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Abstract— This paper describes the communication mechanism
of a generic platform (i.e. a metamodel) for the specification
of large scale embedded systems (e.g. radars, radio-telescopes,
sensor networks). The mechanism is such that the performance
of the communication network can be evaluated and validated
given different topologies and different computation models. The
performance is evaluated stochastically without simulation. This
approach is useful when different system architecture alternatives
need to be explored rapidly in the early design phases going from
requirements to specification.

I. I NTRODUCTION

Exploring architectures for distributed signal processing
systems such as the next generation radio-telescopes and
sensor network as become mandatory. With the rapid evolution
of embedded systems technology, these systems integrate more
and more functionalities, grow in size and complexity, and
become a large fraction of the system costs. The design space
for these systems is therefore huge and exploring alternatives
in an early stage is indispensable.

The approach we have taken in [1] is to specify a system
at an abstract level in terms of an application, an architecture,
and a mapping relation between these two. The application is
modelled as a network whose nodes are themselves specified
as a Kahn Process Network [2]. The architecture is modelled
as a network whose processing nodes are themselves mod-
elled as platforms. We consider the whole as a hierarchy of
platforms. Crucial to this is how the performance/cost analysis
is performed. We take advantage of an application domain1

to specify platform versions such that the performance of a
system can be composed of the individual performances of
the subsystems. The design space exploration is supported by
a tool set that includes a performance model [3], and the semi-
automation of the requirements and constraints derivation [4].

Given the same approach, the objective is to allow for
different but also more complex platform topologies. In order
to keep the model consistent, we describe formally a unique
platform (generic) from which the platform versions are de-
rived. This generic platform is a metamodel for composing the
performance model of a system architecture. The consequence
of having defined a generic platform is that the communication

1(1) the topologies are fixed and simple; 2) the interfaces can be made
simple and uniform

mechanism should be unique. The communication between
platforms is crucial for analysing the performance in the
approach (i.e. without simulation) and should be such that the
compositional properties are preserved.

This paper is organised as follows, after giving first an
overview of the platforms and their semantics in Section III
we present in Section IV the communication mechanism.
The communication mechanism includes the arbitration of
concurrent communication channels given a system and the
evaluation of the communication performances. They are illus-
trated for an example of an application mapped onto multiple
platforms in Section V.

II. RELATED WORK

The models for evaluating the performance of processing
network architectures are of different nature depending on the
level of accuracy required, the application domain, the size
of the system and the ease of use. They can be classified into
simulation based (co-simulation of mixed models [5], [6], trace
based [7] or analytical models (dynamic [8] or static [3]).

When simulation is used, in the Metropolis design frame-
work [6], the architecture is modelled at various levels of
abstraction and with multiple models of computation. Central
to the approach is the Metropolis Meta Model (MMM) repre-
sentation and semantics [9]. The processes in a network and
the connections (mediums) are coordinated with a scheduler.
This however makes the model more complex since specific
interfaces and scheduling mechanisms are needed.

With the LACCES [5] design language (Language of Com-
ponents and Connectors for Embedded Systems) the software
components are separated from the hardware components.
The system is described using LACCES to capture the re-
quirements, structure, behavior in the form of hierarchies of
components. It enables the evaluation of systems for non
functional as well as functional requirements in an integrated
way. However, this approach cannot be employed easily at
an early stage when large systems need to be composed and
alternatives explored as a lot of code is required.

At a higher level of abstraction than the methods previously
mentioned, the architecture simulation is avoided in [10] and
the communication performance is estimated analytically for a
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control oriented application on a platform. It applies the real-
Time calculus method [11], [8] that is suited to model sporadic
and event streams behaviours.

We are also estimating the performance analytically but
for an application that is modelled as a process network in
which the processes have a predictable behaviour and repeat
periodically. In order to limit the modelling effort, a static
approach is preferred. The performance model used in [3] is
stochastic and hierarchical. The Communication mechanism
we present is an improvement of the model as it allows to
account for shared resources on arbitrary topologies in the
network hierarchy.

III. T HE PLATFORM PRELIMINARIES

The platform concept originates from the need tore-use
designswith more flexible and programmable solutions and to
reduce complexity. The initial benefits are primarily economy,
a gain in the design time and a wider class of application.
A platform can be defined [12] as an abstraction layer in the
design flow that hides the details of the underlying layers of
abstraction, facilitating refinements in this flow.

In our context, platforms are used to specify into several
layers of abstraction. The higher level architecture is made uni-
form being composed with platforms that obey the same rules.
The platforms for large scale array signal processing systems
are presented in [13]. Platforms consist of rules to obey when
composing with components, methods for construction and
validation and communication. Roughly speaking, a platform
comprises a number of components that are designed for pro-
cessing information, and a communication, synchronization,
and storage infrastructure. Moreover, platforms are supposed
to be application domain specific.

Background and fundamentals:

• The system infrastructure is a network of platforms. A
platform is described with a topological design pattern
that is a network relationship in between components that
are connected via ports.

• The system behavior is a network of processes. Processes
communicate and synchronize according to a computa-
tion model2.

• Starting from high level requirements, the process net-
work further refined as networks of techniques is mapped
onto components;i.e. the behavior is mapped onto the
infrastructure. After the network assignment, a set of con-
straints are derived on the components of the platforms
according to the network relationships.

• As a result of the mapping, a detailed description of the
architecture (i.e. number of resources and performances)
is obtained. Then, for every component, the performance
is evaluated given the resources available. This informa-
tion is taken bottom up in the model for validation.

2for systems implementing parallel, signal processing applications, a Kahn
Process Network is a convenient model. For modeling control communication
other models such as Finite State Machines or Petri Nets are more convenient

A. Semantics

The characterisation of a platform is incomplete when it
comes to the issue of constructing platforms.

Processing, communicating/synchronizing and storing are
distinct functions that match behaviors of computation, com-
munication and storage, respectively that are the constituents
of a platform. A processing (communication, storage) unit can
be any of a partially ordered set of processing (communication,
storage) component types. Types in the set may be further
subdivided into subtypes down to specific components.

Platformsp and component typesc have ports. A portρ is
a triple (n, d, t) wheren is a unique name,d is the port type:
Input, Output, or Input-Output, andt is a compatibility type.
Let ρk andρl be two ports, a relationr is defined overρk, ρl

iff there is a wire fromρk to ρl in the platform. We denote
r(ρk, ρl) asρk −→ ρl.

The platform is composed with ports, components and
relations that are fixed in a topology. Letpt be a platform
topology pt = (C,M,R, P ) whereC is a set of component
types,M the multiplicity, R is a set of relations,P a port set.

A special type of component is the connection (line, bus).
Line ⊆ Connection, Bus ⊆ Connection, that is a medium
for communication in between components of different types.
Given the platform topology: ports, component types and
relations; communication channels and communications paths
are established.

Communication channels : A communication channel
Cc in between two portsρk and ρl of componentsk, l ∈
C ∩ Connection on a platform is a triple(r1, r2,m). With
m ∈ Connection a component,r1(ρk, ρm)|ρm ∈ Pm and
r2(ρl, ρ

′
m)|ρ′m ∈ Pm respectively the relations tom.

Communication path : A communication pathCp in
between two portsρk and ρl of componentsk, l ∈ C ∩
Communication on a platform is a pair(CC, X). CC a
set of communication channels andX a set of components
X ∈ Communication.

Communication

Type : Crossbar

Subtype : Chipset

Processing

Type : ISA

Subtype : DSP

...

Memory

Type : RAM

Subtype : SDRAM

….

Communication channel

Communication

Type : 

Connection

Subtype : Bus

Communication

Type : 

Connection

Subtype : Bus

Port

Input / Ouput

Compatibility type : 

Electrical

P
P

Application Channel

Communication path

Fig. 1. Example of a platform topology. The components and the ports are
indicated with their types, and subtypes. An application network with two
processes (P) communicate via the communication path (dashed curved line).
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To illustrate, a platform in Figure 1 is composed of a
DSP, a SDRAM, two busses, a crossbar and two ports. The
communication channels are in between the crossbar and the
processor, the memory and the ports of the platform. There is a
communication path in between the memory and the processor
on the application for two processes communicating.

B. The generic Platform

The generic platform comprises a unique set of rules and
methods for composing, constructing and evaluating. In short,
the composition of a platform and then the instantiation is
forced by the compatibility types (components, ports). The
performance on the platform is validated with an hypothesis
test on every metric. These metrics are evaluated as a function
of the components’ metrics that are evaluated separately given
a set of constraints. Versions of the generic platform can
have different functions for aggregating the metrics. The
communication mechanism is made also unique as presented
next.

IV. COMMUNICATION MECHANISM

We established a separation in between the computation
model chosen for the behavior and the architecture. The com-
putation model determines the communication mechanism in
between processesP in a network in the application domain,
however it should match the architecture. Theapplication
channelsAc are mappedM(Ac) onto the communication
paths such thatCpi = M(Aci), (Cpi, Aci) is a matching pair.
However, many application channels after mapping can share
the same communication channels. Therefore, the platform
must coordinate the communication between the components
to allow the inter-process communication in the application
considering the channel sharing.

The platform communication mechanism consists in allo-
cating a communication bandwidth on the connection compo-
nents where processes are performed repeatedly indefinitely.
At this coarse level, the bandwidth is shared in between
application channels on the same component. The mechanism
involves an arbitration of the communication channels for
exchanging data within and across platforms. The communica-
tion is arbitrated/scheduled globally on the platform such that
the conflicts in the sharing of communication paths is avoided.

This section is organised as follows: first we establish the
communication system after the mapping of an application
onto a platform. This communication is driven by rules and
priorities that are given next. Third, we present the communi-
cation arbitration and last we discuss briefly the performance
evaluation of the communication on the platform.

A. The communication system

In the application domain, the computation model can
exhibit the notion of precedence and parallelism. With P1 and
P2 two processes that communicate andAc the application
channel, the precedence denoted≺ (or the edge between P1
and P2) isP1 ≺ P2. P2 is only executed after a receive in
P2, and a send fromP1. The parallelism is denoted with‖ :

P1 ‖ P2. P1 andP2 have no precedence and can be executed
in parallel.

An applicationA = (P, AC,E) is a directed multi-graph
with :
• a set of processesP ,
• a set of communication channelsAC,
• and a set of edges E. E represents the prece-

dence constraints in between communication channels:
∀Aci, Acj ∈ AC, e = (Aci, Acj) ∈ E iff Aci ≺ Acj

Parallelism and precedence are seen in the architecture
domain together with the notion of time. The notion of time
in the communication system is illustrated in Figure 2.

Fig. 2. The time vocabulary.

The processes in the network run indefinitely however
the time has been subdivided into cyclic periods where the
processes and the communications are scheduled. The timet
is continuous,T is the scheduled period duration (makespan
of A) that repeats indefinitely,n = 1..N are indexes of
time intervals (i.e. slices) in a sequence. The durationd in
a communication path is a measure of the time for communi-
cation and includes the communication startup. It corresponds
to a number of tokens transmitted within a time constraint
(i.e. related to the throughput), the transmission overhead
and to some mapping objectives for the communication. The
parallelism in a slice is denoted‖t.

A communication system on a platform is a directed multi-
graphCG = (CP, E,O, d, r, a) where :
• CP is a set of communication path,
• E is a set of edges between communication paths:e =

(Cpi, Cpj) ∈ E iff Aci ≺ Acj ,
• O is a set of transaction ordering edges for strongly

connected paths within an iteration period (directed multi-
graphs with the same period) :e = (Cpi, Cpj) ∈ O iff
Cpi ≺ Cpj ,

• d is a function returning a duration for each communica-
tion path with∀Cpi ∈ CP, ∃di,

• r(R,L) is a set of hard deadline interval requirements, R
is the period bound, L is the relative deadline (i.e. the
latency bound)∀Cpi ∈ CP , ∃ri ∈ r,

• a is a function returning a delay (starting availability
time) for a communication path in a period.∀Cpi ∈
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CP, ∃ai ∈ a. ai = max(a(ρk), a(ρl)) is a delay as a
function of the blocking effects that are also delays on
the ports ofCpi.

The edgesE correspond to the communication edges in the
application within an iteration period. The requirement setr
is known for a system prior to mapping the application onto
an architecture. The durationd, and the availability timea are
estimated after the mapping on the individual components of
the platform and their independent performance evaluation.

B. Communication rules

By construction, a pair(Cpi, Aci) matches if at any given
time whenAci is active, every communication channels inCpi

can be shared or is not used. A communication system matches
an application, if the precedence relations are respected. If
Aci and Acj j 6= i are application channels mapped on a
communication path respectivelyCpi, Cpj then the following
rules apply:

If Cpi ∩ Cpj 6= ∅ andAci ‖ Acj ⇒ M(Aci) ∦t M(Acj).
If Cpi ∩ Cpj = ∅ andAci ‖ Acj ⇒ M(Aci) ‖t M(Acj).
If Aci ≺ Acj∨M(Aci) ≺ M(Acj)⇒ M(Aci) ∦t M(Acj).
Given communication pathsCp = (CC, X). For every

componentm ∈ X there is a number of communication
pathsNm a component shares in parallelNm ≤ MaxNm,
MaxNm the maximum number of paths that do not intersect
in the component. Communication components such as cross
bars and switches allow simultaneous communications. If
∀Nm, Nm > MaxNm ⇒ Cpi ∩ Cpj 6= ∅.

If two communication paths have no precedence but share
a resource, then the communication is ordered according to
priorities. If the priorities change or a new task with higher
priority competes for a resource, the communications that are
started can be interrupted in between individual tokens and the
higher priority task will access the resource. Some resources
cannot be preempted, consequently if one of the components
in Cp is not preemptable,Cp cannot be preempted. If the
communication path is preemptable, the communication can
be interrupted in between tokens. If there are no specified pri-
orities in the application prior to mapping, the communications
can have static priorities. For instance in the RM scheduling
[14], the inter-component communication is arbitrated at the
level of platforms such that the priority of each communication
path is a monotonically decreasing function of their period
(RM is a preemptive scheduling policy with fixed priorities).
The inter-component communication is arbitrated at the level
of platforms such that the priority of each communication path
is respected.

C. Communication arbitration

The communication arbitration on a platform given a com-
munication systemCG, and a level of confidenceα is a
function CA(CG, α) returning :

• a sequence of groups of pathss for a period ofCG,
• time intervalsg for each group,
• a set of metricsl, la that are the slacksl, and latency

la for the directed multi-graphs with the same period

(strongly connected paths)∀ri ∈ r, SCPi = ri ∩ CP
and∀SCPi,∃li ∈ l,

• a metricMLM the maximum latency mean,
• a metricMCM the maximum cycle mean,
• and an error if no sequence exist.

The function orders the communication in the time intervals
following the matching rules and the priorities. Given a
communication system on a platform, groups of matching
communication paths are established. These groups are or-
dered and given a duration. Then performances are measured
and validated.

The application channels mapped on a platform are grouped
in sets G, where ∀M(Aci), M(Acj) ∈ G ⇔ M(Aci) ‖t

M(Acj). G corresponds to non intersecting communication
paths on the platform at any given time. Moreover the groups
are ordered by the dependance relations to match the appli-
cation dependencies and the priorities. The outcome of the
arbitration is a sequence of groupss = G1, .., Gn, .., GN in
the time intervalT (the period ofCG)with Gn in the time
interval tn ≤ t < tn+1, gn = tn+1 − tn.

Even with unambiguous priorities and dependencies, there
are many possible combinations of orders and groups with
each different effects on the communication system perfor-
mance. They cannot be all tested in general, therefore it is
proposed to take a Gantt chart as an input for the arbitration
of GC. It specifies an ordered transaction schedules and
optionally a fully-static schedule(s, g) for the communication
arbitration. The schedule is admissible if it respects all the
precedences and requirements inCG and verifies the matching
rules determined above. As an alternative, if no schedule is
given, a default procedure is used. To establish a schedule of
the communication according to these rules, we assume that
once started the communications are not interrupted unless
a higher priority communication is preemptive. Note that
according to the definition of a group, the same application
channel in a group can be present in adjacent time intervals.
This sequence matches the application model and the resource
sharing on the architecture, however there can be many pos-
sible sequences.

The communication arbitration on the platform can be
derived with a default procedure. Once the ordering is es-
tablished, error bounds for the arbitration are also evaluated
following principles given in [15] considering uncertainties in
the estimates of the durations.

D. Performance evaluation

In [3] it is proposed to calibrate an analytical model of the
performance and to extrapolate / interpolate with a limited
set of measures. The communication can be specified as
an instance of a parameterized technique (e.g. synchronous
transmission, asynchronous handshaking) and the analytical
model returns performance measures such as the latency, the
execution time or the throughput but also the power consump-
tion. Prototyping for a communication type, interpolation and
extrapolation are methods associated to an error estimate. In
the worst case, when no measures are available, the procedure
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proposed in [3] gives a coarse estimate with a large error
bound.

The values of the slacksl are evaluated for every strongly
connected pathsSCPi ∈ SCP . The makespan isTi =
sumexit

n=entrygn where the entry and exits of the graph are
in Gentry, Gexit. For j cycles in the sequence, the slack is
estimated as< li >= Ri−max(< Ti,j >) with σl = σT and
l ≥ 0. The latency is estimated aslai = sumexit

n=entry(kn)+Ti.
We identify the critical iteration in the sequence with the

maximum cycle mean.MCM is estimated asMCM =
max(Ti,j/Ri), ∀SCPi ∈ SCP that is an indication of the
maximum throughput that can be obtained, with1 ≥ MCM ≥
0.

We identify the critical path with the maximum latency
mean.Li is the constraint latency forSCPi. MLM is es-
timated asMLM = max(lai/Li) ∀SCPi ∈ SCP with
1 ≥ MLM ≥ 0.

If the communication errors are independent and their
probability distribution is normal then the mean valueµT

and the standard deviationσT of the makespan is a function
of the numberL of communication paths in the sequence:

µT =
∑L

i=1 µi andσT =
√∑L

i=1 σ2
i .

However, estimation errors contribute in the grouping pro-
cedure that can have an unpredicted behaviour (a non normal
distribution of the durations for different sequence pairs).
Therefore the makespan estimator does not have the same
properties as the independent communications. Nevertheless,
the arbitration procedure can be tested with a level of con-
fidence α, returning a makespan[T ]α such thatPr(T >
[T ]α) ≤ α. The probability ofα in the normal distribution
corresponds toBσ the level of the test. If the duration of a
communication path is evaluated in the procedure as[di]α =
µi+Bσi, the algorithm will be conservative. We adopt instead
a method proposed in [16] for job scheduling (static schedule)
and similar to [17] for scheduling on a single processor.
The probability durations in the algorithm are weighted by
q = B/

√
L such that the duration ofCpi estimated in the

procedure is[di]α = µi + qσi.

V. EXAMPLE

We illustrate the communication mechanism for a simple
example taken from a sub-system developed at Astron. The
application is an adaptive signal processing algorithm shown
in Figure 3. Two processesDBF and AWE are in a net-
work. The processes are refined into subnetworks that are
strongly connected paths. Two constraints/requirements for
the processes are the period TA and TB hard deadlines and
the latency for TB. The subnetwork communications in the
AWE are ordered to meet the latency constraint such that with
A = (P, AC,E) and P = {P [0, .., 7]}, AC = {Ac[1, .., 7]},
E = {(Ac1, Ac5), (Ac5, Ac6)}.

The application network is mapped onto two platforms
called ”A” and ”B” in Fig. 4. The platform ”A” is similar
to the platform shown in Fig. 1. In platform ”A” a commu-
nication network (CN) connects 2 memory and 2 processing

Fig. 3. The application network. Two communicating processes DBF and
AWE are refined into subnetworks. The two refined networks are strongly
connected (they share the same period) and are exposed to the architecture in
the communication system as graphsSCPA andSCPB for the periodsTA

andTB .

components with a crossbar. The communication paths cor-
responding are shown with curved lines passing through the
communication network.

Fig. 4. The communicating system on platform ”A” after the partitioning of
the application network on platforms ”A” and ”B”.

We obtain a communication system on the platform
”A” that is CG = (CP,E, d, r, a) with CP =
{Cp[1, .., 4], Cp6, Cp7}, E = {(Cp4, Cp6)} and d, r, a as
indicated in Table I.

A possible arbitration outcome for the communication sys-
tem following the default procedure is shown in Figure 5.
The same Gantt chart can be given for the first periodTA
as s = {(Cp1, Cp7), (Cp1), (Cp2, Cp4), (Cp4)} and e =
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TABLE I

REQUIREMENTS, DURATIONS, AVAILABILITY OF CG

Duration [d]α σ Requirement r(R,L) Availability (a)

Cp1 2 0.2 5
Cp2 2 0.2 5
Cp4 4 0.4 20,20
Cp6 2 0.2 20,20 5
Cp7 1 0.1 5

{1, 1, 2, 1}. The slacks in the schedule are forl(DBF ): µl =
1, σl = 0.3 and for l(AWE): µl = 5, σl = 0.44. The
maximum latency mean isMLM = 0.8 that corresponds to
the latency of Cp6. The maximum cycle mean isMCM =
0.9 with MCM(DBF ) = 0.8 and MCM(AWE) = 0.9.
MLM < 1 andMCM < 1 thus the communication system
on the platform is valid.

In this example and considering the communication on
the platform, the adaptive weight estimation is the limiting
subnetwork. Without taking the communication mechanism
into account, the predictions forMCM(AWE) would have
been underestimated to0.7.

Fig. 5. Gantt chart. The period deadlines on the time line are indicated with
long bars. The time slices areg1, g2, ... and the durations in the schedule
are given different colours. The idle periods, delays due to the sharing of
resources and the slack are indicated filled with diagonal bars.

CONCLUSION

We present a communication mechanism for a Metamodel
of a platform whose system architecture is static and the
performance evaluated analytically (it is assumed that the ap-
plication behaviours are predictable and execute periodically).
Large systems can be specified and evaluated/verified rapidly
with hierarchies of such platforms without a full simulation.
As for dynamic analytical performance models, this model
accounts for shared resources in the network infrastructure
and topology variations.
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