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1 ABSTRACT 

Software defined radio (SDR) includes complex mixtures of diverse functionalities 
such as signal processing, feedback control, sequential decision making.  Ptolemy II is 
a good choice for simulating SDR together with the elements interfacing with the 
environment (such as AD and DA converters, antennas, ports, etc) and the 
environment itself. In order for ES systems containing SDRs to provide Quality of 
Service (QoS), SDR must provide with deterministic/predictable timing properties. 
Moreover, SDRs must provide timing information for upper layers in the system, 
(such as for example the application layer). The hardware on which SDR executes 
must provide accurate timing information. Furthermore, the software running above 
such platforms must be able embrace and integrate the timing information provided by 
the hardware layer and convey predictable timing to upper layers. Timed Automata is 
a theory that has been extensively used for modeling and verification of real-time 
systems and has successfully been applied in a variety of case studies that range from 
communication protocols to multimedia applications. Timed Automata is a good 
formalism to model control. Control functionalities can be considered as the 
conglomerate of the decision making in an application. Decision making involving 
formalisms that involve time can make an effort in guaranteeing predictability of 
timing properties. Therefore, it makes sense that timing information should be 
represented and treated in formalisms modeling control. This report proposes 
extending the existing FSM implementation in Ptolemy II with clocks. This will result 
in a Timed Automata domain implementing time automata theory [17] in Ptolemy II. 
The implementation can extend the existing FSM domain that provides most of the 
infrastructure required. This will allow timing properties to be validated by simulation 
for the control functionalities as opposed to verification with model checkers thus 
overcoming state space explosion problems while still allowing validation. 
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THE PROBLEM 

A general definition of software defined radio (SDR) refers to wireless 
communication in which the modulation at the transmitter and demodulation at the 
receiver are performed by means of programmable hardware which is controlled by 
software. Often SDRs are a part of a larger embedded system (ES). 

Embedded Systems is an interdisciplinary area that combines theories and 
techniques from many different fields, for instance electronics, hardware design, 
computer science and telecommunications [1]. Among the myriad of challenges 
embedded system design poses, there seems to be a general consensus that the key to 
overcome them is abstractions. To invent or apply abstractions that yield more 
understandable programs [2]. Better abstractions that do not abstract away from 
properties that are most important in an embedded system [3] such as time. Raise the 
levels of abstraction of designs [4]. The key problem becomes identifying the 
appropriate abstractions for representing the design [5]. The purpose for an abstraction 
is to hide the details of the implementation below and provide a platform for design 
from above. Furthermore, existing Computer Science (CS) paradigms have to be 
enriched and combined with methods found in other areas such as electronic 
engineering and embrace interdisciplinarity. Untimed and sequential programming 
abstractions are insufficient, particularly in embedded systems which are intrinsically 
timed and distributed. There is a need for building a new scientific foundation or 
simply adopting existing ones in modeling and design practice that integrates 
computation, physicality and time. 

Complex mixtures of diverse functionalities such as signal processing, feedback 
control, sequential decision making are common in SDR which makes Ptolemy II a 
good choice for simulating SDR together with the elements interfacing with the 
environment (such as AD and DA converters, antennas, ports, etc) and the 
environment itself. 

The Ptolemy project [6] proposes actor-oriented heterogeneous modeling and 
design to tackle these issues adopting several abstractions. The focus is on embedded 
systems, particularly those mixing interdisciplinary technologies, for example analog 
and digital electronics, hardware, software and mechanical devices. The aim is to 
model and simulate the embedded software together with the physical substrate on 
which it runs and the devices through which it interacts with the environment. 
Typically such environment cannot wait as opposed to interactive systems which are 
able to synchronize with it. These are called reactive systems [7]. The work is carried 
under the premise that no single general-purpose model of computation (MoC) is 
likely to emerge in the near future that will deliver what designers need. Moreover, a 
general purpose framework would fail in accurately modeling the widely different 
functionalities and their interaction. Accuracy comes with imposing constraints 
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resulting in a more specialized MoC unlikely to embrace any complex system. Instead, 
the Ptolemy project takes an approach that mixes heterogeneous MoCs, while 
preserving their distinct identity. It is realized by including formal MoCs in a software 
laboratory for experimenting with heterogeneous modeling [8] called Ptolemy II. This 
allows the designer to choose the MoC (or the subset of them) that best suits the target 
application, avoiding over- or under- specified models. Furthermore, it acknowledges 
the strengths and weaknesses of each MoC. The choices of MoCs strongly affect the 
quality of a system design. Yet, this approach poses new challenges as it has to define 
the semantics of the interaction of components governed by different MoCs. This is a 
non trivial problem area addressed by the project. Moreover, the mixtures of MoCs, 
convey to the designers the responsibility to cope with heterogeneity, which is 
alleviated by providing sophisticated, visual user interfaces.  

In order for ES systems containing SDRs to provide Quality of Service (QoS), 
SDR must provide with deterministic/predictable timing properties. Moreover, SDRs 
must provide timing information for upper layers in the system, (such as for example 
the application layer). There are two main elements that will allow a SDR to provide 
with precise timing properties both coming from the hardware and software sides: 

- The hardware on which SDR executes must provide accurate timing information.  
This is an open area of research that has recently caught some momentum. Precision 
Timed Machines (PRETS) [9] is one of the first attempts to develop high performance 
platforms with timing predictability.  Prototypes of PRETS are developed on FPGAs 
since the implementation is close physical substrate that provides the timing 
information. SDR prototypes an implementations are often built on FPGAs alone or 
combined with DSP processors and/or microcontrollers [10][11][12][13][14][15][16] 
(co-processing architecture).  

- The software running above such platforms must be able embrace and integrate 
the timing information provided by the hardware layer. Furthermore, convey 
predictable timing to upper layers. A formalism that represents time and enables 
validation of such timing properties is required for such purpose. 

 

2 THE SOLUTION 

Timed Automata [17] is a theory has been extensively used for modeling and 
verification of real-time systems. It has been implemented in several verification tools 
like UppAal [18] and Kronos [19]. Moreover, it has successfully been applied in a 
variety of case studies that range from communication protocols to multimedia 
applications [20]. 

A timed automaton is a finite state machine (FSM) extended with clock variables 
represented as real numbers that progress synchronously.  
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Ptolemy represents time, an abstraction that belongs to the physical world Time 
materializes in different ways in the different computational models, as real time that 
advances uniformly, either discrete or continuously, or time can be a partial order, 
sorted by constraints imposed by causality among events. Unluckily, the FSM domain 
(implementation of a MoC in PtolemuII) does not consider time in its implementation. 
FSM as well as Timed Automata are formalisms that are best suited to model control. 
Control functionalities cluster together of the decision making in an application. 
Decision making modeled with formalisms that involve time can make an effort in 
guaranteeing predictability of timing properties. Therefore, it makes sense that timing 
information should be represented and treated in formalisms modeling control. 

This report proposes extending the existing FSM implementation in Ptolemy II 
with clocks. This will result in a Timed Automata domain implementing time 
automata theory [17]. The implementation can extend the existing FSM domain that 
provides most of the infrastructure required. This will allow timing properties to be 
validated by simulation for the control functionalities as opposed to verification with 
model checkers. The main problem with model checking is the exponential growth of 
the state space as models become larger (also known as the 'state space explosion' 
problem) [21]. Using simulation of Timed Automata to validate models is not limited 
by the size of the models or the state space explosion problem. 

Issues to be considered include: 

- Interfacing with other timed MoC becomes an interesting issue to be tackled. The 
natural scenario when modeling a SDR would be to have a Discrete Events (DE) [24] 
at the top level domain. Communication networks and digital hardware are some of 
the main application areas of DE.  In discrete event simulation only the points in time 
at which the state of the system changes are represented. The system is modeled as a 
sequence of events. Each event occurs at an instant in time and marks a change of 
state in the system. Therefore simulation time is a totally ordered set of values each of 
them representing an instant in the system. Events come with a time stamp 
representing the associated that conveys information to the control logic for the 
decision making. The director keeps track of a global notion of time. Timing 
information inside the TA domain can be obtained from both the events arriving to it 
as depicted in Figure 1 or from the external DE director.  

 
FIGURE 1:  TIME FLOW FROM THE DE MOC TO A TIMED AUTOMATA 
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The decision making can be transferred to the outside through events or refining 
the different states as in modal models [23]. Since clocks in a timed automata progress 
synchronously modification of their values due to external time updates are 
straightforward. 

 
FIGURE 2: MODAL TIMED AUTOMATA 

When interacting with continuous time (CT) [24] semantics and specially DA and 
AD converters, several actors are provided by Ptolemy for conversion. 
ZeroOrderHold converts events to continuous timed signals by holding the value 
of the discrete event until the next discrete event arrives. PeriodicSampler 
generates discrete events by periodically sampling a continuous signal. A sampling 
period can be specified. 

- The expression language is used to specify guards and actions. In principle clocks 
can be considered as any other variable in the system so no further modification 
should be required. For the clocks to be used as expressions, they must be declared as 
Parameters and be in scope. PortParameters [22] provide default values 
and can be used to update the value of clocks on the arrival of events 

- A hook for verification through model checking with for example UppAal will 
allow performing combined validation and verification of control functionalities. For 
that purpose either a model exchange data format must be created or conversions 
between the existing formats. 

By creating SDR models that combine TA, DE and CT semantics, timing 
properties can be utilized by the control logic to provide predictable timing properties. 
Those can be then conveyed to other layers or subsystems of the containing ES. The 
size limitations in model checking as a result of the state space explosion can be 
overcome by validation through simulation. A hook for UppAal can allow verification 
of critical control logic parts. A combination of verification and validation of the 
overall system combined will enable higher robustness and predictability. 
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