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ABSTRACT

In the past few years, MPSoC has become the most popular
solution for embedded computing. However, the challenge of
programming MPSoCs also comes as the biggest side-effect
of the solution. Especially, when designers have to face the
legacy C code accumulated through the years, the tool sup-
port is mostly unsatisfactory. In this paper, we propose an
integrated framework, MAPS, which aims at parallelizing
C applications for MPSoC platforms. It extracts coarse-
grained parallelism on a novel granularity level. A set of
tools have been developed for the framework. We will intro-
duce the major components and their functionalities. Two
case studies will be given, which demonstrate the use of
MAPS on two different kinds of applications. In both cases
the proposed framework helps the programmer to extract
parallelism efficiently.

Categories and Subject Descriptors

D.1.3 [PROGRAMMING TECHNIQUES]:
Concurrent Programming - Parallel programming

General Terms

Design

Keywords

Embedded, MPSoC Programming, Software, Parallelization

1. INTRODUCTION
In the past few years it has become clear that Multiproces-

sor System-on-Chip (MPSoC) is the most promising way to
keep on exploiting the high level of integration provided by
the semiconductor technology and, at the same time, match-
ing the constraints imposed by the embedded system market
in terms of performance and power consumption. However,
the MPSoC solution does not come for free. Instead, it poses
a great amount of challenges that have to be addressed by
designers (both on the hardware and on the software side).
Out of those challenges, the problem of programming such
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parallel architectures in an efficient way counts as the biggest
one.

To solve this problem, new programming models have
been proposed, which allow programmers to describe the
parallelism of an application explicitly in the source code,
like OpenMP [1] and PThreads [2]. Usually, such solu-
tions require the programmer to heavily modify the original
source code with parallel constructs and at the same time
ensure the correctness of parallel execution. Perhaps the
most important lesson from the past few decades of parallel
programming is that the complexity of parallel programming
should be hidden from the programmers as far as possible
[3]. It is our belief that with advanced compiler techniques
a toolkit can take care of the complexities such as synchro-
nization and memory consistency, rather than putting up
burdens on programmers’ shoulders.

Other new models of computation or languages have also
been proposed, like Kahn Process Networks (KPNs) based
[4], task graphs based [5] or domain specific models such
as StreamIt [6]. In those cases, a complete rewrite of the
application with a new language would be required. There-
fore, no new parallel programming models/languages have
been widely adopted in embedded MPSoCs so far. Software
developers have been familiar with sequential programming
like C for a long time. We believe that, instead of using
a new language/computational model, an evolutionary ap-
proach of sequential modeling plus concurrency constructs
will bring more efficiency in terms of parallelization effort.

Decades of writing applications using the C language have
left us a huge amount of legacy codes for a wide range of
applications, and those are often used as reference imple-
mentations for MPSoC software. In fact, around 85% of
embedded system developers still use C/C++ [7]. It be-
comes common that a sequential C implementation needs
to be parallelized so that the parallel efficiency of the MP-
SoC hardware platform can be exploited. Unfortunately,
efficient compiler support for this purpose is not available
until today. There is so far no “silver bullet” existing which
can solve the problem fully automatically.

In this paper, we present our MPSoC Application Pro-
gramming Studio (MAPS), which is an integrated frame-
work developed for assisting MPSoC programmers with C
application parallelization. Unlike a fully autonomous par-
allel compiler, MAPS provides a set of tools which guides
the parallelization process. Starting from the sequential C
code, the MAPS analysis facilities are able to provide high
level profiling information so as to help the programmer to
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analyze the application. In order to extract coarse-grained
parallelism, we propose a novel granularity level on which
the MAPS partitioning tools try to find task candidates.
The programmer is provided with suggestions on how to
partition the application. Besides, the programmer also has
the freedom of modifying the generated results and creat-
ing his own tasks. The final parallelization result can be
obtained from both machine analysis and human knowl-
edge, which depends on how the programmer uses the MAPS
tools. Moreover, our approach is orthogonal to MPSoC pro-
gramming models. We have coupled MAPS with the TCT
framework [8] [9] which utilizes a so-called Tightly-Coupled-
Thread (TCT) programming model [10].

The rest of this paper is organized as follows. In section 2
a summary of the related works is presented. Section 3 de-
scribes the main components of the MAPS framework. Sec-
tion 4 presents two case studies to demonstrate the use of
MAPS. Finally, section 5 concludes this work and gives in-
sights into the future work.

2. RELATED WORKS
Since the dawn of parallel computing, there have been

plenty of papers about automatic extraction of parallelism
published. Compiler techniques for fine-grained Instruction
Level Parallelism (ILP) are surveyed by Banerjee et al [11]
while compiler techniques for fine-grained Data Level Par-
allelism (DLP, i.e. SIMD) are presented by Leupers in
[12]. Our approach focuses on coarse-grained parallelism,
but still, techniques for ILP would apply to the individual
processors in an MPSoC. On the other side, general tech-
niques for exposing coarse-grained parallelism such as those
presented by Hall et al in [13] could also be integrated in
our framework.

Several attempts to produce a partition of an applica-
tion starting from a sequential implementation have been
reported in literatures. Verdoolaege et al [14] and Harriss
et al [15] derive KPNs from loops based on the COMPAAN
compiler technology. The transformation applies only for
applications in which conditions in the loops are affine com-
binations of the iterators. In that sense, they cannot process
applications with dynamic behavior.

Karkowski et al [16] present an algorithm to implement
pipelining from loops written in C. Their approach is simi-
lar to ours in that they also use a weighted statement control
data flow graph. However, their analysis is performed solely
on outermost loops and the partitioning approach is sim-
ple and does not handle hierarchy (e.g. nested loops and
function calls).

Wiangtong et al [5] develop a HW/SW co-design environ-
ment targeting UltraSONIC reconfigurable system. Their
approach employs a three-step algorithm, i.e., task cluster-
ing, partitioning and scheduling, to extract coarse-grained
parallelism. However, their entry point is a Directed Acyclic
Graph (DAG) representation of the application and manual
efforts are needed for the conversion from high-level language
to the DAG, which is non-trivial.

Ramaswamy et al [17] also present a similar approach in
the network processor domain. They use run-time instruc-
tion traces to derive an Annotated DAG (ADAG) represen-
tation of the application as input to the later clustering and
mapping processes. Compared to our approach, they profile
on assembly level and their clustering results are difficult to
be understood by designers as coarse-grained tasks.

Some works in the field of high performance computing
are also related to our approach. This shows how the bor-
ders between general-purpose and embedded computing are
becoming blurry. Ottoni et al [18] propose a Decoupled Soft-
ware Pipelining (DSWP) approach as opposed to the thread
level speculation which requires a lot of hardware support.
They analyze the dependency graph and generate a DAG
out of a loop by merging together the strongly connected
components. Thereafter, they perform pipeline balancing
in a first-bin-packing fashion breaking ties by selecting the
solution that reduces the communication overhead. This
approach is targeted for loops and it is not clear how they
handle hierarchy of partitions or function calls. Besides, the
user has to provide the time budget for the pipeline stage.
Thies et al [19] present an approach to exploit pipelined
parallelism from C applications with user annotations. In
this work the user has to tell the compiler where the stages
of the pipeline are. They use dynamic analysis to analyze
the data flowing between pipeline stages. Bridges et al [20]
present a work developed mostly in parallel to that in [19].
They present a case study showing the potential in pipeline
execution. They use the DSWP [18] approach and extend
C with constructs that allow a set of legal outcomes from
a program execution instead of only one, these constructs
give more room for parallelizing code. They do not present
an automatic way for extracting threads though. All these
approaches require the user to have a good understanding
of the application, either to identify the threads by himself
or to estimate the time for a pipeline stage.

3. MAPS FRAMEWORK
The MAPS framework consists of a set of tools which as-

sist programmers with the parallelization of sequential C
programs. The output of the framework are C source files
with parallel constructs. Currently, MAPS supports the
TCT programming model. Fig. 1 gives an overview of the
MAPS tool flow with the TCT framework together.

The parallelization process supported by MAPS can be
roughly divided into three phases: analysis, partitioning and
code emission. At the beginning, two inputs are expected
by MAPS, the sequential C code and the description of the
target MPSoC platform. In the analysis phase, both static
and dynamic approaches are applied in order to provide pro-
filing information to the programmer and control/data flow
information to the MAPS partitioning tools which search
for parallel tasks in the target application. In the code
emission phase, the resulting tasks will then be translated
to parallelized C code. Here, the TCT framework appears
as a back-end which is responsible for compiling the paral-
lelized C code and simulating the result in order to evaluate
the parallel performance. The user interface of the MAPS
framework is built upon the C/C++ development tools of
the Eclipse environment [21]. We have extended it with a
set of plug-ins to control the MAPS tools conveniently and
visualize the result intuitively.

Currently, MAPS focuses on the parallelization of C ap-
plications. Mapping coarse-grained tasks to Processing El-
ements (PEs) is not addressed. This is done by the TCT
compiler. Besides, the information in the architecture de-
scription is now partially used in the framework for perfor-
mance estimation. The partitioning algorithm is not fully
aware of the difference between the processing elements in
case of a heterogeneous MPSoC. In the following sections,
we will discuss the major components in detail.
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Figure 1: Overview

3.1 Architecture Description
As input to the MAPS framework, a description of the

target MPSoC is required. For each type of PEs, there is
a corresponding cost table defined. It gives out the esti-
mated execution costs of different primitive operations used
in the C language, e.g. addition and multiplication, in terms
of clock cycles on the target processor. The inter-processor
communication channels are modeled as logical channels be-
tween PEs. The transmission cost is calculated by the size
of transferred data in bytes times the estimated clock cy-
cles per transferred byte. The potential bus contentions are
currently not considered in MAPS but modeled in the TCT
framework accurately.

3.2 Profiling and Analysis
Within the MAPS framework, the first step to parallelize

a sequential C program is to analyze the source code. This
is necessary both for programmers who might not be famil-
iar with the application and for the partitioning tool which
searches for coarse-grained tasks automatically. For this pro-
pose, MAPS employs both static and dynamic analysis. The
static control/data flow analysis module in MAPS works
just like the same component in a traditional C compiler. It
takes an Intermediate Representation (IR) of the program
as input. Here, the LANCE compiler [22] front-end is used
to generate the IR. As depicted in Fig. 1, the same source
code is also used to create an instrumented application for
generating the execution trace which provides dynamic in-
formation about the program. The application execution
history is kept in the trace file in form of a sequence of basic
block IDs which are assigned during instrumentation. Along
with the basic block trace, all memory accesses performed
through pointer dereference are also recorded in the file and
later used by the dynamic data flow analysis module to char-
acterize data dependencies caused by the usage of pointers.
This is necessary, since the nature of C pointers makes it im-
possible to implement a 100% accurate static point-to anal-
ysis [23]. Therefore, we use the dynamic information which
is accurate enough to drive the partitioning process. How-
ever for the binary code generation, the TCT back-end has
a static point-to analysis engine in its C compiler, which is
able to ensure correctness.

The estimation of the application execution cost is done

based on the cost tables in the architecture description and
the static/dynamic information from the IR and the trace.
For example, the cost of an IR statement ni can be calcu-
lated by ni = (IR Operation cost)∗(Execution count). The
required execution count can be derived from the trace file
by counting the occurrence of the basic block containing the
IR statement. A similar method has been applied in [24] and
proved to provide enough accuracy for RISC like processing
elements which is exactly the case of TCT.

The analysis module in MAPS is able to provide program-
mers with high level profiling information like call graph
with functions weighted by execution costs and cost informa-
tion of each source line. For the partitioning tools in the next
phase, the information is summarized in so-called Weighted
Statement Control Data Flow Graphs (WSCDFGs). In the
next section we will discuss in detail how the WSCDFG is
defined and why it is used for driving coarse-grained task
generation.

3.3 CB and WSCDFG
One key issue in the process of discovering coarse-grained

parallelism in C programs is to find a suitable granularity
on which parallel tasks should be created. At this point,
it comes naturally to the question why not to use Basic
Blocks (BBs) or functions as the granularity level just like a
traditional compiler does. Our observation is that both are
not suitable for the purpose of MAPS. BBs and functions are
all defined based on the control relationship of statements:

• A BB is defined as “a sequence of consecutive state-
ments in which flow of control enters at the begin-
ning and leaves at the end without halt or possibility
of branching except at the end” [25].

• A function is simply defined as subroutine which has
its own stack.

In practice, it is easy to find cases where BBs and func-
tions are too big or too small for constructing parallel tasks.
For example, a BB containing a sequence of time consuming
function calls is not a good candidate for a task. The pro-
grammer might need to break it down into several small
tasks in order to get performance gain. For this reason
we propose a novel concept called Coupled Block (CB) as
the smallest unit for coarse-grained task generation. The
design of CB considers two criteria. First, a CB must be
schedulable. That means, we cannot group arbitrary parts
of the application into one CB, which is not schedulable.
Second, a CB should be internally tightly coupled by data-
dependence. This is mainly for the purpose of reducing inter-
CB communication which consequently reduces the poten-
tial inter-processor communication that is often expensive
in MPSoCs.

Since a CB can be larger or smaller than BBs, the search
for CBs must start from the most atomic element in com-
piler, the IR statement. In our case, this is the LANCE
three-address-code. Based on IR statements, WSCDFGs are
first constructed on function level by the MAPS static/dynamic
analysis module before CB generation.

WSCDFG Definition
Definition 1. A function’s WSCDFG is a directed graph

defined by a tuple G = (V, CE, DE, CW,DW, N) where the
elements are defined as follows:

• V is the set of compiler IR statement nodes whose
weights constitute the set N .

• CE is the set of control-flow edges whose weights con-
stitute the set CW
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• DE is set of data-flow edges whose weights constitute
the set DW

• cwij ∈ CW is the weight of the control edge ceij . It
is equal to the number of times the control path from
node vi to vj is taken.

• dwij ∈ DW is the data edge weight of deij . It is equal
to the size of all dependent data between node vi and
vj . Here, the data dependence information is provided
by both the static data flow analysis and the dynamic
point-to information extracted from the trace.

• ni ∈ N is the weight of the IR statement node vi. It
can be calculated by:

ni = (IR operationcost) ∗ (Execution count)
The IR operation cost is derived from a processor spe-
cific cost table in the architecture description, and the
execution count is provided by the trace file.

An example of WSCDFG is shown in Fig. 2.

Figure 2: An Example of WSCDFG

CB Definition

Definition 2. A Coupled Block (CB)
G′ = (V ′, CE′, DE′, CW ′, DW ′, N ′) is a sub-graph of
WSCDFG G which satisfies the following properties:

• ∃ventry ∈ V ′ : ventry dom vi∀vi ∈ V ′

• ∃vexit ∈ V ′ vexit postdom vi∀vi ∈ V ′

• ∀vi ∈ V ′,
w1·

∑
cwij∈CW ′ cwij+w2·

∑
dwij∈DW ′ dwij

D(vi,V ′)
> T

where D(vi, V
′

x) = dCF G (vi, vx) + w3 · |V ′

x| with vx

one of the graph centers of G′

x, and dCF G (vi, vx) the
distance between vi and vx on the control flow graph
derived from G 1. w1, w2, w3 and T are tunable pa-
rameters (according to the architecture and the appli-
cation)

These conditions stand for the above mentioned CB design
criteria; the first two conditions ensure CB schedulability
whereas the last one enforces CB to be tightly coupled by
data-dependence. Besides, the term D(vi, V

′

x) is introduced
to enforce locality of clusters (distance computation) and
perform a ratio-cut-like reduction (cardinality of set V ′

x).
An example of CB in a graphical representation taken

from the MAPS IDE is shown in Fig. 3. On the left-hand
side the source code is displayed while on the right-hand side
the CBs in the WSCDFG are shown. For example, the top
CB node shown in the right-hand side contains the LANCE
IR statements for the source lines 114,115. The control-flow
edges are annotated in the graph with the execution counts.
The edge annotated with 100 between the two nodes is the
control-flow edge as the nodes are in the loop executed 100

times. The data-flow edges are shown in the format Name:
Bytes * Counts. The array2_36 data-flow edge means that
there is a def-use relationship between the nodes, i.e., ar-
ray2_36 is defined in the top node and used in the node
below. Moreover, this data-flow edge has been counted 100

times because of the loop.
1
In order to compute the distance, the direction of the edges on the

control flow graph is not considered.

Figure 3: An Example of CB in the WSCDFG

3.4 CB Generation
For generating the CB partition, a heuristic algorithm in-

spired from data mining and machine learning techniques
(mostly based on DBSCAN [26]) was developed. The al-
gorithm starts by finding highly connected components in
the sense of DBSCAN from the WSCDFG (details on the
definition of the similarity measure and computation of free
parameters are beyond the scope of this paper). Thereafter,
the clusters are modified to meet the constraints described
in section 3.3. The free parameters of the algorithm are com-
puted automatically from the application itself. The com-
plexity of the algorithm is governed by the Floyd algorithm
for computing the similarity which is known to be O(|V |3).

Several iterations of the algorithm are performed to ag-
glomerate fine-grained CBs into coarse-grained ones. The
iterative process will stop after a user-defined number of it-
erations. Since different applications have variable internal
control/data characteristics, the optimum iteration number
varies from one application to another. A performance mea-
surement derived from either estimation or execution is re-
quired here to determine the best iteration number. Fig. 4
shows an example on how the granularity of CBs increases
through two iterations of the algorithm - small CBs are
grouped into larger ones during this process.

Figure 4: An Example of Iterative Clustering

3.5 Task Generation
In the MAPS framework, tasks are defined as contiguous

C code blocks which are supposed to run in parallel on the
target platform. Compared to a CB, a task is actually less
constrained concerning its internal control and data relation-
ship as given in section 3.3. In this sense, the generated CBs
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can be considered as tasks proposed by the MAPS frame-
work. There is a module in MAPS which creates tasks one-
to-one from CBs automatically. Nevertheless, the MAPS
framework is not supposed to be a fully automatic parallel
C compiler, it still keeps the flexibility for the programmer
to create or modify tasks. The final tasks could be a com-
bination of CB generated tasks and user defined tasks.

3.6 Code Emission
In general, the code emission part of the MAPS frame-

work takes the definition of tasks and the sequential C code
as input and generates parallelized C code. Currently, the
TCT programming model is supported. The transition from
sequential to parallel is done by inserting the TCT THREAD

scope annotations to the code blocks defined as tasks. Fig. 5
shows the conversion of a piece of pseudo C code from se-
quential form to threaded form.

Figure 5: Code Emission

3.7 TCT Back-end
As mentioned previously, the MAPS framework currently

uses the TCT framework as back-end for binary code gen-
eration, instruction-set simulation and parallel performance
profiling [10]. Its target PE is a RISC processor inside an
MPSoC [8] [9] where 6 PEs are connected with a full cross-
bar. The PEs also connected with their host-CPU through
an AHB bus. Each PE has a dedicated module for high
speed communication (4-6 cycles setup, 4Bytes/cycle burst
transfer, 1 cycle PE-to-PE latency). The TCT SW toolkit
was originally developed for this MPSoC, but it can also
model an arbitrary number of PEs. The toolkit includes:

• TCT Compiler which takes C codes with THREAD

annotation as input, analyzes inter-procedural depen-
dence flows including pointer dereferences, inserts thread
communication instructions for thread activation, data
transfer and data synchronization, and finally gener-
ates partitioned thread executable binaries. Its con-
current execution model is constructed upon a hier-
archy of functional pipelining and task parallelism for
a fully distributed memory system which guarantees
race-free, deterministic behavior. Current TCT Com-
piler assumes one thread per processor, i.e., no multi-
threading capability is exploited.

• TCT Simulator which consists of a set of cycle-accurate
instruction-set simulators for parallel thread execution.
PE communication on the full crossbar interconnect is
also modeled at cycle accuracy.

• TCT Trace Scheduler which is a fast performance
estimation tool. It uses an abstract computation/ com-
munication model to quickly report the estimated ex-
ecution time with accuracy of few % error from the
TCT Simulator.

In the complete exploration flow, the role of the TCT
framework is to examine the speedup brought by the MAPS

discovered parallelism. The programmer gets important feed-
back like thread schedule, sequential/parallel performance,
and other characteristics. Based on this information, the
programmer can decide whether further improvement is nec-
essary to explore the potential of the parallel platform.

4. CASE STUDY
In this section, some initial results are presented to demon-

strate the applicability and efficiency of our MAPS frame-
work to parallelize C applications. We have carried out two
case studies with the following objects in mind:

1. Demonstration of applicability of the parallelization
methodology of the MAPS framework.

2. The efficiency of C application parallelization using the
MAPS framework.

4.1 JPEG Encoder
We have taken a JPEG encoder application as our first

case study. The JPEG encoder code has been taken from
the TCT toolkit, which is modified from the original source
by [27]. A manual partitioned JPEG encoder version is in-
cluded in the TCT tools which achieves 9.43x speedup 2

using 19 threads. Since currently each processor runs only
one thread, the efficiency of this partition is 49.6% 3. The
same source code (without manual threading) is used as in-
put to our MAPS framework and the generated results are
compared to the one of manual threading. In order to show
the efficiency of our framework, a user with knowledge on
the TCT backend and little knowledge on JPEG encoder
is assumed here. The steps followed by this user to get a
final partition of the JPEG application are reported in the
following and the summary is given in Table 4.1.

In the first step (step 1 ) the user uses MAPS to partition
the JPEG application directly. By analyzing the call graph,
MAPS finds the hot spots of the application and performs
partitioning on the most costly functions. (By using the
visualization tool, the user can also specify the functions to
be partitioned. The user does not do that here though.)
The initial automatic partition gives 3.61x speedup with an
efficiency of 22.58%.

By examining the graphical execution traces provided by
the TCT tool, it is easy to find out that another THREAD

annotation is needed to obtain a hierarchical pipeline (step
2 ) which is an architectural feature of TCT. After the second
step, the speedup and the efficiency are already reasonably
good, 5.48x and 32.3% respectively.

Also from the traces, a small modification is very easy
to be recognized - a processor is rarely used. The user can
remove this processor by subtracting a THREAD annotation
around the two consecutive ReadOneLine function calls to
improve the efficiency further (step 3 ).

After 3 iterations, the user has an already parallelized
version of the JPEG application that provides 5.48x speed
up with an efficiency of 34.3%. The aforementioned steps
are carried out in around two hours. Our tool produces
partitions in exactly the same functions that were chosen
for the manual partition by TCT. Furthermore, 10 THREAD

annotations out of the 12 annotations generated by using
our tool are located exactly in the same places as in the
manual partition.

2
Speedup = Clock Cycles of the Sequential Execution

Clock Cycles of the Parallel Execution
3
Parallel Efficiency = Speedup of Parallelization

Number of Processors
× 100%
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Step Speedup No. of PEs Parallel Efficiency

1 3.61x 16 22.58%
2 5.48x 17 32.3%
3 5.48x 16 34.3%

manual 9.43x 19 49.6%

Table 1: Summary of JPEG Encoder Parallelization

by MAPS

By interacting with our tool, the user only fails to re-
produce the manual partition inside the BLK8x8 function,
which is the cause for the speedup gap between the manual
and the semi-automatic partition. This is mainly due to the
complex data dependencies between different executions of
this function across different iterations. A possible solution
to overcome this problem is to extend the data dependency
analysis, e.g. by taking the loop distance information into
account.

4.2 ADPCM Decoder
To test our framework’s applicability, we have studied

another test-case - Adaptive Differential Pulse Code Mod-
ulation (ADPCM) decoder whose source code was obtained
from [28]. TCT currently has a simple assumption that ex-
ecuting each thread always requires one separate processing
element. That implicitly means that the code blocks not in
the sequential order will not be located into the same pro-
cessing element. A small source code modification in the
ADPCM decoder, which moves the step to find the new in-
dex value to a later stage of execution, has been made to be
in favor of it.

ADPCM is in nature not friendly to be parallelized algo-
rithmically and no manual partition within the TCT toolkit
is available. There are many references using ADPCM as a
benchmark but most of them focus on improving the ILP.
In [18] ADPCM decoder was analyzed along with a va-
riety of benchmarks on 2 Itanium duo cores achieving a
speedup of 1.1x with the“best manually directed”approach.
The MAPS toolkit is used to partition this application and
a result with three THREADs is generated which achieves a
speedup of 1.28x on 4 processors giving an efficiency of 32%.
This automatic partition is obtained within half an hour.

5. CONCLUSIONS
Within this paper, we have presented MAPS, an inte-

grated framework aiming at parallelization of C applications.
Main components of the framework have been discussed in
detail. A novel granularity level has been proposed for the
discovery of coarse-grained parallelism in C. The framework
has been coupled with the TCT platform. The parallelism
exploration is accelerated in a way that the programmer can
now quickly get information about where and how to paral-
lelize.

In future, we will further improve the partitioning algo-
rithm in order to extract more parallelism automatically.
Moreover, we also envision better support for heterogeneous
MPSoC including task mapping and PE-aware partitioning.
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