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Abstract

This chapter introduces design space exploration as one of the major tasks
in embedded system design. After reviewing existing exploration methods at
various layers of abstraction, a generic approach is described based on multi-
objective criteria, black-box optimisation and randomised search strategies.
The interface between problem-specific and generic parts of the exploration
framework is made explicit by defining an interface called PISA. This speci-
fication and implementation interface and the availability of a wide range of
randomised multi-objective search methods makes the proposed framework
accessible to a wide range of exploration problems. It resolves the problem
that existing optimisation methods can not be coupled easily to the problem-
specific part of a design exploration tool.

1 Introduction

Embedded systems are usually evaluated according to a large variety of criteria
such as performance, cost, flexibility, power and energy consumption, size and
weight. As these kinds of non-functional objectives are very often conflicting, there

is no single optimal design but a variety of choices that represent different design
trade-offs. As a result, a designer is not only interested in one implementation
choice but in a well chosen set that best explores these trade-offs.

In addition, embedded systems are often complex in that they consist of hetero-
geneous subcomponents such as dedicated processing units, application-specific
instruction set processors, general purpose computing units, memory structures
and communication means like buses or networks. Therefore, the designer is faced
with a huge design space.

Embedded systems are resource constrained because of tight cost bounds.
Therefore, there is resource sharing on almost all levels of abstraction and resource
types that makes it difficult for a designer to assess the quality of a design and
the final effect of design choices. This combination of a huge design space on the
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one hand and the complexity in interactions on the other hand makes automatic or
semi-automatic (interactive) methods for exploring different designs important.

Besides the above mentioned multiple objectives in the design of embedded
systems, there are tight constraints on the design time. One possibility to accom-
modate late design changes and a short time to market is to choose a very flexible
design, close to a general purpose computing system. On the other hand, this ap-
proach sacrifices almost all other quality criteria of a design. As a consequence,
embedded systems are usually domain-specific and try to use the characteristics of
the particular application domain in order to arrive at competitive implementations.
In order to achieve acceptable design times though, there is a need for automatic
or semi-automatic (interactive) exploration methods that take into account the ap-
plication domain, the level of abstraction on which the exploration takes place and
that can cope with conflicting criteria.

Following the usual hierarchical approach to embedded system design, there
are several layers of abstraction on which design choices must be taken. Above
the technology layer one may define the abstraction levels 'logic design and high
level synthesis’, 'programmable architecture’, 'software compilation’, 'task level’
and 'distributed operation’. These terms are explained in more detail in Section 2.
Design space exploration takes place on all of these layers and is a generic tool
within the whole design trajectory of embedded systems.

A simplified view on the integration into an abstraction layer is shown in Fig. 1.
For example, if the layer of abstraction is the 'programmable architecture’, then the
generation of a new design point may involve the choice of a cache architecture.
The estimation of non-functional properties may be concerned with performance
of task execution on the underlying processor architecture, the size of the cache or
the total energy consumption. The estimation may either be done using analytic
methods or by a suitable simulator by use of suitable input stimuli, e.9g. memory
access traces. In any case, properties of the sub-components (from logic design) are
necessary, e.g. the relations between area, power consumption, structure and size of
the cache. The generation of new design points has to satisfy various constraints,
e.g. in terms of feasible cache sizes or structures. The choice of a cache will
then lead to refined constraints for the design of its sub-components (digital design
layer).

Figure 1 makes also apparent the interplay between exploration on the one hand
and estimation on the other. The methods and tools applied to the estimation of
non-functional properties very much depend on the particular abstraction layer and
the design objectives. For example, if the average timing behaviour is of concern,
very often approaches based on simulation are used. On the other hand, worst-case
timing usually requires analytic methods. Estimation is particularly difficult as
only a limited knowledge about the properties of sub-components and the system
environment in terms of input stimuli is available. For example on the system-
level, the subcomponents to be used are not designed yet and the individual tasks
of the application may not be fully specified. This chapter mainly focuses on the
generation of new design points and the decision process that finaaly leads to a
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Figure 1: Embedding of exploration in a hierarchical design trajectory for embed-
ded systems.

design decision, estimation will not be covered.

The purpose of the chapter is to review existing approaches to design space
exploration of embedded systems and to describe a generic framework that is
based on multi-objective decision making, black-box optimisation and randomised
search strategies. The framework is based on the PISA (Platform and Program-
ming language independent Interface for Search Algorithms) protocol that speci-
fies a problem-independent interface between the search/selection strategies on the
one hand and the domain-specific estimation and variation operators on the other.
It resolves the current problem that state-of-the-art exploration and search strate-
gies are not (easily) accessible to solve the domain-specific exploration problems
in embedded systems design. The main questions the chapter would like to answer
can be phrased as follows: How can one apply efficient design space exploration to
a new design problem in embedded system design? How can one integrate a new
estimation methodology into a complete design space exploration in a simple and
efficient way?

In Section 2 existing approaches to design space exploration in embedded sys-
tems are reviewed and classified. Section 4 describes the proposed framework that
is based on strategies that select promising design points (Section 4.1), implemen-
tation of domain-specific variation operators to determine a suitable neighbourhood
of current set of design points (Section 4.2), and the implementation based on the
PISA protocol (Section 4.3). A simple running example for cache exploration is



used to illustrate the different steps. Finally, Section 4.4 shortly describes a more
complex application, i.e. the system-level exploration of a stream processing ar-
chitecture.

2 Approachesto Design Space Exploration

There is a vast number of approaches available that make use of an automated or
semi-automated design space exploration in embedded systems design. Therefore,
only a representative subset will be discussed with an emphasis on the exploration
strategies, whereas the different estimation methods for non-functional properties
will not be discussed further.

As described in Section 1, exploration of implementation alternatives happens
at various levels of abstraction in the design. These various layers are described
next and existing design space exploration approaches are classified accordingly:

e Logic Design and High Level Synthesis: Here one is concerned with the
synthesis of digital logic starting from either a register-transfer specification
or a more general imperative program. Here, the manual design of dedicated
computing units is also included. Typical design choices concern speed vs.
implementation area vs. energy consumption, see e.g. [1, 2].

e Programmable Architecture: The programmable architecture layer contains
all aspects below the instruction set. For example it contains the instruction
set definition, the microprocessor architecture in terms of instruction level
parallelism, the cache and memory structures. There are numerous examples
of exploration on this level of abstraction; they concern different aspects
such as caches and memories [3, 4, 5], or the whole processor architecture
especially the functional unit selection [6, 7, 8].

e Software Compilation: This layer concerns all ingredients of the software
development process for a single task such as code synthesis from a model-
based design or a high level program specification. Within the corresponding
compiler, possible exploration tasks are code size vs. execution speed vs.
energy consumption. There are attempts to perform a cross-layer exploration
with the underlying processor architecture, see e.g. [9, 10].

e Task Leve: If the whole application is partitioned into tasks and threads.
Therefore, the task level refers to operating system issues like scheduling,
memory management and arbitration of shared resources. Therefore, typi-
cal trade-offs in choosing the scheduling and arbitration methods are energy
consumption vs. average case vs. worst case timing behaviour, e.g. [11].

e Distributed Operation: Finally, there exist applications that run on dis-
tributed resources. The corresponding layer contains as well the hardware



aspects of distributed operation (such as the design of communication net-
works) as methods of distributed scheduling and arbitration. On this level
of abstraction one is interested in the composition of the whole system that
consists of various computing and communication resources. This abstrac-
tion layer is sometimes called system-level and the design choices concern
the whole system composition out of components as well as the mapping of
application to the architecture and the necessary (distributed) scheduling and
arbitration methods. This highest level of abstraction seems to be especially
suited for exploration methods, see e.g. results on the communication infras-
tructure [12, 13], on distributed systems [14] or multiprocessor systems and
systems-on-chip, e.g. [15, 16, 17, 18, 19].

The above approaches combine several important aspects such as the inte-
gration of the exploration into the whole design process, the specific estimation
method used to evaluate the properties of design points and finally, and the method
that is used to perform the actual exploitation. Following the focus of the chapter,
the existing approaches can be classified in a way that is orthogonal to the abstrac-
tion layers, namely the methods that are applied to perform the exploration itself.
This way it becomes apparent that the exploration process is largely independent
of the abstraction level. This property will be used later on in defining the new
generic framework.

If only a single objective needs to be taken into account in optimisation, the
design points are totally ordered by their objective value. Therefore, there is a sin-
gle optimal design (if all have different objective values). The situation is different
if multiple objectives are involved. In this case, design points are only partially
ordered, i.e. there is a set of incomparable, optimal solutions. They reflect the
trade-offs in the design. Optimality in this case is usually defined using the con-
cept of Pareto-dominance: A design point dominates another one if it is equal or
better in all criteria and strictly better in at least one. In a set of design points, those
are called Pareto-optimal which are not dominated by any other.

Using this notion, available approaches to the exploration of design spaces can
be characterised as follows:

1. Exploration by hand: The selection of design points is done by the designer
himself. The major focus is on efficient estimation of the selected designs,
e.g. [16].

2. Exhaustive Search: All design points in a specified region of the design pa-
rameters are evaluated. Very often, this approach is combined with local
optimisation in one or several design parameters in order to reduce the size
of the design space, see e.g. [4, 20].

3. Reduction to a Sngle Objective: For design space exploration with multi-
ple conflicting criteria, there are several approaches available that reduce the



problem to a set of single criterion problems. To this end, manual or exhaus-
tive sampling is done in one (or several) directions of the search space and
a constraint optimisation, e.g. iterative improvement or analytic methods is

done in the other, see e.g. [2, 3, 12, 8].

4. Black-box Randomised Search: The design space is sampled and searched
via a black-box optimisation approach, i.e. new design points are gener-
ated based on the information gathered so far and by defining an appropriate
neighbourhood function (variation operator). The properties of these new
design points are estimated which increases the available information about
the design space. Examples of sampling and search strategies used are Pareto
Simulated Annealing [21] and Pareto Tabu Search, e.g. [10, 7], evolution-
ary multi-objective optimisation [14, 18, 13, 22], or Monte Carlo methods
improved by statistical estimation of bounds. e.g. [1]. These black box
optimisations are often combined with local search methods that optimise
certain design parameters or structures, e.g. [11].

5. Problem-dependent Approaches: In addition to the above classification, one
can find also a close integration of the exploration with a problem-dependent
characterisation of the design space. Several possibilities have been investi-
gated so far:

e Use the parameter independence in order to prune the design space,
e.g. [17, 23].

e Restrict the search to promising regions of design space, e.g. [6].

e Investigate the structure of the Pareto-optimal set of design points, for
example using hierarchical composition of sub-component exploration
and filtering [15, 5].

e Explicitly model the design space, use an appropriate abstraction, de-
rive a formal characterisation by symbolic techniques and use pruning
techniques, e.g. [24].

Finally, usually an exhaustive search or a black-box randomised search is
carried out for those parts of the optimisation that are inaccessible for tai-
lored techniques.

From the above classification, one can state that most of the above approaches
use randomised search techniques one way or the other, at least for the solution
of subproblems. This observation does not hold for the exploration by hand or
the exhaustive search, but these methods are only feasible for small design spaces
with a few choices of the design parameters. Even in case of a reduction to a
single objective or in the case of problem-dependent approaches, sub-optimisation
tasks need to be solved, either single objective or multi-objective and randomised
(black-box) search techniques are applied.



While constructing tools that perform design space exploration of embedded
systems at a certain level of abstraction, the question arises, how to apply explo-
ration to a new design problem: How does one connect the problem-specific parts
of the exploration with a randomised black-box search engine? What is an appro-
priate interface between the generic and problem-dependent aspects? Which search
strategy should one use? How can one achieve a simple implementation structure
that leads to a reliable exploration tool? Section 4 of the chapter is devoted to this

problem.
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Figure 2: Overview of the proposed framework for design space exploration based
on the PISA protocol.

The basis of the proposed solution is the protocol PISA (Platform and Pro-
gramming language independent Interface for Search Algorithms), see [25]. Itis
tailored towards black-box randomised search algorithms and is characterised by
the following properties: (1) The problem-specific and the generic parts of the ex-
ploration method are largely independent from each other, i.e. the generic search
and selection should be treated as a black-box (separation of concerns). (2) The
framework itself should not depend on the machine types, operating systems or
programming languages used (portability). (3) The protocol and framework should
be tailored towards a reliable exploration. The main components of the proposed
framework in Fig. 2 are a refinement of Fig. 1. It shows the separation into the
problem-specific variation and estimation part on the one hand and generic black-
box search on the other.



3 A Simple Example: Design Space Exploration of Cache
Architectures

Before the PISA-framework is described in more detail (in Sec. 4.3), this section
introduces a simple example application that will be used throughout the remainder
of this chapter for illustration purposes. Note, that it is not the purpose of the
example to present any new results in cache optimisation.

The example problem to solve is to optimise the architecture of a cache for a
predefined benchmark application. The solution space for the problem is restricted
to L1 data caches only, i.e. the design choices include the cache size, the associa-
tivity level, the block size, and the replacement strategy. The goal is to identify a
cache architecture that (i) maximises the overall computing performance with re-
spect to the benchmark under consideration and (ii) minimises the chip area needed
to implement the cache in silicon.

Nr. Parameter Range

1 # of Cache lines X withk=6...14

2 Block size 2¢ Bytes, withk =3...7
3 Associativity 2k withk=0...5

4 | Replacement strategy LRU or FIFO

Table 1: Parameters determining a cache architecture

In Table 1, all parameters and possible values for the cache architecture are
given. A design point is therefore determined by three integer values and a Boolean
value. The integers denote the number of cache lines, the cache block size and the
cache associativity; the Boolean value encodes the replacement strdtigy:
denotes FIFO (first-in-first-outjyue denotes LRU (least recently used). Figure 3
graphically depicts the design parameters. The values for the number of cache
lines, block size and associativity have to be powers of 2, due to restrictions in the
tools used for evaluation of the caches.

The first objective according to which the cache parameters are to be optimised
is the CPI (cycles per instruction) achieved for a sample benchmark application
and the second objective is the chip area needed to implement the cache on sili-
con. To estimate the corresponding objective values, two tools were used, hamely
sim-outorder of SimpleScalar [26] and CACTI [27] provided by Compag. The
first tool served to estimate the CPI for the benchmark compress95 running on the
plain text version of the GNU public license as application workload. The smaller
the CPI for compress95 for a particular solution, the better is this solution for this
objective. The second tool calculated an estimate for the silicon area needed to
implement the cache. The smaller the area, the better is the cache for the area
objective.
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Figure 3: lllustration of the considered design choices for an L1 data cache archi-
tecture.

4 A General Framework for Design Space Exploration

As discussed in Section 2, the proposed general framework for design space explo-
ration separates application-specific aspects from the optimisation strategy. The
resulting two parts are implemented as independent processes communicating via
text files, as will be detailed in Section 4.3. This concept (cf. Fig. 2) reflects the
working principle of black-box randomised search algorithms.

Black-box methods are characterised by the fact that they do not make any as-
sumptions about the objective functions, and in this sense they treat the design cri-
teria as black boxes which can contain arbitrarily complex functionalities. Initially,
they create one or several designs at random, which are then evaluated with respect
to the objective functions under consideration. Afterwards, the information about
the already considered design(s) is used in order to generate one or several differ-
ent designs that are then evaluated as well. This process is repeated until a certain
number of iterations has been carried out or another stopping condition is fulfilled.
The goal here is to exploit structural properties of the design space such that only
a fraction of the design space needs to be sampled to identify optimal resp. nearly
optimal solutions. This implies that different search space characteristics require
different search strategies, and accordingly various black-box optimisers such as
randomised local search, simulated annealing, evolutionary algorithms, etc. and
variants thereof are available, see e.g. [28].

Two principles form the basis for all randomised search algorithms: selection
and variation. On the one hand, selection aims at focusing the search on promising



regions of the search space as will be discussed in Section 4.1. This part is usually
problem independent. On the other hand, variation means generating new designs
by slightly modifying or combining previously generated ones. Although standard
variation schemes exists—details can be found in Section 4.2—the generation of
new designs based on existing ones is strongly application dependent, similarly to
the internal representation and the evaluation of designs.

4.1 Selection

The selection module implements two distinct phases: selection for variation and
selection for survival. The former type of selection chooses the most promising
designs from the set of previously generated designs that will be varied in order to
create new designs. For practical reasons, though, not all of the generated designs
will be kept in memory. While, e.g., simulated annealing and tabu search only
store one solution in the working memory (in this case, selection for variation
simply returns the single, stored solution), evolutionary algorithms operate on a
population of solutions, which is usually of fixed size. As a consequence, another
selection phase is necessary in order to decide which of the currently stored designs
and the newly created ones will remain in the working memory. This phase is often
called selection for survival or environmental selection, in analogy to the biological
terminology used in the context of evolutionary algorithms.

411 Sdection for Variation

Selection for variation is usually implemented in a randomised fashion. One pos-
sibility to chooseN out of M designs is to hold tournaments between two solutions
that are picked at random from the working memory based on a uniform probabil-
ity distribution. For each tournament, the better design is copied to a temporary set
which is also denoted as mating pool—again a term mainly used within the field
of evolutionary computation. By repeating this procedure, several designs can be
selected for variation, where high-quality designs are more likely to have one or
multiple copies in the mating pool. This selection method is known as binary tour-
nament selection; many alternative schemes exist as well (see [29]).

Most of these selection algorithms assume that the usefulness or quality of a
solution is represented by a scalar value, the so-called fitness value. While fitness
assignment is straight forward in case of a single objective function, the situation
is more complex in a multiobjective scenario. Here, one can distinguish between
three conceptually different approaches:

e Aggregation: Traditionally, several optimisation criteria are aggregated into
a single objective by, e.g., summing up the distinct objective function values,
where weight coefficients are used to control the influence of each criterion.
The difficulty with this approach, though, is the appropriate setting of the
weights. This usually requires more knowledge about the design space than
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is actually available. Furthermore, optimising a particular weight combina-
tion yields one Pareto-optimal solution. To obtain several optimal trade-off
designs, multiple weight combinations need to be explored either in parallel
or subsequently. Nevertheless, not necessarily all Pareto-optimal designs can
be found as illustrated in Fig. 4. The weighted-sum approach is only able to
detect all solutions if the front of Pareto-optimal solutions is convex. Similar
problems occur with many other aggregation methods, see [30].

Objective Switching: The first papers using evolutionary algorithms to ap-
proximate the Pareto set suggested to switch between the different objectives
during the selection step. For instance, Schaffer [31] divided selection for
variation inton selection steps whemecorresponds to the number of opti-
misation criteria; in théth step, designs in the working memory were chosen
according to theirth objective function value.

Dominance-based Ranking: Nowadays, most popular schemes use fitness
assignments that directly make use of the dominance relation or extensions
of it. By pairwise comparing all the designs in the working memory, different
types of information can be extracted. The dominance rank gives the number
of solutions by which a specific solution is dominated, the dominance count
represents the number of designs that a particular design dominates, and the
dominance depth denotes the level of dominance when the set of designs is
divided into non-overlapping nondominated fronts (see [28] for details).

f, 4

not detectable

o o

o . \\O\

w.f+w.f, f, f,

Figure 4. lllustration of the weighted-sum approach for two objectives. The left
hand side shows how a particular weight combinatien w») uniquely identifies

one Pareto-optimal design. The right hand side demonstrates that not for all Pareto-
optimal designs such a weight combination exists.

These fitness assignment schemes can also be extended to handle design con-
straints. For dominance-based approaches, the dominance relation can be modified
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such that feasible solutions by definition dominate infeasible ones, while among in-
feasible designs the one with the lower constraint violation is superior—for feasible
solutions, the definition of dominance remains unchanged (cf. [28]). An alternative
is the penalty approach which can be used with all of the above schemes. Here,
the overall constraint violation is calculated and summarised by a real value. This
value is then added to the original fitness value (assuming that fitness is to be min-
imised); thereby, infeasible are penalised.

Finally, another issue that is especially important in the presence of multiple
objectives is maintaining diversity among the designs stored. If the goal is to iden-
tify a set of Pareto optima, special techniques are necessary in order to prevent
the search algorithm from converging to a single trade-off solution. Most mod-
ern multiobjective optimisers integrate some diversity preservation technique that
estimates the density of solutions in the space defined by the objective functions.
For instance, the density around a solution can be estimated by calculating the Eu-
clidean distance to the next closest solution. This density information can then be
incorporated into the fitness, e.g., by adding original fitness value and density esti-
mate. Again, there is variety of different methods that cannot be discussed here in
detail.

41.2 Sdection for Survival

When approximating the Pareto set, it is desirable not to loose promising designs
due to random effects. Therefore, selection for survival is usually realized by a
deterministic algorithm. Similar issues as with selection for variation come into
play here; however, almost all search methods make sure that designs not domi-
nated among those in the working memory are preferred over dominated ones with
respect to environmental selection. If there are too many nondominated solutions,
then additional diversity information is used to further discriminate between these
designs. Furthermore, as many randomised search algorithms only keep a single
solution in the working memory, often a secondary memory, a so-called archive
(see also Fig. 2), is maintained that stores the current approximation of the Pareto
set. For instance, PAES [32], a randomised local search method for multiobjective
optimisation, checks for every generated design whether it should be added to the
archive, i.e., whether it is dominated by any other archive member. If the design
was inserted, dominated designs are removed. If the archive size is exceeded after
insertion, a design with the highest density estimate is deleted.

A theoretical issue that has been investigated recently by different researchers
[33, 34] addresses the loss in quality per iteration. Optimally, the current set of
designs represents the best Pareto set approximation among all solutions ever con-
sidered during the optimisation run—given the actual memory constraints. This
goal is difficult to achieve in general, but Laumanns et al. [33] proposed an archiv-
ing method by which the loss can be bound and kept arbitrarily small by adjusting
the memory usage accordingly.
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4.1.3 Multiobjective Optimisers

The above discussion could only touch the aspects involved in the design of the
selection process for a multi-objective randomised search algorithm. In fact, a va-
riety of methods exist, cf. [28], which over the time have become more complex,
see e.g. [35]. In the evolutionary computation field, even a rapidly growing sub-
discipline emerged focusing on the design of evolutionary algorithms for multiple
criteria optimisation [36]. However, an application engineer who would like to
carry out a design space exploration is not necessarily an expert in the optimisation
field. He is rather interested in using state-of-art multi-objective optimisers. For
this reason, the proposed design space exploration framework separates the general
search strategy from the application-specific aspects such as variation. Thereby, it
is possible to use precompiled search engines without any implementation effort.

4.2 Variation

In this subsectionthe application-specific part of the proposed design space explo-
ration framework is described. In particular, the variation module encapsulates the

representation of a design point and the variation operators, see also the overview in
Fig. 2. Itis the purpose of this component in the design space exploration frame-

work to generate suitable new design points from a given set of selected ones.
Therefore, the variation is problem-specific to a large extend and provides a major

opportunity to including domain-knowledge.

4.2.1 Representation

A formal description of a design needs to be appropriately encoded in the optimi-
sation algorithm. The main objectives for suitable design representations are as
follows:

e The encoding should be designed in a way that enables an efficient gener-
ation of design points in an appropriate neighbourhood, see also the next
subsection on variation operators.

e The representation should be able to encode all relevant design points of
the design space. In particular, if the design space has been pruned us-
ing problem-dependent approaches, the chosen representation should reflect
these constraints in a way that enables efficient variation for the determina-
tion of a neighbourhood.

e The design parameters should be independent of each other as much as pos-
sible in order to enable a suitable definition of variation operators.

A representation of a solution can, e.g., consist of real or integer values, or
vectors thereof to encode clock speeds, memory size, cache size, etc. Bit vectors
can be used to describe the allocation of different resources. Another class of

13



representations could be the permutation of a vector with fix elements to represent,
e.g., a certain task scheduling. Furthermore, variable length data structures such
as trees or lists can be used for the representation of, e.g., graphs (see [29] for an
overview).

All parameters for the representation have to lie inside the problem specifica-
tion that spans the design space of possible solutions. A solution parameter could
therefore be, e.g., a real value in the range given in the specification, an integer
value in a list of possible integers, or a selected edge in a problem specification
graph.

The cache example uses integer values to represent the number of cache lines
in the solution cache, the block size and the associativity. The integer values are
the actual cache parameters, such that these lie in the range specified in Table 1.
The cache line replacement strategy is represented by a Boolean value.

parent solution parent solution #1 parent solution #2

PR e [ [ ]

parameter
mutated

= Il & I Il

child solution child solution #1 child solution #2

Figure 5: Variation operators used in the cache example: mutation (left), recombi-
nation (right).

4.2.2 Variation Operators

The purpose of the variation operators is to determine new design points given a
set of selected previously evaluated design points. There are several objectives for
selecting appropriate variation operators:

e The variation operators operate on the design representation and generate a
local neighbourhood of the selected design points. These new design points
will be evaluated by the estimation, see Fig. 1. Therefore, the construction
of the variation operators is problem-dependent and a major possibility to
include domain-knowledge.

e The constructed neighbourhood should not contain infeasible design points,
if possible.

e In case of design points that are infeasible because non-functional properties
are outside of given constraints, one may use a feedback loop shown in Fig. 1
in order to correct.
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e The variation operator may also involve problem-dependent local search
(e.g. by optimising certain parameters or hidden optimisation criteria) in
order to relieve the randomised search from optimisation tasks that can bet-
ter be handled with domain-knowledge.

In principle, different variation operators can be distinguished according to the
number of solutions they operate on. Most randomised search algorithms generate
a single new design point by applying a randomised operator to a known design
point. For simulated annealing and randomised local search algorithms this op-
erator is called neighbourhood function, whereas for evolutionary algorithms this
operator is denoted as mutation operator. The term mutation will be used in the
remainder of this section.

In the context of evolutionary algorithms there also exists a second type of
variation, in addition to mutation. Since evolutionary algorithms maintain a pop-
ulation of solutions, it is possible to generate one or more new solutions based
on two or more existing solutions. The existing designs selected for variation are
often referred to as parents, whereas the newly generated designs are called chil-
dren. The operator that generated. children based oir 2 parents is denoted as
recombination.

Mutation: The assumption behind mutation is that it is likely to find better so-
lutions in the neighbourhood of good solutions. Therefore, mutation operators are
usually designed in such a way that the probability of generating a specific solution
decreases with increasing distance from the parent. There exist several approaches
to implement mutation. Itis, e.g., possible to always change exactly one parameter
in the representation of a solution and keep all other parameters unchanged. A dif-
ferent mutation operator changes each parameters with probability/h, which

leads to the fact that one parameter is changed in expectation. This approach is
also used in the cache example.

Changing a parameter means changing its value, i.e., flipping a bit in a binary
representation, or choosing new parameter values according to some probability
distribution for an integer- or real-valued representation. For representations based
on permutations of vector elements the mutation operator changes the permuta-
tion by exchanging two elements. If the specification is based on lists of possible
values, the mutation operator selects a new element according to some probability
distribution.

In general, a mutation operator should on the one hand produce a new solu-
tion that is “close” to the parent solution with a high probability, but on the other
hand be able to produce any solution in the design space, although with very small
probability. This is to prevent the algorithm from being stuck in a local optimum.

The cache example uses the following mutation operator: Each of the design
parameters is mutated with probability 0.25 (as there are 4 different parameters).
The change that is applied to each of the parameters is normally distributed, i.e., the
value of a parameter is increased by a value that is normally distributed around O
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inside the ranges given in Table 1; e.g. the block size parameter change is normally
distributed between -4 and +4. Note, that in the example changes of size 0 are also
allowed, i.e. the parameter remains unchanged.

Recombination: Recombination takes two or more solutions as input, and then
generates new solutions that represent combinations of the parents. The idea be-
hind recombination is to take advantage of the good properties of each of the parent
to produce even better children. In analogy to the mutation operator, a good recom-
bination vector should produce solutions that lie “between” the parents either with
respect to the parameter space or to the objective space.

For vectors in general, recombination of two parents can be accomplished by
cutting both solutions at randomly chosen positions and rearranging the resulting
pieces. For instance, one-point crossover creates a child by copying the first half
from the first parent and the second half from the second parent. If the cut is made
at every position, i.e., at each position randomly either the value from the first or
the second parent is copied, the operator is called uniform recombination.

A further approach for real-valued parameters is to use the average of the two
parents’ parameter values, or some value between the parents’ parameter values. A
detailed overview of various recombination operators for different representation
data structures can be found in [37].

For the cache example uniform recombination was used, i.e., for each of the pa-
rameters like cache block size it was randomly decided from which parent solution
the parameter for the first child solution should be used, where all unused parame-
ters of the parent solutions are then used for the second child solution. See Fig. 5
on the right hand side for a graphical representation of uniform recombination.

Infeasible Solutions: It can happen that after mutation or recombination a gener-
ated solution is not feasible, i.e., the solution represented by the parameters doesn'’t
describe a valid system. To solve this problem there are different possibilities.
First, one could ensure that the variation operators do not create infeasible solu-
tions by controlling the construction of new solutions, one can call this approach
“valid by construction”. Second, one could implement a repair method, that turns
constructed solutions that are infeasible into feasible ones by fixing the infeasible
parameters. The third possibility is to introduce an additional constraint and to pe-
nalise infeasible designs in the way as described in Section 4.1. Finally, one can
use the concept of penalty functions in order to guide the search away from areas
with infeasible design points.

4.3 Implementation Issues

In this section the protocol used in PISA is briefly introduced, see also [25]. It is
the purpose of PISA to make state-of-the-art randomised search algorithms for
multi-objective optimisation problems readily available. Therefore, for a new
design space exploration task in embedded system design, one can concentrate
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on the problem-dependent aspects, where the domain-knowledge comes in. The
protocol has to be implemented by any design space exploration tool that would
like to benefit from pre-compiled and ready-to-use search algorithms available at
http://www.tik.ee.ethz.ch/pisa. Besides, the web-site also contains a set

of application problems and benchmark applications for the development of new
randomised search algorithms. The detailed protocol including file formats and
data type definitions is given in [25]. In the protocol description, the application-
specific part is called ‘variator’ and the search algorithm is denoted 'selector’, ac-
cording to Figure 6. The variator also contains the estimation of non-functional

properties.

variator
parameters

_— Variator

-

sta

2

cfg
ialpha 3 4 3 2
imu 3 0 5.6 6.3 0 3 4 5.3 2.3
{ lambda 1 14.7 8.2 2 0 END
i dim 2 2 7.1 3.4 3 END
! 3 3.4 9.0 END
: END ‘////////////////////////l
selector
_— Selector
parameters

Figure 6: Communication between modules through text files as defined by the
PISA protocol. The files contain sample data.

The details of the protocol have been designed with several objectives in mind:

o Small amount of data that need to be communicated between the two differ-
ent processes (selector and variator).

e The communicated data should be independent of the problem domain in
order to enable a generic implementation of the selector process.

e Separation into problem-independent (selector) and problem-dependent
(variator) processes.
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e The implementation of the protocol should be as much as possible indepen-
dent of the programming languages, hardware platforms and operating sys-
tems. It should enable a reliable (delay-independent) execution of the design
space exploration.

The protocol defines the sequence of actions performed by the selector and
variator processes. The communication between the two processes is done by ex-
change of text files over a common file system. The handshake protocol is based on
states and ensures that during the optimisation process only one module is active
at any time. During the inactive period a process polls the state file for changes.
Whenever a module reads a state that requires some action on its part, the opera-
tions are performed and the next state is set.

The core of the optimisation process consists of state 2 and state 3: In each
iteration the selector chooses a set of parent individuals and passes them to the
variator. The variator generates new child solutions on the basis of the parents,
computes the objective function values of the new individuals, and passes them
back to the selector.

In addition to the core states two more states are necessary for normal opera-
tion. State 0 and state 1 trigger the initialisation of the variator and the selector,
respectively. In state O the variator reads the necessary parameters. Then, the vari-
ator creates an initial population, determines the objective values of the individuals
and passes the initial population to the selector. In state 1, the selector also reads the
required parameters, then selects a sample of parent individuals and passes them to
the variator.

The four states 0-3 provide the basic functionality of the PISA-protocol. To
add some flexibility the PISA-protocol defines a few more states which are mainly
used to terminate or reset both the variator process and the selector process. Ta-
ble 2 gives an overview over all defined states. The additional states 4—11 are not
mandatory for a basic implementation of the protocol.

State Action Next State
State 0 | Variator reads parameters and creates initial solutipSdate 1
State 1 | Selector reads parameters and selects parent solytiStete 2

State 2 | Variator generates and evaluates new solutions State 3
State 3 | Selector selects solutionsfor variation State 2
State 4 | Variator terminates. State 5
State 6 | Selector terminates. State 7

State 8 | Variator resets. (Getting ready to start in state 0) | State 9
State 10| Selector resets. (Getting ready to start in state 0) | State 11

Table 2: States for the PISA-protocol. The main states of the protocol are printed
in bold face.

The data transfer between the two modules introduces some overhead com-
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pared to a traditional monolithic implementation. Thus, the amount of data ex-
change for each individual should be minimised. Since all representation-specific
operators are located in the variator, the selector does not have to know the repre-
sentation of the individuals. Therefore, it is sufficient to convey only the following
data to the selector for each individual: an identifier and its objective vector. In
return, the selector only needs to communicate the identifiers of the parent indi-
viduals to the variator. The proposed scheme allows to restrict the amount of data
exchange between the two modules to a minimum.

For PISA-compliant search algorithms to work correctly, a designer has to en-
sure, that all objectives are to b@nimised. In addition the variator and selector
have to agree on a few common parameters: (i) the populatiomrsig the num-
ber of parent solutiong, (iii) the number of child solutiond and (iv) the number
of objectivesdim. These parameters are specified in the parameter file with suffix
cfg, an example file is shown in Figure 6.

The selector and the variator are normally implemented as two separate pro-
cesses. These two processes can be located on different machines with possibly
different operating systems. This complicates the implementation of a synchroni-
sation method. Most common methods for interprocess communication are there-
fore not applicable.

In PISA, the synchronisation problem is solved using a common state variable
which both modules can read and write. The two processes regularly read this
state variable and perform the corresponding actions. If no action is required in a
certain state, the respective process sleeps for a specified amount of time and then
rereads the state variable. The state variable is an integer number stored to a text
file with suffix sta. The protocol uses text files instead of, e.g., sockets, because
file access is completely portable between different platforms and familiar to all
programmers.

All other data transfers between the two processes besides the state are also
performed using text files. The initial population is written by the variator to the
file with suffix ini, the population is written by the selector to a file with suffix
arc. In a text file with suffixsel the selector stores the parent solutions that are
selected for variation. The newly generated solutions are passed from the variator
to the selector through a file with suffisar. All text files for data transfer have to
begin with the number of elements that follow and to end with the keywwpd

Once the receiving process has completely read a text file, it has to overwrite
the file with 0, to indicate that it successfully read the data.

4.4 Application of PISA for Design Space Exploration

For the cache example presented in Section 3, the variator part was written in Java.
The mutation and recombination operator were implemented as described in 4.2,
and the combination with a selector is PISA-compliant as described in Section 4.3.
The selector was downloaded from the PISA website. The design space exploration
for L1 data caches was performed using SPEA2, an evolutionary multiobjective
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optimiser described in [35].

The solutions selected by SPEA2 for variation were pairwise recombined with
probability 0.8, and the resulting solutions were then mutated with probability 0.8.
Afterwards the generated solutions were added to the population and passed to the
search algorithm for selection.

The design space with all solutions is shown in Fig. 7. These design points have
been generated using exhaustive search in order to compare the heuristic search
with the Pareto front of optimal solutions. The front of non-dominated solutions
found for the cache example with SPEA2 after a typical optimisation run with 40
generation for a population size of 6 solutions is marked with circles. The details
of the solutions in the population after 40 generations are represented in Table 3.

No. | CPI Area Design Parameters

1| 0.5774] 0.001311] LRU | 27 cache lines | block size 8 | d. m.
2 | 0.5743| 0.001362| LRU | 27 cache lines | block size 8 | 2 sets
3| 0.5622| 0.022509| FIFO | 28 cache lines | block size 64| 8 sets
4 | 0.5725| 0.002344| LRU | 27 cache lines | block size 16| 2 sets
5 | 0.5488| 0.024018| LRU | 210 cache lines block size 32| 8 sets
6 | 0.5319| 0.027122| LRU | 219 cache lines| block size 32| 16 sets
7 | 0.5666| 0.002898| LRU | 26 cache lines | block size 32| 2 sets
8 | 0.5653| 0.003629| FIFO | 28 cache lines | block size 64| d. m.
9 | 0.5307| 0.044902| FIFO | 219 cache lines block size 64| 8 sets

10 | 0.5626| 0.004907| LRU | 2° cache lines | block size 64| 2 sets

Table 3: Details of 10 non-dominated solutions for the simple example of a cache
exploration found after a typical design space exploration run. These solutions are
marked with circles in Fig. 7.

Although the cache design space exploration problem is simple in nature, one
can make some observations which also hold for more involved exploration prob-
lems. The two objectives, namely the minimisation of the silicon area and the
minimisation of the CPI, are conflicting, resulting in an area vs. performance trade-
off. This results in the fact that there is not a single optimal solution, but a front
of Pareto-optimal solutions. All points on this front represent different promis-
ing designs, leaving the final choice for the design of the cache up to the designer’s
preference. Further, one can observe in Fig. 7 that the evolutionary algorithm found
solutions close to the Pareto-optimal front.

The reduction of the problem to a single-objective optimisation problem, e.g.
using a weighted-sum approach is difficult already for this simple example, because
it represents a true multi-objective problem. It is not at all clear how to relate area
to performance, which would be needed for the weighted-sum approach.

As a more involved example, the design space exploration of complex stream
processor architectures on the system level has been performed using the PISA
framework. To this end, a variator process 'EXPO’ has been implemented which

20



0.59

058 040 generations |
4 - all design points
o e
7] 0.57 " ——
Q 3
(2} éi s
(4] 930 + @
S Re -
Q 056 r—
S
S .-
L 05515
8 :
o 054 ——
0 - 0:0 » *” o
053 | @&rn e L . L4
0.52 T T T T T T 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

silicon area [cm*2]

Figure 7: All 540 possible design points determined using exhaustive search and
the design points found by the multi-objective search algorithm SPEA2 after 40
generations.

is available on the web-site of PISA also. The representation of design points, the
variation operators, the local search method to reduce the design space and the
way how infeasible design points are avoided or repaired are all specific to the
application domain of stream processors. These methods are based on models for
stream processing tasks, a specification of the workload generated by traffic flows,
and a description of the feasible space of architectures involving computation and
communication resources.

For the evaluation of a single design point, the tool makes use of a new method
to estimate end-to-end packet delays and queueing memory, taking task scheduling
policies and bus arbitration schemes into account. The method is analytical and is
based on a high level of abstraction, where the goal is to quickly identify interesting
architectures, which may then be subjected to a more detailed evaluation, e.g. using
simulation. The approach used in EXPO and results are described in much more
detail in [22].

For the simple cache example the design space could have been explored using
exhaustive search instead of employing evolutionary algorithms, which actually
was done to determine all solutions shown in Fig. 7. For larger design spaces, as
the one explored with EXPO, exhaustive search is prohibitive, and only randomised
search algorithms can be used. It has been shown in many studies (e.g. in [28]) that
evolutionary algorithms perform better on multi-objective optimisation problems
than other simpler randomised search algorithms.
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Figure 8: On the PISA website, many different ready-to-use evolutionary search
algorithms can be downloaded. Additionally, a design space exploration tool is
offered for download at the website. The only steps needed for a first design space
exploration using the PISA framework are shown: (1) just download a variator,
e.g., the exploration tool EXPO and one of the search algorithms on the right hand
side of the website, (2) unpack the tools, and then (3) run them.

PISA enables the use of different evolutionary algorithms without having to
change the implementation of the exploration tools. A recent study [38] has shown
that for EXPO the quality of the approximation of the Pareto-optimal front may dif-
fer between different evolutionary algorithms. With a modular framework based on
the PISA protocol it is possible to test the design space exploration performance of
different randomised search algorithms to find the search algorithm most suitable
to the exploration problem.
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5 Conclusion

This chapter introduced a framework for design space exploration of embedded
systems. It is characterised by (1) multiple optimisation criteria, (2) randomised
search algorithms and (3) a software interface that clearly separates problem-
dependent and problem-independent parts of an implementation. In particular, the
interface PISA formally characterises this separation. It is implemented in a way
that is independent of programming language used and the underlying operating
system. As a result, it is easily possible to extend any existing method to estimate
non-functional properties with an effective multi-objective search.

It should be pointed out, that effective automatic or semi-automatic (inter-
active) exploration needs deep knowledge about the specific optimisation target,
i.e. the level of abstraction, the optimisation goals, efficient and accurate estima-
tion methods. Nevertheless, the PISA framework separates the problem-dependent
variation and estimation from the generic search and selection. Therefore, the user
is relieved from dealing with the complex and critical selection mechanisms in
multi-objective optimisation. On the other hand, his specific domain knowledge
will be important when designing the variation operators that determine a promis-
ing local neighbourhood of a given search point.

Finally, itis common knowledge that the class of randomised search algorithms
described in the chapter does not guarantee to find the optimal solutions. In addi-
tion, if there is domain knowledge available that allows problem-specific explo-
ration methods to be applied, then there is little reason to use a generic approach.
But usually, those analytic methods do not exist for complex optimisation scenarios
as found in embedded system design.
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