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Embedded System Design

جريان هاي طراحي واقعي و ابزارها
Actual design flows and toolsActual design flows and tools

Design steps can be used in different combinations.
In the following, we will present some examples …

1. SpecC [Gajski, Dömer, Gerstlauer]
F i t ll t l t (IP) tFocus on intellectual property (IP) components
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SpecC

C i ll tiComprises allocation 
(selecting 
components from a 
library), partitioning 
(mapping of parts of 
the system 
specification onto the 
components) & 
schedulingscheduling 
(serialization of 
execution). 
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SpecCp

b t t babstract busses 
replaced by 
actual wires in
a series of 
refinements
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SpecCp

Compilers areCompilers are 
used to generate
binary machine 
code andcode and 
hardware 
synthesis tools 
are used toare used to 
generate custom
hardware.
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An actual example
Getting started with the SCE window- Getting started with the SCE window -
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Browsing the specificationg p
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An actual example
Validation by simulation- Validation by simulation -
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Analyze profiling resultsy p g
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PE selection

Kazim Fouladi. School of Electrical and Computer Engineering, University of Tehran. Fall 2006 - 10 -



Embedded System Design

The top level behavior is mapped to the DSPp pp
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Estimate the performance (too slow)p ( )
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Selecting additional custom HW including 
datapath and controllerdatapath and controller
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Binding “codebook” to the custom datapathg p
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Execution time of the DSP
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Execution time for hardware

Assuming 
th tthat
0.54+2.66 
sec is 
acceptable
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2. IMEC tool flow

IMEC = Interuniversitair Micro-Electronica CentrumIMEC  Interuniversitair Micro Electronica Centrum,
Leuven, Belgium
(Large research facility)
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Imec tool flow
Global view- Global view -

Considers the system atConsiders the system at 
the concurrent process 
level as a set of 
concurrent and dynamicconcurrent and dynamic 
processes, whose
specification consists of 
algorithms abstract dataalgorithms, abstract data
types, communication 
primitives, and real-time 
requirements Tools canrequirements. Tools can 
perform source code 
transformations on the 
dynamic data types &dynamic data types & 
provide also a memory 
pool organization in the 
virtual memory space
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Imec tool flow
- Matador/TCM -- Matador/TCM -

Again considering a 
system of concurrent
processes. For these 
tools, the emphasis is on 
mapping tasks to
processors. Different 
configurations of multi-g
processor systems are 
evaluated and curves of 
designs that are non-g
inferior to others are 
generated. These curves 
provide a view of the p
design space, and are 
the basis for final design 
decisions.
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Matador/Task Concurrency Management (TCM)y g ( )

Wong et al. [Wong et al., 2001]: configurations for a personal MPEG-4 
player: combination of StrongArm processors and custom 
acceleratorsaccelerators.
Found 4 configurations satisfying timing constraint of 30 ms.
Processor combination 1 2 3 4
Number of high speed processors 6 5 4 3
Number of low speed processors 0 3 5 7
T t l b f 6 8 9 10Total number of processors 6 8 9 10
For combinations 1 and 4, only one allocation of tasks to processors 
meets the timing constraints. For combinations 2 and 3, different time g ,
budgets lead to different task to processor mappings and different 
energy consumptions.
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Pareto pointsp

M lti bj ti ti i tiMultiobjective optimization: 
– several conflicting criteria

f t ti– eg. performance vs. cost vs. power consumption

D fi iti A (d i ) i t i d i t d b i tDefinition: A (design) point Ji is dominated by point
Jk, if Jk is equal or better than Ji in each criterion (Ji ≤ Jk).

Definition: A (design) point is Pareto-optimal or a
Pareto point, if it is not dominated by any other point.
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Pareto curves
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Data Transfer and Storage Exploration (DTSE)g p ( )

Reduction of the data transfers between processingReduction of the data transfers between processing
components and at a reduction of the storage 
requirements.q

DTSE has proven to be highly effective in minimizing theDTSE has proven to be highly effective in minimizing the 
energy cost related to data memory hierarchies.

For several typical embedded applications, reductions of 
main memory accesses, cache accesses and energy 
consumption between 50% and 80% have been reported.
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Data Transfer and Exploration (DTSE)p ( )

• A memory oriented data flow analysis is performed,
• followed by global data flow and loop transformations to• followed by global data flow and loop transformations to 

reduce the amount of background memories;
• data reuse transformations exploit a distributed memories;

t l b d t di t ib ti d t i th b d idth• storage cycle budget distribution determines the bandwidth 
requirements and the balancing of the available cycle budget 
over the different memory accesses.
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Data Transfer and Exploration (DTSE)p ( )

• The memory hierarchy layer assignment produces a netlist of 
i & i f i bl imemory units & an assignment of variables to memories.

• For multi-processor systems, task- / data-parallelism exploitation 
minimizes communication & storage overhead caused by the 
parallel execution of subsystems;

• Data layout transformations map  variables with non-overlapping 
lifetimes in the same physical memory location
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Address optimization (ADOPT)p ( )

Addressing is simplified in address optimization (ADOPT) toolsAddressing is simplified in address optimization (ADOPT) tools. 
DTSE steps increase the addressing complexity of transformed 
applications, by introducing more complex index expressions, 

diticonditions ..
This overhead is neglected by the DTSE methodology. 
The optimized memory system, will be power efficient but slow.The optimized memory system, will be power efficient but slow.
Parts of the additional complexity can be removed by source code 
optimizations for address optimization (ADOPT):

l b i t i i i ti fi t i i i ti i t• algebraic cost minimization first minimizes operation instances.
The goal is to find factorizations of addressing expressions in
order to be able to reuse computations as much as possible.
The reuse of expressions is based on common subexpression
elimination techniques.
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Address optimization (ADOPT)p ( )

High penalty by DTSE addressing using modulo (%) & /.g p y y g g ( )

Optimization of this addressing is a major goal in ADOPT.

/ d % b l d b i bl f ll/ and % can be replaced by variables as follows:
for (j=0; j<n; j++) int jdiv6=0, jmod6=0;
a[j/6][j%6] = ...; for (j=0; j<n; j++, jmod6 ++) {

if (jmod6 >= 6) {

jmod6 -= 6; jdiv6 ++; }

a[jdiv6] [jmod6] = ...; }

 addressing only consists of ++ and -- operators.
In many examples ADOPT reduces runtimes by about 3

a[jdiv6] [jmod6]  ...; }
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Backend

• Compilers
• Mapping to configurable hardware using OCAPI-XL
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Cosynthesis for embedded micro-architectures
(COSYMA)(COSYMA)

Ernst et al., Univ. Braunschweig
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Cosynthesis for embedded micro-architectures
(COSYMA)(COSYMA)

C + process header

Based on SUIF

Simulation + analyticalSimulation + analytical

1 process or integrated in part.

Granularity=basic block
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Ptolemy IIy

Ptolemy II supports specifications using different models of
computation. In particular, it supports:
1. Communicating sequential processes (CSP).g q p ( )
2. Continuous time (CT): appropriate for ME, analog circuits. 

Supported by extensible differential equation solvers.
3 Discrete event model (DE): model used by many (e g VHDL)3. Discrete event model (DE): model used by many (e.g. VHDL) 

simulators.
4. Distributed discrete events (DDE).
5 Fi it t t hi (FSM)5. Finite state machines (FSM).
6. Process networks (PN), using Kahn process networks
7. Synchronous dataflow (SDF) y ( )
8. Synchronous/reactive (SR) MoC. Discrete time, signals do not need 

to have a value at every clock tick. Esterel used.
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Ptolemy II

Source …
htt // t l b k l d / t l II/ tII3 0/ tII3 0 2/d /i d hthttp://ptolemy.eecs.berkeley.edu/ptolemyII/ptII3.0/ptII3.0.2/doc/index.htm
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Octopusp

Add i th t h b t th f f bj tAddressing the poor match between the focus of object-
oriented design techniques on the software object structure 
and the need to allocate operations to tasksand the need to allocate operations to tasks.
This poor match was the main concern that was addressed 
in the design of OCTOPUS.in the design of OCTOPUS.
Totally software-oriented flow used at Nokia
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Octopusp

1. In the systems requirement phase, behavior is described by use y q p , y
case diagrams and use cases. The structure of the environment is 
described by a so-called context diagram.

2 In the system architecture phase the structure is broken down into2 In the system architecture phase, the structure is broken down into 
subsystems. Major interfaces between the subsystems are 
identified, but their behavior is not.

3 The subsystem analysis phase is done ∀ subsystems Class3 The subsystem analysis phase is done ∀ subsystems. Class 
diagrams for the subsystems are generated.
Behaviors of subsystems can be defined in various ways, including 
St t Ch t ll d t li t d t h tStateCharts, so-called event lists and event sheets.

4 The subsystem design phase generates outlines for 
processes/threads, classes and interprocess messages.

5 The subsystem implementation phase generates actual code of 
the selected programming language. 

Kazim Fouladi. School of Electrical and Computer Engineering, University of Tehran. Fall 2006 - 37 -


