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1 Introduction
The aim of this report is to present how the application and platform models described respectively
in deliverable D2.2 [15] and D2.1 [14] can be combined together through the mapping. The
evaluation of the cost of a mapping solution in terms of performances and energy consumption
will be presented and we will show how this information can be used for defining the composition
of the multi-ASIP platform. Additionally the deliverable will describe the exchange of information
between the macro and micro-architecture that is used to produce eﬃcient mapping.
The report is organized as follows: in the next chapter the mapping problem and its challenges
are described; chapter 3 will focus on the tools and methods available in the literature that deal
with mapping of application on multi-core architecture. Appendix A is then dedicated to the
presentation of our approach for solving the mapping problem. Finally Appendix B describes the
interaction between the macro and micro level and the iterative process for the refinement of the
final mapping and platform.
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2 Challenges of mapping applications
on a multi-ASIP platform
The target ASAM macro-level platform for the mapping is a Multi-ASIP architecture composed
by multiple Application-Specific Instruction-set Processors (ASIP) interconnected through a bus
or a Network on Chip (NoC). Moreover the platform can include HW Accelerators and shared
memories. This type of architecture can satisfy both the requirements of performance and flexibility
of embedded systems: ASIPs support the designers with the possibility of choosing among multiple
micro-architectures and allow the extension of the instruction set according to the characteristics
of the mapped applications [3]. More precisely ASIP development itself must be driven by the
application and this implies an initial benchmarking of the application requirements [13]. Another
advantage in using ASIPs is the speed-up of the design process and the reduction of the time-tomarket for the final product. Furthermore the impact of interconnections between the ASIP cores
(and additional components) is very relevant and their cost must be included in the design phase
in order to guarantee the desired performances and meet the specification.
The mapping of applications on multi-ASIP architecture can be very challenging: to the complexity of properly associating tasks to the diﬀerent processors (mapping and scheduling for multiprocessor systems are NP-complete problems) is added the uncertainty of the configuration of the
ASIPs that compose the macro-architecture. The objective of the mapping process is to find a
good match between the tasks that compose the application and the processing elements, but as
previously mentioned, the platform itself should be modeled/tuned according to the application
requirements. These two elements are in contrast: to perform an adequate mapping the macroarchitecture should be known, but this cannot be defined without knowing the characteristics
of the tasks that are mapped on it (as the tuning of the processor depends on the tasks themselves). In order to solve this problem, an iterative process and exchange of information between
the macro and micro level will be performed: the macro-level design phase will get estimations
from the micro-level design and will use this information to build an eﬃcient mapping and platform. This information can be gradually refined and more accurate information can be exchanged
between the two levels converging to an optimal solution.
Additionally the mapping procedure is used to set the macro-architecture of the system; an estimation of the performance of a given mapping can also provide to the designer suggestions about
the configuration of the HW platform in terms of number/type of cores and interconnection types.
Our purpose is to include, inside the mapping, also the design space exploration of the macroarchitecture. Additionally, in the macro-level design space exploration (DSE), we will to consider
the entire design space that can be explored at micro-level in the tuning of the single ASIP. It
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is important to take into account that all the mapping decision at macro-level have repercussion
on the improvements that can then be achieved at micro-level, so our main purpose is to avoid
setting limitations at the design space that can exclude configurations that can bring to optimal
solutions.
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3 Methods and tools for automatic
mapping of applications on multi-core
platform
There are many approaches in the literature that face the problem of performance estimation and
mapping of applications on multi-core SoC at macro-level (or system level). Following some of
them are briefly presented.

3.1

Co-exploration of processors and communication

In [19] the authors implement a system-level design technique for the evaluation of a heterogeneous
multi-processor architecture that takes into account the influence of processing elements and onchip communication. In fact the impact of the communication cost can be very high (due to access
to shared resources as buses and memories) and should be considered from the earlier stages of
the design. The implemented framework is based on the LISA Processor Design Platform and on a
SystemC Transaction Level Models; it performs an iterative and gradual refinement of the design
using a co-exploration of processors and communication elements. In figure 3.1, the framework
as represented by the authors in [19] is shown.
In particular the schematic shows as LISA is used for the system-level description of retargetable
processing units (ASIP) and the SystemC Transaction Level Modeling (TLM) is employed for the
communication elements (buses) and peripheral devices. These two interact in the definition of the

Figure 3.1: Schematic for system level co-simulation of processors and communication units
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macro-architecture and the results are gradually refined and provide a cycle-accurate estimation
of the system performances. In order to allow the interaction between the two models, a bus
interface class library is defined. This permits to simulate the access to shared memories: the
LISA memory API functions are mapped to memory accesses onto the TLM bus API. A flow
composed by six phases is used for the design and gradual refinement of the macro-architecture
• Generation of a standalone processor simulator with instruction-level accuracy: the architecture of the processor is defined and internal memory resources and local buses can be
instantiated and parameterized
• The previous processor model is integrated inside a SoC model (SystemC TLM). This allows
taking into account the access to shared resources and their latencies and also verifying the
functional behavior of the processor inside the system (instruction-level accuracy).
• The processor model is updated including the pipeline and provide cycle accurate performance estimation. In this phase however the model for concurrent access to memory
resources is not refined.
• In this phase also the model for inter-processors communication and the access to shared
resources is refined and becomes cycle-accurate.
• RTL model is built for the TLM bus
• RTL model is built for the ASIP
As case study, a JPEG decoder application has been used. The application has been partitioned
in two tasks that have been arbitrarily mapped on two diﬀerent processing units (a IDCTcore
co-processor and a MIPS32) that communicate through a shared memory. Two diﬀerent SoC
topologies (AMBA AHB buses with diﬀerent interconnections) have been explored and the gradual
refinement of the performance estimations is shown. Moreover the case study enlighten how
models at diﬀerent levels of accuracy can be combined together in the total system evaluation.
Meanwhile in this work there is no explicit reference at the mapping problem, it explores the
impact of communication and proposes a technique for exploring diﬀerent SoC topologies through
a gradual refinement of the evaluation of the system performances that are also key aspects in
the ASAM project.

3.2

Modular Simulation Framework

In [8] the authors build a SystemC-based simulation framework for the mapping of applications on
a multi-processor and multi-threaded (HW-MT) platform. This approach requires the definition of
the application SW and algorithm (Functional phase) and the SW partitioning of the application
so to extract the task level parallelism. Then the system architecture specification should be
defined (MP-SoC platform phase) and the architecture is built as composition of high level IP
blocks.
Following an approach very similar to the Y-chart model [9] (Figure 3.3), the application and
architectures model are joint together through a spatial (allocation to a processing element) and
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temporal (allocation of time budget) mappings. The mapping information are contained in a XML
configuration file that specify the number of execution cycles per task, the number of processors
and threads, the association of tasks to processors, the configuration of communication nodes and
the instantiation and address mapping of the memory. The use of XML files speeds up the mapping
exploration and allows the re-use of models. Moreover the concept of Virtual Processor Unit (VPU)
is introduced and used to model the behavior of multiple tasks mapped on the same processing
element (a VPU is defined for each processing unit present in the platform). VPU models the
behavior of the tasks (multiple threads) and calculates their incoming and generated events; as
a result, it computes the scheduled execution of tasks with multi-threading, task swapping and
preemption. An IPv4 forwarding application with Quality of Service (QoS) has been used as case
study. The target architecture for the mapping (temporal and spatial) is an Intel IXP2400 Network
Processing Unit (NPU) composed by 8 RISC-like processing elements, each one supporting up to
8 hardware threads.

3.3

Design Methodology for Pipelined Heterogeneous Multiprocessor System

In [17], that authors propose a design methodology for multi-media systems composed by pipelined
heterogeneous ASIPs. As their target applications are the streaming one that can exploit pipeline
parallelism (at task level), the technique proposed has the main purpose of configuring the system
pipeline in a balanced way, looking for a trade-oﬀ between system performances and area. The
input application is partitioned in pipelined tasks according to its characteristics and for each
possible partitioning a diﬀerent task graph is generated. Each task in the task graph represents
a stage of the pipeline and it is associated to a diﬀerent ASIP. The diﬀerent processors are
interconnected through FIFO queues. Additionally, each ASIP in the pipelined system can be
tuned/configured to improve the performance of the assigned pipeline stage.
The system design flow is represented in figure 3.2. The system receives in input the application code, a library of pre-configured processors and a set of cache and processor configurations
(XPRESS, Xtensa PRocessor Extension Synthesis). After a compilation and profiling, a data flow
graph of the application is built and then it is manually (or automatically) partitioned into multiple modules. Based on the partitioned application and the library and configurations provided
as input, the designer generates a set of possible pipelined architectures, with diﬀerent number of
pipeline stages and diﬀerent parallel pipeline flows. A heuristic algorithms is then used to explore
the design space and find the best architectural configuration (in terms of performance and area),
including the pipelined multiprocessor macro-architecture and the core configurations (i.e. cache
and XPRES configurations). The design space explored is limited by a library of possible core
configurations and by the assumption that all the stage of the pipeline should have similar latency
(as the total execution time of a pipelined system is determined by the critical pipeline stage).
For the case studies, a JPEG and MP3 encoding algorithm have been used and mapped on Tensilica
Xtensa LX platform, the authors demonstrate that compared to a single processor system, with
this technique, it is possible to obtain a speed-up of respectively of 4.11 and 3.36 times.
The main diﬀerences of this approach compared to ASAM project is that we aim to develop a
more general design methodology that will support the design for diﬀerent application families
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Figure 3.2: Design flow for Pipelined Heterogeneous Multiprocessor Systems (as presented in [17])

(multimedia and medical); in addition, we want to take into account all the possible ASIP configurations for a given task. Furthermore in [17], FIFOs are used as communication network between
cores and no other interconnection types (as buses or NoC) are evaluated.

3.4

Metropolis and Metro II

Metropolis is a framework based on a platform-based design (PBD) methodology: its main purpose
is to explore diﬀerent mapping solutions and to evaluate the performance of the resulting system.
It can be used in many application domains; following a specific case study is described [2].
The authors present the mapping of a JPEG encoder on MXP5800 Intel platform, through the
use of Metropolis Design Framework. In the paper, particular attention has been given to the
selection of the appropriate model of computation (MoC) for the application and for the platform;
two diﬀerent models are used in order to satisfy the diﬀerent representation requirements. For
the specific case of the JPEG encoder, an extension of the cycle-static data-flow is chosen: for
each process the number of tokens produced and consumed during a firing can change and also
can vary the number of tokens between diﬀerent channels. Moreover each process consumes
and produces tokens according to multiple firing rules, that are executed in a fixed order, and
one writer and multiple readers are allowed per channel. Another important characteristic is the
fact that a process, before writing on a channel, has to specify the number of tokens. These
properties guarantee that scheduling, mapping and buﬀer sizing can be established (and deadlock
avoided) and are also the reason for preferring a cycle-static data-flow as MoC instead of a Kahn
Process Network (KPN) that can seem a more natural model for a concurrent data-streaming
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architecture. In fact a generic KPN can bring to artificial deadlock (i.e. process blocked on full
channels) and buﬀer sizing and scheduling are undecidable problems. The architecture is modeled
using Metropolis Meta-model. Metropolis can build a model as a composition of four diﬀerent
types of elements: process, media, quantity managers and netlist objects. Processes are active
objects that can generate events during their execution and that can execute in parallel. The events
can be associated to diﬀerent physical quantities (e.g. time, power) by the quantity managers;
these also manage the access to shared resources. Media are instead passive objects that provides
services to processes and other media. Finally netlists allow connecting and instantiating other
objects. The target architecture selected for the mapping is the Intel MXP5800, a digital media
programmable processor. In this case tasks are modeled as processes, and the processing and
communication (local SRAM or global registers) elements are represented by media. Metropolis
framework is used to explore the mapping design space given the application and platform models.
Each mapping solution is described by two diﬀerent types of information: the synchronization
between the events that constrains the access to the services and for each processing element,
the execution order that should be used for the tasks mapped on it. The authors demonstrate the
eﬀectiveness of their method with diﬀerent mapping scenarios and showing that the evaluation
of the performances of Metropolis is quite accurate (1% error) compared to measurements on
the real system. Metropolis implementation focuses on the modeling, mapping and performance
estimation, but it does not consider the evaluation of diﬀerent architectures or variation in the
application modeling or implementation (that are instead a main target for the ASAM project).
Metropolis tool has been enhanced and a Metro II framework has been developed [1]. The main
improvements introduced in Metro II are:
• support for pre-designed IP and for diﬀerent semantic so that IP providers can use their
domain specific tool and languages. From a practical point of view this means the user is
supported in the construction of interfaces between the IP and the framework. Moreover
Metro II allows defining custom interconnections between the diﬀerent components.
• separation of the behavior of the system (functionality) from the cost of a specific solution (performance metrics), this is indicated as behavioral-performance orthogonalization.
Moreover the quantity associated to the events has been divided in metric of interest and
quantities for synchronization (these lasts are used by schedulers to manage shared resource
access).
• exploration of the mapping design space in a structured way: the diﬀerent mappings should
be explored without modifying the application and platform models; moreover the two models need to be combined through the synchronizations of events. Tools are still needed for
the automation of the mapping and correct-by-construction solutions should be guaranteed.
The Metro II design flow is organized in three diﬀerent phases:
1. In the first phase all processes (e.g. tasks) should at least generate one event (also multiple
events can be generated simultaneously) and then they block.
2. In the second phase all the events are characterized by multiple quantity of interest.
3. In the last phase a scheduling is performed and a subset of events is enabled for execution.
Concurrent events are allowed, but just one per process.
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Metro II proposes some solutions for the issues encountered with the application of Metropolis,
however in [1] there is still no implementation for the design space exploration and automatic
mapping.

3.5

UML based techniques:
Koski and VTT ABSOLUTE2.2%

Following two diﬀerent techniques that exploit the potential of UML 2.0 for system-level modeling
and performance estimation are presented. In [7] a system-level design flow (Koski design flow)
for multi-processor SoC based on UML 2.0 is described. The flow includes design, architecture
exploration, prototyping on FPGA and functional verification. As in our case the design of the
architecture is tuned on the requirements of the application: the application is modeled as a set of
tasks (and their internal behavior) and the main purpose of the design flow is finding a mapping
of the functionality of the tasks on the architecture and defining the architecture itself. The
application is represented through a functional model and the behavior of each task is captured
through finite state machines. Starting from this representation, C code can be automatically
generated. The system-level platform model is built starting from a library of components (Koski
platform library): more in detail the platform is a combination of libraries that cover diﬀerent
entities as the hardware (processing elements and communication network), software (algorithm
implementation of the applications and interfaces) and also the support for design automation
(application distribution on multiprocessor at run-time, profiling and monitoring for performance
evaluation). An interesting aspect of this work is the presence of a completely automated design
flow that include the mapping of the tasks on the processing unit and use this information to
perform the exploration of the architecture. The application, the architecture and the design
constraints are described in UML 2.0 format, in particular the application and the architecture
models can be developed independently (this diﬀers from ASAM project, as the platform model is
built considering the application model as reference). The design constraints are mainly defined
through a cost function, of which the designer can define parameter weights and operations. In
this way it is possible to constrain the optimization variables and also the parameters of the final
platform. Application and platform model are combined during the mapping phase. Multiple
tasks can be grouped together before being mapped, moreover the designer can suggest an initial
mapping in order to guide the exploration and reduce the mapping possibilities. The exploration
of the architecture, that is guided by mapping and scheduling, is divided in two phases:
• a static architecture exploration based on the analysis of the application and on a coarse
model of the interconnection network (that takes into account power, area and bandwidth).This exploration phase is composed by an iterative process composed by allocation (to set the number of used cores), mapping and scheduling and it is guided through
meta-heuristic methods (simulated annealing and group migration). The static analysis is
performed building a Kahn Process Network (KPN) of the application UML model, that is
then internally modified into a directed acyclic graph to allow static analysis.
• a dynamic method that explores the architecture. The communication network model used
in this phase is cycle accurate or at transaction level with timing. The exploration is based
again on an iterative process that evaluates minor changes in the mapping of the application
ASAM
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(moving tasks from one processing element to another) and estimates the platform performances through simulation. It is worth to notice that the mapping and the optimization of
the communication network are separate phases, and that the interconnection parameters
are optimized only after mapping and allocation are fixed.
The optimization processes are guided by a cost function and the problem is limited to a single
objective optimization, meanwhile in ASAM project we focus on multi-objective design space
exploration, so evolutionary or genetic algorithm are required. This makes the definition of the
cost function as a crucial element, that can largely influence the design space exploration results.
As previously mentioned the design flow also covers verification and prototyping, as these two
elements are out of the scope of this deliverable, they are not here described. The results obtained
from the prototyping can be used to tune the application and architecture modeling and also the
exploration phase in case the results obtained are not compliant with the designer’s requirements.
The work presented in [10] describes a model-based technique that supports system-level design of
multi-processor real-time systems through fast performance estimations (VTT ABSOLUTE2.2%).
The application is modeled in UML 2.0 or SystemC, more precisely the model captures the application workload (expressed as load primitives). The platform is modeled in SystemC and is a
cycle-accurate representation of the behavior of the platform (services oﬀered): this allows having
diﬀerent implementations for each service. For both application and platform hierarchical models
are used; they are combined through mapping. Two interfaces have been defined to enable the
interaction between the application and the platform: a higher level interface for the request of
services available on the platform and required by the workload and a lower level interface for
the specific load primitives (read, write, execute). The scheduling can be hard coded into the
workload or can be supported by a model of the Operating System that control the access to the
services. The performance of the entire system are estimated through simulation. This method
mainly covers the performance estimation issue, but it should be possible to extend it to perform
also design space exploration for finding a good mapping and platform definition. As a case study
a mobile video player has been modeled and simulated.

3.6

Spade and Artemis

Spade framework ([12]) proposes a system level methodology for the architecture exploration of
heterogeneous multi-processor signal processing systems. As the techniques previously described,
it uses the separation of concerns:
• separation of computation from communication
• application and architecture can be modeled independently and then combined through the
mapping for the evaluation of performance of the entire system (according to the approach
described by the Y-chart ([9]).
Spade focus on a specific family of applications (signal processing) and allows the architecture
exploration for a target of specific applications provided as input. The applications are modeled
through a Kahn Process Network (KPN) and communication and computation workloads of each
ASAM
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Figure 3.3: Y-chart design scheme (as presented in [9])

Kahn process are represented by traces. Moreover the application model captures the functional
behavior of the system. The architecture model instead has no information about the behavior
of the system and it is a composition of generic building blocks that are available in a library
(processing, communication and memory resources). The building blocks do not express the
functionality of the system, but they provide instead timing and synchronization information. The
architecture is composed by diﬀerent processing resources interconnected through a shared bus,
direct link or shared memory. The mapping is then performed assigning the application traces to
the diﬀerent processing resources and the evaluation of the system performances is done through
simulation; in particular traces are generated at run-time, during the simulation and a thread is
allocated for each Kahn process. Diﬀerent information according to the resources are collected
and used in the estimation of the performances: processing and waiting times on I/O ports for the
processing resources and the amount of data, utilization and waiting times for the communication
resources. A platform and mapping solution has been defined for a MPEG-2 decoder. The
architecture model of an existing commercial processor has been used as a starting point for the
platform exploration and diﬀerent latencies, frame rate and bus loads have been tested for the
architecture design space exploration. This last characteristic diﬀerentiate ASAM design space
exploration from Sesame, in fact in our case we are not forced to use some pre-existing knowledge
to limit the design space exploration, but this is limited by the requirements of the application
itself.
Another framework dedicated to the system design for multimedia application is the Artemis
system-level workbench ([16]). It is based on the Spade framework previously described and it
implements Sesame, a prototyping environment for modeling and simulation of heterogeneous
multi-processor Systems-on-Chip. As in the case of Spade, Artemis exploits the separation of concerns: separation of computation from communication and of application from platform; moreover,
it allows a gradual refinement of the performance estimation and the calibration of the application
and platform models. The Artemis workbench follows the steps described in 3.4. A sequential
application specification and an architecture template for a domain-specific (multimedia) platform should be provided as input. A KPN model is used to represents the applications: the loop
parallelism inside the application (that should be specified as a parametrized static nested loop
program) can be extracted by hands or through the use of a tool as Compaan that generates a
KPN as output. KPN model has been chosen for its determinism (given data in input, the same
application output is generated) and for capturing well the characteristics of multimedia applications. A language called YML (Y-chart Modeling Language) is used to express the application
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Figure 3.4: Infrastructure of Artemis workbench (as presented in [16])

model. The architecture model is expressed as composition of generic building blocks available in
a library and it is described in YML. For each component (processing and communication units
and memories), a performance model is used. Starting from the architecture model, a transaction
level simulator is built using either Pearl or SystemC; it simulates the behavior of the computation
and communication events generated by the application. The mapping is performed through the
automatic generation of a mapping layer that is composed by virtual processor components and
FIFOs. Each Kahn process is associated to a virtual processor and each Kahn channel to a FIFO.
According to the application model, virtual processors generate the computation and communication events that are then executed by the architecture simulator and guarantee deadlock-free
scheduling of the application events. Moreover Sesame provides an initial support for performing
the design space exploration of the mapping considering performance, power consumption and
cost optimization. Another important aspect of Sesame is the gradual refinement of performance
estimation through the transformation of the application events into architecture events that can
generate more accurate simulation results.
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4 Mapping estimation in ASAM
Project
This section is presented in the confidential Appendix A and B.
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