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Abstract

Writing and validating software requirements for embedded systems present particularly difficult problems. The Software is required to interact with a variety of analog and digital components in its environment and must be able to detect and recover from error conditions. The Environment imposes strict performance constraints like bounded response time and memory. Thus, most of these systems are reactive in nature and their behavior can be described by a set of languages called synchronous languages. Our goal in this report is to present the theoretical and practical foundations of synchronous programming of reactive systems, mostly focusing on a language called Esterel. This report aims to bring out the intuition behind using such a language to model reactive systems and studies some of the tradeoffs in using such synchronous languages in contrast to other synchronous languages that adopt a different programming style and also classical concurrent programming languages.
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1. Introduction

Synchronous languages are based on the perfectly synchronous concurrency model, in which concurrent processes are able to perform computation and exchange information in zero time, at least at the conceptual level. The Synchronous model is well suited to a wide spectrum of computer applications ranging from hardware circuit design to real-time process control that includes embedded systems

2. Reactive Systems and Programs

Reactive Systems have been defined as computing systems that constantly react 

to stimuli from the environment, when this environment is unable to synchronize logically with the system. In other words, the environment cannot wait and the system has to respect strict real-time constraints such as timely response and bounded memory. Real time process controllers, digital watches etc. are examples of reactive systems. This class of system has been proposed so as to distinguish them from transformational systems – i.e. classical programs that compute output values from a set of input values and then terminate – and from interactive systems which interact continuously with environments that have synchronization capabilities (for instance operating systems). Generally, interactive systems are non-deterministic i.e. given an input sequence and the physical time, the output sequence is not unique.

On the other hand, Determinism is an important characteristic of reactive programs. Such programs are one order of magnitude easier to specify, debug, and analyze than non-deterministic ones.

Reactive systems apply mainly to automatic process control systems and systems involving man-machine interfaces where the response time is small. Generally, these systems have the following characteristics:

· Parallelism: They operate in parallel with respect to their environment. These systems can be decomposed  into concurrent sub processes that cooperate with each other deterministically 

· Time constraints:  They adhere to strict time constraints such as input frequencies and input-output response times
· Determinism:  They produce identical output sequences when fed with identical input sequences

It is often convenient to consider reactive programs as composed of three layers:

· An interface with the environment that is in charge of receiving inputs and transmitting outputs

· A reactive kernel that contains the logic or behavior of the system.

· A data handling layer that performs classical computations requested by the reactive kernel.
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Figure1.  A Reactive System

2.1 Implementing reactive programs

The model used to implement a reactive system is described as follows: At Startup, the system memory is initialized and then for each input event that comes from the environment, computations are performed and memory of the system is updated. A Reactive program is basically implemented by an automaton: The valuations of memory correspond to the states in the automaton and each transition in the automaton basically corresponds to what is called a reaction. A Reaction usually involves many computations.

We present in this section, some of the tools used to program reactive systems and highlight some of their drawbacks.

· Finite State machines: These have excellent and measurable run-time efficiency. However, these automata are purely sequential therefore combining several concurrent automata into one is never an easy task. 

· Sequential tasks running under the services provided by a “real-time” operating system: These provide concurrency by splitting a large system into smaller communicating tasks. However, the internal program behavior is non deterministic and execution times are hard to control.

· Concurrent programming languages: They provide the user with interface and data handling facilities that allows him to program all the three layers of the reactive system. However, these are typically non-deterministic and incur substantial execution time overhead. 

3. The Synchronous Model

All the above mentioned techniques force the user to choose between determinism and concurrency, because these base the communication between the concurrent processes on asynchronously implemented models.  Thus, we need a proper model to express concurrent computations that incorporates the following:

· Atomicity of Reactions: Reactions should not compete with each other. There should be a clear way to know when a program reaction is complete before handling further events from the environment.

· Proper handling of temporal primitives: There should be a mechanism in our model that actually enforces the temporal primitives to be accurately executed.

· Same perception of the environment by concurrent processes: each concurrent process should have a consistent view of the environment at each instant

The synchrony hypothesis [4] proposed by Gerard Berry handles the above requirements by proposing the following:

· Each Reaction is assumed to be instantaneous. In other words, we now have a discrete view of time wherein the time scale is broken down into logical instants. This implies that each reaction is atomic.

· Each Reaction therefore takes no time with respect to the external environment that remains invariant during the reaction.

· Each sub process takes no time with respect to other sub processes; Inter process communication is done by internal broadcasting events that take no time. Therefore, each process has a consistent view of the external environment.

4. Synchronous Styles and Languages


Synchronous languages are languages that are based on the synchronous model and such languages provide “idealized” primitives that allow programmers to think of their programs as reacting instantaneously to external events. In the following sections, we present two distinct programming styles: Dataflow and Imperative.

4.1 Synchronous Dataflow approach


A dataflow approach can capture the behavior of a reactive system in terms of a functional model with no complex side effects. It is also a parallel model where any sequencing and synchronization arises from data dependencies. However, in order to tackle the problem of time we need to relate time with the index of data in flows. This is exactly the approach followed in the language LUSTRE where they have a concept of flows which is a pair made up of (1) a possibly infinite sequence of values of a given type ,and (2) a clock, representing a sequence of times where the respective values are assigned.  For a more detailed treatment on LUSTRE refer [1].

4.2 Synchronous Imperative approach


Synchronous Imperative formalisms aim at providing a modular way of describing control-intensive reactive behaviors. The basic principle here is to help the user to write things once (WTO). The WTO Principle forms the basis of loops, procedures, higher-order functions etc. This programming style is followed in the language ESTEREL that achieves the WTO principle using the cooperation of sequencing, concurrency, and preemption constructs in its syntax. 

5. Why use Esterel?

In this section, we introduce an Example specification to illustrate the use of WTO principle in Esterel [4].

emit an output O as soon as two inputs A and B have occurred. Reset this behavior each time input R occurs.

It would be perfectly reasonable for one to ask the following question at this point: Why bother with Esterel, when I can describe this behavior using a Mealy machine?. So, let us first try to model this behavior using a Mealy machine. The way we do this is as follows: We build a deterministic automaton in which each transition arrow bears an input/output label. A transition label contains input signals preceded by either ‘?’ for presence or ‘#’ for absence and output signals preceded by ‘!’. Hence, the Mealy machine can be seen a folding of all possible traces into a single graph.

If we look at the automaton [refer figure 3], we find that a signal appears several times, unlike in the original specification. Also, the size of the automata grows exponentially with the number of signals. This makes it unreadable and difficult to maintain.
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Figure 3. The Mealy Automaton for the example specification

Let us now rewrite this in Esterel. The Specification in Esterel reads as follows:

       module ABRO;

   input A, B, R;

   output O;


loop



[await A || await B];



emit O;
   

each R

end module
In each reaction a signal is has a unique presence/absence status. The “await A” instruction waits for A and terminates when A occurs. A parallel combination of statements terminates when both the branches are terminated. Note that the synchronization time is zero. The sequencing operator “p;q” instantaneously transfers control to q when p terminates. The “loop p each R” is a preemption operator. The behavior is as follows: The body p is immediately started and it runs freely until the next instant where R occurs. In other words, the body is preempted when R occurs.

We see that the behavior is that of the Mealy machine, but the writing is much better by using these sequencing, concurrency, and preemption constructs, each of them being indispensable. 

5.1 General Operational Model in Esterel

In Esterel, signals form the means of communication between the system and its environment and also between concurrent sub processes. A program does not react continuously to the environment. Two different phases are distinguished: the program is reacting or it is idle.  When the program is idle, arriving signals on input lines are collected, but not yet propagated to the program. The change from the idle to reacting phase is effected by an activation event (or clock). Whenever the activation event happens, the gathered with a special signal tick make up the input event and are provided to the program (Figure 2).
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The program may test the presence or absence of signals, start parallel branches, emit outputs etc. All output signals emitted during the reaction form part of the output event. The reaction is complete if the program halts. Then all signals of the output event are made available to the environment and the program is idle again. 




Figure 2 Discrete Model of Time

5.2 The Language Esterel

In Esterel, Statements are imperative. A statement starts in some instant t, remains active for a while, and may terminate in some instant t’>t. A statement is instantaneous if t’=t. In other words, we can classify statements into two main categories: (1) statements that take time and, (2) statements that take zero time (at least conceptually).
The module is the basic programming unit. It consists of an interface that consists of the input and output signals that is used for communicating between the system and the environment.

Simple statements of Esterel are:

· emit for emitting signals

· halt for freezing further computation of a reaction in this instant

· signal to introduce local signals

· module for “structuring” in the large

Compound statements of Esterel:

· present to test for presence or absence of signals.

· [..||..||..] for parallel execution i.e. each branch represents a concurrent process.

· loop for executing a loop body forever

· watching for hard preemption of a guarded statement

· trap for weak preemption

The only way for a statement to take time is to involve it with a halt statement. Thus, all temporal manipulations would require us to use a combination of halt and watching statements. For instance “await S” looks for the next occurrence of S and is expanded into the following: “do halt watching S”.
5.2.1 Basic Constructs in Esterel

Esterel provides us a mechanism that guarantees us the following:
· Process Starting: The body of a module is instantly started.

· Process Termination: A body can be preempted , thus providing for instantaneous process termination

· Inter-Process Communication: This is achieved through instantly broadcasting events i.e. communication between concurrent processes takes place in zero time delay.

We present in this section, some of the basic constructs supported by Esterel to achieve some of the above mechanisms. For a more detailed description of all the constructs in the language, refer [4]

(1) Watching

The basic statement for programming reactions is watching. It executes a statement guarded by a watchdog:

do 

   loop

       emit a;

       await tick;

  end loop

watching S

The guarded statement in this case is the loop. The loop would never terminate, if not for the watching. The watching statement can be looked at from two perspectives: (1) acts as a watchdog for the body. If the watchdog signal is emitted the body is instantly preempted and, (2) helps to prioritize signals. For instance the signal S has more priority than the signal tick.

(2) Traps

Used for weak preemptions from inside. It defines a context, which is left instantaneously if a corresponding exit statement is executed.


trap T1 in 


    exit T; % Similar to the Exception handling Mechanism 



end trap

(3) Signal

Details of communication between program components can be hidden from outside using this construct. These signals are like input and output signals in the sense that they belong to an instant. They are broadcasted like all other signals but are only visible within their scope

signal s1,s2 in body end signal  %   s1, s2 are only visible to




    

      %
 statements in body
5.2.1 Main features of Esterel

Following are some of the main features that we found useful in the language:

· Preemptive Behavior: In Esterel, the essence of programming consists of controlling the life and death of activities (Process creation and Process Termination) using preemption structures. Now, preemptions can be nested to express priorities in a natural way

· Exceptions: Esterel supports an exception mechanism that is fully compatible with the idea of concurrency

· Data handling: by default, data-handling operations are assumed to be instantaneous, as in data-flow languages. There is also a provision to call external computations that take time.

· Determinism: It is guaranteed by the signal sharing laws and rules for variable updates. The Esterel Compiler checks for causality errors. 

6. Comparison of Esterel programs with programs in other modeling languages

We use the Case Study of the “Clean Room Modeling “refer [7] to guide our comparisons. The criteria we used for our evaluation was the following:

(i)   Ease of Readability and writability of the specification.

(ii)  Provision for describing modular ways for description of control behavior

(iii) Support for static analyses and interpretation of the models

(iv) Compilation into minimal automata

(v)  Provision for Specification of verification properties in the language 

From the above mentioned case study, we observed the following when modeling using the Esterel language:

· The Specifications are somewhat harder to read and understand compared to specifications in LUSTRE refer [1] or RSML-e refer [6]. This is again dependent on the nature of the specification we are trying to model. In general, if the specification has many events that need to be prioritized into a given way, then such specifications are a good fit for Esterel.

· The Specification is much more concise (although not very expressive) than specifications modeled in RSML-e or LUSTRE 

· It provides a good way to compartmentalize various functionalities (using the module construct) thus, providing for modular decomposition of a reactive system and encouraging reuse.

· It provides a clean way to handle priorities (especially when the underlying structure is nested). 

· The Tool support (with regard to debugging) for Esterel (at least in the academic version) was not all that good when compared to the LUSTRE and RSML-e tool environments. (The commercial version is supposedly much better in this regard). The RSML-e environment has excellent visualization and simulation capability.

· The Generated C-automata is huge (about 1000 lines for the “Clean Room Example”) 

7. Summary

    We have presented the main features of the language Esterel which is based on the perfectly concurrency model advocated by the synchrony hypothesis. Such a model would help simplify the design process of reactive systems by separating away the qualitative aspects of the system from quantitative aspects like reaction times etc. We have also evaluated it’s suitability for programming reactive systems by comparing it with other synchronous languages.  
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