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Abstract: In multi-robot systems such as in the RoboCup, the need for precise
modeling or specification of agent behaviors arises due to the high complexity
of the robot agent interactions and the dynamics of the environment. Since the
behavior of agents usually can be understood as driven by external events and
internal states, it is obvious to model multiagent systems by state transition diagrams. The corresponding formalisms come equipped with a formal semantics
which is advantageous. In this paper, a combination of UML statecharts and
hybrid automata is proposed, allowing formal system specification on different
levels on abstraction on the one hand, and expressing real-time system behavior
with continuous variables on the other hand. One important aspect of multi-robot
systems is the need of coordination and hence synchronization of behavior. For
both, statecharts and hybrid automata, usually it is assumed that synchronization
takes zero time. This is sometimes unrealistic. Therefore, a new notation and implementation of synchronization is proposed here, which overcomes this problem.
The proposed method is illustrated with a case study from the RoboCup domain.
An example from an industrial application is also shown.
Keywords: cooperative robotics; robot behavior engineering; formal specification methods.
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1 Introduction
In the field of multi-robot systems or physical multiagent systems the need for clear modeling
or specification of agent behaviors arises due to the high complexity of their potential interactions and the dynamics of the environment. One important aspect of multi-robot systems is
the cooperation of several robots to achieve a common goal. In this context it becomes clear
that a central component of a multi-robot system specification should be a means of explicitly
expressing coordination and synchronization of agents. Common means of modeling agent
behaviors are based on various kinds of state transition diagrams. One main advantage of
such a graphical notation is that it is intuitive and easy to understand. Another benefit is that
many of these formalisms come equipped with a formal semantics, e.g. finite automata. This
makes the specification accessible for formal methods in the agent design process. However,
as physical agents act in an environment which allows for continuous processes, a means of
expressing dependencies from continuous, quantitative data is desirable. The formalism of
hybrid automata [5] is well suited for that.
The rest of the paper is organized as follows. In Section 2 hierarchical state machines are
introduced, and Section 3 describes a way of incorporating hybrid automata into the formalism. Section 4 presents our formalism for expressing explicit synchronization among robots.
A formal semantics for the proposed formalism is given in Section 5, while Section 6 presents
an example from the RoboCup robotic soccer domain. Section 7 illustrates how industrial
application can be modeled with this method. Some related work is presented in Section 8,
and Section 9 finally concludes the paper.

2 Hierarchical State Machines
Statecharts are a part of UML [11, 12] and a well accepted means to specify dynamic behavior of software systems. The main concept for statecharts is a state, which corresponds to
an activity or behavior of a robot agent. They can be described in a rigorously formal manner [13], allowing flexible specification, implementation and analysis of multiagent systems
[8, 15] which is required for robot behavior engineering and modeling and simulating complex robots. Let us now define the underlying formal concepts of state machines, that are
represented by statecharts.
Definition 1 (basic components) The basic components of a state machine are the following
four pairwise disjoint sets:
S: a finite set of states, which is partitioned into three disjoint sets: Ssimple , Scomposite
and Sconcurrent — called simple, composite and concurrent states, containing one designated start state s0 ∈ Scomposite ,
E: a finite set of events,
X: a finite set of (real-numbered) variables, and
A: a finite set of actions.
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In statecharts, states are connected via transitions in T ⊆ S × S (represented as arrows),
that are annotated with events in E, conditions and actions in A, indicating that an agent in
the first state will enter the second state and perform specific actions when a specified event
occurs and possibly additional conditions (called guards) are satisfied. Transitions are drawn
as arrows labeled with an annotation of the form e[g]/a where e ∈ E, g ∈ G (the set of guards,
i.e. first-order formulæ, including equations with variables), and a ∈ A. Since states may be
simple, composite or concurrent, the behavior of agents or their state machines, respectively,
cannot be described by sequences of simple states (as for plain finite state machines), but of
configurations (see Def. 6. States are represented as rectangles with round corners and can be
structured hierarchically. Following the lines of [11, 12], we define this structure as follows.
Definition 2 (state hierarchy) Each state s is associated with zero, one or more initial states
α (s): a simple state has zero, a composite state exactly one, and a concurrent state more
than one initial states. Furthermore, each state s ∈ S except s0 belongs to another state β (s).
β (s) is defined for all s ∈ S\{s0 }, and it must hold β (s) ∈ Scomposite ∪ Sconcurrent . If
β (s) ∈ Sconcurrent , then s ∈ Scomposite , i.e., a concurrent state must not be directly contained
in another concurrent state. We assume that transitions keep to the hierarchy, i.e., if sT s 0 holds,
then β (s) = β (s0 ).
Example 1 The state machine in Fig. 1 sketches the overall behavior of a robotic soccer
agent. Some details are not shown, which is indicated by the hidden decomposition icon
◦−◦. The machine contains the simple states Init and GetBall, the composite states Behave,
Defend, Marking, HandleBall, and Communicate, and the concurrent state Attack. Obviously,
the start state is Behave, whose initial state is Init. The three states Init, Attack and Defend
belong to the main (start) state Behave. Its initial state Init permits a transition annotated with
KickOff/Kick(100%) (with empty guard that corresponds to True) to Attack, if the agent has a
KickOff from the center point.

3 Incorporating Hybrid Automata
Now, how can the behavior of state machines be described? Are they really adequate to
model multiagent systems? – Usually we speak of steps of state machines. This suggests that
we have a discrete model of time for multiagent systems. However, in practice, continuous
activities should also be expressible, in order to model (physical) processes adequately. Hybrid
Automata [5] are a formalism for describing such hybrid systems. They connect the modeling
of discrete events by finite automata with the description of continuous activities by differential
equations. Especially in the field of embedded systems the formalism is widely used.
Since hybrid automata are similar to statecharts, it makes sense to combine the advantages
of both models. Statecharts have the clear advantage of allowing hierarchical specification
on several levels of abstraction, while hybrid automata enable the introduction of continuous
variables and flow conditions. Both automata models contain the concepts of states and transitions; we already defined this in the previous section. What is different, are the annotations
at transitions (jump conditions) and the control conditions within one state (flow conditions
and invariants). We will define this next.
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Figure 1: State machine for the overall behavior.
Definition 3 (jump conditions, flows and invariants) In addition to the variables in X, we
introduce new variables ẋ (first derivatives during continuous change) and x 0 (values at the
conclusion of discrete change) for each x ∈ X, calling the corresponding variable sets Ẋ and
X 0 , respectively. Then, each transition in T may be labeled by a jump condition, that is a
predicate whose free variables are from X ∪ X 0 . In addition, each state s ∈ S is labeled with
a flow condition, whose free variables are from X ∪ Ẋ, and an invariant, whose free variables
are from X.
The original definition of hybrid automata [5] focuses on flat automata only. But the combination with hierarchical statecharts, as done here, has the advantage of a layered architecture
description on different levels of abstraction. The jump conditions from hybrid automata
(Def. 3) make the explicit use of events and actions (see Def. 1) superfluous in principle. We
will come back to this aspect in Section 5. But beforehand, we will discuss another important
aspect of multi-robot systems, that can only partly be treated by state machines and hybrid
automata, namely synchronization.

4 Synchronization
Usually the so-called synchrony hypothesis is adopted for state machines, assuming that the
system is infinitely faster than the environment and thus the response to an external stimulus
(event) is always generated in the same step that the stimulus is introduced. However in
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practice, synchronization and coordination of actions cannot be done in zero time. In UML 1.5
[11], synchronization is present, but assumed to take zero time. In UML 2.0 [12] there does not
seem to be a special synchronization mechanism available any longer except by join and fork
transitions. Hence, it seems to be worthwhile considering synchronization in more detail. For
this, we will introduce synchronization points which are associated with states, i.e. activities
that last a certain time, and not with transitions (as in UML 1.5), because the transitions from
one state to another one takes zero time according to the synchrony hypothesis.
Definition 4 (synchronization points) A synchronization point (represented as oval) allows
the coordinated treatment of common resources. It can be identified by special synchronization
variables x ∈ Xsynch ⊆ X with a given maximal capacity C(x) ≥ 0. Each such point may be
connected with several states. We distinguish two relations: R+ ⊆ S × Xsynch and R− ⊆
Xsynch × S, both represented by dashed arrows in the respective direction. Further, each
connection in R+ ∪ R− is annotated with a number m with 0 ≤ m ≤ C(x).
As just said, according to the previous definition, synchronization is connected to states and
not to transitions as in UML 1.5. In consequence, it is now possible that synchronization may
take some time as desired. The process of synchronization starts when a state s connected
to a synchronization variable x is entered, and it ends only after some time when s is exited.
Hence, we distinguish the allocation of (added or subtracted) resources and their (later) actual occupation by additional variables x+ and x− (used during the allocation phase) in each
synchronization point. Hence, for each x ∈ Xsynch , x+ and x− must be added to X .
Definition 5 (synchronization constraints) Synchronization points impose additional constraints to the transitions incident with states s the synchronization variables x are connected
to. For the outgoing edges, we distinguish successful and not successful synchronization. In
the latter case, the transitions are marked with a crossed box . The following distinct cases
have to be considered, where s0 are states connected with s:
1. If sR+ x with annotation m, then (a) x + x+ + m ≤ C(x) and x0+ = x+ + m are added to
all incoming transitions s0 T s, (b) x0+ = x+ − m is added to all outgoing transitions sT s0 ,
and (c) further x0 = x + m is added to all successful outgoing transitions sT s0 .
2. If xR− s with annotation m, then (a) x − (x− + m) ≥ 0 and x0− = x− + m are added to
all incoming transitions s0 T s, (b) x0− = x− − m is added to all outgoing transitions sT s0 ,
and (c) further x0 = x − m is added to all successful outgoing transitions sT s0 .
In [5], parallel composition of hybrid automata is introduced, which is related to synchronization. There, two (or more) automata may interact via joint events: if an event is an event in
both automata, then they must synchronize on the respective transitions. This means, synchronization is represented rather implicitly in hybrid automata, whereas UML statecharts and the
proposed combined notation stated here have concurrent states and regions for this purpose,
which is more convenient. In both, UML statecharts and hybrid automata, it is assumed that
synchronization takes zero time, which might not be the case in practice. Therefore it appears
to be worthwhile to introduce explicit timed synchronization, as done here.
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5 Configurations, Situations and State Change
Now, after having defined the syntax of hybrid statecharts with timed synchronization, we
are ready to look at their semantics. Since states may be simple, composite or concurrent,
the behavior of agents or their state machines, respectively, cannot be described by sequences
of simple states (as for plain finite state machines), but of configurations (see also [2, 15]).
Configurations are trees of states.
Definition 6 (configuration) A configuration c is a rooted tree of states, where the root node
is the topmost initial state of the overall state machine. A configuration must be completed by
applying the following procedure as long as possible to leaf nodes:
1. If there is a leaf node in c labeled with a composite state s, then α (s) is introduced as
immediate successor of s.
2. If there is a leaf node in c labeled with a concurrent state s, then all (composite) states
s0 with β (s0 ) = s become successor nodes of s.
The state machine starts with the initial configuration, i.e. the completed topmost initial
state of the overall state machine. In addition, an initial condition must be given, that is a
predicate with free variables from X ∪ Ẋ. The current situation of the multiagent system is
characterized by a pair (c, v) where c is a configuration and v is a valuation, i.e. a mapping
v : X ∪ Ẋ → IR. The initial situation at time t = 0 is a situation (c, v) where c is the initial
configuration and v satisfies the initial condition.
The behavior can now be described by continuous and discrete state changes. Let (c, v) be
the current situation, and S(c) be the set of states occurring in c. As long as the conjunction
of the invariants of all s ∈ S(c) hold, the multiagent system evolves according to the flow
conditions associated with all states s ∈ S(c); we call this continuous change. Whenever after
some time τ (chosen minimally) the invariants of one or more states do not hold any longer,
then (and only then) a discrete state change takes place, i.e. a micro-step.
Definition 7 (micro-step) A micro-step from one configuration c of a state machine to a configuration c0 by means of a transition sT s0 with some jump condition in the current situation
(written c → c0 ) is possible iff:
1. c contains a node labeled with s,
2. c0 is identical with c except that s together with its subtree in c is replaced by the completion of s0 ,
3. the jump condition of the given transition holds in the actual situation, and
4. the variables in X 0 are set according to the jump conditions.
Fig. 2 shows some configurations of the state machine after several transitions for Ex. 1,
showing only discrete change. Since there is a transition from Init to Attack with annotation
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Figure 2: Configuration after several transitions.
KickOff/Kick(100%) in the state machine, the step from the first to the second configuration shown in Fig. 2 is possible according to Def. 7. For this, the Init node is replaced by
Attack. Since Attack is a concurrent state, the (composite) states HandleBall and Communicate belonging to Attack, become successor nodes of Attack. Again, these states have to be
completed. This is indicated by triangles with the symbol ◦−◦ in it.
In the rare case, that after some time τ several invariants begin not to hold at the same time,
then several micro-steps are performed in parallel for all respective states (called macro-step
then). Conflicts may arise, if invariants of states on one and the same path are involved. In this
case, the conflict must be solved. Here, outer transitions may be preferred over inner ones.
The advantage of this procedure is that the agents are more reactive. In UML statecharts inner
transitions have priority over outer transitions, while this is the other way round in [4]. In [7],
priorities are not fixed, but they can be specified by the user.
Example 2 Let us consider an example, shown in Fig. 3 (left). The initial condition at time
t = 0 is x = 1. We start in the (only) state with flow condition ẋ = −x, i.e. x(t) = e −t . The
invariant x > 0.5 enforces a transition whenever x(t) = 0.5, i.e. after t 0 = ln 2 ≈ 0.693. There
is a self-transition from this state back to itself with jump condition x0 = 1. This means, that
every t 0 seconds, the value of x begins to fall again (see Fig. 3, right).
Note that we do not explicitly need the notion of events and actions here as in Def. 1. They
are implicitly given by the conditions (Def. 3): events are stated by the jump conditions by the
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Figure 3: Example hybrid automaton. The diagram on the right shows the values of x as
modeled by the hybrid automaton on the left.
expressions concerning the variables in X , and actions can be associated with the change of
the variables in X 0 (see Def. 7, item 4.).

6 An Example from the RoboCup
Let us now consider a more elaborate example. In the RoboCup domain two teams of (possibly
simulated) robotic agents engage in a match of soccer. Statechart based formalisms have
already been used for specifying agent behaviors and multiagent plans in this domain [9, 8,
15].
One simple task the agents have to execute frequently is moving to the ball. In most situations it is advantageous if only one robot moves to the ball while the others position themselves
strategically on the soccer field, e.g. for receiving a pass. Because of incomplete and noisy
information this task needs explicit synchronization to avoid several agents going to the ball.
For this behavior, called synchedGotoBall, two roles have to be fulfilled, the interceptor (the agent going to the ball) and the supporter. The agent that is closer to the ball will take
on the role of interceptor and execute the gotoBall behavior, while the supporter executes
strategicPosition. If the supporter happens to come closer to the ball during the execution of the behavior, the agents exchange their roles, so that the former supporter now acts
as interceptor and vice versa.
Example 3 (moving to the ball) Fig. 4 shows the specification of a ball interception behavior
for two agents in the RoboCup 3D simulation league with explicit synchronization. Note that
the behavior specification is the same for interceptor and supporter. Instead of drawing two
identical concurrent regions, one for each agent, we just add the cardinality n in a semi circle
on the right of the diagram. This notation stands for n concurrent regions (states), where each
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Figure 4: Specification of synchedGotoBall behavior by a hierarchical hybrid automaton. The synchronization point ensures that only one robot moves to the ball. The
cardinality 2 shows that the behavior is executed by two homogeneous agents.

synchedGotoBall

d1 = |pos(Agent) − pos(Ball)|
d2 = |pos(Partner) − pos(Ball)|

strategicPosition

far

close

v̇1 = amax − D · v1

v̇1 = −D · v1

v1 < vmax
d1 > BD
v1 = vmax

d1 ≤ BD

too fast

v̇1 = 0

v1 < vmax
d1 ≤ BD
d1 ≤ BD

d1 ≤ d 2

d1 > d 2

2
gotoBall

far
v̇1 = amax − D · v1
v1 < vmax
d1 > BD
v1 = vmax

v1 = vmax
d1 > BD
d˙1 = −v1
d˙2 = −v2
v̇2 ∈ [−amax , amax ]
d1 > d 2
v2 ∈ [−vmax , vmax ]

close

d1 ≤ BD

v̇1 = −D · v1
v1 < vmax
d1 ≤ BD

too fast

d1 ≤ BD

v̇1 = 0
v1 = vmax
d1 > BD

d˙1 = −v1
d˙2 = −v2
v̇2 ∈ [−amax , amax ]
d1 ≤ d 2
v2 ∈ [−vmax , vmax ]

kick

d1 ≤ KD

···

1

1
interceptor:1

region gets new variables, i.e. all variables are local by default, except for the variables in
Xsynch , which are global variables.
Let us now take a more detailed look at the behavior of an agent. First the agent calculates
the distance from the ball to himself (d1 ) and to his partner (d2 ). If he is closer to the ball, he
takes the role of interceptor and executes gotoBall, otherwise he takes the role of supporter.
As soon as the supporter is closer to the ball than the interceptor (d1 > d2 ) the agents swap
their roles. Once the interceptor reaches the kicking distance (KD), i.e. he is close enough to
kick the ball (d1 ≤ KD), he changes to the kicking behavior.
With the help of a synchronization point it is ensured, that only one agent moves to the ball,
even if d1 = d2 . To execute the gotoBall behavior an agent must be in possession of the
interceptor resource. As this resource can only be held by one agent at a time, not both agents
can move to the ball simultaneously. When the interceptor is close enough to kick the ball
(d1 ≤ KD) he releases the resource. If gotoBall fails or the agents switch their roles, the
resource is released automatically, so that the other agent is not blocked from going to the ball
for ever.
Using differential equations and boolean expressions the execution of the behaviors can be
described in greater detail. We can state general facts and constraints, e.g. that the distance to
the ball decreases in proportion to the agent’s velocity (d˙1 = −v1 ) or that during the execution
of strategicPosition it must hold that d1 > d2 .
The actual movement is modeled with the help of the states far, close and too fast. Note that
the same sub automaton is used for modeling both strategicPosition and gotoBall.
While the agent is far from the target position, he accelerates maximally (a max ). Once he falls
below the breaking distance (BD) the engine is switched off and the agent slows down due to
friction (−D · v1 ). If the agent reaches the maximal velocity, the RoboCup simulator ignores
any further acceleration. This is captured in the state named too fast. Note that the velocity
remains constant in this state (v̇1 = 0).

7 Manufactory Process Example
In industrial applications, dynamic behavior of several agents can also be specified by means
of the graphical UML notation. Timed synchronization as proposed in this article enables us
to specify more realistic system behavior.
Example 4 A generic process in computerized fabrication industry is modeled in Fig. 7,
where a state transition for a certain part is described, in which it is manufactured and then
inspected. After the inspection, if its condition is unsatisfiable, the part is returned to the
previous sub-state, which is expressed by the crossed box. Subsequently the part is processed
again. The synchronization point in Fig. 7 shows a constraint for all the parts; all of them
must satisfy their post-condition, otherwise the final product should not be assembled. Other
constraints may be applicable as well. For instance, in some processes, it is sufficient that at
least 90% of elements meet certain value, i.e. not all parts need to satisfy the same criteria.
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Figure 5: Manufactory process example.
As we see above, timed synchronization with the notation of synchronization points and
constraints can be a powerful means in practice. Here, it allows us to express the fact that,
whenever two parts are ready, they can be shipped by the respective unit.

8 Related Work
El Fallah et al. use hybrid automata for modeling the consumption of resources in multiagent
plans [3]. A task is decomposed with the help of a global graph of functional dependencies,
which also describes the relations among the different subtasks. Local plans for different
agents are modeled with the help of hybrid automata. Synchronization of tasks is modeled by
adding new states and labeled transitions to the automaton.
The extensible agent behavior specification language XABSL [6] uses XML to describe
hierarchical state transition diagrams to specify agent behaviors in the RoboCup domain in
the four-legged league. Which transitions are taken in a certain situation is described with
the help of decision trees, that are also formulated with the help of XABSL. This formalism
has strong relations to the procedure with (discrete) statecharts that already has been studied
intensively in the RoboCup simulation league (see e.g. [9, 8]).
One way to integrate the formalisms of hierarchical state transition diagrams and hybrid
automata has been proposed by Alur et al. [1] with the Charon language. But this approach is
mainly used for specifying embedded systems. But there is no timed synchronization concept
present as proposed here.

9 Conclusions
We presented a graphical formalism for specifying behaviors of multi-robot systems. With
the help of hierarchical state transition diagrams behaviors of robots can be modeled conveniently, while the integration of hybrid automata facilitates the specification of continuous
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processes. The use of concurrent regions allows for the modeling of behaviors that involve
several physical agents. Explicit modeling of timed synchronization between several agents
working together or sharing a resource can be realized with the help of synchronization points.
Future work includes devising means for the validation of specified behaviors with the help
of temporal logics and model checking methods. In addition to that the notion of synchronization points has to be refined, e.g. to allow for modeling the exchange of data between agents.
Finally, the proposed method will be applied to a greater extent in the RoboCup domain. First
studies within the RoboCup 3D simulation league are encouraging.
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