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Abstract. We apply automata theory to analyze the schedulability of
real-time component-based applications running on uniform multi-proces-
sor platforms. The resource requirements of each application or applica-
tion component are specified in a service contract resulting a hierarchy
of contracts. As we are interested in determining the schedulability of
such applications, this hierarchy of contracts is mapped to a hierarchical
scheduling strategy. We use model checking and transform the schedula-
bility analysis problem into a reachability checking of a timed automata
model of the service contracts.

1 Introduction

In the last years, real-time embedded software development has focused more
and more on building flexible and extensible applications. Component-based soft-
ware systems achieve these objectives by gluing individually designed, developed
and tested software components, each component having different timing re-
quirements. Therefore, when building such a component-based system one must
ensure that components can coexist without jeopardizing each other’s execution.

One of the solutions for temporal isolation of applications running on uni-
processor systems has been provided by utilizing hierarchical scheduling based
on execution time servers [1]. In hierarchical scheduling each application has
its own scheduler and can use the scheduling policy that best suits its needs.
Based on such a hierarchical scheduling scheme, Harbour has introduced the
concept of service contracts [2]. In Harbour’s model, every application or appli-
cation component may have a set of service contracts describing its minimum
resource requirement. These contracts are used in online or offline negotiations
to determine if the resource requirements can be guaranteed or not.

Recently, hierarchical scheduling has been used in a multi-processor schedul-
ing framework for integrating applications with hard, soft and non-real-time
requirements [3]. Also research is undertaken for extending the service contract
model for component-based multi-processor real-time systems. Chang et. al [4]
has proposed a two-level resource contract model. First, each application has a
contract specifying the resources to be reserved for its execution. This is called
an external contract. Next, every component of the application has its own con-
tract, called internal contract, describing the portion of the resources specified in



the external contract that must be distributed to the component. Each compo-
nent consists of one or more tasks which may require parallel execution. Internal
contracts are mapped to abstract servers which are further divided in execution
time sub-servers (called just servers in what follows) in order to support parallel
execution of the components. On the other hand, external contracts are mapped
to multi-processor time partitions [5]. As each application will be mapped to a
separate time partition, a specific scheduling policy may be associated with it.

Starting from the hierarchical scheduling solution proposed in [4], we apply
timed automata theory [6] to specifying the service contracts for components
and applications. A component contract describes the tasks of the component
and the arrival patterns of these tasks, modeled by a timed automaton. An ap-
plication contract will refer to the servers for all components in the application
and to the arrival patterns of these servers, modeled also as a timed automaton.
We allow a different scheduling policy for each component and application, with
no restriction on task preemption. Furthermore, we present a compositional ap-
proach based on timed automata for schedulability analysis of component-based
real-time applications running on uniform multi-processor platforms. For each
application, schedulability (i.e. checking that all application components can be
executed such that all their tasks meet their deadlines) can be analyzed sepa-
rately. In the timed automata formalism, schedulability analysis is reduced to
reachability and can be performed using a tool like UPPAAL [7].

Schedulability analysis of real-time systems using timed automata has been
proved decidable and applied successfully for non-preemptive scheduling policies
of tasks. However, in timed automata models as defined in [6] time elapses at
the same rate for all components and therefore they cannot be used for preemp-
tive scheduling policies where execution of tasks can be suspended and resumed
later. Stopwatch automata [8], a subclass of Linear Hybrid Automata, have been
proposed as a solution for modeling preemptible tasks. However, since the reach-
ability of Linear Hybrid Automata has been proved undecidable [9], this proof
extends also to the stopwatch automata. An over-approximation method based
on Difference Bound Matrixes has been applied in [8] for a coarse reachability
analysis of stopwatch automata. Even so, the schedulability checking problem
has been shown to be decidable for non-uniformly recurring tasks triggered by
events. [10] introduces timed automata extended with tasks, a class of timed
automata with subtraction where clocks may be updated by subtraction in a
bounded zone, and proves that the schedulability checking relative to a preemp-
tive scheduling policy is decidable for this class of automata. This result has been
extended for multi-processor real-time systems in [11] where it is shown that the
schedulability problem is decidable for preemptive scheduling policies with fixed
execution time tasks. However, they do not allow task migration meaning that
a task instance is bound with one processor until it finishes. In our framework
a task instance may execute on any processor depending on the availability of
the execution time servers and the configuration of the multi-processor time
partition.

The global multi-processor schedulability analysis using model-checking has
been investigated for tasks with static priorities in [12]. The models in [12] allow



restricted and full migration of task instances. Every task is modeled separately
and the schedulability of tasks is checked in decreasing order of their priority
which limits the applicability of the analysis to static scheduling policies. This
also implies that for a task set with N tasks, model checking has to be performed
N times in order to determine the schedulability of the entire set. With this
approach a maximal number of N + 1 clocks are necessary for a task set of size
N . Unlike this model checking solution, our proposal addresses both static and
dynamic scheduling policies. Moreover it requires just a single run of the model
checking for the entire task set using a single clock in a setting with resources
that are not continuously available and multiple levels of scheduling.

This paper is organized as follows. Section 2 introduces our formal model for
contract-based scheduling and Section 3 gives details on the timed automata used
in the system model. We present performance evaluation results in Section 4.
Section 5 concludes this paper.

2 The Contract-based Scheduling Model

This section presents the formal model of the service contracts. As explained
in Section 1 there are two levels of such contracts. The first level specifies the
resource requirements of a single application while the second level describes the
requirements of each individual component of the application. Corresponding to
the two levels of contracts there are two scheduling levels. At the upper level,
each component of an application has a scheduler for scheduling its tasks, while
at the lower level there is an application scheduler which manages the servers
associated with each component of the application.

2.1 Component Contracts

A component C consists of a finite set of n tasks T and a timed automaton AC

where:
- a component task τi ∈ T is a tuple τi = (wi, pi, oi, di), with wi being the

worst case execution time of the task, pi the inter-arrival time between dif-
ferent instances of the same task, oi the first release of the task and di is the
deadline of the task where wi ≤ di ≤ pi,

- tasks may execute in parallel and are independent of each other,
- AC models the execution of tasks in set T by taking transitions labeled with

actions tReadyi, tF inishi and tOverruni, ∀ 1 ≤ i ≤ n representing the re-
lease and ending of task τi, and actions tGoi and tPreempti through which
the component scheduler notifies task execution start/restart and suspen-
sion.
The tasks of the component will be executed according to a component spe-

cific scheduling policy implemented by a scheduler associated with the compo-
nent. The parameters of the tasks along with the task arrival pattern determine
the resource requirements for the component. These resource requirements can
be supported using one or more execution time servers, depending whether the



tasks must execute in parallel or not. The period, deadline and budget of the
servers associated with a component are specified in the component contract.

A server is defined by a tuple (q, p, o) where q is the capacity of the server,
p is its replenishment period (i.e. the server becomes active every p time units)
and o is the time of its first release. Each server may also have a deadline equal
to its period. It is assumed there is a finite set of servers S containing the servers
for all the components of an application.

Definition 1 (Component contract). A component contract CC providing a
set of ns execution servers SC ⊆ S is a timed automata ACc over the set of
actions ΣC such that:

- ACc specifies the activation pattern of servers σi ∈ SC , 1 ≤ i ≤ ns.
- ΣC is split in two sets:

- output actions: ΣO
C = {sReadyi, sF inishi, sOverruni, sActivei,

sInactivei | 1 ≤ i ≤ ns}
- input actions: ΣI

C = {sGoi, sPreempti | 1 ≤ i ≤ ns}.
The ACc automaton sends the output action sReadyi to the scheduler asso-

ciated with the application as soon as server σi is ready for execution and sends
sF inishi or sOverruni to the same scheduler to notify it that the server has fin-
ished its execution, respectively missed its deadline. As a response to its actions
ACc can receive from the application scheduler sGoi, telling it that server σi

can start its execution, or sPreempti which results in server σi being suspended
from execution until the next sGoi action. Actions sActivei and sInactivei are
used to announce the component scheduler that server σi has consumed all its
budget, respectively that it has replenished its budget and can be used again to
execute tasks.

2.2 Application Contracts

As proposed in [4] the application contracts are supported by a multi-processor
time partition model. Each application is associated with a time partition which
has a local scheduler to execute the execution time servers assigned to the com-
ponents of the application.

In a uni-processor system a time partition is implemented as a fixed-length
major time frame composed of several scheduling windows. A scheduling window
is defined by its offset to the beginning of the partition major time frame and
by its length. The scheduling scheme of the major time frame repeats during
the execution of the system such that all scheduling windows are essentially
periodic. In a multi-processor system, we assume there is a major time frame for
each processor, but frames on all processors will have equal length and will be
synchronized. The scheduling windows of frames on different processors can be
different.

From the above specification we derive next a formal definition of the multi-
processor time partition.

Definition 2 (Time partition). A time partition T P in multi-processor sys-
tem is described by a set of major time frames {Fi |1 ≤ i ≤ m, length(Fi) = L},



one for each of the m processors in the system, where Fi is a set of scheduling
windows with periods that are an exact divisor of L.

In our setting the time partition is used to facilitate application contracts.
In a simple scenario, the application contract could specify a few pairs of period
and length values which upon successful negotiation of the contract could be
mapped to a set of scheduling windows.

Definition 3 (Application contract). An application contract CA is a pair
(T P,ACa) where:

- T P is the multi-processor time partition provided by the contract, and
- ACa is a timed automaton over the action set ΣSW modeling the scheduling

scheme of the major time frame:
- ΣSW = {swActivek, swInactivek}, where k is a scheduling window in
T P.

- action swActivek signals to the application scheduler that the scheduling
window k is now active, while swInactivek signals its deactivation.

3 The Timed Automata Models

As shown in the previous section both component and application levels include
three automata - one for generating tasks or servers according to a given release
pattern, one for generating the resources (servers or scheduling windows) on
which the tasks and servers, respectively shall be executing and one for schedul-
ing. Notice that servers can be both schedulable entities (i.e. when referring to
the application scheduler) and resources (i.e. for the component scheduler). For
this reason in the rest of this section they are referred simply as tasks and, respec-
tively as resources. Also, this plurality of roles implies that the timed automaton
generating tasks for the application level is the same with the one generating
resources for the component level. Therefore, this automata can be deduced im-
mediately from the task generator and the resource generator automaton types.
The rest of the section is dedicated to given detailed descriptions of each of the
three types of automata. In addition to the three types of automata, the model
also includes a Timer automaton which uses a single continuous clock t and each
time this clock ticks sends a tick signal to the task generator and the resource
generator automata.

We first introduce some notations. LetW (i), P (i),D(i), R(i) and E(i) denote
the worst case execution time, the period, the deadline, the next release time
and the current execution time, respectively for each task τi. For each task τi
it is defined a status variable status(i) that is initialized to idle meaning that
a task instance has not been released yet. The value status(i) = ready is used
to denote that a task instance of τi is ready for execution (i.e. it has just been
released or was preempted). Let status(i) = running stand for the fact that
a task instance of τi is currently running on one of the active resources. To
denote that an instance of task τi has finished or has missed its deadline we use
status(i) = finish and status(i) = overrun, respectively.



3.1 Task Generator Automaton

Model checking of preemptive scheduling algorithms could be done using a stop-
watch model but it has been proved that schedulability of these models is unde-
cidable. Therefore, in order to address task preemption a discrete time formalism
is adopted for the model proposed in this paper. This leads to a limitation as all
task parameters (i.e. worst case execution time, period, deadline, release time)
must have integer values.

In order to be able to determine the actual execution time of a task, a variable
E(i) is used for keeping track of the time task τi has executed since its last
release. Each time the task is released E(i) is set to 0 while R(i) is set to the
time of its next release. When the task generator automaton receives a tick signal
from the Timer automaton it increases E(i) for tasks with status(i) = running
and decreases R(i) for all tasks with a value MIN representing the minimum
between the time for the next release of a task or of a resource and the time
for the next termination of a task or deactivation of a resource. In other words,
E(i) acts like a discrete clock which can be suspended and resumed.

Instead of using a task generator for releasing all n tasks of a component
according to some pattern, it would have been possible to define a timed au-
tomaton for each of the n tasks, each automaton with a clock, leading to a total
of n clocks. Since the state space of timed automata grows exponentially with
the number of clocks in the model, the approach taken in this paper is superior
to this one.

Figure 1(a) shows the main locations and transitions in the task generator
automaton, leaving out some self-loop transitions. All white locations in the
figure have the semantics that the system cannot delay in those locations and
the next transition must involve an outgoing edge from one of them.
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Fig. 1. Task and resource generators

The task generator automaton uses a variable next release to remember the
time until the next task is released. At start-up this variable is initialized with the
smallest R(i) and if after that next release = 0 the automaton goes to the Ready
location and selects a task τi for which R(i) = 0, updates next release, sets the
shared variable ready task = i and sends the ready signal to the scheduler



automaton. Once next release becomes greater than 0, the generator moves to
the Idle location where it waits for the next tick of the Timer. When the tick
signal arrives the transition to the Increment location is taken and inc time()
updates the values status(i), E(i) and R(i) as follows:

- for all tasks τi with status(i) = running E(i) = E(i) +MIN and if E(i) =
W (i) then status(i) = finished,

- for all tasks τi R(i) = R(i)−MIN and next release = min(R(i)),
- for all tasks τi running or ready for execution with E(i) < W (i) and P (i)−
D(i) = R(i) sets status(i) = overrund.
Next, for all tasks τj that have finished the variable finished task is set to j

and the finished signal is sent to the scheduler which will free the resources used
by these tasks. If any task τj has missed its deadline an overrun signal notifies
the scheduler which as a result will go to an Error location. After signaling
all task finish events the generator checks to see if there is any task ready for
execution and goes back to the Ready location.

3.2 Resource Generator Automaton

The task generator automaton presented above can be used to generate servers
which act as resources for the component level. By adding just two signals -
active and inactive - to notify the scheduler about the availability of the re-
sources the task generator automaton becomes a resource generator automaton
with the property that those resource are preemptible. If resources are not pre-
emptible (i.e. the scheduling windows of a time partition) the resource generator
automaton is a simplified version of the task generator.

Figure 1(b) presents the non-preemptive version of the resource generator
automaton. The automaton keeps a discrete clock RE(k) for each resource rk.
Also RR(k) is used to remember the time until the next activation of resource
rk and two variables named next release and next finish hold the time until
the next resource activation and, respectively deactivation. When resource rk is
activated RE(k) = L(k) where by L(k) we denote the length of the resource’s
activation period. At every tick signal received from the Timer for all active
resources rk RE(k) is decreased with the value MIN and variables next release
and next finish are also decreased with the same value. When next release
reaches 0 all resources rk with RR(k) = 0 are activated. If next finish becomes
0 than all resources rk with RE(k) = 0 are deactivated.

3.3 Scheduler Automaton

As it can be seen from the definitions in the previous sections, the component
scheduler and the application scheduler have rather similar behavior. Both of
them must schedule a set of periodic tasks/servers with deadlines less or equal
to their period. The component tasks are scheduled on execution time servers
which may be active or inactive. It is possible for two or more servers to be active
simultaneously which implies that two or more tasks may run in parallel. For the
application scheduler the tasks to be scheduled are actually the servers used by



the component scheduler as resources. The servers are scheduled for execution on
the scheduling windows of a time partition. The scheduling windows represent
the resources allocated to the application by the system. As more scheduling
windows can be active simultaneously parallel execution of the servers is also
possible.

A scheduler automaton for a service (i.e. application or component) contract
has the following characteristics:

- has a queue holding the tasks ready for execution,
- implements a preemptive scheduling policy Sch representing a sorting func-

tion for the task queue,
- maintains a map between active resources (servers or scheduling windows)

and tasks using those resources, and
- has an Error location which is reached when a task misses its deadline.

To record the status of a resource, let rt map(j) be a map where rt map(j) =
inactive denotes that resource j is inactive, rt map(j) = active means that
resource j is active but no task is executing on it, and rt map(j) = i denotes
that resource j is active and is currently used by task τi.
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Fig. 2. The scheduler automaton

Figure 2 shows the scheduler automaton. The locations of the automaton
have the following interpretations:

1. Idle - denotes the situation when no task is ready for execution or no re-
sources are active,

2. Prepare - a task has been released and a resource is active after a period
during which either there were no tasks to schedule or no active resources,

3. Running - at least one task is currently executing,
4. AssignTask - a task has just finished and as a result an active resource can

be used to schedule another ready task,
5. AssignResource - a task has just been released or a resource has just become

inactive leaving its assigned task with no resource on which to execute; con-



sequently the task has to be enqueued and if it has the highest priority in
the queue according to Sch then an active resource is assigned to it,

6. Check - a resource has become inactive,
7. Error - the task set is not schedulable with Sch.

The scheduler enters the Idle location when either there are no ready tasks,
no active resources or both of these conditions hold. As long as new tasks are
released for execution but there are no active resources on which the tasks to be
executed (i.e. task no > 0 and res no == 0) or as long as there are available
resources but no ready tasks (i.e. task no == 0 and res no > 0) the scheduler
stays in the Idle location. If the scheduler receives a ready signal meaning that
task τready task has been released and res no > 0 the scheduler goes to the Pre-
pare location. Leaving the Prepare location for the Running location, it assigns
the task to one of the active resources by setting rt map(j) = i, sets the variable
activated task = i and sends a go signal to announce the task generator au-
tomaton that task τ i is running. After the scheduler has reached the Running
location, it will leave this location if one of the following situations happen:

- the resource rk becomes active (signaled by the active signal and activated re-
source = k): this is marked by updating rt map[k] = ACTIV E on the tran-
sition to the AssignTask location. If tasks are ready for execution than the
scheduler will assign the highest priority task τj to resource rk by setting
rt map[k] = j and will notify the task generator with the signal go on a
transition back to the Running location.

- a new task τi has been released (signaled by the ready signal and ready task =
i): the task is enqueued by setting status(i) to ready on the transition to
the AssignResource location. If task τi is the highest priority released task
and there are active resources then τi must start executing. If there is a free
active resource then task τi is assigned to it otherwise the lowest priority
task is chosen from the running tasks, preempted and the automaton goes
to the AssignTask location. On the transition from AssignTask to Running
the resource is assigned to τi and a go signal is sent to the task generator to
notify it that task τi has started running.

- the resource rk becomes inactive (signaled by the inactive signal and deacti-
vated resource = k): this is marked by updating rt map[k] = INACTIV E
on the transition to the Check location. If the deactivated resource was free
and there are still running tasks but no tasks in the queue then the transition
back to Running location is taken. If a task τi was using resource rk then
the scheduler must set status(i) = ready and go to AssignResource location.
Should the resource rk be the last active resource the scheduler would simply
preempt task τi and go back to the Idle location, otherwise an active resource
is searched analog to the situation when a new task is released.

- the task τj finishes (signaled by the finish signal and finished task = j):
the resource used until now by τj can be assigned to the highest priority task
waiting in the queue, if there is such a task.

- the task τi misses it deadline (signaled by overrun): the scheduler automaton
goes into the Error location.



4 Performance Analysis

This section presents an evaluation of the performance and scalability of model
checking the contract-based scheduling model. The experiments were run on a
machine with Intel Core 2 Quad 2.40 GHz processor and 4 GB RAM running
Ubuntu. The analysis of the model was automated using UPPAAL and the
utility program memtime [13] was used for measuring the model checking time
and memory usage. Although the proposed model addresses scheduling at two
levels, namely task level and server level, experiments were conducted only for
the server level as we consider the analysis of the task level is just a replica of
the server level due to the similarities between the two levels. In all experiments,
to verify schedulability we checked if property A[] not Error holds.

In order to observe the behavior of the model for different number of appli-
cation servers we have used randomly generated sets of servers with periods in
the range [10, 100] and utilizations (i.e. budget/period) generated with a uniform
distribution in the range [0.05, 1]. The offset of each server was set to a value
equal to the period multiplied with a randomly generated number in the inter-
val [0, 0.3]. Also, the servers sets were accommodated by a time partition with 9
scheduling windows and a total utilization of 4.5. Figure 3 shows how the model
checking time and memory usage increase with the number of servers in the set.
Also it can be noticed that for the same size of the server set the performance
of the model checking can vary between rather larger limits (e.g. for sets of 30
servers the model checking time grows from 7 seconds to approximatively 25
seconds). This is due to the size of the hyper-period of the server sets, larger the
hyper-period larger the model checking time and memory consumption.
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Fig. 3. Influence of server set size on model checking performance

Next, we analyzed the scalability and performance of model checking when
the number of scheduling windows in the time partition accommodating the
servers varies. For this, sets with 25 servers each and parameters in the same
limits as for the first experiment were generated and time partitions with 2, 3,
5, 7 and 9 scheduling windows were tested. In Figure 4 it can be seen that both
the time for checking the model and the memory usage grow with the number
of scheduling windows in the time partition.

In the first two experiments the server sets were scheduled using the Rate
Monotonic (RM) priority scheduling policy. The goal of our next experiment is
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Fig. 4. Influence of time partition size on model checking performance

to determine the impact of the scheduling policy on the model checking time
and peak memory usage. The same time partition configuration as in the first
experiment was used and sets of 5, 10, 15, 20, 25 and 30 servers were scheduled
using both the Rate Monotonic, the Earliest Deadline First (EDF) and the (T-C)
(i.e. the higher the difference between the period and the budget of a server the
lower its priority) scheduling policies. As can be seen in Figure 5 the scheduling
policy has little influence on the performance of the model checking.
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In the last experiment we are interested in seeing what is the influence of the
task set utilization on the schedulability analysis. We have used the same time
partition as in the first experiment with a total utilization of 4.5 and task sets
of 20 and 30 tasks with utilizations between 1 and 4.5 scheduled using the Rate
Monotonic policy. Figure 6 depicts the number of schedulable task sets identified
by our analysis. It can be noticed that even if the total utilization of a task set is
maximal with respect to the available resources, our analysis is able to determine
its schedulability, which is a clear advantage over the pessimist schedulability
bounds presented in [4].

5 Conclusions

In this paper we have presented a compositional approach using the timed au-
tomata formalism for schedulability analysis of component-based real-time ap-
plications which utilize multi-processor resource partitions. Starting with the
assumption that the resource requirements for each application and component



are stipulated in a service contract we have defined a timed automata model for
specifying the contracts and shown how to use model checking as a technique
for analyzing the preemptive schedulability of an hierarchy of such contracts.
The performance analysis of our technique using the UPPAAL model checker
showed that even with just one real-time clock used for the entire model, the
applicability of the technique is limited by the state-explosion problem.
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