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Abstract

We introduce MacBeth, a language for the behavioral
specification and programming of real-time applications.
The aim of the language is to provide a way to specify
systems in which timing and state are first-class objects.
It does so at a higher level of abstraction, in a general
way, yet in a formal, concise and efficient fashion.

1 Introduction

One of the main purposes behind the introduction
of a new programming language is to allow the user
to specify entities in the “problem space” more directly
and closer to the problems to be solved or implemented;
in short, at a higher level of abstraction with respect to
the domain. Although programs have representations in
bits and machine code, it has been long recognized that
abstraction is a fundamental feature for achieving prac-
tical use of a language. In the realm of reactive and real-
time systems, devices and applications typically have
been programmed in fairly low-level languages, much
closer to the hardware and operating system than to
the system being programmed.

We introduce MacBeth, a language for specification
and programming real-time systems, that is, the do-
main of problems that MacBeth aims at is the behav-
ioral specification and programming of real-time appli-
cations, in which timing and state are first-class objects.
The aim of the language is to provide a way to do so at
a higher level of abstraction, in a general way, yet in a
formal, concise and efficient fashion.

MacBeth is designed to be amenable for analysis:
the purpose of MacBeth is not just to produce bet-
ter code but to produce correct code faster and in a
structured, modular way. It is fundamentally a descen-
dant of the family of synchronous programming lan-
guages [6, 1, 2, 4], but introduces several new concepts.
On top of the concurrency, synchrony, hierarchy and
broadcast communication that synchronous languages
feature, MacBeth provides new or substantially refined
features, such as:

e Asynchronous communication and execution

among components,

e Full language support for the execution of periodic
and event-driven tasks,
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e Extended, flexible transition expressions,

e Simplification of basic common constructs and new
elements for representing common features, such as
exceptions, alarms, interrupt handlers, etc., and

e Encapsulation, modularization, more structuring
and parameterization of modes.

MacBeth is a language based on a representation of
the state space of the system that provides synchronous
and asynchronous constructs both for communication
and execution. It lets the user control the parts of the
specification that are synchronous and the parts that are
asynchronous in a flexible way. It is based on notions
of processes, channels, modes and transitions. The pro-
cesses represent asynchronously executing structural en-
tities in the system, and channels represent synchroniza-
tion and data transfer between processes. The modes
represent partitions of the state space of processes, and
transitions represent mode changes in the state space
(i.e., execution control flow).

The approach is more functional in nature than tradi-
tional state-based formalisms and it is more structured,
emphasizing modularity. The language encourages pro-
grammers to take advantage of the hierarchy, but users
can still make full use of sophisticate state-transition
behaviors.

From a practical point of view, the concerns are suit-
ability of the language for specification, programming
and implementation of real-world reactive and real-time
systems and protocols. From an analytical point of
view, the concerns are its formal semantics and the suit-
ability for formal analysis.

The purpose of this paper is to overview MacBeth in-
formally by touching on the major part of the language.
Section 2 discusses the computation model assumed by
MacBeth and where it fits in the spectrum of formalisms
for protocols and real-time/reactive systems. Section 3
introduces MacBeth by a series of examples. Section 4
offers a summary of the language features and future
avenues for work. The full report on MacBeth [9] con-
tains more details, specifically, it contains more details
concerning the formal underpinnings of the language.

2 MacBeth Model
Synchrony vs. Asynchrony

The spectrum of formalisms for protocols, reactive/real-
time, parallel and concurrent finite state systems can be



roughly classified in two groups, based on the main un-
derlying computation model they use: the synchronous
approach (Modechart [6], Esterel [1], Lustre [2] and
S/R [7]) and the asynchronous approach (UNITY [3],
SPIN [5] and VFSM [10]).

MacBeth provides an integrated approach for model-
ing both aspects of a system. These aspects differ in the
execution model for parallel and concurrent processes.
Processes are said to execute asynchronously when no
assumption is made about their relative execution rates
or speeds. In the synchronous approach, process ex-
ecution takes place theoretically instantaneously, with
respect to their environment— they execute like parallel
FSMs (finite state machines), in lockstep.

Specification vs. Programming

We have referred to MacBeth as a specification, mod-
eling and programming language. Some formalisms are
modeling languages and provide no path to implemen-
tation. Others do not provide anything but a path to
implementation (programming languages).

MacBeth provides a single language suitable to spec-
ify both the environment as well as the system imple-
mentation. Section 3 shows some examples that are per-
fectly implementable in a deterministic computer sys-
tem (we call these programs) and others that are not
implementable (we call these specifications). Typically,
a complete specification will contain a part that is sub-
ject to implementation and the rest is supporting the
assumptions made about the environment surrounding
that part. Some other times, programmers may prefer
to start with a very abstract version of the system that
is not implementable and proceed via stepwise refine-
ment until they accomplish their implementation goals.

MacBeth provides constructs to express non-
deterministic choices in outgoing transitions, as well as
constructs to denote static priorities among them. Mac-
Beth also offers support for hard timing constraints as
well as unbounded timing constraints allowing transi-
tions to be taken based on, for example, at least T' time
units, or at most T time units.

3 MacBeth by Example

We now start introducing MacBeth by code frag-
ments that illustrate some of the features of the lan-
guage. The syntax of the language can be found in [9].

3.1 Modes

Modes are the basic building blocks for designing
MacBeth programs and specifications. They represent
partitions of the state space of the system. The mode
structure of a MacBeth program describes a hierarchi-
cal arrangement of the state space of the system under
specification. Transitions from modes to modes allow
the specification of changes in the control flow and have
labels denoting expressions that may trigger the transi-
tion. The simplest mode represents states in the system.
Several modes can be combined to form other modes
enclosing them in their parent mode, which determines

their execution behavior, acting as either a parallel or a
serial operator: serial modes operate in exactly one of
the child modes at any time (one of their children must
be designated as the initial mode), and parallel, where
all sub-modes are active simultaneously.

The simplest MacBeth program is a single (anony-
mous) state with no sub-states and no transitions out
of it. This code fragment just halts: { }. Consider
now the example of a motor controller program consist-
ing of a serial mode called controller with an active
mode and an inactive mode. The controller mode is
a serial mode (by default if not otherwise specified):

mode controller {
mode inactive { Ce }

mode active { Ce }

}

The inactive mode is entered when controller is en-
tered, since it is the initial mode of controller, having
been specified first inside it. We now expand the code
segment above to show the inputs, ReqOn and ReqOff
and one output, called Motor.

mode controller {
input ReqOn, ReqOff;

output Motor = "active;

mode inactive { when ReqOn -> active; }
mode active { when ReqOff -> inactive; }

}

Inputs and outputs in MacBeth are similar to signals
in Esterel and wires in hardware description languages
like S/R. The Motor output is bound to the expression
~active, which denotes the entrance of mode active.
Thus Motor will be present at exactly the time instants
when the active mode is entered. The controller starts
inactive. When ReqOn becomes present, controller
transitions to active. It remains in active until the
Req0ff input arrives, at which time the controller tran-
sitions to inactive. The when statements specify tran-
sitions among modes. Without going into detail, by
default, transitions taken become effective one time in-
stant after they are taken. Consider now this code,
which extends the controller code:

mode controller {
input ReqFwd, ReqBack, ReqOff;
output Motor = “active;

mode inactive { when (ReqFwd | ReqBack) => active; }
mode active {
mode stopped {
when ReqFwd -> fwd
| RegBack -> back;
}
mode fwd { when ReqStop -> stopped; }
mode back { when ReqStop -> stopped; }
when ReqOff -> inactive;
}
}

The modes stopped, up and down are all serial chil-
dren of active, with stopped being initial. We have




eliminated the ReqOn input and changed the transition
expression from the inactive mode to active to account
both the new ReqFwd or the ReqBack input signals. No-
tice also the new separator => for the when expression,
specifying that this transition is to be taken immedi-
ately (i.e., within the same time instant).

Besides being serial or parallel, modes can have other
attributes, which are introduced to simplify the syntax
of complex MacBeth programs as well as enhance the
semantics of regular modes in ways that are commonly
found in practice.

Terminal Modes

Terminal modes are regular modes that embody a
notion of termination: in essence they are sink states,
i.e., with no outgoing transitions but possibly with chil-
dren. Transitions in other parts of the program can
check whether the parent mode to a terminal mode has
terminated. A terminal mode without children termi-
nates immediately. A terminal mode with children ter-
minates when one of its children terminates. Consider
the situation of the controller specified above. Suppose
that the controller via some events, can decide to go
into an “out of service” mode that is never left, i.e., the
controller must be restarted from the outside in order
to become functional again:

mode controller {

mode active {
when ReqOff -> inactive;
| ... -> out_of_service;

}

terminal out_of_service { . }

}

The purpose of terminal modes is to explicitly denote
termination, so that other code outside of the parent
mode use it in transition expressions. Modes outside
the controller may have transitions based on this state.
Typically, this is used in polling situations, where some
part of the specification is periodically checking on the
status of some other part for termination.

Exceptions and Handler Modes

Another type of mode that helps in complex system
specification and programming is the ezception mode.
Exception modes are modes with no children and no
outgoing transitions. While terminals are suitable for
polling scenarios, exceptions are suitable for on-demand
(or interrupt-based) situations, such as error conditions,
alerts or interrupt requests:

mode controller {

mode active {
when ... -> raise error;

}

}

Exceptions, unlike terminals, must always show in the
interface of a mode, unless they are “handled” inside.

Exceptions in MacBeth are inspired by exceptions in
Standard ML.

Exceptions in MacBeth must always be handled, and
that is the purpose of handler modes. Handler modes
must always be external to where the exceptions are
raised.

mode system {

mode controller { ... }
handle controller.error { // handler code }

}

For all purposes it is as if a direct transition from the
exception mode to the handler mode exist. The handler
thus must be serial to the mode that it is handling. This
syntax allows modes external to where the exception is
raised to handle it without knowing the actual inter-
nal structure of the mode raising the exception. Sim-
ilarly, exception raised do not need to know how they
are handled. In effect, this helps in abstraction, reduces
complexity and helps in code reuse.

3.2 Transitions

The control flow of the system takes place, as we have
seen above, vie transitions. The smallest mode com-
pletely containing the source and destination modes of
a transition must be a serial mode. Transitions have
transition expressions associated to them. When the
transition expression becomes triggered, it may be taken
and control moves from the source mode to the desti-
nation mode of the transition.

Deterministic and Non-Deterministic Transition
Expressions

This segment is a deterministic version of the previ-
ous code for stopped:

mode stopped {
when [ReqFwd; wait START_DELAY] -> fwd;
when [ReqBack; wait START_DELAY] -> back;

}

Before, if ReqFwd and ReqBack were to be present simul-
taneously, the destination of the transition would be a
non-deterministic choice between fwd and back, while
here, fwd takes precedence over back.

Timing Transition Expressions

Timing transition expressions in MacBeth boil down
to an ordered pair (Ib,ub), where lb is the lower bound
or minimum delay of the transition and ub is the upper
bound or deadline. The delay is a non-negative integer
and the deadline is an integer equal or greater than the
delay or inf, which denotes an unbounded deadline.
Unless the delay and the deadline are the same, these
expressions may introduce non-deterministic behaviors
in specifications. Several constructs are build on top of
this notation to introduce convenience, expressiveness
and implementation constraints/hints.

3.3 Processes and Channels

In real systems, behavior is implemented in programs
and programs run enclosed in processes, which are units
of structuring, scheduling, naming, and containment.



Large applications are partitioned in collections of in-
teracting processes, each assigned to one CPU, sched-
uled according to its needs. Processes typically provide
a namespace within a program and offer a view of mem-
ory that contains the actions of the program.

MacBeth has a similar notion of processes. The com-
pilation process maps into the traditional notion of pro-
cess in real-time operating systems. MacBeth processes
enclose other processes, which ultimately contain modes
as behaviors. Behaviors, as we have seen above, have
global, broadcast namespace, where events in one part
of the behavioral specification is seen synchronously by
all the specification and may trigger other events. Pro-
cess execution is asynchronous, i.e., processes are as-
sumed to execute independent of one another (mod-
ulo inter-process communication/synchronization). The
inter-process communication is typically classified in
blocking and non-blocking communication.

Channels and Bindings

MacBeth provides channels as the communication el-
ement between processes. A channel connects an in-
put port to an output port. Processes (as and ulti-
mately modes) have ports in them to perform commu-
nication with other processes (and their modes). Chan-
nels can be specified to be blocking, non-blocking, lossy,
buffered, unidirectional, bidirectional, etc.

process table {
chan { bidirectional } c0, cl, c2, c3;
process pO = phil; // four instances of phil
process pl = phil; // running asynchronously

phil;

phil;

// channel bindings in a ring

bind pO.left -> c3 -> p3.right;

bind p3.right -> c3 -> p0.left;

process p2

process p3

bind p2.right -> ¢c2 -> p3.left;
}
Consider the classic distributed dining philosophers:
four philosophers in a ring, each with three states: hun-
gry, eating and thinking. The interface, includes only
two ports, left and right, which are used to send and
receive the fork tokens from the neighboring philoso-
phers. We set up some phil processes in a cycle, en-
closed by a process called table. The table process
does not have behavior of its own, it is only a container
of the other processes and the channels that communi-
cate them. We arrange the (static) connections between
the ports via the channels (which have been specified to
be bidirectional) using bind operations.

Tasks and Parallel modes

In MacBeth it is possible to specify that tasks exe-
cute with timing constraints, such as calling arbitrary
C code with periodically while a mode is active. In
the philosopher example, inside hungry mode, instead
of getting the right fork fork first and the the other one
second, we could have specified the two modes to be
in parallel to pick up the forks independently and then
waiting for them after we have both forks.

4 Summary and Future Work

We outlined MacBeth, a language for specification
and programming the behavioral specification and pro-
gramming of protocols and reactive/real-time applica-
tions. The aim of the language is to provide a way to
do so at a higher level of abstraction, in a general way,
yet in a formal, concise and efficient fashion.

MacBeth introduces several new concepts. On top
of the concurrency, synchrony, hierarchy and broad-
cast communication present in existing synchronous lan-
guages, MacBeth provides new features, such as asyn-
chronous communication among components, language
support for the execution of periodic and event-driven
tasks with timing constraints, extended and flexible
transition expressions, simplification of basic common
constructs specific to real-time systems, encapsulation,
modularization, as well as static typing, structuring and
parameterization of state diagrams.
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