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Abstract

The paper discusses the use of formal methods for the anal-
ysis of architectural models expressed in the modeling lan-
guage AADL. AADL describes the system as a collection of
interacting components. The AADL standard prescribes se-
mantics for the thread components and rules of interaction
between threads and other components in the system. We
present a semantics-preserving translation of AADL models
into the real-time process algebra ACSR, allowing us to per-
form schedulability analysis of AADL models.

1 Introduction

Embedded systems, which now affect most aspects of our
everyday lives, are used in a variety of systems from airplanes
and cars to medical implants to kitchen appliances. Driven
by improvements in hardware technologies and increased end
user expectations, embedded systems are becoming increas-
ingly more complex. Enhanced multi-feature functionality
and commonplace use of multi-processor and networked plat-
forms makes correct and efficient design of embedded sys-
tems a hard task. There is a commonly recognized need for
new development frameworks that allow designers to perform
efficient exploration of design alternatives and analyze system
properties early in the design cycle.

Model-driven development, boosted by the popularity of
UML, has become an accepted practice in the design of
software-based systems in many application domains. Model-
driven development methods are also starting to have an im-
pact on the process of design for multi-processor networked
embedded systems. Several proposals for UML profiles for
embedded systems have been defined, for example [12, 6, 3].
However, adequate modeling principles for architectural mod-
eling of large embedded systems do not have a universal
recognition. An important recent development in this respect
is the emergence of AADL. AADL (Architecture Analysis
and Design Language) [7] is a new standard for architec-
tural modeling of embedded systems, approved in Novem-
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ber 2004 and published as SAE Standard AS5506 [13]. The
standard includes textual and graphical versions of the lan-
guage, and precisely defines execution semantics for its com-
ponents. This semantic definition provides the basis for anal-
ysis of AADL models by off-the-shelf tools.

The AADL standard is complemented by an open-source
model development environment OSATE, which supports an
XML-based internal representation of AADL models and pro-
vides a library of model exploration routines, which operates
on the internal representation. This library helps to establish
connections with analysis tools.

In this paper, we describe an approach to provide formal
analysis of timing properties, including schedulability anal-
ysis, of AADL models, which utilizes the AADL semantic
definition and builds upon the OSATE framework. In order
to analyze a model, we automatically translate it into the real-
time process algebra ACSR [9] and use the ACSR-based tool
VERSA to explore the state space of the model, looking for
violations of timing requirements. The contributions of this
work are twofold. On the one hand, we offer a new analysis
tool for AADL. The advantage of the tool is that it can handle
systems with complex patterns of interaction between com-
ponents, which in AADL go beyond the scope of more tra-
ditional schedulability analysis algorithms. Furthermore, our
analysis tool offers a set of failing scenarios in the case when
the system is non-schedulable or violations of timing require-
ments are discovered. By carefully choosing the names in the
translated model we make it possible to present failing sce-
narios in terms of the original AADL model. It is also worth
mentioning that in the process of defining the translation, we
were validating the carefully defined but informal semantics
of AADL.

2 Overview of AADL

Components. The main modeling notion of AADL is a com-
ponent. Components can represent a software application or
an execution platform. A component can have a set of exter-
nally accessible features and an internal implementation that
can be changed transparently to the rest of the model as long as
the features of the component do not change. Implementation
of a component can include interconnected subcomponents.
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Figure 1. AADL model of a cruise control sys-
tem

The features of a component include data and event ports and
port groups, subroutine call entries, required and provided re-
sources. Interacting components can have their features linked
by event, data, and access connections. In addition, applica-
tion components can be bound to execution platform compo-
nents to yield a complete system model. Properties, specific
to a component type, can be assigned values that describe the
system design and can be used to analyze the model. Com-
ponent types are illustrated in Figure 1. Different component
types are shown as different shapes. Solid lines represent con-
nections, while dashed lines represent bindings.

Execution platform components include processors, buses,
memory blocks, and devices. Properties of these components
describe the execution platform. Processors are abstractions
of hardware and the operating system. Properties of proces-
sors specify, for example, processing speed and the scheduling
policy. Buses can represent physical interconnections or pro-
tocol layers. Their properties identify the throughput and the
latency of data transfers, data formats, etc.

Application components include threads and systems.
Threads are units of execution. Each thread has an associ-
ated semantic automaton that describes thread states and con-
ditions on transitions between thread states. A thread can be
halted, inactive, or active. An active thread can be waiting
for a dispatch, computing, or blocked on resource access; etc.
A thread can also be recovering from a fault or in the state of
non-recoverable error. Properties of the thread specify compu-
tation requirements and deadlines in active states of the thread,
dispatch policy, etc. Threads are classified into periodic, ape-
riodic, sporadic, and background threads. They differ in their
dispatch policies and their response to external events. A sys-
tem component is a unit of composition. It can contain ap-
plication components along with platform components, and
specifies bindings between them. Systems can be hierarchi-
cally organized.

Figure 1 shows an AADL model of a cruise control system,
borrowed from the collection of AADL examples in the OS-
ATE release. The system component contains two processors

connected by a bus, and two software subsystems. Each of the
subsystems is bound to a separate processor. Threads commu-
nicate via data ports. Note how features of a component — in
this case, in and out data ports — are mapped by connections
to features of its subcomponents.

Connections. Event and data connections between AADL
components form semantic connections. Each semantic con-
nection has an ultimate source and ultimate destination. Ulti-
mate sources and destinations can be thread or device com-
ponents.  Starting from an ultimate source, a semantics
connection follows connections up the component contain-
ment hierarchy via the outgoing ports of enclosing compo-
nents, includes one “sibling” connection between two com-
ponents, and then follows connection down the component
hierarchy until it reaches the ultimate destination. One of
the semantic connections in Figure 1 is between threads
RefSpeed in the system HCI and Cruisel in the sys-
tem CruiseControlLaws. This connection contains three
syntactic connections and is mapped to the bus component. A
sporadic or aperiodic thread, which is the ultimate source of an
event connection, is dispatched by the arrival of an event via
that connection. By contrast, periodic threads are dispatched
by a timer and therefore ignore external events, unless they
also bring data for processing.

Similarly, semantic access connections describe resources
required by a thread that is the ultimate source of an access
connection. A resource that serves as the ultimate destina-
tion of an access connection is typically a data component.
Properties of access connections specify concurrency control
protocol for a shared resource.

Modes. AADL can represent multi-modal systems, in which
active components and connections between them can change
during an execution. Mode changes occur in response to
events, which can be raised by the environment of the system
or internally by one of the system components. For example,
a failure in one of the components can cause a switch to a
recovery mode, in which the failed component is inactive and
its connections are re-routed to other components. The AADL
standard prescribes the rules for activation and deactivation of
components during a mode switch. The multimodal nature
of AADL models, along with the rich semantics for connec-
tions between components makes it difficult to apply standard
schedulability analysis algorithms that tend to target restricted
task models and communication patterns.

Language annexes. The mechanism of annexes allows users
to extend the core language with additional features. For ex-
ample, an error modeling annex defines additional properties
that describe reliability of the system components and a state
machine that specifies error states of the system. The use of
this annex enables reliability analysis of an AADL model.
A behavioral annex allows us to extend thread components
with a state machine that specifies computation performed by
a thread in more detail. Such a behavioral description refines
the default behavior of a thread and enables more precise anal-
ysis of the timing behavior of the system.
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3 Overview of ACSR

ACSR [9] is a real-time process algebra that makes the no-
tion of resource explicit in system models. Restrictions on si-
multaneous access to shared resources are introduced into the
operational semantics of ACSR, which allow us to perform
analysis of scheduling properties of the system model.

An ACSR model consists of a collection of processes that
evolve during the execution of the model. The operational se-
mantics of ACSR defines a transition relation, in which transi-
tions P, —— P» describe how process P} can evolve into Ps
by performing a step a. Rather than giving a formal descrip-
tion of syntax and semantics, which can be found in several
publications [9, 10], we show a pictorial representation for
processes. We also use an example that becomes more com-
plex as features of the formalism are introduced.
Computation and communication. ACSR processes can ex-
ecute two kinds of steps: computation steps and communi-
cation steps. Computation steps, which we call here timed
actions, or simply actions, take time and require access to a
set of resources in order to proceed. Access to resources is
controlled by priorities that are associated with each resource
access. Formally, an action is a set of pairs (r;, p;), where
p; 1s the priority of access to the resource ;. For an action
A, we denote the set of resources to be p(A). Communica-
tion steps, on the other hand, consist of sending or receiving
an instantaneous event. To avoid confusion with event ma-
nipulation in AADL models, we will refer to events in ACSR
processes as ACSR events. Communication also have priori-
ties associated with them. Figure 2, a shows a simple process
that performs a computation step using the processor resource
cpu, then performs another computation step that requires, in
addition, access to a shared bus represented as the resource
bus, and finally announces its completion by sending an event
done before restarting.

Resource contention and alternative behaviors. According
to ACSR semantics, a timed action cannot be performed if
the necessary resources are not available. The process that

tries to execute the step will be deadlocked, unless other steps
are available in the same state. To allow processes wait for
resource access, ACSR models introduce idling steps, which
do not consume resources but let the time progress, to allow a
process to wait for resources, as shown in Figure 2, b.
Temporal scope of an ACSR process. A process can oper-
ate in a temporal scope [11], which we represent as a shaded
background for the process, as shown in Figure 3. The scope
can be exited in one of the three ways: an exception represents
a voluntary release of control by the process, which is trans-
ferred to its exit point, represented pictorially as a white circle;
an interrupt represents an involuntary release of control, when
the control is transferred to a handler process and the activity
within the scope is abandoned; the last means of exit is a time-
out, which occurs a specified duration of time passes since the
scope was entered. Scopes can be nested. Pictorial represen-
tation may also use labeled arrows to indicate which inputs
and outputs can be performed by the process.

Parallel composition and preemption. ACSR processes
can be combined in parallel and interact in two ways. Pro-
cesses can instantaneously send and receive ACSR events.
Event communication follows the CCS style of synchroniza-
tion. The sender and the receiver of matching events take the
event step synchronously, performing together an internal step
labeled by a special ACSR event 7. For clarity, we also specify
the name of the ACSR event that generated the internal step,
writing the label as T@name. Alternatively, a process can
perform the step individually, unless the event is restricted.
Event restriction, therefore forces synchronization of the pro-
cesses within the scope of the restriction operator. The sec-
ond means of interaction is implicitly represented by resource
conflicts. Processes can perform actions, which take time to
execute and require access to a set of resources. Because time
progress is global, all processes have to perform action steps
together. The following rule for parallel composition speci-
fies that two processes can perform action steps concurrently
as long as resources used in each step are disjoint:
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Access to resources is guarded by priorities, and a process
with a higher priority of access can preempt the execution of
another process. The preemption relation is defined on actions
and events. For two actions A; and A, As preempts Aj,
denoted A; < A, if every resource used in A; is also used
in A, with greater or equal priority, and at least one resource
has a strictly greater priority. As a result of this definition, any
resource-using step will preempt an idling step (with an empty
set of resources). In addition, an internal step with a non-zero
priority will preempt any timed action to ensure progress in
the behavior of an ACSR model. The prioritized transition
relation for an ACSR process removes preempted transitions

from the transition relation.
Figure 3 shows our running example composed in parallel
with a driver process, which lets Simple complete one itera-
tion. The first action of the driver uses disjoint resources with
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Figure 3. Parallel composition of ACSR processes

the first action of Simple and thus they can proceed together.
However, the second action uses the same resource bus with
a higher priority of access and preempts the execution of Sim-
ple for one time step. Then, the driver has two alternative be-
haviors that prevent the process Simple from completing the
second iteration. One behavior forces an interrupt by sending
an ACSR event that synchronizes with the trigger of the inter-
rupt handler. The other behavior preempts Simple at the initial
state on the second iteration. The alternative idling step takes
Simple to the exception handler.

Parameterized processes. An ACSR process can be asso-
ciated with parameters that are changed during an execution
of the process. These dynamic parameters are used as vari-
ables that keep the history of the execution — for example, the
progress of time. At the same time, their use is more restricted
than variables (which ACSR processes do not have). Syntac-
tic rules limit the range of each parameter and thus ensure that
the parameterized model remains finite-state. The use of pa-
rameters in an ACSR process is illustrated in the next section.

4 Translating AADL into ACSR

4.1 Overview of the translation

The main steps of the translation are given by Algorithm 1.
Given the limited space, we do not discuss handling of modes
in the translation, which is, in general, quite involved. We also
omit handling of access connections, which requires encod-
ing of concurrency control protocols. We use the following
notation: P is the set of processors in the AADL model; 7T},
is the set of threads bound to processor p; E;™ (respectively,
E2"%) is the set of semantics event or data event connections

that have thread ¢ as the ultimate destination (respectively, ul-
timate source).

Algorithm 1 AADL to ACSR translation
forallp € P do
forallt € T}, do

generate a skeleton S for ¢ (Section 4.2)
generate an dispatcher D, for Ei™ (Section 4.3)
for all e € EY"* do

populate .S; with events e! (Section 4.4)

if e is mapped to a bus b then

populate Sy with resource b (Section 4.4)

for all e € E" do

generate the queue process for e (Section 4.4)

Continuing our cruise control example in Figure 1, the

translation produces six ACSR processes that represent
threads and six ACSR processes that represent dispatchers for
each thread. All connections in the example are data connec-
tions, thus no queue processes are introduced.
Assumptions and restrictions. The translation applies to
systems that are completely instantiated and bound. This
means that: 1) The system contains at least one thread
and at least one processor components. FEach thread has
to be bound to a processor; and 2) If the thread is non-
periodic (that is, aperiodic, sporadic, or background),
each in event port and in event data port must
have an incoming connection. In addition, each thread is
required to have the properties Dispatch_Protocol,
Compute_Execution_Time, and Compute_Deadline
specified. Each processor component that has
any threads bound to it must have the property
Scheduling_Protocol specified.



The current version of the standard AADL assumes that
threads in the system are synchronized with respect to a global
clock. This assumption matches the timing model of ACSR.
In addition, we assume that time is discrete. That is, time is
partitioned into fixed-size scheduling quanta and all schedul-
ing decisions are made at quantum boundaries. This assump-
tion means that if a thread is blocked on access to any shared
resource, it remains blocked for the remainder of the quantum
and any computation performed in this quantum has to be re-
peated. It also means that access to shared data is modeled as
taking the whole quantum, since only one thread can gain ac-
cess to it during the quantum. As a result of this assumption,
analysis will overapproximate timing behavior of a thread and
may result in false reports of deadline violations. Precision
of the timing analysis can be improved by making scheduling
quanta smaller, which tends to increase the size of the state
space that needs to be explored. We also assume that the time
of data and event delivery across connections in the AADL
model is significantly smaller than the scheduling quantum.
This assumption allows us to model communication between
thread as instantaneous.

4.2 ACSR skeleton of a thread component

Each thread is translated into an ACSR process indepen-
dently, based on 1) its timing parameters and other proper-
ties; 2) its associated connections; and 3) its shared resources.
The overall structure of the ACSR process skeleton for a
given thread is shown in Figure 4. It directly corresponds
to the thread semantic automaton given in the AADL stan-
dard. We refer to this process as the thread skeleton, because
steps within this process can be extended depending on the
event and access connections of the thread, scheduling proto-
col property, etc. Refinements of the skeleton are discussed
below. Note that subprocesses of the ACSR thread process
can be partitioned into two groups. In one group, the thread is
idle waiting for some external event, such as activation or dis-
patch. In the other group, thread executes some activity, such
as activation, deactivation, finalization, or normal computa-
tion. These subprocesses relinquish control to the complete
exit point when the activity is complete, or a timeout occurs
when the deadline is reached. The dashed transitions reflect
the differences in execution semantics for different kinds of
threads. Specifically, recovery is required for sporadic and
aperiodic threads when a mode switch occurs during the exe-
cution. On the other hand, background threads are dispatched
immediately upon initialization. Note the ACSR event done,
sent when the execution of the subprocess Compute com-
pletes. That event is received by the dispatcher process of
the thread (see below).

An ACSR process representing a thread in the Com-
pute state is shown in more detail in Figure 5. The pro-
cess has two static parameters: minimum c¢;,;, and maxi-
mum ¢,,q, execution times. They are taken from the prop-
erty Compute_Execution_Time of the thread component,
which gives the range of the execution times. The process is
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Figure 4. ACSR representation of a single
thread component

indexed by two dynamic parameters, e and ¢. Parameter e
represents the amount of execution time that has been accu-
mulated by the thread in the current dispatch. Parameter ¢
represents the total amount of time elapsed since the dispatch.

As the process executes, it performs computation steps that
require resource cpu, representing the processor to which the
thread is mapped. In addition, an additional set of resources
may have to be used, according to the access connections of
the thread. This set of resources is generically denoted R.
Each computation step increases both dynamic parameters of
the process. When the thread is preempted by a high-priority
thread, it cannot perform the computation step and moves to
the Preempted state. There, it performs actions that use re-
sources in R, but not cpu. These steps increase parameter
t, but not e. After the number of computation steps exceeds
Cmin, the process can exit its scope via the complete exit point
and return to the AwaitDispatch state. Once the ¢, 4, has been
reached, the process is forced to leave the Compute.

As an example of the skeleton refinement, consider again
the cruise control model shown in Figure 1. Two of the
threads, DriverModeLogic and RefSpeed have outgo-
ing data connections that are mapped to the bus. Thus the bus
is modeled as a shared resource that these threads need to ac-
cess. Output on a data connection is produced as the thread
completes its dispatch. Thus the last computation step of the
Compute state uses both cpu and bus as resources. In all other
computation steps in these threads, and all computation steps
in the other threads, have R = () and access only cpu.

Some of the subprocesses shown in Figure 4 may be ab-
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Figure 5. ACSR process for thread computation

sent in the ACSR representation of the task. For example,
if the AADL model has only one mode, then subprocesses
ThreadActivate and ThreadDeactivate are not present.

4.3 Tread dispatcher

An AADL thread is dispatched according to its dispatch
policy. This policy is captured by the dispatcher process that
is generated for each thread in addition to the thread skeleton.
The dispatcher sends the dispatch event to the thread skele-
ton that advances the skeleton from the AwaitDispatch state to
Compute state. In addition to thread dispatch, the dispatcher
process keeps track of thread deadlines and signals deadline
violations by inducing a deadlock into the model execution.
Figure 6 shows dispatcher processes for AADL dispatch poli-
cies. Figure 6,a shows a dispatcher for a periodic thread. In
the initial state, Dispatcher, sends the dispatch event. Note
that the dispatcher cannot idle in this state and has to send this
event immediately. Once the event is sent, the dispatcher idles
while the thread process is executing. If execution is com-
pleted and the ACSR event done is received before the time-
out d (the deadline of the thread), the dispatched now idles un-
til the next period arrives p time units from the dispatch, and
repeats the dispatch cycle. Otherwise, if the deadline timeout
happens, the dispatcher process is blocked, inducing a dead-
lock in the ACSR model that denotes a timing violation.

Aperiodic or background threads are dispatched by
an event taken from a queue. The dispatcher process
Dispatcher,, shown in Figure 6,b, receives the ACSR event
e_deq from the event queue process F _g that corresponds to
an incoming event or data event connection of the thread (con-
nection handling is discussed in Section 4.4). When this event
is received, the dispatcher sends the dispatch event to the
thread skeleton and waits for the ACSR event done, which
should arrive before the deadline. Note that here, unlike in
the case of a periodic thread, the dispatcher can idle wait-
ing for an event to arrive. If there are several incoming event
connections, the choice between them may be resolved by as-
signing priorities to the communication step according to the
Urgency property of each connection.
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Figure 6. Thread dispatchers

Finally, the dispatcher process Dispatcher, for a sporadic
thread, shown in Figure 6,c, is a combination of the two dis-
patcher processes discussed above. A dispatch happens when
an ACSR event from the queue process is received. However,
the next dispatch cannot happen until the minimum separation
interval p elapses.

4.4 Events and connections

Sending and receiving AADL events is represented in

ACSR by communication steps. Each semantic event or data
event connection e in the AADL model is represented by an
auxiliary ACSR process E that handles queuing of events at
the destination. We introduce two ACSR events: e_g, sent by
the source thread and received by F, and e_deq, sent by F and
received by the dispatcher for the destination thread.
Sending events. An AADL thread that is the ultimate source
of a semantic event or data event connection e can raise an
event during its computation. It is represented by a commu-
nication step with the output ACSR event with the name e_g.
Events can be raised at any time when the thread is execut-
ing. The communication step is added as a self-loop to the
Compute state of the skeleton process in Figure 5. AADL
also defines a special completion event that is treated differ-
ently. If the implicitly defined out event port Complete of
the thread is connected, a communication step with the out-
put ACSR event complete is performed immediately prior to
sending the done event.

Since many events can be raised during the execution of a
thread, and each such event can cause a dispatch of another
thread, analysis results can be very conservative. It can be
improved in two ways. On the one hand, if the thread has a
behavioral annex associated with it, the state machine in the
annex can specify a detailed pattern of event communication.
In this case, the state machine of the annex refines the Com-
pute subprocess of the thread skeleton. On the other hand,



some reasonable assumptions can be made by the user about
the thread behavior. For data event connections in particular,
a common behavior of a periodic thread is to send data at the
end of its computation period. This is the default treatment of
data event connections in our translation.

Queue management. The queue of a connection e is repre-
sented by a counter ACSR process E that counts up to the
number specified by the Queue_Size property of the last
port of the connection. Queue size of 1 is assumed if the prop-
erty is not specified. The counter is sufficient for the represen-
tation of the queue, since we do not model the attributes of
individual events. Therefore, we need to know only the num-
ber of events in the queue at any moment during the execution.
The counter is incremented by the ACSR input event e_g and
decremented by the ACSR output event e_deg, which matches
the input event performed by the thread skeleton at dispatch.
Property Overflow_Handling_Protocol of the port de-
termines the behavior of the queue process when the counter
reaches its maximal count. The incoming event can be qui-
etly dropped, introducing a self-loop transition, or can cause
an error to occur, in which case it appears as the interrupt of
the queue process leading to an error state.

S Timing analysis

Schedulability analysis of real-time systems modeled in
ACSR has been studied in [1]. The schedulability analysis
framework of ACSR includes two parts. The first part im-
plements the task model as a collection of concurrent ACSR
processes. The translation of the AADL model into ACSR de-
scribed above accomplishes this part. The second part is the
encoding of a scheduling policy as a priority assignment rule.

Any fixed-priority scheduling algorithm, such as rate-
monotonic or deadline-monotonic scheduling, can be imple-
mented by considering the set of AADL thread components
bound to a particular processor component P in the system
and assigning a priority to each thread 7; based on the appro-
priate properties of the thread. Then, this priority is assigned
to every use of the resource that corresponds to P in any timed
action of the ACSR thread process for 7.

Dynamic-priority scheduling can be implemented by using
parametric expressions for priorities. For example, in order to
reflect the EDF (Earliest-Deadline First) scheduling, we use
the following expression as the priority in each access to the
processor resource: 7; = dpmar — (di — t), where d; is the
deadline of the thread T3, d,, 4, is the largest deadline among
the threads assigned to the processor P, and ¢ is the parame-
ter of the ACSR process for thread T}, which keeps the time
since the last dispatch of T (see Figure 5). The priority m;
defined above has the property that the earlier the absolute
deadline of the current dispatch of T3, the larger its value.
Thus the thread with the earliest deadline will preempt any
other thread that is bound to the same processor. Other com-
monly used dynamic scheduling policies that have encodings
in ACSR include the LLF (Least Laxity First) algorithm and

priority-inheritance protocol.

It can be shown that the resulting ACSR model is deadlock-
free if and only if every task meets its deadline. Indeed, con-
sidering the structure of a thread skeleton in isolation, we can
see that it can become deadlocked only if a timeout occurs,
that is, if a timing violation is detected or if an error occurs
in the case of queue overflow. Further, we can show the ab-
sence of blocking due to communication. These two observa-
tions, combined, allow us to conclude that the ACSR model
that meets its timing constraints is deadlock free. With this,
analysis can be performed by state-space exploration of the
ACSR process. A deadlock found in the state space of the
process indicates a violation of the timing constraints.

The approach to checking thread deadlines by means of an

observer process (that is, the dispatcher process of a thread)
can be extended to check other timing properties of AADL
models. For example, an observer process can capture viola-
tions of an end-to-end latency constraint for a data flow from
an in port of an AADL system to an output port. Such an ob-
server would be triggered by an input event and, just like a
dispatcher process, would deadlock if the output event is not
observed by the flow deadline. The caveat is that, if inputs are
processes in a pipelined fashion, observer processes need to
be spawned dynamically as needed.
Implementation. ACSR models can be analyzed using the
VERSA tool [4]. VERSA performs state-space exploration
and deadlock detection for a given model. Since the schedula-
bility problem is reduced in ACSR to the problem of deadlock
detection, VERSA can be used to perform schedulability anal-
ysis. If VERSA finds a deadlock in the model, it reports a trace
leading from the start state to the deadlocked state. This trace
can be used as the failing scenario, which provides diagnos-
tic information to the user. Schedulability analysis of AADL
models has been implemented in the Eclipse framework as a
plugin into the OSATE modeling environment. The plugin
performs the following three steps. First, the AADL model
is translated into the input of the VERSA tool. Second, the
model is loaded into VERSA, which looks for deadlocks. If a
deadlock is found, the failing scenario is “raised” to the level
of the original AADL model. Steps of the trace are reinter-
preted in terms of the actions of the components in the AADL
model. As a result, we obtain a fully automatic tool for for-
mal schedulability analysis of AADL models that completely
hides the specifics of the formal analysis from the user.

6 Related work

Several approaches to formal timing analysis exist that ex-
plicitly take scheduling into account. Extensions of timed au-
tomata are used in [5, 2, 8], however, continuous time model
does not seem to fare well with the discrete nature of schedul-
ing decisions, resulting in much more cumbersome analysis
algorithms. More significantly, ACSR is the only formalism
that treats resource contention directly in the semantics, avoid-
ing complicated encodings necessary in other formalisms,



which considerably increase the size of the model. Formal
schedulability analysis based on state-space exploration of an
executable model is related to simulation-based methods of-
fered by tools such as Cheddar [14]. We believe that exploring
the state space of a formal executable model offers exhaustive
analysis of all possible behaviors, which is very important if
there is much uncertainty in the model behavior.

MetaH [15], a precursor to AADL, offers schedulability
analysis for rate-monotonic priority assignments. Our ap-
proach complements that work by covering other scheduling
algorithms as well.

7 Conclusions and future work

We presented an approach to provide formal schedulabil-
ity analysis for models of embedded systems expressed in an
industry-standard language AADL. The approach works by
translating the AADL model into an expression in the real-
time process algebra ACSR. The basis for the translation is
given by the semantic definition for thread components in
the AADL standard. Schedulability analysis of the translated
ACSR model is enabled by the ability of ACSR to describe
resource requirements and use priorities to control access to
shared resources. A number of commonly used scheduling
disciplines are encoded in this schedulability analysis frame-
work. The schedulability problem is reduced to the problem
of deadlock detection, which is performed by the VERSA
tool. An important feature of the presented approach is that
the diagnostic information produced by VERSA in terms of
the translated ACSR model is translated back in terms of the
AADL model and can be presented to the user in a convenient
time line form.

Future work on this approach includes keeping up with the
new developments in the AADL standard. Version 1.1 of the
standard is currently being prepared for submission to SAE,
and version 2.0 is being planned. Newer versions of the stan-
dard will include additional features that will have to be reflect
in the translation. One of the new features will be support for
hierarchical scheduling, which will require new priority en-
codings and possibly new component encodings. The other
direction of future work is to make the analysis framework
more efficient. This involves modifying the translation to pro-
duce ACSR models with more compact state spaces as well as
improving the state-space exploration efficiency of VERSA.

References

[1] H. Ben-Abdallah, J.-Y. Choi, D. Clarke, Y. S. Kim,
I. Lee, and H.-L. Xie. A Process Algebraic Approach
to the Schedulability Analysis of Real-Time Systems.
Real-Time Systems, 15:189-219, 1998.

[2] K. Brink, J. van Katwijk, R. F. L. Spelberg, and W. J.
Toetenel. Analyzing schedulability of Astral specifica-
tions using extended timed automata. In Proceedings of
Euro-Par ’97, pages 1290-1297, 1997.

[3] R. Chen, M. Sgroi, L. Lavagno, G. Martin,
A. Sangiovanni-Vincentelli, and J. Rabaey. = Em-
bedded system design using UML and platforms.
In Forum on Specification and Design Languages
(FDL "2002), Sept. 2002.

[4] D. Clarke, I. Lee, and H.-L. Xie. VERSA: A Tool for
the Specification and Analysis of Resource-Bound Real-
Time Systems. Journal of Computer and Software Engi-
neering, 3(2):185-215, April 1995.

[5] J. C. Corbett. Timing analysis of Ada tasking programs.
IEEE Transactions on Software Engineering, 22(7):461—
483, 1996.

[6] M. Edwards and P. Green. UML for hardware and soft-
ware object modeling. In UML for real: design of em-
bedded real-time systems, pages 127-147. Kluwer Aca-
demic Publishers, 2003.

[7] P. Feiler, B. Lewis, and S. Vestal. The SAE AADL stan-
dard: A basis for model-based architecture-driven em-
bedded systems engineering. In Workshop on Model-
Driven Embedded Systems, May 2003.

[8] E. Fersman and W. Yi. A generic approach to schedu-
lability analysis of real time tasks. Nordic Journal of
Computing, 2005.

[9] 1. Lee, P. Brémond-Grégoire, and R. Gerber. A Process
Algebraic Approach to the Specification and Analysis
of Resource-Bound Real-Time Systems. Proceedings of
the IEEE, pages 158—171, Jan 1994.

[10] I. Lee, J.-Y. Choi, H.-H. Kwak, A. Philippou, and
O. Sokolsky. A family of resource-bound real-time pro-
cess algebras. In Formal Techniques for Networked and
Distributed Systems (FORTE 01 ), Aug. 2001.

[11] I. Lee and V. Gehlot. Language Constructs for Dis-
tributed Real-Time Programming. In Proceedings IEEE
Real-Time Systems Symposium, 1985.

[12] G. Martin, L. Lavagno, and J. Louis-Guerin. Embed-
ded UML: a merger of real-time UML and co-design.
In 9" International Conference on Hardware/Software
Co-Design (CODES 01 ), pages 23-28, Apr. 2001.

[13] SAE International. Architecture Analysis and Design
Language (AADL), AS 5506, Nov. 2004.

[14] F. Singhoff, J. Legrand, L. Nana, and L. Marcé. Ched-
dar: a flexible real time scheduling framework. In
SIGAda "04, pages 1-8, 2004.

[15] S. Vestal. Metah support for real-time multi-processor
avionics. In Proceedings of the Joint Workshop
on Parallel and Distributed Real-Time Systems (WP-
DRTS/OORTS ’97), pages 11-21, 1997.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d530a930f330c8306e57cb30818fbc307f3092884c308f305a3001753b50cf89e350cf5ea6308267004f4e9650306b62913048305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00490045004500450020005300740061006e00640061007200640073>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


