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Abstract We present recent work of the
“UpPAAL-group” at the Department of Computer
Systems of Uppsala University. The work aims at
developing a common framework for automatic syn-
thesis of executable code with guaranteed timing
constraints, from high level design models.

Motivation

A key facility of many commercial tools for develop-
ment of embedded software is to automatically syn-
thesize fully executable code (i.e. code generation)
from design models. However, few of the existing
tools are capable of producing software with pre-
dictable timing behavior, i.e. code which is known
a priori to satisfy given timing constraints. In fact,
most of the commercial tools trust the software de-
veloper to resolve the timing issues that arises when
the generated code should be executed on a specific
target platform, such as e.g. analysing if all tasks
will meet their deadlines.

In contrast, research tools for real-time systems
such as UpPAAL [4] and Kronos [2] are often ded-
icated to analysis and abstraction of formal high-
level design description. This has proven useful for
finding errors and checking correctness properties
in many case studies, e.g. [5], However, it provides
little or no support for producing the actual pro-
gram code to be executed in the final implementa-
tion.

In this work, we combine results and ideas from
model-checking, scheduling, and synchronous pro-
gramming to develop a framework for the develop-
ment of real-time embedded systems. The goal is to
support, on one hand formal specification, valida-

tion, analysis design, and on the other code synthe-
sis that guarantees that certain timing constraints
are meet when executed on the target system.

Code Synthesis

We propose a way of synthesising code from timed
automata models, which has a predictable timing
behavior. Inspired by the design philosophy of syn-
chronous languages e.g. Esterel [1], we assume that
the underlying real-time operating system guaran-
tees the synchrony hypothesis'. We extend the
model of timed automata by associating with each
node a task (or several tasks in the general case).
A task is assumed to be an executable program
with two given parameters: its worst case execution
time and its deadline. An example of the resulting
model, called executable timed automata, is shown
in Figure 1.

Intuitively, a discrete transition in an executable
timed automaton denotes an event releasing a task
and the clock constraints (guard) on the transition
specifies all the possible arrival times of the associ-
ated task. When the task is released it is inserted
into the ready queue of the operating system. Note
that in the simple automaton shown in Figure 1,
an instance of task A could be released before the
preceding instance of task P has been computed.
This means that the scheduling queue may contain
at least P and A. In fact, instances of all four tasks
may appear in the queue at the same time.

IThat is, the operating system calls take little time com-
pared to the execution times and deadlines of the tasks.
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Figure 1: A system with 4 tasks, one associated
with each node. The tasks P and Q are periodic
with periods 20 and 40 respectively (specified by
the constraints: x==20 and x==40). The tasks A
and B are sporadic or event driven (by the events
a and b respectively). The pair of numbers in each
node give the computation times and deadlines of
the task respectively.

Schedulability Analysis In the model of exe-
cutable timed automata, tasks in the ready queue
are executed according to a chosen scheduling strat-
egy, e.g. earliest deadline first. In [3], it is shown
that the schedulability problem can be checked by
reachability analysis for non-preemptive tasks. The
problem is equivalent to showing that all reachable
states of the automata are schedulable. We are
working on extending this result to more general
execution models (e.g. preemptive tasks) and other
types of analysis (e.g. maximum length of the ready
queue).

Synthesizing Code for Controllers Timed au-
tomata annotated with tasks, as described above,
are used as a design model of a control program.
The discrete transitions (i.e the control structure)
of the automaton and the associated tasks are im-
plemented using a small set of (common) system
calls and assumes that light-weight threads are pro-
vided by the underlying real-time operating system.
This enables code synthesize for a variety of differ-
ent target platforms. As a result, if an automa-
ton is schedulable and the synchrony hypothesis is
guaranteed by the underlying operating system, the
generated code will when executed meet the con-
straints (timed and other) imposed on the tasks.
We have implemented a prototype that synthe-
sizes C-code for the legOS operating system. legOS
runs on the LEGO Mindstorm control brick that
is equipped with an 8-bit Hitachi micro-controller.

This hardware is rather typical for embedded sys-
tems of the kind we are targeting. Our prototype
has so far given us promising evidence that our ap-
proach is viable.

A Small Example The implemented code gen-
eration has been used to generate a control program
for th conveyor belt shown in Figure 2. A light sen-
sor detects the color of the bricks on the belt, and a
program controls the arm at the end of the belt so
that all black bricks are being kicked off the belt,
whereas all red bricks reaches the end of the belt.

Figure 2: A conveyor belt built in LEGO.
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