type of fault-
tolerant pattern: 1) DMR or TMR and 2) restarting enabled or not. A first and straightforward 
observation is that for our experiment DMR takes less power than TMR. The overhead of executing 
an additional replica is clearly larger than the restarting overhead, since DMR with restarting takes 
less power than TMR without restarting. 

Therefore, for this experiment, it depends on the application if it makes sense to use TMR. Figure 
9a also shows the Pareto front of non-dominated solutions. For MJPEG and MP3, DMR dominates 
all the design instances with TMR. The reason is that DMR is already capable of achieving a frame 
drop ratio close to or equal to zero. However, for the sobel application, DMR cannot obtain a frame 
drop ratio below 5 percent. With TMR, sobel can achieve a frame drop ratio of 1.4 percent. 
Similarly, it depends on the application if restarting is required. The MP3 application is quite 
lightweight and can already achieve a frame drop ratio of 0.1 percent without restarting. Heavier 
applications like sobel and MJPEG cannot go below a frame drop ratio of 16 and 31 percent 
respectively without restarting. 

checkpoints. During explicit checkpoints all the messages in
the cache may be discarded. At implicit checkpoints, all the
input messages of earlier frames may be removed.

If a corrupted frame is encountered then there are two
possibilities. When the restart budget is empty, the current
frame is dropped. Otherwise, the restart budget is decreased
by one and the subnetwork is restarted from the most recent
checkpoint. Two things need to be done during a restart: 1)
extract the process states from the checkpoint (not necessary
in the case of an implicit checkpoint) and 2) restoring the
externally incoming messages at the splitter.

To conclude, checkpointing involves overhead (in space
and time), but it tries to avoid skipping frames on faulty
processors. The usage of checkpoints depends on the appli-
cation and the failure rate of the processors. The higher the
failure rate of processors, the higher the fraction of skipped
frames will be. Additionally, the type of application deter-
mines the fraction of skipped frames that can be tolerated.
For a safety critical application, none of the frames may be
skipped. Multimedia applications typically allow for a small
fraction of the frames to be skipped, as long as it is unno-
ticeable to the user. All these trade-o↵s can be explored
automatically by SAFE.

4.4 Performance metrics
All the techniques described in the previous subsections

have been implemented in an extension of the Sesame envi-
ronment [20]. As the external I/O is made explicit by the
use of OWP processes, SAFE allows for obtaining metrics
like frame rate in the presence of transient faults. More-
over, since the modeled architectural elements include fault-
tolerance components such as majority voters, the overhead
of applying active redundancy (or any other fault-tolerance
implementation technique) is part of the analysis. Besides
the frame rate, other metrics can be obtained as well, such
as frame miss ratio, the number of unrecoverable faults and
the number of frames that are skipped because the incoming
I/O is not available anymore.

We should note, however, that our simulation-based ap-
proach is not able to provide guarantees for the realtime
behavior. Its goal is not to make the system reliable, but
to identify the most reliable design in the design space tak-
ing all the other system objectives into account. SAFE is
thus able to prune the design space such that only a limited
number of designs need to be studied in more detail during
later design phases.

5. EXPERIMENTS
In this section, a use case for fault-tolerant DSE with

SAFE will be presented. For this purpose, three di↵erent
applications are used: an MJPEG encoder, a sobel edge de-
tector (to detect edges for each image in a video stream) and
an MP3 decoder. All of these applications are individually
mapped onto an MPSoC, which somewhat resembles the ar-
chitecture in Figure 5b. The only di↵erence is that for our
experiments, 6 voters are available. To reduce the probabil-
ity of a communication bottleneck, there are two buses to
which all the processors are connected. The voters, however,
are distributed: 3 voters are connected per bus.

All the processors have the same failure rate: 10�6 FIT.
This is a rather conservative choice based on logic imple-
mented in a 180nm technology [23]. Our focus will be on ex-
ploring the trade-o↵s of implementing fault-tolerance. There-
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Figure 8: Di↵erent subnetworks and their e↵ect on
frame drop ratio of the MJPEG application.

fore, the computational binding will be fixed: processors A,
B and C will be used to for the first, second and third in-
stance of each replicated process.

We have performed two experiments. In the first exper-
iment, the MJPEG application is revisited. Here, we will
scrutinize the process of patternization, and in particular,
the identification of several optimal patternizations. Subse-
quently, SAFE is used for a fault-tolerant DSE on the three
test applications individually.

5.1 MJPEG Patternization
To study the process of patternization, we performed an

exhaustive patternization for the MJPEG application and an
MPSoC where only triple modular redundancy (TMR) pat-
terns are used. There are multiple instances of the TMR in
the set of fault-tolerance patterns, involving di↵erent choices
for the restart budget and the checkpoint budget.

Figure 7 shows the optimal patternization for a di↵erent
number of fault-tolerant subnetworks. In this case, we have
taken frame drop ratio as a primary objective and power
consumption as a secondary objective. A first observation
is that in this design space the patternization is incremen-
tal. By adding an additional subnetwork, one of the pro-
cesses is moved into the new subnetwork. In the case of two
subnetworks, the application is split into two equally sized
subnetworks. Not only are these subnetworks equally sized,
but also the number of external communication channels is
kept minimal. Apart from the I/O communication channels
(which are external by definition), only the channels (DCT,
Q) and (DMUX, Control) are external. Due to this min-
imum of external channels, the amount of majority voting
(only done on external communication) is minimized.

When increasing the number of subnetworks to three, the
DCT process is put into a separate subnetwork. The ratio-
nale is not the minimization of external communication, but
the guarding of the compute intensive tasks. As the DCT is
the most computationally expensive operation, it is benefi-
cial to ensure that verified data is used in the computation.
If it would have been unverified, it can be the case that un-
necessary computation will be done. The same is true for
the optimal patternization with four subnetworks. In this
case, the quantization (Q) process is separated, being the
second most compute intensive operation in MJPEG.

Having more fault-tolerant subnetworks may increase the
quality of the application (with respect to frame drop ratio).
However, it also increases overhead. This can be seen in
Figure 8. Up to four subnetworks, the frame drop ratio
reduces to 0 percent. With five or more subnetworks, the
frame drop ratio quickly climbs up to 69 percent when each
process is placed in a separate subnetwork.
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More unexpected are the two clusters of design instances for the MJPEG application. For each 
experiment instance (DMR, TMR, with and without restarting), there are roughly two clusters: a 
large drop ratio and a low one. Further investigation showed that once the frame drop ratio is above 
a certain threshold (±50%) the MJPEG application cannot keep pace with the incoming frames from 
the OWP process. As a result, many frames are skipped (e.g., not processed at all) due to deadline 
misses and the frame drop ratio is drastically increased. The higher number of unprocessed input 
images has a side effect: less power is required. 

Also interesting to notice is the shape of the front of the MP3 application. Increasing power 
consumption of the system (e.g., making it more fault-tolerant), makes the frame drop ratio even 
higher. This is caused by the fault tolerance overhead as will be discussed in the next subsection. 

Breakdown of Frame Drop Ratio. Dropping a frame can have several causes, which is illustrated 
in Figure 9b. First, there are corrupted frames. In these frames, a fault is detected (due to a transient 
error), but the restart budget was too small to correct these faults. Second, there are deadline misses. 
In these cases, the application is too late to retrieve or deliver a frame from/to the OWP process. For 
the experiment in Figure 9b, we have taken all the design points of the previous experiments where 
the explicit checkpoint budget was 0. These design points are differentiated by restart budget and 
for each category the average frame drop ratio is given. Not only the total drop ratio is given, but 
also the fractions that are due to corrupt frames and deadline misses. 

A larger restart budget can both improve the frame drop ratio (less corrupted frames) and degrade 
the frame drop ratio (more deadline misses). The more effort is put in fault correction the lower the 
number of corrupted frames. However, the effort has a negative effect on the number of deadline 
misses. The optimal restart budget is thus application dependent. For all our applications, the gain 
in the reduction of corrupted frames is overshadowed by the increase of deadline misses at about 1 
or 2 restarts per frame. However, the MP3 application is not influenced anymore once the restart 
budget is above 3. In this case, the MP3 application is already able to circumvent corrupted frames 
and the additional restarts will not be used. 

Buffer Requirements. We have already shown that restarting and checkpointing have a positive 
effect on the frame drop ratio. A next question is what the effect of the additional checkpointing is 
on the buffer requirements. For this purpose, we studied the MJPEG and the sobel applications and 
selected the best design points for a checkpoint budget between 0 and 6. The results are illustrated  
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Figure 9: The results of the fault-tolerant DSE of the 3 test applications: MJPEG, sobel and MP3.
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Figure 10: Varying the checkpoint budget of an
MJPEG application with restarting enabled.

requirements. When the checkpoint budget increases, the
required size of the message cache decreases. The reason
is that the message cache can be flushed whenever an ex-
plicit checkpoint is taken (see Section 4.3.2). The more of-
ten a checkpoint is taken, the fewer messages are simulta-
neously cached. The storage requirements of the explicit
checkpoints, however, are less influenced by the frequency
of checkpointing (not shown in the graph).

Still, a checkpoint has its overhead. It depends on the
application if it can be tolerated or not. The sobel appli-
cation cannot tolerate the overhead and with a checkpoint
budget above 1, the frame drop ratio is increasing due a
larger number of deadline misses. The MJPEG application,
on the other hand, can take up to 6 checkpoints per frame
without any deadline misses.

6. RELATED WORK
A lot of research e↵ort has been spent on the early DSE

of embedded systems [10]. Recently, workload scenarios [8]
have been introduced to make the embedded system design
scenario aware [19, 18, 24]. Our work is based on [24], and
extends this into the direction of fault-tolerance aware DSE.

This is because reliability becomes a major design objec-
tive [23, 16] and has a major e↵ect on other objectives. It
is therefore important that this objective is explored as a
separate design objective [9] and not hierarchically.

Many of the reliability aware DSE environments [2, 5,
12, 11, 6] are based on a static scheduling of application
tasks. COFTA [5] aims at minimizing the overhead of fault-
tolerance measures using replication and assertion. The
analysis only takes the performance and failure rate of the
final application into account. It provides exploration of the
placement of the assertion and replication patterns. COFTA
misses the ability to reason about handling multiple frames
and their throughput. The methods in [12, 11] provide fault-
tolerance in realtime embedded systems using re-execution
of tasks. For this purpose, a sanity check determines if the
task is executed correctly. In case of a fault, a special time
slot can be used to re-execute a task. As all of these ap-
proaches use static scheduling, they are based on worst case
execution time. The method in [2] tries to resolve this by
using a hyperperiod instead of a fixed time. Still, it does not
allow for modeling the full dynamism within applications.

Bolchini [4] provides an analysis framework that performs
reliability analysis for an embedded system with dynamic
scheduling. The framework injects faults into the system
during execution and classifies the e↵ect on the system (like
silent, detected and failure).

The novelty of SAFE is that it not only provides explo-
ration on the placement of fault-tolerance patterns, but it
is also capable to fully simulate realtime embedded systems
with dynamic scheduling at a high abstraction level. On top
of that, it provides a unique fine-grained and parametrized
checkpointing model. Most fault-tolerant aware DSE frame-
works only take implicit checkpoints into account [15] that
are strictly taken in between frames. As a result, SAFE pro-
vides more detailed insight into the consequences of fault-
tolerant design. By using the patternization approach, dif-
ferent fault-tolerance patterns can be applied to di↵erent
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in Figure 10. The left vertical axis represents the normalized buffer size, whereas the right vertical 
axis shows the frame drop ratio. 

The checkpoint budget has a positive effect on the buffer requirements. When the checkpoint 
budget increases, the required size of the message cache decreases. The reason is that the message 
cache can be flushed whenever an explicit checkpoint is taken (see Section 2.3.3). The more often a 
checkpoint is taken, the fewer messages are simultaneously cached. The storage requirements of the 
explicit checkpoints, however, are less influenced by the frequency of checkpointing (not shown in 
the graph). 

Still, a checkpoint has its overhead. It depends on the application if it can be tolerated or not. The 
sobel application cannot tolerate the overhead and with a checkpoint budget above 1, the frame drop 
ratio is increasing due a larger number of deadline misses. The MJPEG application, on the other 
hand, can take up to 6 checkpoints per frame without any deadline misses. 

2.5	  Related	  work	  	  
A lot of research effort has been spent on the early DSE of embedded systems [10]. Recently, 
workload scenarios [8] have been introduced to make the embedded system design scenario aware 
[19, 18, 24]. Our work is based on [24], and extends this into the direction of fault-tolerance aware 
DSE. This is because reliability becomes a major design objective [23, 16] and has a major effect on 
other objectives. It is therefore important that this objective is explored as a separate design 
objective [9] and not hierarchically. 

Many of the reliability aware DSE environments [2, 5, 12, 11, 6] are based on static scheduling of 
application tasks. COFTA [5] aims at minimizing the overhead of fault-tolerance measures using 
replication and assertion. The analysis only takes the performance and failure rate of the final 
application into account. It provides exploration of the placement of the assertion and replication 
patterns. COFTA misses the ability to reason about handling multiple frames and their throughput. 
The methods in [12, 11] provide fault-tolerance in real-time embedded systems using re-execution 
of tasks. For this purpose, a sanity check determines if the task is executed correctly. In case of a 
fault, a special time slot can be used to re-execute a task. As all of these approaches use static 
scheduling, they are based on worst-case execution time. The method in [2] tries to resolve this by 
using a hyperperiod instead of a fixed time. Still, it does not allow for modeling the full dynamism 
within applications. 

Bolchini [4] provides an analysis framework that performs reliability analysis for an embedded 
system with dynamic scheduling. The framework injects faults into the system during execution and 
classifies the effect on the system (like silent, detected and failure). 

The novelty of SAFE is that it not only provides exploration on the placement of fault-tolerance 
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Figure 9: The results of the fault-tolerant DSE of the 3 test applications: MJPEG, sobel and MP3.
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Figure 10: Varying the checkpoint budget of an
MJPEG application with restarting enabled.

requirements. When the checkpoint budget increases, the
required size of the message cache decreases. The reason
is that the message cache can be flushed whenever an ex-
plicit checkpoint is taken (see Section 4.3.2). The more of-
ten a checkpoint is taken, the fewer messages are simulta-
neously cached. The storage requirements of the explicit
checkpoints, however, are less influenced by the frequency
of checkpointing (not shown in the graph).

Still, a checkpoint has its overhead. It depends on the
application if it can be tolerated or not. The sobel appli-
cation cannot tolerate the overhead and with a checkpoint
budget above 1, the frame drop ratio is increasing due a
larger number of deadline misses. The MJPEG application,
on the other hand, can take up to 6 checkpoints per frame
without any deadline misses.

6. RELATED WORK
A lot of research e↵ort has been spent on the early DSE

of embedded systems [10]. Recently, workload scenarios [8]
have been introduced to make the embedded system design
scenario aware [19, 18, 24]. Our work is based on [24], and
extends this into the direction of fault-tolerance aware DSE.

This is because reliability becomes a major design objec-
tive [23, 16] and has a major e↵ect on other objectives. It
is therefore important that this objective is explored as a
separate design objective [9] and not hierarchically.

Many of the reliability aware DSE environments [2, 5,
12, 11, 6] are based on a static scheduling of application
tasks. COFTA [5] aims at minimizing the overhead of fault-
tolerance measures using replication and assertion. The
analysis only takes the performance and failure rate of the
final application into account. It provides exploration of the
placement of the assertion and replication patterns. COFTA
misses the ability to reason about handling multiple frames
and their throughput. The methods in [12, 11] provide fault-
tolerance in realtime embedded systems using re-execution
of tasks. For this purpose, a sanity check determines if the
task is executed correctly. In case of a fault, a special time
slot can be used to re-execute a task. As all of these ap-
proaches use static scheduling, they are based on worst case
execution time. The method in [2] tries to resolve this by
using a hyperperiod instead of a fixed time. Still, it does not
allow for modeling the full dynamism within applications.

Bolchini [4] provides an analysis framework that performs
reliability analysis for an embedded system with dynamic
scheduling. The framework injects faults into the system
during execution and classifies the e↵ect on the system (like
silent, detected and failure).

The novelty of SAFE is that it not only provides explo-
ration on the placement of fault-tolerance patterns, but it
is also capable to fully simulate realtime embedded systems
with dynamic scheduling at a high abstraction level. On top
of that, it provides a unique fine-grained and parametrized
checkpointing model. Most fault-tolerant aware DSE frame-
works only take implicit checkpoints into account [15] that
are strictly taken in between frames. As a result, SAFE pro-
vides more detailed insight into the consequences of fault-
tolerant design. By using the patternization approach, dif-
ferent fault-tolerance patterns can be applied to di↵erent
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patterns, but it is also capable to fully simulate real-time embedded systems with dynamic 
scheduling at a high abstraction level. On top of that, it provides a unique fine-grained and 
parametrized checkpointing model. Most fault-tolerant aware DSE frame-works only take implicit 
checkpoints into account [15] that are strictly taken in between frames. As a result, SAFE provides 
more detailed insight into the consequences of fault-tolerant design. By using the patternization 
approach, different fault-tolerance patterns can be applied to different parts of the same application. 
Finally, the explicit modeling of transient errors allows us to not only model the effects of the 
(mixed) fault-tolerance patterns on the system performance, but also to gain insight into the number 
of missed frames (due to a late arrival or an unrecoverable fault). 

3 A Scenario-based Run-time Task Mapping Algorithm for MPSoCs 
Modern embedded systems, which are more and more based on MultiProcessor System-on-Chip 
(MPSoC) architectures, often require supporting an increasing number of applications and 
standards, where multiple applications can run simultaneously. For each single application, there 
are typically also different execution modes (or program phases) with different requirements. For 
example, a video application could dynamically lower its resolution to decrease its computational 
demands in order to save battery. As a consequence, the behavior of application workloads 
executing on the embedded system can change dramatically over time. Here, one can distinguish 
two forms of dynamic application behavior: inter-application dynamism and intra-application 
dynamism. These forms of dynamism are often captured using scenarios [19, 32]. This means that 
there are two different kinds of scenarios: inter-application scenarios to describe the simultaneously 
running applications in the system, and intra-application scenarios that define the different 
execution modes for each application. The combination of these inter- and intra-application 
scenarios are called workload scenarios, and specify the application workload in terms of the 

A Scenario-based Run-time Task Mapping

Algorithm for MPSoCs

Blind

ABSTRACT
The application workloads in modern MPSoC-based embedded sys-
tems are becoming increasingly dynamic. Different applications
concurrently execute and contend for resources in such systems
which could cause serious changes in the intensity and nature of
the workload demands over time. To cope with the dynamism
of application workloads at run time and improve the efficiency
of the underlying system architecture, this paper presents a novel
scenario-based run-time task mapping algorithm. This algorithm
combines a static mapping strategy based on workload scenarios
and a dynamic mapping strategy to achieve an overall improvement
of system efficiency. We evaluated our algorithm using a homoge-
neous MPSoC system with three real applications. From the re-
sults, we found that our algorithm achieves an 11.3% performance
improvement and a 13.9% energy saving compared to running the
applications without using any run-time mapping algorithm. When
comparing our algorithm to three other, well-known run-time map-
ping algorithms, it is superior to these algorithms in terms of quality
of the mappings found while also reducing the overheads compared
to most of these algorithms.

1. INTRODUCTION
Modern embedded systems, which are more and more based on

MultiProcessor System-on-Chip (MPSoC) architectures, often re-
quire supporting an increasing number of applications and stan-
dards, where multiple applications can run simultaneously. For
each single application, there are typically also different execu-
tion modes (or program phases) with different requirements. For
example, a video application could dynamically lower its resolu-
tion to decrease its computational demands in order to save battery.
As a consequence, the behavior of application workloads execut-
ing on the embedded system can change dramatically over time.
Here, one can distinguish two forms of dynamic application behav-
ior: inter-application dynamism and intra-application dynamism.
These forms of dynamism are often captured using scenarios [13,
8]. This means that there are two different kinds of scenarios: inter-
application scenarios to describe the simultaneously running appli-
cations in the system, and intra-application scenarios that define the
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Figure 1: Intra-application scenario performance.

different execution modes for each application. The combination
of these inter- and intra-application scenarios are called workload
scenarios, and specify the application workload in terms of the dif-
ferent applications that are concurrently executing and the mode of
each application.

At design time of an embedded system, a designer could aim
at finding the optimal mapping of application tasks to MPSoC pro-
cessing resources for each inter- and intra-application scenario. How-
ever, when the number of applications and application modes in-
crease, the total number of workload scenarios will explode ex-
ponentially. Considering, e.g., 10 applications with 5 execution
modes for each application, there will be 60 million workload sce-
narios. If each scenario takes one second to find the optimal map-
ping at design time, then one would need nearly two years to obtain
all the optimal mappings. Moreover, storing all these optimal map-
pings such that they can be used at run time by the system to remap
tasks when a new scenario is detected would also be unrealistic as
this would take up too much memory storage.

An approach to solve this problem is by clustering workload sce-
narios and only storing a single mapping per cluster of workload
scenarios to facilitate run-time mapping [8]. Such clustering im-
plies a significant space reduction needed to store the mappings.
Moreover, so-called scenario-based design space exploration [17]

Figure 11: Intra-application scenario performance. 
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different applications that are concurrently executing and the mode of each application. At design 
time of an embedded system, a designer could aim at finding the optimal mapping of application 
tasks to MPSoC processing resources for each inter- and intra-application scenario. However, when 
the number of applications and application modes increase, the total number of workload scenarios 
will explode exponentially. Considering, e.g., 10 applications with 5 execution modes for each 
application, there will be 60 million workload scenarios. If each scenario takes one second to find 
the optimal mapping at design time, then one would need nearly two years to obtain all the optimal 
mappings. Moreover, storing all these optimal mappings such that they can be used at run time by 
the system to remap tasks when a new scenario is detected would also be unrealistic as this would 
take up too much memory storage. An approach to solve this problem is by clustering workload 
scenarios and only storing a single mapping per cluster of workload scenarios to facilitate run-time 
mapping [32]. Such clustering implies a significant space reduction needed to store the mappings. 
Moreover, so-called scenario-based design space exploration [38] can be deployed to efficiently 
find these mappings by only evaluating a representative subset of scenarios for each cluster. In this 
work, we consider a clustering method

1 in which we find and store a single mapping for each inter-
application scenario that yields, on average, the best performance for all possible intra-application 
scenarios within the inter-application scenario. However, as we can see from Figure 11, using such 
a single mapping to represent an entire inter-application scenario shows considerable performance 
variations for the different intra-application scenarios that exist in this inter-application scenario. In 
this particular example, the inter-application scenario contains three simultaneously running 
multimedia applications: a Motion-JPEG (MJPEG) encoder, a MP3 decoder, and a Sobel filter for 
edge detection in images. The use of cluster-level mappings (i.e., mappings found to be good for an 
entire cluster of workload scenarios) can provide a run-time mapping system with enough 
information to quickly find an adequate mapping for a detected workload scenario but it will not 
immediately lead to finding the optimal system mapping for any identified workload scenario. 
Therefore, we propose a novel run-time Scenario-based Task Mapping algorithm (STM) that uses 
the cluster-level mapping information derived from design-time design space exploration (DSE) 
but, additionally, performs run-time mapping optimization by continuously monitoring the system 
and trying to perform (relatively small) mapping customizations to gradually further improve the 
system performance. 

 

3.1	  Prerequisites	  and	  problem	  definition	  
In this section, we explain the necessary prerequisites for this work and provide a detailed problem 
definition. 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

1	  We note, however, that other clustering methods would also be possible and that our run-time mapping algorithm is 
independent on the clustering method used. 
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3.1.1	  Application	  Model	  
In this work, we target the multimedia application domain, as was already illustrated in Figure 11. 
For this reason, we use the Kahn Process Network (KPN) model of computation [13] to specify 
application behaviour since this model of computation fits well to the streaming behaviour of 
multimedia applications. In a KPN, an application is described as a network of concurrent processes 
that are interconnected via FIFO channels. This means that an application can be represented as a 
directed graph KPN = (P, F) where P is set of processes (tasks) pi in the application and fij ∈ F 
represents the FIFO channel between two processes pi and pj . Figure 12 shows the KPN of the 
MJPEG application. 

3.1.2	  Architecture	  Model 
In this work, we restrict ourselves to homogeneous MPSoC target architectures. With some small 
modifications, the run-time mapping algorithm that is presented later on also supports 
heterogeneous MPSoCs but this is beyond the scope of the current work. An architecture can be 
modeled as a graph MPSoC = (PE, C), where PE is the set of processing elements used in the 
architecture and C is a multiset of pairs cij = (pei , pej) ∈ PE × PE representing a (FIFO) 
communication channel between processors pei and pej. 

Combining the definition of application and architecture models, the computation cost of task 
(process) p on processing element  pej expressed as Ti

j and the communication	  cost between tasks pi 

and pj on channel cxy is Cij
cxy .	  

3.1.3	  Task	  mapping	  
The task mapping defines the corresponding relationship between the tasks in a KPN the tasks in a 
KPN application and the underlying architecture resources. For a single application, given the KPN 
of this application and a target MPSoC, a correct mapping is a pair of unique assignments 
(μ:P→PE, η:F →C) such that it satisfies ∀f ∈ F, src(η(f)) = μ(src(f)) ∧	  dst(η(f)) = μ(dst(f)). In the 
case of a multi-application workload, the state of simultaneously running applications that are 
distinguished as inter- and intra-application scenarios should be considered in the task mapping. Let 
A = {app0 , app1, ..., appm} be the set of all applications that can run on the system, and Mi = {md0

i , 
md1

i , ..., mdn
i } be the set of possible execution modes for appi ∈ A. Then, SE = {se0, se1, ..., 

seninter}, with sei = {app0 = 0/1, ..., appm = 0/1} and appi ∈ A, is the set of all inter-application 
scenarios. And saj

i  = {app0 = mdt0
0 , ..., appm = mdtm

m }, with appi ∈	  A ∧	  appi = 1 ∈	  sei and mdtx
i ∈	  Mi , 

represents the j-th intra-application scenario in inter-application scenario sei ∈ SE. The set of all 
workload scenarios can then be defined as the disjoint union S = ⊔i∈SE SAi, with SAi = {sai

1, sai
2, ..., 

sa
nint ra
i
i }. 

can be deployed to efficiently find these mappings by only evalu-
ating a representative subset of scenarios for each cluster. In this
paper, we consider a clustering method1 in which we find and store
a single mapping for each inter-application scenario that yields, on
average, best performance for all possible intra-application scenar-
ios within the inter-application scenario. However, as we can see
from Figure 1, using such a single mapping to represent an entire
inter-application scenario shows considerable performance varia-
tions for the different intra-application scenarios that exist in this
inter-application scenario. In this particular example, the inter-
application scenario contains three simultaneously running multi-
media applications: a Motion-JPEG (MJPEG) encoder, a MP3 de-
coder, and a Sobel filter for edge detection in images. The use of
cluster-level mappings (i.e., mappings found to be good for an en-
tire cluster of workload scenarios) can provide a run-time mapping
system with enough information to quickly find an adequate map-
ping for a detected workload scenario but it will not immediately
lead to finding the optimal system mapping for any identified work-
load scenario. Therefore, we propose a novel run-time Scenario-
based Task Mapping algorithm (STM) that uses the cluster-level
mapping information derived from design-time design space ex-
ploration (DSE) but, additionally, performs run-time mapping opti-
mization by continuously monitoring the system and trying to per-
form (relatively small) mapping customizations to gradually further
improve the system performance.

The remainder of this paper is organized as follows. Section 2
gives some prerequisites and the problem definition for this paper.
Section 3 provides a detailed description of the scenario-based run-
time mapping algorithm. Section 4 introduces the experimental
environment and presents the results of our experiments. Section 5
discusses related work, after which Section 6 concludes the paper.

2. PREREQUISITES AND PROBLEM DEF-
INITION

In this section, we explain the necessary prerequisites for this
work and provide a detailed problem definition.

2.1 Application Model
In this paper, we target the multimedia application domain, as

was already illustrated in Figure 1. For this reason, we use the
Kahn Process Network (KPN) model of computation [11] to spec-
ify application behaviour since this model of computation fits well
to the streaming behaviour of multimedia applications. In a KPN,
an application is described as a network of concurrent processes
that are interconnected via FIFO channels. This means that an
application can be represented as a directed graph KPN = (P,F)
where P is set of processes (tasks) pi in the application and fi j 2 F
represents the FIFO channel between two processes pi and p j. Fig-
ure 2 shows the KPN of the MJPEG application.

2.2 Architecture Model
In this work, we restrict ourselves to homogeneous MPSoC tar-

get architectures. With some small modifications, the run-time
mapping algorithm that is presented later on also supports hetero-
geneous MPSoCs but this is beyond the scope of this paper. An
architecture can be modeled as a graph MPSoC = (PE,C), where
PE is the set of processing elements used in the architecture and
C is a multiset of pairs ci j = (pei, pe j) 2 PE⇥PE representing a
(FIFO) communication channel between processors pei and pe j .
1We note, however, that other clustering methods would also be
possible and that our run-time mapping algorithm is independent
on the clustering method used.
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Figure 2: KPN for MJPEG application.

Combining the definition of application and architecture models,
the computation cost of task (process) pi on processing element
pe j is expressed as T j

i and the communication cost between tasks
pi and p j on channel cxy is Ccxy

i j .

2.3 Task Mapping
The task mapping defines the corresponding relationship between

the tasks in a KPN application and the underlying architecture re-
sources. For a single application, given the KPN of this applica-
tion and a target MPSoC, a correct mapping is a pair of unique
assignments (µ : P ! PE, h : F ! C) such that it satisfies 8 f 2
F,src(h( f )) = µ(src( f ))^dst(h( f )) = µ(dst( f )). In the case of a
multi-application workload, the state of simultaneously running ap-
plications that are distinguished as inter- and intra-application sce-
narios should be considered in the task mapping. Let A = {app0,
app1, ..., appm} be the set of all applications that can run on the
system, and Mi = {mdi

0, mdi
1, ..., mdi

n} be the set of possible ex-
ecution modes for appi 2 A. Then, SE = {se0, se1, ..., seninter},
with sei = {app0 = 0/1, ..., appm = 0/1} and appi 2 A, is the
set of all inter-application scenarios. And sai

j = {app0 = md0
t0 , ...,

appm = mdm
tm}, with appi 2 A^appi = 1 2 sei and mdi

tx 2Mi, rep-
resents the j-th intra-application scenario in inter-application sce-
nario sei 2 SE. The set of all workload scenarios can then be de-
fined as the disjoint union S = ti2SE SAi, with SAi = {sai

1, sai
2, ...,

sai
ni

intra
}.

As already explained in the previous section, we propose to per-
form the run-time mapping of applications in two stages. In the first
stage, which is performed at design time, we cluster workload sce-
narios (similar to [8]) and perform DSE for each of these scenario
clusters to find a mapping that shows the best average performance
for that particular cluster. More specifically, in this paper, we con-
sider each sei 2 SE as a different cluster of scenarios (i.e., we clus-
ter all intra-application scenarios of an inter-application scenario).
The mappings derived from design-time DSE are stored so they
can be used by the run-time mapping algorithm to re-map applica-
tions when a workload scenario is detected that belongs to a dif-
ferent scenario cluster. Since these statically determined mappings
may not be optimal for the current active intra-application scenario,
the second stage of the run-time mapping algorithm tries to per-
form (relatively small) mapping customizations to gradually fur-
ther improve the system performance. In our goal to optimize map-
pings we recognize two kinds of objectives: system-level objectives
and application-dependent objectives. System-level objectives, de-
noted as Oa = {Oa0, Oa1, ...}, define the system-wide metrics
such as system energy consumption, total system execution time,
etc. Application-dependent objectives, denoted as Ob = {Ob0, Ob1,
...}, are mainly used to define the performance requirements of
each separate application like throughput, latency, etc. As will be
explained in the next section, the first stage of our run-time map-
ping approach uses system-level objectives to find mappings per
scenario cluster. Here, we use system energy consumption and to-
tal workload scenario execution time as metrics: Esi ,si 2 S repre-

Figure 12: KPN for MJPEG application. 
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As already explained in the previous section, we propose to perform the run-time mapping of 
applications in two stages. In the first stage, which is performed at design time, we cluster workload 
scenarios (similar to [32]) and perform DSE for each of these scenario clusters to find a mapping 
that shows the best average performance for that particular cluster. More specifically, in this work, 
we consider each sei ∈ SE as a different cluster of scenarios (i.e., we cluster all intra-application 
scenarios of an inter-application scenario). The mappings derived from design-time DSE are stored 
so they can be used by the run-time mapping algorithm to re-map applications when a workload 
scenario is detected that belongs to a different scenario cluster. Since these statically determined 
mappings may not be optimal for the current active intra-application scenario, the second stage of 
the run-time mapping algorithm tries to perform (relatively small) mapping customizations to 
gradually further improve the system performance. In our goal to optimize mappings we recognize 
two kinds of objectives: system-level objectives and application-dependent objectives. System-level 
objectives, denoted as Oα = {Oα0, Oα1, ...}, define the system-wide metrics such as system energy 
consumption, total system execution time, etc. Application-dependent objectives, denoted as Oβ = 
{Oβ0, Oβ1, ...}, are mainly used to define the performance requirements of each separate application 
like throughput, latency, etc. As will be explained in the next section, the first stage of our run-time 
mapping approach uses system-level objectives to find mappings per scenario cluster. Here, we use 
system energy consumption and total workload scenario execution time as metrics: Esi , si ∈ S 
represents the system energy consumption of workload scenario si and Xsi , si ∈ S is the execution 
time of scenario si . For the second stage, during which the mapping is gradually optimized, we 
apply application-specific objectives – in our case throughput requirements for each application – 
for the optimization process. However, to measure the results of the run-time optimization process, 
we also use the system-level metrics Esi  and Xsi. 

Under these definitions and given the KPN = (P, F) for each application and an MPSoC = (PE,C), 
our goal is to continuously customize the mapping at run time such that the system-level and/or 
application-specific objectives under every workload scenario si ∈	  S are satisfied. 

3.2	  Scenario-‐based	  task	  mapping	  
The STM algorithm, which is outlined in Algorithm 1, can be divided into a static part and a 
dynamic part. The static part is used to capture application dynamism at the granularity of inter-
application scenarios. For each inter-application scenario sei ∈ SE, we have determined – using 
design-time DSE – a mapping that on average performs best for all intra-application scenarios SAi 

of sei. That is, for each sei we search for a mapping by solving the following multi-objective 
optimisation problem: 

To this end, we have deployed the scenario-based DSE approach presented in [38], which is based 
on the well-known NSGA-II genetic algorithm and allows for effectively pruning the design space 
by only evaluating a representative subset of intra-application scenarios of SAi for each sei ∈ SE. As 
this design-time DSE stage is not the main focus of this work, we refer the interested reader to [38] 
for further details. The mappings derived from this design-time DSE are used by the STM 
algorithm as shown in lines 1-3 of Algorithm 1. When the system detects the execution of a 
different inter-application scenario, the static part of the STM algorithm will choose the 
corresponding mapping as derived from the design-time DSE stage and which has been stored in a 
so-called scenario database. Because this database only stores mappings for entire scenario 
clusters, its size can be controlled by choosing a proper granularity of scenario clusters (e.g., inter-
application scenarios). 

sents the system energy consumption of workload scenario si and
Xsi ,si 2 S is the execution time of scenario si. For the second
stage, during which the mapping is gradually optimized, we ap-
ply application-specific objectives – in our case throughput require-
ments for each application – for the optimization process. However,
to measure the results of the run-time optimization process, we also
use the system-level metrics Esi and Xsi .

Under these definitions and given the KPN = (P,F) for each
application and an MPSoC = (PE,C), our goal is to continuously
customize the mapping at run time such that the system-level and/or
application-specific objectives under every workload scenario si 2
S are satisfied.

3. SCENARIO-BASED TASK MAPPING
The STM algorithm, which is outlined in Algorithm 1, can be

divided into a static part and a dynamic part. The static part is
used to capture application dynamism at the granularity of inter-
application scenarios. For each inter-application scenario sei 2 SE,
we have determined – using design-time DSE – a mapping that
on average performs best for all intra-application scenarios SAi of
sei. That is, for each sei we search for a mapping by solving the
following multi-objective optimisation problem:

min[
X

sai
j2SAi

Esa j ,
X

sai
j2SAi

Xsa j ]. (1)

To this end, we have deployed the scenario-based DSE approach
presented in [17], which is based on the well-known NSGA-II ge-
netic algorithm and allows for effectively pruning the design space
by only evaluating a representative subset of intra-application sce-
narios of SAi for each sei 2 SE. As this design-time DSE stage is
not the main focus of this paper, we refer the interested reader to
[17] for further details. The mappings derived from this design-
time DSE are used by the STM algorithm as shown in lines 1-3 of
Algorithm 1. When the system detects the execution of a differ-
ent inter-application scenario, the static part of the STM algorithm
will choose the corresponding mapping as derived from the design-
time DSE stage and which has been stored in a so-called scenario
database. Because this database only stores mappings for entire
scenario clusters, its size can be controlled by choosing a proper
granularity of scenario clusters (e.g., inter-application scenarios).

The dynamic part of our STM algorithm is active during the en-
tire duration of an inter-application scenario. As explained in the
previous section, it uses application-specific objectives, specified
for each separate application, to continuously optimize the map-
ping. When the algorithm detects that an objective is unsatisfied, it
will try to find a new task mapping for that particular application
that missed the performance goal. If multiple applications miss
their performance goal, then the STM algorithm will start optimiz-
ing the most problematic application first. The main steps of the
dynamic part of the STM algorithm are described below.

3.1 Finding the Critical Task
The first step of the dynamic part of the STM algorithm is to

find the so-called critical task for the application that missed its
objective, as shown in lines 10-13 of Algorithm 1. The rationale
behind this is that by remapping this critical task and possibly its
neighbouring tasks (forming a bottleneck in the application), the
resulting effect will be optimal. To find the critical task, the STM
algorithm maintains three lists. The first list stores the task costs
(TC). For every application, it contains the cost of the application’s
tasks, where the cost is determined by the sum of the execution and
communication times of a task. These task costs are arranged in

Algorithm 1 STM algorithm
Input: KPNapp0,...,appm , MPSoC, Oa, Ob, µ, h
Output: New(µ,h)
list: TC, CIC, CIB, PU
pCIC = dc, pCIB = db
1: if detectScenario() == true : //new inter-application scenario
2: New(µ,h) = getMapping();
3: return New(µ,h);
4: else :
5: results[] = getStatistics();
6: if (i = objectiveUnsatisfied(results, Oa, Ob)) != -1:
7: taskCost(KPNappi , results, TC, CIC, CIB);
8: peUsage(results, PU);
9: while(1) :
10: if (apptype = getType(KPNappi )) == DATA_PARALLEL :
11: critical = findDPCritical(KPNappi , CIC, CIB, pCIB, pCIC);
12: else :
13: critical = findCritical(KPNappi , CIC, CIB, pCIB, pCIC);
14: reason = findReason(critical, CIC, CIB, pCIB, pCIC);
15: if reason == POOR_LOCALITY :
16: MCC[] = minCircle(KPNappi , results, critical);
17: if GetSubstitute(PU, µ, h, MCC, apptype) == true :
18: return New(µ,h);
19: else failed;
20: else if reason == LOAD_IMBALANCE :
21: if GetSubstitute(PU, µ, h, apptype) == true :
22: return New(µ,h);
23: else failed;
24: else :
25: pCIB += e;
26: pCIC -= e;

descending order in the list. The two other lists concern the storing
of two other metrics for each task: the proportion of task cost in
the total busy time of the PE (i.e., processor) onto which the task is
currently mapped (CIB), and the proportion of task communication
time (read and write transactions) in the task cost (CIC).

Using the TC list, the algorithm checks the task at the top of the
list to find the critical task, taking the following two conditions into
account: 1) whether or not the task’s CIB proportion is lower than
a specific threshold, defined by pCIB. Here, the rationale is that
a high-cost task receiving only a small fraction of processor time
may imply that the processor is overloaded. If the task satisfies this
condition, then this task is considered as the critical task and the
process of finding the critical task ends. Otherwise, the algorithm
continues to check the other tasks in the TC list with lower costs
until it finds the critical task. If there is no task in the applica-
tion that satisfies the first condition, then the second condition will
be used: 2) Whether or not the CIC proportion is higher than the
threshold pCIC. The algorithm checks all the tasks using this sec-
ond condition just like it did for the first condition. If all the tasks
do not satisfy these two conditions, then the algorithm will, respec-
tively, increase and decrease the pCIB and pCIC thresholds by e,
after which the above process is restarted again.

For data parallel applications, the process of finding the critical
task has one additional test as compared to regular applications.
This extra test (performed in the function findDPCritical) involves
the check whether or not all data-parallel tasks are mapped onto
different PEs. If there are data-parallel tasks that are mapped onto
the same processor, then those tasks with higher task costs will
be treated as critical tasks. Otherwise, the process of finding the
critical task will be the same as for regular applications.
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The dynamic part of our STM algorithm is active during the entire duration of an inter-application 
scenario. As explained in the previous section, it uses application-specific objectives, specified for 
each separate application, to continuously optimize the mapping. When the algorithm detects that 
an objective is unsatisfied, it will try to find a new task mapping for that particular application that 
missed the performance goal. If multiple applications miss their performance goal, then the STM 
algorithm will start optimizing the most problematic application first. The main steps of the 
dynamic part of the STM algorithm are described below. 

3.2.1	  Finding	  the	  critical	  task	  
The first step of the dynamic part of the STM algorithm is to find the so-called critical task for the 
application that missed its objective, as shown in lines 10-13 of Algorithm 1. The rationale behind 
this is that by remapping this critical task and possibly its neighbouring tasks (forming a bottleneck 
in the application), the resulting effect will be optimal. To find the critical task, the STM algorithm 
maintains three lists. The first list stores the task costs (TC). For every application, it contains the 
cost of the application’s tasks, where the cost is determined by the sum of the execution and 
communication times of a task. These task costs are arranged in descending order in the list. The 
two other lists concern the storing of two other metrics for each task: the proportion of task cost in 
the total busy time of the PE (i.e., processor) onto which the task is currently mapped (CIB), and the 
proportion of task communication time (read and write transactions) in the task cost (CIC). 

Using the TC list, the algorithm checks the task at the top of the list to find the critical task, taking 
the following two conditions into account: 1) whether or not the task’s CIB proportion is lower than 
a specific threshold, defined by pCIB. Here, the rationale is that a high-cost task receiving only a 
small fraction of processor time may imply that the processor is overloaded. If the task satisfies this 
condition, then this task is considered as the critical task and the process of finding the critical task 

sents the system energy consumption of workload scenario si and
Xsi ,si 2 S is the execution time of scenario si. For the second
stage, during which the mapping is gradually optimized, we ap-
ply application-specific objectives – in our case throughput require-
ments for each application – for the optimization process. However,
to measure the results of the run-time optimization process, we also
use the system-level metrics Esi and Xsi .

Under these definitions and given the KPN = (P,F) for each
application and an MPSoC = (PE,C), our goal is to continuously
customize the mapping at run time such that the system-level and/or
application-specific objectives under every workload scenario si 2
S are satisfied.

3. SCENARIO-BASED TASK MAPPING
The STM algorithm, which is outlined in Algorithm 1, can be

divided into a static part and a dynamic part. The static part is
used to capture application dynamism at the granularity of inter-
application scenarios. For each inter-application scenario sei 2 SE,
we have determined – using design-time DSE – a mapping that
on average performs best for all intra-application scenarios SAi of
sei. That is, for each sei we search for a mapping by solving the
following multi-objective optimisation problem:

min[
X

sai
j2SAi

Esa j ,
X

sai
j2SAi

Xsa j ]. (1)

To this end, we have deployed the scenario-based DSE approach
presented in [17], which is based on the well-known NSGA-II ge-
netic algorithm and allows for effectively pruning the design space
by only evaluating a representative subset of intra-application sce-
narios of SAi for each sei 2 SE. As this design-time DSE stage is
not the main focus of this paper, we refer the interested reader to
[17] for further details. The mappings derived from this design-
time DSE are used by the STM algorithm as shown in lines 1-3 of
Algorithm 1. When the system detects the execution of a differ-
ent inter-application scenario, the static part of the STM algorithm
will choose the corresponding mapping as derived from the design-
time DSE stage and which has been stored in a so-called scenario
database. Because this database only stores mappings for entire
scenario clusters, its size can be controlled by choosing a proper
granularity of scenario clusters (e.g., inter-application scenarios).

The dynamic part of our STM algorithm is active during the en-
tire duration of an inter-application scenario. As explained in the
previous section, it uses application-specific objectives, specified
for each separate application, to continuously optimize the map-
ping. When the algorithm detects that an objective is unsatisfied, it
will try to find a new task mapping for that particular application
that missed the performance goal. If multiple applications miss
their performance goal, then the STM algorithm will start optimiz-
ing the most problematic application first. The main steps of the
dynamic part of the STM algorithm are described below.

3.1 Finding the Critical Task
The first step of the dynamic part of the STM algorithm is to

find the so-called critical task for the application that missed its
objective, as shown in lines 10-13 of Algorithm 1. The rationale
behind this is that by remapping this critical task and possibly its
neighbouring tasks (forming a bottleneck in the application), the
resulting effect will be optimal. To find the critical task, the STM
algorithm maintains three lists. The first list stores the task costs
(TC). For every application, it contains the cost of the application’s
tasks, where the cost is determined by the sum of the execution and
communication times of a task. These task costs are arranged in

Algorithm 1 STM algorithm
Input: KPNapp0,...,appm , MPSoC, Oa, Ob, µ, h
Output: New(µ,h)
list: TC, CIC, CIB, PU
pCIC = dc, pCIB = db
1: if detectScenario() == true : //new inter-application scenario
2: New(µ,h) = getMapping();
3: return New(µ,h);
4: else :
5: results[] = getStatistics();
6: if (i = objectiveUnsatisfied(results, Oa, Ob)) != -1:
7: taskCost(KPNappi , results, TC, CIC, CIB);
8: peUsage(results, PU);
9: while(1) :
10: if (apptype = getType(KPNappi )) == DATA_PARALLEL :
11: critical = findDPCritical(KPNappi , CIC, CIB, pCIB, pCIC);
12: else :
13: critical = findCritical(KPNappi , CIC, CIB, pCIB, pCIC);
14: reason = findReason(critical, CIC, CIB, pCIB, pCIC);
15: if reason == POOR_LOCALITY :
16: MCC[] = minCircle(KPNappi , results, critical);
17: if GetSubstitute(PU, µ, h, MCC, apptype) == true :
18: return New(µ,h);
19: else failed;
20: else if reason == LOAD_IMBALANCE :
21: if GetSubstitute(PU, µ, h, apptype) == true :
22: return New(µ,h);
23: else failed;
24: else :
25: pCIB += e;
26: pCIC -= e;

descending order in the list. The two other lists concern the storing
of two other metrics for each task: the proportion of task cost in
the total busy time of the PE (i.e., processor) onto which the task is
currently mapped (CIB), and the proportion of task communication
time (read and write transactions) in the task cost (CIC).

Using the TC list, the algorithm checks the task at the top of the
list to find the critical task, taking the following two conditions into
account: 1) whether or not the task’s CIB proportion is lower than
a specific threshold, defined by pCIB. Here, the rationale is that
a high-cost task receiving only a small fraction of processor time
may imply that the processor is overloaded. If the task satisfies this
condition, then this task is considered as the critical task and the
process of finding the critical task ends. Otherwise, the algorithm
continues to check the other tasks in the TC list with lower costs
until it finds the critical task. If there is no task in the applica-
tion that satisfies the first condition, then the second condition will
be used: 2) Whether or not the CIC proportion is higher than the
threshold pCIC. The algorithm checks all the tasks using this sec-
ond condition just like it did for the first condition. If all the tasks
do not satisfy these two conditions, then the algorithm will, respec-
tively, increase and decrease the pCIB and pCIC thresholds by e,
after which the above process is restarted again.

For data parallel applications, the process of finding the critical
task has one additional test as compared to regular applications.
This extra test (performed in the function findDPCritical) involves
the check whether or not all data-parallel tasks are mapped onto
different PEs. If there are data-parallel tasks that are mapped onto
the same processor, then those tasks with higher task costs will
be treated as critical tasks. Otherwise, the process of finding the
critical task will be the same as for regular applications.
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ends. Otherwise, the algorithm continues to check the other tasks in the TC list with lower costs 
until it finds the critical task. If there is no task in the application that satisfies the first condition, 
then the second condition will be used: 2) Whether or not the CIC proportion is higher than the 
threshold pCIC. The algorithm checks all the tasks using this second condition just like it did for the 
first condition. If all the tasks do not satisfy these two conditions, then the algorithm will, 
respectively, increase and decrease the pCIB and pCIC thresholds by ε, after which the above 
process is restarted again. 

For data parallel applications, the process of finding the critical task has one additional test as 
compared to regular applications. This extra test (performed in the function findDPCritical) 
involves the check whether or not all data-parallel tasks are mapped onto different PEs. If there are 
data-parallel tasks that are mapped onto the same processor, then those tasks with higher task costs 
will be treated as critical tasks. Otherwise, the process of finding the critical task will be the same as 
for regular applications. 

3.2.2	  Remapping	  the	  critical	  task	  
After the critical task has been found, the STM algorithm tries to analyze the reason for missing the 
application’s performance goal. In this respect, we recognize two different reasons: poor locality 
and load imbalance. Here, we use the process of determining the critical task to also determine the 
reason for not meeting the performance goal: If the CIC proportion of the critical task is higher than 
the value of the current pCIC threshold, then the algorithm assumes that poor locality is the reason. 
Otherwise it takes load imbalance as the reason for not meeting the application demands. This 
means that poor locality has a higher priority than load imbalance as a reason for not meeting the 
application demands, which is helpful to reduce the energy consumption due to communications. 

Subsequently, the function GetSubstitute in the STM algorithm can follow different strategies to 
find a target PE to which the critical task will be remapped. The selection of remapping strategy 
depends on the reason for not meeting the application’s performance demands as well as on the type 
of application (data parallel or not). The strategies that are used to find the substitute PE for data-
parallel applications are similar to the ones for regular applications except that one additional 
condition is taken into account for finding the substitute PE: the substitute PE should not be a PE 
onto which its parallel tasks are mapped. 

Poor locality. In the case of poor locality, the STM algorithm will try to find a better mapping for 
the application in question based on a minimal cost circle (MCC) approach. A situation that has 
been identified as "poor locality" is mainly due to the communication overhead between tasks. 
Evidently, if the communicating frequency between two tasks is very high or the communicating 
data size is very large, then these two tasks should preferably be mapped onto the same PE or onto 
two different PEs that contain a more efficient interconnect between each other. The MCC strategy 
aims at redistributing the critical task and its neighbouring tasks over PEs such that communication 
overhead is reduced while trying to avoid creating new computational bottlenecks. To this end, it 
first finds the minimal cost circle based on equation (2) for the critical task pi: 

where Ti
z denotes the execution time of task i for PE z onto which task i is currently mapped, and 

3.2 Remapping the Critical Task
After the critical task has been found, the STM algorithm tries to

analyze the reason for missing the application’s performance goal.
In this respect, we recognize two different reasons: poor locality
and load imbalance. Here, we use the process of determining the
critical task to also determine the reason for not meeting the perfor-
mance goal: If the CIC proportion of the critical task is higher than
the value of the current pCIC threshold, then the algorithm assumes
that poor locality is the reason. Otherwise it takes load imbalance
as the reason for not meeting the application demands. This means
that poor locality has a higher priority than load imbalance as a
reason for not meeting the application demands, which is helpful
to reduce the energy consumption due to communications.

Subsequently, the function GetSubstitute in the STM algorithm
can follow different strategies to find a target PE to which the crit-
ical task will be remapped. The selection of remapping strategy
depends on the reason for not meeting the application’s perfor-
mance demands as well as on the type of application (data parallel
or not). The strategies that are used to find the substitute PE for
data-parallel applications are similar to the ones for regular appli-
cations except that one additional condition is taken into account
for finding the substitute PE: the substitute PE should not be a PE
onto which its parallel tasks are mapped.

3.2.1 Poor locality
In the case of poor locality, the STM algorithm will try to find a

better mapping for the application in question based on a minimal
cost circle (MCC) approach. A situation that has been identified as
"poor locality" is mainly due to the communication overhead be-
tween tasks. Evidently, if the communicating frequency between
two tasks is very high or the communicating data size is very large,
then these two tasks should preferably be mapped onto the same
PE or onto two different PEs that contain a more efficient intercon-
nect between each other. The MCC strategy aims at redistributing
the critical task and its neighbouring tasks over PEs such that com-
munication overhead is reduced while trying to avoid creating new
computational bottlenecks. To this end, it first finds the minimal
cost circle based on equation (2) for the critical task pi:

min(Circle_Cost(pi)mn), with 0 n,m |P| (2)

where:

Circle_Cost(pi)mn =
X
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T z
i +

X

0i<|P|

X

m jn

Ccxy
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where T z
i denotes the execution time of task i for PE z onto which

task i is currently mapped, and Ccxy
i j denotes the communication

overhead between tasks i and j (see Section 2.2). This strategy has
been designed for heterogeneous MPSoC architectures. However,
in this paper, our focus is on homogeneous architectures using a
shared bus interconnect. This means that each task will have a con-
stant computational cost irrespective of the PE it is mapped on,
and that communication overhead only involves internal commu-
nication within a single PE (i.e., when the communicating tasks
are mapped to the same PE) or external communication between
PEs via shared memory. Clearly, internal communication costs are
much lower than external communication costs. Figure 3.a shows
an example of an MCC (indicated by the red oval) that contains
two tasks, including the critical task (red task), whereas Figure 3.b
illustrates an MCC that only contains the critical task itself.

After the MCC of the critical task has been determined, the func-
tion GetSubstitute will choose a substitute PE for all the tasks in-
cluded in the identified MCC to achieve a new mapping. For this
purpose, the PU list is used, containing the processor utilisations
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Figure 3: Examples of an MCC for a critical task (red task).

for each PE. The substitute PE is the PE with the lowest utilization
in the PU list that is different from the PE onto which the critical
task is currently mapped. If the MCC solely consists of the crit-
ical task itself, then the critical task will be mapped onto the PE
of a neighboring task that has the heaviest communication with the
critical task. This is, e.g., shown in Figure 3.b, where the criti-
cal task will be mapped onto the same PE as the task with cost
70. Moreover, the substitute PE should be different than the PE the
critical task is currently mapped on. Otherwise, the algorithm fails
to find a new mapping. After the substitute PE has been found,
the FIFO channels between the tasks that need to be remapped are
either mapped as internal communication onto the new PE (if com-
municating tasks are mapped onto this PE) or onto the system bus.

3.2.2 Load imbalance
In the case a load imbalance has been identified as the reason for

not meeting the application demands, a load balancing strategy is
used to remap the critical task. The substitute PE should satisfy the
condition that it is different from the current PE of the critical task
and should have the lowest processor utilization in the PU list. If
such a substitute does not exist, then the algorithm cannot find a
better mapping.

4. EXPERIMENTS

4.1 Experimental Framework
To evaluate the efficiency of our STM algorithm and the map-

pings found at run time by this algorithm, we deploy the (open-
source) Sesame system-level MPSoC simulator [14]. To this end,
we have extended this simulator with our run-time resource schedul-
ing framework, as illustrated in Figure 4. Our extension includes
the Scenario DataBase (SDB), a System Monitor (SM) and a run-
time Resource Scheduler (RS). The SDB is used to store the map-
pings for each inter-application scenario as derived from design-
time DSE. The SM is in charge of recording the running statis-
tics for each active application as well as monitoring system-wide
statistics. The RS uses the run-time task mapping algorithm and
the statistics provided by the SM to dynamically remap application
tasks when needed, as explained in the previous section.

4.2 Experimental Results
In this subsection, we present several experimental results in

which we investigate various aspects of our STM algorithm and
compare it to three well-known mapping algorithms: First-Fit Bin-
Packing (FFBP) [7] which has been frequently adapted to do task
mapping by means of modelling it as a bin-packing problem, Output-
Rate Balancing (ORB) [5] and Recursive BiPartition and Refining



	  

24	  

Cij
cxy denotes the communication overhead between tasks i and j (see Section 3.1.2). This strategy 

has been designed for heterogeneous MPSoC architectures. However, in this work, our focus is on 
homogeneous architectures using a shared bus interconnect. This means that each task will have a 
constant computational cost irrespective of the PE it is mapped on, and that communication 
overhead only involves internal communication within a single PE (i.e., when the communicating 
tasks are mapped to the same PE) or external communication between PEs via shared memory. 
Clearly, internal communication costs are much lower than external communication costs. Figure 
13.a shows an example of an MCC (indicated by the red oval) that contains two tasks, including the 
critical task (red task), whereas Figure 13.b illustrates an MCC that only contains the critical task 
itself. 

After the MCC of the critical task has been determined, the function GetSubstitute will choose a 
substitute PE for all the tasks included in the identified MCC to achieve a new mapping. For this 
purpose, the PU list is used, containing the processor utilisations for each PE. The substitute PE is 
the PE with the lowest utilization in the PU list that is different from the PE onto which the critical 
task is currently mapped. If the MCC solely consists of the critical task itself, then the critical task 
will be mapped onto the PE of a neighboring task that has the heaviest communication with the 
critical task. This is, e.g., shown in Figure 13.b, where the critical task will be mapped onto the 
same PE as the task with cost 70. Moreover, the substitute PE should be different than the PE the 
critical task is currently mapped on. Otherwise, the algorithm fails to find a new mapping. After the 
substitute PE has been found, the FIFO channels between the tasks that need to be remapped are 
either mapped as internal communication onto the new PE (if communicating tasks are mapped 
onto this PE) or onto the system bus. 

Load imbalance. In the case a load imbalance has been identified as the reason for not meeting the 
application demands, a load balancing strategy is used to remap the critical task. The substitute PE 
should satisfy the condition that it is different from the current PE of the critical task and should 
have the lowest processor utilization in the PU list. If such a substitute does not exist, then the 
algorithm cannot find a better mapping. 

3.3	  Experiments	  

3.3.1	  Experimental	  framework	  
To evaluate the efficiency of our STM algorithm and the mappings found at run time by this 
algorithm, we deploy the (open-source) Sesame system-level MPSoC simulator [20]. To this end, 

3.2 Remapping the Critical Task
After the critical task has been found, the STM algorithm tries to

analyze the reason for missing the application’s performance goal.
In this respect, we recognize two different reasons: poor locality
and load imbalance. Here, we use the process of determining the
critical task to also determine the reason for not meeting the perfor-
mance goal: If the CIC proportion of the critical task is higher than
the value of the current pCIC threshold, then the algorithm assumes
that poor locality is the reason. Otherwise it takes load imbalance
as the reason for not meeting the application demands. This means
that poor locality has a higher priority than load imbalance as a
reason for not meeting the application demands, which is helpful
to reduce the energy consumption due to communications.

Subsequently, the function GetSubstitute in the STM algorithm
can follow different strategies to find a target PE to which the crit-
ical task will be remapped. The selection of remapping strategy
depends on the reason for not meeting the application’s perfor-
mance demands as well as on the type of application (data parallel
or not). The strategies that are used to find the substitute PE for
data-parallel applications are similar to the ones for regular appli-
cations except that one additional condition is taken into account
for finding the substitute PE: the substitute PE should not be a PE
onto which its parallel tasks are mapped.

3.2.1 Poor locality
In the case of poor locality, the STM algorithm will try to find a

better mapping for the application in question based on a minimal
cost circle (MCC) approach. A situation that has been identified as
"poor locality" is mainly due to the communication overhead be-
tween tasks. Evidently, if the communicating frequency between
two tasks is very high or the communicating data size is very large,
then these two tasks should preferably be mapped onto the same
PE or onto two different PEs that contain a more efficient intercon-
nect between each other. The MCC strategy aims at redistributing
the critical task and its neighbouring tasks over PEs such that com-
munication overhead is reduced while trying to avoid creating new
computational bottlenecks. To this end, it first finds the minimal
cost circle based on equation (2) for the critical task pi:

min(Circle_Cost(pi)mn), with 0 n,m |P| (2)

where:

Circle_Cost(pi)mn =
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i +
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where T z
i denotes the execution time of task i for PE z onto which

task i is currently mapped, and Ccxy
i j denotes the communication

overhead between tasks i and j (see Section 2.2). This strategy has
been designed for heterogeneous MPSoC architectures. However,
in this paper, our focus is on homogeneous architectures using a
shared bus interconnect. This means that each task will have a con-
stant computational cost irrespective of the PE it is mapped on,
and that communication overhead only involves internal commu-
nication within a single PE (i.e., when the communicating tasks
are mapped to the same PE) or external communication between
PEs via shared memory. Clearly, internal communication costs are
much lower than external communication costs. Figure 3.a shows
an example of an MCC (indicated by the red oval) that contains
two tasks, including the critical task (red task), whereas Figure 3.b
illustrates an MCC that only contains the critical task itself.

After the MCC of the critical task has been determined, the func-
tion GetSubstitute will choose a substitute PE for all the tasks in-
cluded in the identified MCC to achieve a new mapping. For this
purpose, the PU list is used, containing the processor utilisations
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Figure 3: Examples of an MCC for a critical task (red task).

for each PE. The substitute PE is the PE with the lowest utilization
in the PU list that is different from the PE onto which the critical
task is currently mapped. If the MCC solely consists of the crit-
ical task itself, then the critical task will be mapped onto the PE
of a neighboring task that has the heaviest communication with the
critical task. This is, e.g., shown in Figure 3.b, where the criti-
cal task will be mapped onto the same PE as the task with cost
70. Moreover, the substitute PE should be different than the PE the
critical task is currently mapped on. Otherwise, the algorithm fails
to find a new mapping. After the substitute PE has been found,
the FIFO channels between the tasks that need to be remapped are
either mapped as internal communication onto the new PE (if com-
municating tasks are mapped onto this PE) or onto the system bus.

3.2.2 Load imbalance
In the case a load imbalance has been identified as the reason for

not meeting the application demands, a load balancing strategy is
used to remap the critical task. The substitute PE should satisfy the
condition that it is different from the current PE of the critical task
and should have the lowest processor utilization in the PU list. If
such a substitute does not exist, then the algorithm cannot find a
better mapping.

4. EXPERIMENTS

4.1 Experimental Framework
To evaluate the efficiency of our STM algorithm and the map-

pings found at run time by this algorithm, we deploy the (open-
source) Sesame system-level MPSoC simulator [14]. To this end,
we have extended this simulator with our run-time resource schedul-
ing framework, as illustrated in Figure 4. Our extension includes
the Scenario DataBase (SDB), a System Monitor (SM) and a run-
time Resource Scheduler (RS). The SDB is used to store the map-
pings for each inter-application scenario as derived from design-
time DSE. The SM is in charge of recording the running statis-
tics for each active application as well as monitoring system-wide
statistics. The RS uses the run-time task mapping algorithm and
the statistics provided by the SM to dynamically remap application
tasks when needed, as explained in the previous section.

4.2 Experimental Results
In this subsection, we present several experimental results in

which we investigate various aspects of our STM algorithm and
compare it to three well-known mapping algorithms: First-Fit Bin-
Packing (FFBP) [7] which has been frequently adapted to do task
mapping by means of modelling it as a bin-packing problem, Output-
Rate Balancing (ORB) [5] and Recursive BiPartition and Refining

Figure 13: Examples of an MCC for a critical task (red task). 
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we have extended this simulator with our run-time resource scheduling framework, as illustrated in 
Figure 14. Our extension includes the Scenario DataBase (SDB), a System Monitor (SM) and a run-
time Resource Scheduler (RS). The SDB is used to store the mappings for each inter-application 
scenario as derived from design-time DSE. The SM is in charge of recording the running statistics 
for each active application as well as monitoring system-wide statistics. The RS uses the run-time 
task mapping algorithm and the statistics provided by the SM to dynamically remap application 
tasks when needed, as explained in the previous section. 

 

3.3.1	  Experimental	  results	  
In this subsection, we present several experimental results in which we investigate various aspects 
of our STM algorithm and compare it to three well-known mapping algorithms: First-Fit Bin-
Packing (FFBP) [31] which has been frequently adapted to do task mapping by means of modeling 
it as a bin-packing problem, Output- Rate Balancing (ORB) [29] and Recursive BiPartition and 
Refining (RBPR) [39]. We modified these algorithms to fit our mapping problem and extended 
them to also allow for mapping data-parallel applications by constraining the data-parallel tasks so 
that they have to be mapped onto different processing elements. For the FFBP algorithm, the PE 
with the lowest utilization is taken as the first-fit bin and the computational cost of each task in the 
target application is considered as the object that needs to be packed into the bins. 

For our experiments, we use the three typical multi-media applications that were already 
introduced: MJPEG, Sobel and MP3. The KPN of the MJPEG application contains 8 processes and 
18 FIFO channels, Sobel contains 6 processes and 6 FIFO channels, and MP3 contains 27 processes 
and 52 FIFO channels. In the Sobel and MP3 applications, data parallelism is exploited. Moreover, 
MJPEG has 11 intra-application scenarios, MP3 has 3 intra-application scenarios, whereas Sobel 
only has 1 intra-application scenario. This results in a total of 95 different workload scenarios. At 
design time, we have determined the on-average best mapping for each possible inter-application 
scenario as explained in Section 3.2. With respect to the target architecture, we modeled a 
homogeneous MPSoC containing 5 processors, connected to a shared bus and memory. The model 
also includes the required components for our run-time scheduling framework. 
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Figure 4: Extended sesame framework.

(RBPR) [18]. We modified these algorithms to fit our mapping
problem and extended them to also allow for mapping data-parallel
applications by constraining the data-parallel tasks so that they have
to be mapped onto different processing elements. For the FFBP al-
gorithm, the PE with the lowest utilization is taken as the first-fit bin
and the computational cost of each task in the target application is
considered as the object that needs to be packed into the bins.

For our experiments, we use the three typical multi-media appli-
cations that were already introduced in Section 1: MJPEG, Sobel
and MP3. The KPN of the MJPEG application contains 8 pro-
cesses and 18 FIFO channels, Sobel contains 6 processes and 6
FIFO channels, and MP3 contains 27 processes and 52 FIFO chan-
nels. In the Sobel and MP3 applications, data parallelism is ex-
ploited. Moreover, MJPEG has 11 intra-application scenarios, MP3
has 3 intra-application scenarios, whereas Sobel only has 1 intra-
application scenario. This results in a total of 95 different workload
scenarios. At design time, we have determined the on-average best
mapping for each possible inter-application scenario as explained
in Section 3. With respect to the target architecture, we modeled
a homogeneous MPSoC containing 5 processors, connected to a
shared bus and memory. The model also includes the required com-
ponents for our run-time scheduling framework.

As there are just three applications and each application con-
tains a limited number of intra-application scenarios, we are able
to exhaustively evaluate all workload scenarios. For each work-
load scenario, we have simulated the system using two methods:
one is deploying only the static part of our STM algorithm to deal
with the dynamism at the level of different inter-application sce-
narios, whereas the other one is running all the workload scenar-
ios under a single, fixed mapping: the on-average best mapping
found for the inter-application scenario in which all three applica-
tions are concurrently executing. The results of this experiment
are shown in Figure 5. From this figure, we can see that the static
part of our STM algorithm already yields both performance im-
provements and energy savings by dynamically adjusting the map-
ping based on the variation in inter-application scenarios. For this
specific test case, the performance improvements for the different
intra-application scenarios range from 1.69% to 29.49% and the
energy savings range from 1.09% to 24.51%. Overall, for the exe-
cution of all 95 workload scenarios, the improvements in terms of
performance and energy saving are 7.4% and 9.4%, respectively.

Figures 6.a and 6.b show the intra-application scenario execution
times and energy consumption for the FFBP, ORB, RBPR and STM
run-time mapping algorithms for the inter-application scenario in
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Figure 5: Performance and energy consumption of each inter-
application scenario.

which all three applications are concurrently executing. Moreover,
these two graphs also contain the results when using optimal map-
pings (OPT) for each intra-application scenario (we derived these
mappings in a design-time DSE experiment). The results in the two
graphs have been ordered in a monotonically increasing fashion
based on the results from the OPT mappings. Figures 6.c-e show
the overall (for the entire inter-application scenario) performance,
energy consumption and overhead. Here, the overhead includes the
run-time calculation of new mappings as well as the migration of
tasks. From Figure 6, we can see that our STM clearly performs
better than the other algorithms in terms of the execution times of
scenarios. For several intra-application scenarios, the STM algo-
rithm even approaches the OPT results. With respect to energy
consumption and overhead, the STM algorithm also performs well:
it ranks second closely behind the ORB algorithm.

Combining the dynamism of inter-application scenarios and intra-
application scenarios, we used our STM algorithm, including its
dynamic optimization part, to test all the 95 workload scenarios of
our three applications. Our algorithm could achieve a 11.3% per-
formance improvement and an energy saving of 13.9% compared
to an approach in which we run the applications using the (static)
on-average best mapping for the inter-application scenario in which
all three applications are active. Comparing these results to those
when only using the static part of our STM algorithm (improve-
ments of 7.4% and 9.4%, respectively; see above), this means that
the dynamic part of the STM algorithm is capable of significantly
further improving the mappings.

5. RELATED RESEARCH
In recent years, much research has been performed in the area

of run-time mapping for embedded systems. The authors of [6]
propose a run-time mapping strategy that incorporates user behav-
ior information in the resource allocation process. An agent based
distributed application mapping approach for large MPSoCs is pre-
sented in [1]. The work of [9] proposes a run-time spatial mapping
technique to map streaming applications on MPSoCs. In [3], dy-
namic task allocation strategies based on bin-packing algorithms
for soft real-time applications are presented. A Dynamic Spiral
Mapping (DSM) algorithm for mapping an application on an MP-
SoC arranged in a 2-D mesh topology is proposed in [2]. The
authors from [4] present network congestion-aware heuristics for
mapping tasks on NoC-based MPSoCs at run-time. The work of
[16] uses a Smart Nearest Neighbour approach to perform run-time
task mapping. In [10], a run-time task allocator is presented that

Figure 14: Extended Sesame framework. 



	  

26	  

As there are just three applications and each application contains a limited number of intra-
application scenarios, we are able to exhaustively evaluate all workload scenarios. For each work- 
load scenario, we have simulated the system using two methods: one is deploying only the static 
part of our STM algorithm to deal with the dynamism at the level of different inter-application 
scenarios, whereas the other one is running all the workload scenarios under a single, fixed 
mapping: the on-average best mapping found for the inter-application scenario in which all three 
applications are concurrently executing. The results of this experiment are shown in Figure 15. 
From this figure, we can see that the static part of our STM algorithm already yields both 
performance improvements and energy savings by dynamically adjusting the mapping based on the 
variation in inter-application scenarios. For this specific test case, the performance improvements 
for the different intra-application scenarios range from 1.69% to 29.49% and the energy savings 
range from 1.09% to 24.51%. Overall, for the execution of all 95 workload scenarios, the 
improvements in terms of performance and energy saving are 7.4% and 9.4%, respectively. 

Figures 16.a and 16.b show the intra-application scenario execution times and energy consumption 
for the FFBP, ORB, RBPR and STM run-time mapping algorithms for the inter-application scenario 
in which all three applications are concurrently executing. Moreover, these two graphs also contain 
the results when using optimal mappings (OPT) for each intra-application scenario (we derived 
these mappings in a design-time DSE experiment). The results in the two graphs have been ordered 
in a monotonically increasing fashion based on the results from the OPT mappings. Figures 16.c-e 
show the overall (for the entire inter-application scenario) performance, energy consumption and 
overhead. Here, the overhead includes the run-time calculation of new mappings as well as the 
migration of tasks. From Figure 16, we can see that our STM clearly performs better than the other 
algorithms in terms of the execution times of scenarios. For several intra-application scenarios, the 
STM algorithm even approaches the OPT results. With respect to energy consumption and 
overhead, the STM algorithm also performs well: it ranks second closely behind the ORB 
algorithm. 
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(RBPR) [18]. We modified these algorithms to fit our mapping
problem and extended them to also allow for mapping data-parallel
applications by constraining the data-parallel tasks so that they have
to be mapped onto different processing elements. For the FFBP al-
gorithm, the PE with the lowest utilization is taken as the first-fit bin
and the computational cost of each task in the target application is
considered as the object that needs to be packed into the bins.

For our experiments, we use the three typical multi-media appli-
cations that were already introduced in Section 1: MJPEG, Sobel
and MP3. The KPN of the MJPEG application contains 8 pro-
cesses and 18 FIFO channels, Sobel contains 6 processes and 6
FIFO channels, and MP3 contains 27 processes and 52 FIFO chan-
nels. In the Sobel and MP3 applications, data parallelism is ex-
ploited. Moreover, MJPEG has 11 intra-application scenarios, MP3
has 3 intra-application scenarios, whereas Sobel only has 1 intra-
application scenario. This results in a total of 95 different workload
scenarios. At design time, we have determined the on-average best
mapping for each possible inter-application scenario as explained
in Section 3. With respect to the target architecture, we modeled
a homogeneous MPSoC containing 5 processors, connected to a
shared bus and memory. The model also includes the required com-
ponents for our run-time scheduling framework.

As there are just three applications and each application con-
tains a limited number of intra-application scenarios, we are able
to exhaustively evaluate all workload scenarios. For each work-
load scenario, we have simulated the system using two methods:
one is deploying only the static part of our STM algorithm to deal
with the dynamism at the level of different inter-application sce-
narios, whereas the other one is running all the workload scenar-
ios under a single, fixed mapping: the on-average best mapping
found for the inter-application scenario in which all three applica-
tions are concurrently executing. The results of this experiment
are shown in Figure 5. From this figure, we can see that the static
part of our STM algorithm already yields both performance im-
provements and energy savings by dynamically adjusting the map-
ping based on the variation in inter-application scenarios. For this
specific test case, the performance improvements for the different
intra-application scenarios range from 1.69% to 29.49% and the
energy savings range from 1.09% to 24.51%. Overall, for the exe-
cution of all 95 workload scenarios, the improvements in terms of
performance and energy saving are 7.4% and 9.4%, respectively.

Figures 6.a and 6.b show the intra-application scenario execution
times and energy consumption for the FFBP, ORB, RBPR and STM
run-time mapping algorithms for the inter-application scenario in
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Figure 5: Performance and energy consumption of each inter-
application scenario.

which all three applications are concurrently executing. Moreover,
these two graphs also contain the results when using optimal map-
pings (OPT) for each intra-application scenario (we derived these
mappings in a design-time DSE experiment). The results in the two
graphs have been ordered in a monotonically increasing fashion
based on the results from the OPT mappings. Figures 6.c-e show
the overall (for the entire inter-application scenario) performance,
energy consumption and overhead. Here, the overhead includes the
run-time calculation of new mappings as well as the migration of
tasks. From Figure 6, we can see that our STM clearly performs
better than the other algorithms in terms of the execution times of
scenarios. For several intra-application scenarios, the STM algo-
rithm even approaches the OPT results. With respect to energy
consumption and overhead, the STM algorithm also performs well:
it ranks second closely behind the ORB algorithm.

Combining the dynamism of inter-application scenarios and intra-
application scenarios, we used our STM algorithm, including its
dynamic optimization part, to test all the 95 workload scenarios of
our three applications. Our algorithm could achieve a 11.3% per-
formance improvement and an energy saving of 13.9% compared
to an approach in which we run the applications using the (static)
on-average best mapping for the inter-application scenario in which
all three applications are active. Comparing these results to those
when only using the static part of our STM algorithm (improve-
ments of 7.4% and 9.4%, respectively; see above), this means that
the dynamic part of the STM algorithm is capable of significantly
further improving the mappings.

5. RELATED RESEARCH
In recent years, much research has been performed in the area

of run-time mapping for embedded systems. The authors of [6]
propose a run-time mapping strategy that incorporates user behav-
ior information in the resource allocation process. An agent based
distributed application mapping approach for large MPSoCs is pre-
sented in [1]. The work of [9] proposes a run-time spatial mapping
technique to map streaming applications on MPSoCs. In [3], dy-
namic task allocation strategies based on bin-packing algorithms
for soft real-time applications are presented. A Dynamic Spiral
Mapping (DSM) algorithm for mapping an application on an MP-
SoC arranged in a 2-D mesh topology is proposed in [2]. The
authors from [4] present network congestion-aware heuristics for
mapping tasks on NoC-based MPSoCs at run-time. The work of
[16] uses a Smart Nearest Neighbour approach to perform run-time
task mapping. In [10], a run-time task allocator is presented that

Figure 15: Performance and energy consumption of each 
inter-application scenario. 
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Combining the dynamism of inter-application scenarios and intra-application scenarios, we used 
our STM algorithm, including its dynamic optimization part, to test all the 95 workload scenarios of 
our three applications. Our algorithm could achieve a 11.3% performance improvement and an 
energy saving of 13.9% compared to an approach in which we run the applications using the (static) 
on-average best mapping for the inter-application scenario in which all three applications are active. 
Comparing these results to those when only using the static part of our STM algorithm 
(improvements of 7.4% and 9.4%, respectively; see above), this means that the dynamic part of the 
STM algorithm is capable of significantly further improving the mappings. 

3.4	  Related	  research	  
In recent years, much research has been performed in the area of run-time mapping for embedded 
systems. The authors of [30] propose a run-time mapping strategy that incorporates user behavior 
information in the resource allocation process. An agent based distributed application mapping 
approach for large MPSoCs is presented in [25]. The work of [33] proposes a run-time spatial 
mapping technique to map streaming applications on MPSoCs. In [27], dynamic task allocation 
strategies based on bin-packing algorithms for soft real-time applications are presented. A Dynamic 
Spiral Mapping (DSM) algorithm for mapping an application on an MPSoC arranged in a 2-D mesh 
topology is proposed in [26]. The authors from [30] present network congestion-aware heuristics 
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Figure 6: Comparing different run-time mapping algorithms.

uses an adaptive task allocation algorithm and adaptive clustering
approach for efficient reduction of the communication load. Mar-
iani et al. [12] proposed a run-time management framework in
which Pareto-fronts with system configuration points for different
applications are determined during design-time DSE, after which
heuristics are used to dynamically select a proper system configu-
ration at run time. Compared with these algorithms, our STM al-
gorithm takes a scenario-based approach, and takes computational
and communication behavior into account to make (re-)mapping
decisions. Recently, Schor et al. [15] also proposed a scenario-
based run-time mapping approach in which mappings derived from
design-time DSE are stored for run-time mapping decisions, but
they do not cluster mappings to reduce mapping storage nor do
they dynamically optimize the mappings at run time.

6. CONCLUSION
We have proposed a run-time mapping algorithm for MPSoC-

based embedded systems to improve their performance and energy
consumption by capturing the dynamism of the application work-
loads executing on the system. This algorithm is based on the
idea of application scenarios and consists of a design-time and run-
time phase. The design-time phase produces mappings for clus-
ters of application scenarios after which the run-time phase aims
to optimize these mappings by continuously monitoring the system
and trying to perform (relatively small) mapping customizations to
gradually further improve the system performance. In various ex-
periments, we have evaluated our algorithm and compared it with
three other algorithms. The results show that our algorithm can
yield considerable improvements as compared to just using a static
mapping strategy. Comparing our algorithm with three other, well-
known run-time mapping algorithms, it shows a better trade-off be-
tween the quality and the cost of the mappings found at run time.
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for mapping tasks on NoC-based MPSoCs at run-time. The work of [37] uses a Smart Nearest 
Neighbour approach to perform run-time task mapping. In [34], a run-time task allocator is 
presented that uses an adaptive task allocation algorithm and adaptive clustering approach for 
efficient reduction of the communication load. Mariani et al. [35] proposed a run-time management 
framework in which Pareto-fronts with system configuration points for different applications are 
determined during design-time DSE, after which heuristics are used to dynamically select a proper 
system configuration at run time. Compared with these algorithms, our STM algorithm takes a 
scenario-based approach, and takes computational and communication behavior into account to 
make (re-)mapping decisions. Recently, Schor et al. [36] also proposed a scenario-based run-time 
mapping approach in which mappings derived from design-time DSE are stored for run-time 
mapping decisions, but they do not cluster mappings to reduce mapping storage nor do they 
dynamically optimize the mappings at run time.  

4 Interactions with other MADNESS partners and WPs 
The work described in this document has been aligned to the work performed by USI in WP 5. We 
should note that WP 5 is mainly focusing on permanent failures, whereas in our case transient 
failures (and thus checkpointing) are also taken into account. This, for example, allows us to reason 
about the amount of skipped frames, which is relevant for multimedia applications that can tolerate 
some missing frames. Moreover, we have aligned our dynamic mapping work with Leiden 
University with respect to their work on the support for run-time management of MPSoCs within 
WP 6. 

Summary 
In this report, we provided an overview of the work that has been performed by the University of 
Amsterdam in WP 6 during the third year of the MADNESS project. More specifically, we 
described the steps we have taken to i) make our Sesame modeling and simulation environment as 
well as the DSE process using Sesame fault-tolerance aware (which are prerequisite for modeling, 
simulating and performing DSE of adaptive, fault-tolerant MPSoCs), and ii) to perform an initial 
study on scenario-based run-time mapping of application tasks to MPSoC resources.  
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