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Abstract

In many application fields, such as surveillance, mon-
itoring, exploration, and rescuing, the use of multiple co-
ordinated robot units seems to be the most convenient so-
[ution, in terms of costs, performance, and efficiency. In
this paper we present a distributed real-time architecture
for coordinating a set of mobile robot that have to operate
according to a common objective. Theinteraction with the
environment causes each unit to operate under real-time
constraints, which are enforced by the operating system
to achieve a desired level of performance. The design of
the architecture has been focused on three main aspects:
real-time communication, modularity, and flexibility. The
last two aspects are essential in a distributed environment
to simplify maintenance and system upgrades. The pro-
posed approach has been implemented on a team of six
robot vehicles, equipped with proximity and light sensors,
that can operate according to predefined formations.

1 Introduction

Coordinating a team of mobile robots requires several
difficult problems to be solved, including robot localiza-
tion, real-time communication, schedulability analysis of
real-time tasks and messages, and efficient resource ma
agement (e.g., for optimizing energy consumption).

All of these issues have been addressed in the real-tim
literature, but a complete and robust solution to them is
not yet available. Robot localization is one of the hard-
est problems, for which different approaches have been
proposed, including the use of navigation maps through
which a robot can get its position. In unknown environ-
ments, however, active exploration is required to build the
map incrementally. The disadvantage of this method is
that the time needed to build the map can be too long.

When the robots operate in close vicinity, self-
localization can be achieved by determining the relative
positions with respect to the other robots. Additional in-
formation can be taken from the environment through lo-
cal reference points, like known objects or beacons, or ab-
solute reference points, like the sun, the stars and mag
netic north. The use of multiple reference points allows
a robot to determine its position by means of triangula-
tion. Silva, Santos and Almeida [17] proposed a self-
localization method that combines absolute azimuthal in-
formation from an analogue compass with relative odo-
metric information, obtained from an optical mouse.

*This work has been partially supported by the Italian Ministry of
University Research under contract 2003094275 (COFINO3) and con-
tract 2004095094 (COFINO4).

The interactions with the environment and with the
other robots impose stringent timing constraints on the
robot control activities that need to be enforced by adopt-
ing suitable kernel mechanisms. In a team of cooperating
robots, the scheduling problem becomes even more com-
plex due to the communication messages exchanged in the
team. As a consequence, a precise estimation of the end-
to-end communication delays is necessary to provide any
guarantee on the robot performance.

Li et al. [11] proposed two heuristic algorithms to al-
locate real-time tasks to the various execution units in the
team. Both methods consider the communication cost and
the utilization bound to allot the tasks at the processors
and to guarantee their schedule. Shi et al. [16] described a
robotic system for the automatic deployment of highway
safety markers. The architecture consists of one lead robot
(the foreman) and a group of guided robotic safety mark-
ers (the robotic barrels), which are guided by the foreman.
The system consists of two classes of real-time activi-
ties, modelled as periodic tasks and variable rate execution
tasks [9], and schedulability analysis is performed under
the Earliest Deadline First (EDF) and the Rate Monotonic
(RM) algorithms [12]. Whereas in [16] the authors only
considered the problem of detecting the robotic barrels

r2nd controlling them by sending appropriate set points, in

a successive work Qadi et al. [14] analyzed the foreman

enavigation, the accuracy placement of the barrels, and the

relations between the periods of these tasks and the robot
performance, i.e., the navigation velocity.

In a distributed system for real-time applications, the
key of success is the timely execution of the processes run-
ning in the system’s nodes, which communicate to achieve
a common goal. This cannot be achieved without a proper
support of a network layer that provides a timely message
transmission. The communication among mobile units re-
quires a careful management of the transmission medium
(typically a radio channel) for achieving a sufficient level
of predictability on messages exchange. Full autonomy of
the robotic team can only be obtained through a wireless
ad-hoc network [18]. It is worth noticing that when robots
have weak hardware resources, (e.g., slow processors and

low power radio transceivers), such physical constraints
need to be taken into account in the network design.

Facchinetti et al. [7] proposed a MAC level protocol,
based on implicit EDF [4], that allows nodes to enter and
leave the communication area, avoiding collisions due to
simultaneous transmissions. This protocol was then used
to coordinate a small team of robots cooperating for a
common goal [6].

In this paper we report our experience and solutions
to the problems we encountered in the development of a
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team of autonomous vehicles. In particular, we focus on o o
the problem of scheduling a set of tasks and messages with (RoBOT 1) (ROBOT n)
stringent time constraints, and we show how the use of a

real-time kernel is essential for achieving high predictabil-
ity and simplifying the performance analysis of the sys- Figure 2. Hierarchical control scheme.
tem. Moreover, we describe the communication system

that supports the real-time messages exchange among th22 Rabot control

tasks running on the various computational nodes. The control architecture of the system is organized in
The rest of this paper is organized as follows. Section 2 three hierarchical levels, as illustrated in Figure 2. The
describes the system architecture, presenting the robot vehigher level is responsible for the coordination of the team
hicles, the localization method, and the control scheme.and runs on the base station. It executes the strategy to
Section 3 illustrates the communication system. Section 4plan the actions that each robot has to carry out in order to
presents the real-time issues of the system, including taskaccomplish the common mission. It receives as inputs the
models and feasibility analysis for tasks and messagesrobot positions computed from the camera and the sen-
Section 5 reports some experimental results, and Section &ory data coming from the robot vehicles, which directly

ROBOTS SIDE

states our conclusions and future work. detect the presence of obstacles along the path. It pro-
vides as outputs the set poiftSPR;,...,SPR,) that
2 System architecture each vehicle must reach.

The middle control level (also running on the base sta-
The system consists of a set of robotic vehicles actu-tion) receives as inputs the set points computed by the up-
ated by two independent wheels and equipped with prox-per level and the sensory data from the robots. The pur-
imity and light sensors. Robot localization is achieved by pose of the middle level controller is to decompose the set
simulating a global positioning system (GPS) through a points provided by the upper level into a sequence of in-
fixed camera located above the environment. A personaltermediate set points, which can be used, if necessary, to
computer, acting as a base station, processes the image@an an alternative path to reach the location provided by
coming from the camera to identify the position and the the higher control level. In other words, the goal of the
orientation of each robot. The role of the base station is to high-level controller is to plan the final location of each
interact with a human operator and execute a given controlrobot, whereas the middle-level controller decides the spe-
strategy by sending proper commands to the robots. cific path to be used to reach that location. The goal of the

The robots and the base station communicate through dOWer control level (running on each robot) is to properly
wireless board, which allows sending messages at a speel‘ELrIVe the robot wheels to reach the set points provided by
of 38400 bits per second. A block diagram of the system the middle control I_evel. A classical PI (Proportional and
architecture is illustrated in Figure 1. The communication 'Ntégral) controlleris used at the lowest level to reduce the
software is structured in two hierarchical levels. The low- POsition error of the vehicle.
level software runs on the wireless board on a dedicated L
programmable interrupt controller (PIC); it manages the 3 1 N€communication system
radio channel and sends the messages coming from the
higher level. The high-level software runs on the robot
micro-controller and on the base station. The communi-
cation system will be described in detail in Section 3.

A key issue for achieving a good performance in a
team of mobile robots is an efficient and predictable com-
munication infrastructure that allows robots to exchange
real-time messages with bounded delays. Our communi-
L cation system consists af computational nodesy(— 1
2.1 Localization robots and the base station), each including two devices,
In order to concentrate on real-time and communica- a DTE (Data Terminal Equipment), which can be either
tion issues and perform some real experiments on the systhe robot's CPU or the personal computer (for the base
tem, we decided to simplify the localization problem by station), and a DCE (Data Communication Equipment),
simulating a global positioning system (GPS) through a which is a wireless board.
videocamera mounted above the robot workspace, acquir- These two devices communicate through an RS232 se-
ing images from the environment at a frequency of 25 rial line. The communication software is organized into
frames per second. Images are sent to the base statiorthree layers. The application level runs in the DTE and
which processes them to identify the robots and computeprovides a communication service that follows a producer-
their positions and orientations. To simplify the recogni- consumer model, according to which the node that gener-
tion process, each robot is uniquely identified by means of ates information (producer) starts the transaction, and the
proper markers, each realized by two colored disks. node that needs information (consumer) retrieves it from



the network. The model is based on broadcast transmis-no with a period equal to TTRT. Therefore, the total net
sion (each message is received by all nodes). The othebandwidth available for transmission is— no / TTRT.

two software levels, data link and physical, run into the The message streaffy generated by each nodean be
DCE. The data link layer is responsible for the addressing described by the tupl&”;, T;, D;) where:

mode, the radio channel management, and the message _ . . .

format. A direct addressing is used, according to which ¢ Ci IS the maximum amount of time required to trans-
each node has a unique address that identifies itin the net- ~ Mit @ message in the stream. This includes the time
work. There is also an address that identifies broadcast ~ required to transmit both the payload data and the
messages destined at every node. In order to manage the ~ Mmessage headers. _
radio channel, we have developed a MAC protocol that ® 7: is the interarrival period between messages in the
guarantees the transmission of hard real-time messages stream. If the first message in streafnof node: is

with bounded delay. All the nodes are fully connected, putin the transmission queue at tirhg, then the;-
therefore the network t0p0|ogy is a mesh. th message In streas) will arrive at nodes at time

tij =ti1+ (j —1)T;, wherej > 1.
3.1 TheMAC protocol e D; is the relative deadline associated with messages

in streamsS;, that is, the maximum amount of time
that can elapse between a message arrival and com-
pletion of its transmission. Thus, the transmission of
the j-th message in streaf) that arrives at; ; must

be completed not later thaf) = ¢; ; + D;, which is

the message’s absolute deadline.

The MAC protocol used in this system manages the
access to the radio channel, guaranteeing the timing con-
straints of the messages through a timed token-based
mechanism, first introduced by Grow in 1982 [10]. Since
then, extensive research has been done on the timed to-
ken protocol, with particular emphasis on real-time issues
[13, 19, 1]. In the remainder of this section, we present
the protocol and describe our solutions to the problems
we have encountered.

The timed token [13] is a token-passing protocol in
which each node receives a guaranteed share of the net- - Gi )
work bandwidth. There is a token that travels between ' min(T;, D;)
nodes in a circular fashion and each node can trans-The total effective channel utilizatiori/, of a periodic
mit only when it possesses the token; this guarantees amessage set is thdi = S°" | Ui, which measures the
collision-free medium access. The key idea is to assigntotal demand placed on the system by the entire periodic
each node a time budget, which is the maximum time the message set. The parameters described above are crucial
node is permitted to transmit messages every time it re-for guaranteeing periodic messages deadlines. Any choice
ceives the token. The system starts by assigning the tokerpf these parameters must satisfy the following constraints:
to nodel, which can transmits its messages, if any, for ) )

a period no |0nger than its allocated time budget Then’ 1. Protocol Constraint: The total bandWldth allocated
nodel sends the token to node which can transmit its to the r_10des must be less than the available network
messages, if any, and so forth until the token is passed to ~ bandwidth, that s,

noden. When node finishes its transmission, the token n

is sent back to nodé. i i no )

There are several budget allocation schemes, some of TTRT — TTRT
them have been analyzed in [1, 19]. For each scheme, g constraint is necessary to ensure a stable opera-
the worst-case achievable utilizatiéi (defined later in tion of the timed-token protocol
this section) has been derived so that, if the utilization of 2 The deadline constraint: This C(.)nstraint states that

the periodic message set is less than or equal‘tothe every periodic message must be transmitted before
scheme guarantees that message deadlines are met. We . yPp SSag .
its absolute deadline. Formally, lef; be the time

adopt an allocation scheme wifli* = 0, hence it is t which the t . f theth ;
not possible to use the worst-case achievable utilizationto &+ Which the rans|m|s§|on ﬁ dﬁ dl.message In
guarantee messages deadlines. The method for guarantee- streamSi AS Cfo”.‘p eted. The eadiine constraint
ing messages constraints is explained in the next section. requiei t atDorz :h 1’1;"’.” t";‘]ndj =12..., |
Notice that our network is fully connected as far as fi?ﬁe?a nélj)ﬁs |tls r\glaetir\feidjeg dlinee ml\?gtsea?hea?i"r:“{ﬁe
. . ) i .
message delivery is concerned, but circular from the token above inequality;; ; andD; are given by the applica-

circulation point of view. There is an important protocol : :
. : tion, buts; ; depends on the synchronous bandwidth
parameter, called the TTRT (Target Token Rotation Time), allocation and on the TTRT value.

which gives the expected token rotation period. &die
the time needed for transmitting the token between two 3 »
nodes, including the overhead introduced by protocol. If

H; is the maximum transmission time assigned to ngde
then TTRT can be computed as

Messages of each stream can be sent either to a precise
receiver or to all by means of broadcasting. The channel
utilization of each message in the streéjris

M essage constraints guar antee
Our protocol scheme assigns each node a maximum
time budgetH; sufficient to transmit an entire message,
that is:

For this scheme it has been shown [1] thdt= 0, mean-

ing that message timing constraints cannot be guaranteed
In terms of bandwidth, the token transmission overhead using this method. To guarantee real-time message deliv-

can be considered as a transmission of a message of lengtary with this scheme, we provide a test on the messages

TTRT = i H; 4+ no.

i=1



relative deadline®; that, if satisfied, guarantees to meet transmitted, theril'¢;(k) = 27TTRT + H;. Follow-
all absolute deadlines of the periodic messages. ing the same reasoning in the first case (token not late),
If the token arrives to each node with no delay, the max- if ¢;(k) = p + 1, the message comes into the queue
imum amount of time occurring between two consecutive at time k& and, in the worst case, leaves the queue after
token arrivals at a node is TTRT time units. Otherwise, T'q;(k) = ¢;(k)(2TTRT + H;) time units.O
Johnson and Sevciks [15] have shown that, if the token is  The following lemmas provide an upper boundttk)
late, the maximum amount of time that may pass betweenandT'g; (k).
two consecutive token arrivals at a nod@1I'RT. Fur-
thermore, they have shown that the average rotation timeLemma2 For any i (i = 1,...,n), for any k& > 0, if
is not greater than TTRT. H; = C;, T; > TTRT, and the token is not late, then
If a message comes in theh transmission queue at maz(g;(k)) = 1.
time &, it will be sent afterT¢;(k) time units, where _ ) . .
Tq;(k) denotes the maximum time that a message, ar- Proof. The arrival period of the transmission queiis
rived at timek on nodei, can stay in the transmission €qual to7;. As shown in Lemma 1, if the token is not

queue. Hence, if for eachand for each time instarit late, the emptying period of the transmission quéis
D; > Tq;(k), all message deadlines will be met. equal to TTRT. Fok = 0, ¢i(k) = 1, for k > 0, g;(k) =
1+ |#] = | 7#%r]- And sinceT; > TTRT, || —

hc?tnl]ant]:tlheior i=1,...,n,if H; = C; and thetoken is || < 0. Thereforey; (k) < 1. D

Tq;(k) = q;(k)TTRT; Lemma3 Foranyi (i = 1,...,n), for any k& > 0, if
if the token is late, then H;,=C;andT; > 2T'TRT + H;, then max(qz(k)) =1.

Tq;(k) < qi(k)(2TTRT + H;) Proof. The arrival period of the transmission queiie
(i ; i equal toT;. As shown in Lemma 1, the emptying period
ggggg}(fgégghaet?nnrg of gesin thetransmission of the transmission queueis equal to(2TTRT + H;).
' Fork =0, gi(k) = 1,fork > 0, g;(k) = 1+ [£] —
Proof.  First we consider the case in which the token Lﬁmf And sinceT; > 2TTRT + H;, L%J —
is not late. Let us suppose at tinfgé — 1) the queue ] & ’LJ < 0. Thereforeg; (k) < 1. O !
is empty, and at timé& a message comes. Also, let us “2TTRT+H;4 = ™ Aill) = -
suppose the token left nodeat time (k — ¢) with ¢ o , _
infinitesimal (i.e., the token left the node a moment before Tr%elngem ld Tﬁr ?’Ey? (i o ILt. : .thn),tlf]: }Qt = Ciée{i/\%l
the message arrived) and let us suppose each other nod& g ,San eso en Isnr?edall;(:bl e? 3 r?an} e
has one or more messages in the transmission queu _JiRal 2,---,5n } is schedulable if and only if D; >
Under these hypotheses the message in the queue of no '

¢ must wait the maximum time before its del“’%% The proof. M schedulable means that both of protocol con-
next arrival time of the token to nodeis k + 7;°"’,  straints are satisfied. Sindé; = C;, thenTTRT =
whereT{ '™V = g+ Y0 | (H;+0). So, afterr!** 3" (H;+0) = 3.iy H; + no. Hence,5" | H; =

time units the token comes back to nadand the entire ~ 7T7T'RT — no, meaning that thérotocol Constraint is

message can be sent becaise= C;. After 7'V + H; satisfied. _ _ _
time units the message has been delivered. It is trivial to  (Only if). To satisfy thedeadline constraint a node
verify that, if the token is not late, must have at least a possibility to send each message be-
fore the message deadline expires, therefareD; >
T_delay + Hz = o + Eni ) (H + 0-) + Hi — TTRT.
Hlx+g+z7‘l L (H o) Jz—lffg (}{‘Jra) —TTRT (If). From Lemma 2, when a message is queued at
' J=LaFi J=1d ' time k, ¢;(k) = max(q;(k)) = 1, that is, it is the only

message in the queue. Then, from Lemm&'&,(k) =
q;(k)TTRT, henceTq;(k) = TTRT. We remember
that T'¢; (k) is the time elapsed from the time the mes-
sage arrived in the queue and the time it left. Therefore, if
D; > TTRT, D; > Tq;(k), meaning that theleadline
constraint is satisfied J

If at time (k — 1) there arep messages in the queue
of node: and at timek a new message arrives, then in
the worst case;(k) = p + 1 and the token left the node

at (k — €). Therefore, aftef’™*'** time units, the token
comes back to the node and an entire message is deliv

ered. Then, attime = k + 7%V + H, = k + TTRT,

¢(t) = p and the token leaves nodeAgain, after7*'*¥ Theorem2 For any ¢ (i = 1,...,n), if H; = Cj,
time units the token comes back and an other message cad: = 2I'TRT + H;, and the set M = {5, S2,..., 5y
be sent. Then. at time— k47919 7, L 7delay | pr. _ isschedulableif and only if D; > 2T'TRT + H;.

k+2- (T79Y + H;) = k+2- TTRT, q;(t) = p — 1. Proof. The proof is similar to that of Theorem 1, con-
It follows that, at timek + sT'T'RT, s messages have sjdering that the minimum dimension of the transmission
been sent. Foy;(k) = p + 1, the (p + 1)-th message  queue is given by Lemma 3 and, if the token arrives with
comes into the queue at tinteand leaves the queue after the maximum delay, thefig; (k) = 2TTRT + H;. O
Tqi(k) = (p+ 1)TTRT = ¢;(k)TTRT. In our system, the choice of a time-token protocol was
If the token is late, themnax(T'*Y) = 2TTRT, motivated by its implementation simplicity and its low
therefore, ifg;(k) = 1, at timek + 2T'TRT the to- overhead. The time budgél; allocated to each stream
ken comes back to the node and the message can be&s H; = C;, which gives the possibility to each node to



transmit an entire message every time it receives the to-
ken. Moreover, this scheme simplifies the message man- righest prioriy tevel
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pieces of messages in order to rebuild the messages deliv-
ered. As demonstrated in [1], it is impossible to provide
a guarantee on real-time messages based*gmecause

for this scheméd/* = 0. Furthermore, to the best of our
knowledge, all allocation schema proposed for the timed-

TRANSMISSION
token protocol havenaz(U*) = 8= [19], where conmrent
a = 7. As shown in Section 5, in our application the

utilization of the message set is greater thaaz(U*). In

order to guarantee that the deadline constraints are satis-
fied, we demonstrated that if the conditibn > TT RT is Figure 3. Tasks and resources interaction
met, the soft real-time delivery of the messages is guaran- on the base station.

teed, if the token is not late. Finally, we showed that, since

the token delay is bounded [15],i; > 2-TTRT + H;,

the hard real-time delivery of the messages is guaranteed4.1 Software

even if the token is always late. As already shown in Section 2, part of the software
runs in the base station and part in the robot units. More
33 Robustness precisely, on the base station there is a periodic task which

performs the localization algorithm (see Section 2.1), an-
. V'S other that performs the coordination strategy phase, and
members of the team fail or leave the communication ;" " 55ks (one for each robot) that execute the mid-
zone. In this case, .thed token V‘;OUIS be lost. 'r? orde:jdle level control (see Section 2.2). There are also two
to guarantee a certain degree of robustness, when nodgerigdic communication tasks responsible for exchanging

J sends the token packet to nofle- 1, it waits for an ac-  peggages between the DTE and the DCE in the base sta-
knowledgement. Notice that during the waiting time the 4, (see Section 3).

node is not blocked. If fok times the acknowledge does In each robotic vehicle there are four tasks, ong)(
not come and the ring recovery process starts [5], N0desq the ow-level control (Section 2.2), one that collects

J + 1is considered not connected to the network and the y5t4 from the sensors,(), and two for message exchange
.token from nodgj is sent to nng +2. The parametek . (7, 1), like the ones running in the base station.
is set at the system initialization. In this paper, the case in

which a robot may rejoin the team is not considered and 4.2 Task parameters

When robots move, it is possible that one or more

will be addressed in a future work. The values assigned to the task parameters depend
) . on the performance requirements of the system or are
4 Real-Timeissues imposed by some hardware device. For example, the

Robot team performance, such as the robot continuousc2era placed above the workspace (see Section 2) pro-

motion, robot coordination and obstacle avoidance, de-ggfcflggt?oﬂiai\ﬁgsz igemcﬁfec ;\Nti?r'lsam%a;irgsdtgahgﬁo
pends on the timely execution of the tasks running in every p q

processing element of the architecture. In this section weTl ?h%rdiiigoduoe?ﬁgfﬁgt p?;’:';tll(ocr;gsaetl\/'ggo‘;ﬁéi on the
will analyze the relations between tasks parameters (i.e. b . 9y ydep

periods and deadlines) and performance parameters (i e’application. For example, if the strategy process has only
robot speed). Moreover, we will describe our solution to to decide a few set points, the task can be executed with a

. . : . h relatively long period (e.g., one second). Viceversa, if the
the scheduling problems induced by this robotic applica- ;. %:aamgn?ust be( cgordinated to c)atch a fast object
tion. ’

. L L e.g., an enemy robot, the strategy task must run with a
All tasks in the application are modeled as periodic or g y 9y

aperiodic. Each periodic task is identified by four pa-  oc) Shorter period (e.g., 40 msec).

c D hereC' is i The period of each task at the middle control level in-
rameters(C’;, i, D;, ¢;), whereC; is its worst-case com-  ,ances the continuous motion of the associated robot.
putation time,T; its period, D; its relative deadline, and

¢; its offset, i.e. the arrival time of the first job. Aperiodic Each vehicle used in our application has a pair of dc ser-

K q ibed by th ith th d.fvomotors for driving the robot wheels. In order to achieve
tasks are described by the same parameters, with the dif,5 gmaoth motion, each servo must receive a command
ference thaf; indicates the minimum interarrival time be-

2 =~ . every 40 msec. This affects the peridd of the control
tween two consecutive instances of the task. For apenodlctaskyat the middle level of each rgbo?QMoreo@ also

tasks,T; is used to guarantee feasibility in the worst case yonands on the actual velocity of the associated vehicle; in
activation scenario. Tasks can communicate both throughfact, to avoid an obstacle, the control process has to decide

czritical gections actf:essedblbykt_he Stack hResourcg I;’folicythe appropriate action enough in advance. The application
E(:]Algrs) [3:/3]means O non Dblocking asynchronous DUTIErS g the pase station is structured as illustrated in Figure 3.

To enforce timing constraints on the real-time activi- 43 Communication constraints

ties running in the base station, tasks are executed by the We remind that our system consistsiof= 7 compu-

i&ﬁokﬁ;ﬂg:e@émﬁ Isso?t(;ggrjgr%r:?aj\ilzgilﬁggre d'?;;?g:]ttational nodes, including one base station and six robot
vehicles. Each middle level control task sends only rel-

isnﬁggfij;;t?gnalgonthms, selectable by the user at system Sative positions to the related robot (i.e., the difference



.= Control task start in sequence; when the laSbntrol task (then-th)

1,= Strategy task finishes, the transmission buffer of the base station con-
‘ tains the message with the relative positions of the robots.
b ff) Then, theT'ransmission task transfers this message to
A R=Ds > the wireless board. The constraint of tRerategy task

‘ is thates(i) = C+C-+ (i —1)-Ts (i > 1) and
Localizatio) Receivin itl [ ][5 ]ransmissio] Localizatiof its first instance must §tart before the first .inStance 0 f .the

‘ o ] ‘ control tasks. To satisfy such a constraint, its priority
o o d b= o= 4l furc, g level is set greater than the others and its offset is set to
‘ . | #5(1) = ¢L(1), whereg(4) denotes the offset of thg

] f=0 ] th job of thek-th control task. From the considerations
Figure 4. Schedule on the base station. presented above, the following task parameters can be de-
rived:

between the set point and the actual position). To send
this information, the base station should deliver 6 mes-
sages, one for each robot. To decrease the number of mes- di(i) = (i—1)-T
sages exchanged, relative positions and orientations of ev- { Dl 7 !
ery robot are inserted in a single broadcast message that L= 4t

is forwarded to all vehicles. The message length is equal 2. Receiver taskr,, Vi > 1:

to 41 bytes (36 for data payload), meaning that for the

message streais}, of the base station the message trans- { ¢r (1) = ¢1(i) + C

1. Localization taskr;, Vi > 1:

mission time is D, =T.=1,.
(41 * 10)[)7;25 3. C k ; — .
=" "7 _10. ) . Control taskry, Vi > 1,fork = (1,...,n —1):
b = 35400 bit fsec 067 msece )
As explained in Section 3.1, the MAC protocol assigns ¢%(?) = ¢7€(i2 +C;
this stream a time budgéf, = C,,. Ge(i) =dc (i) +Cc (k>1)
The other nodes, the vehicles, have to send a message DF =Tk =T,.

with the data coming from their onboard sensors. To do

i : . . 1551 ;> 1:
this, each robot has a message stréamssociated to it. 4. Transmission taskr, Vi > 1

The length of this message is equal to 9 bytes (4 for data ¢e(i) = @21 (4) + Ce
payload), meaning that the message transmission time is { Dt =T i . )

"7 38400 bit/sec
{ ¢s(1) = da(1)

As before, the assigned time budgets = C,.. ¢s(i) =Cr+Cr+ (1 —1)- Ty (i>1).

The token rotation time (TTRT), in milliseconds,

results to be In order to enforce the precedence constraints we used
TTRT = H, + (n — 1) - H. +n -0 = two hierarchical priority schedulers in the Shark kernel.
1067+ (n—1)-2.34+n-1.04 = 8.33 + n - 2.86. The Strategy task is handled by a RM scheduling mod-

ule defined at the highest priority level, whereas all peri-
Therefore, forn = 7, TTRT = 31.99 msec. From  qdjc tasks are scheduled by another RM module defined
TTRT we can obtain the minimum period;§ and the 4t a Jower priority level. In this way, since all tasks at the

minimum relative deadlinel¢;) for each message stream |ower level have the same period, they are scheduled in
S; that the protocol can guarantee. Every message in eacksequence, as shown in Figure 4.

stream becomes obsolete every tirfi¢) @ new instance The tasks running on the robot CPUs.( etc.) are
of the message comes; so we pyt=T7;. executed non preemptively. The ensemble of these tasks
In order to guarantee the schedulability of messagescan be viewed as a single task havingC, = C,, +

delivery, the relative deadline of a streasf cannot be ¢ 1 ¢, + C,,, and periodl, < 40 msec to satisfy the
smaller thareTT'RT + H;, which is the maximum mes-  constraint imposed by the servomotors control.
sage transmission delay, as stated in Theorem 2. If a soft ~ The S¢rategy task cannot be interrupted during its ex-

real-time guarantee is sufficient, then the relative dead-ecuytion, because it executes at the highest priority level;
lines cannot be smaller tharil’ RT', as stated in Theorem  then if C, < D,, it always finishes before its deadline.

1. The rest of tasks, those at the lowest level, execute in se-
) _ guence and can be preempted only by $teategy task.
4.4 The scheduling solution Hence, the maximum delay they can suffer is equal to

The tasks on the base station have both temporal andc, . [%1, Therefore, to guarantee a feasible schedule of
precedence constraints. The correct temporal sequence ofe task set is sufficient to verify that
the task schedule is shown in Figure 4. T

The Localization task computes the robot positons  Ci+Ci+C, +(n—1)-C. + Cs - [71 <Ti. (1
and orientations. Then, theeceiveing task retrieves the N
messages the team vehicles have sent to the base statiootice that, ifC; +C;+C,.+(n—1)-Co+Cs-[7-] > Ty,
These messages contain the robots sensory data. WhebeingD; = D; = T}, at least the execution af breaks
the Receiveing task finishes, thes — 1 Control tasks its deadline. It follows that the condition is also necessary.



In order to maintain, for each vehicle, a continuous mo- S,. (robots) the following parametet§, = D, = T,. =
tion without crashing, the velocity of the vehicles and the D, = 30 msec, which provide a soft guarantee on mes-
period of sensor sampling and control tasks must be caresage delivery. The utilization of the message streams is
fully chosen. U = 0.82, which is greater thamaxz(U*) = 0.34 (see

In the remainder of this section, we show the relation Section 3.1). The strategy task has a period(f msec,
between the robot velocity, and the periodd; = T, = the others task have all the same period equabtmsec.
T, = T, of the robot tasks in the base station. Let us make Relative deadlines are equal to periods. Worst-case com-

the following definitions:

D, be the distance of an obstacle from the robot;
Dgq¢e be the minimum distance from an obstacle that a
robot has to maintain to ensure a safe brake;

putation times are reported in Table 1 and are expressed in
milliseconds. Notice that, some of the values of the task
set parameters are constrained by the hardware (e.g., the
frame grabber acquisition rate) or by feasibility bounds.

Tsamp e the maximum sampling period of the robot sen-
sors by the base station, given B,y = T, + Task | 7 | 75 | Te | Tr | Tt | Ter | Tic | Trs | Trt
Cie + Cry + 2TTRT+H,. + T3; C; |65|01|01]|95]| 7| 7 6 | 176 | 16
Treact b€ the maximum interval from the time the system
gets the information from the sensors and the time Table 1. Task set parameters.
Lhe%obotf%rlis(out lt;]eC'n?(tC%OT;anPg:r Jl%s E'Ven The maximum time elapsed between two consecutive
Ty J:eéact :L Cs =) be T Ui b commands at each robot resulted tahe= 178.32 msec,
v rs les _ H
Q(v,) be the braking space needed for a complete stop Ofandtm = 135.65 msec when the token is not late. From

the vehicle. As an example, assuming a brake en-
tirely due to friction, Q(V,.) is given byQ(V,) =
2
2%‘9 , Whereg is the gravitational acceleration apd
is the friction coefficient.

Hence, in order to avoid a possible crash, the following
condition has to be satisfied:

Do Z Dsafe + Ur (Tsaan + Treact) + Q(UT)'
To derive the relation betweeh, D, andv,., the interval
Treact + Tsample CaN be considered as the sun¥pplus a

constantternt; = Tyeqet +10 +Cle+Cri +2TTRT+H,..
Therefore, we can write:

Do 2 Dsafe + vr(n + k) +

from which we derive
T,ZS Do_Dsafe 7i7
U 249
The same reasoning can be applie@$oT' T RT to derive
the relation between these last parameters and the robot:
performance, i.ev,..
Notice that, if there are fixed obstacles, abg, .. is

"2

r

2pg

the maximum distance a vehicle can detect an object, we

can putD, = D,,,. to obtain the maximum safety ve-
locity, vsqfe, Of the robot from the latter equations. In the
presence of mobile obstacles, to compuygg. we setD,
equal to the minimum distanc®,,,;,, at which the robot
sensors can detect an object.

We remember that, for achieving a continuous motion,
each vehicles’ motor must receive a command every 40
msec. The maximum timg,,, that can elapsed between
two consecutive commands to each motor is:

tmm =11 +2TTRT + Hy + T, + Cps + Cye
whereCs, C, andC). are the computation times of the
tasks in the robot’s CPU. When the token is not late, then

tm =T+ TTRT + T, + Cps + Ci.
5 Experimental results

T, and the others task parameters (see Table 1), we de-
rived Tsqmp = 144.89 msec,Ty.cqc = 126.73 msec, and

k; = 227.67 msec. Therefore, to perform obstacle avoid-
ance, we seD,,r. = 0.5 ¢M, D, = Dy = 3 CM,
S04, e resulted to be 9.26 cm/sec. Assuming the pres-
ence of fixed obstacles, the maximum safety velocity is
4.6 m/sec, which is greater than the maximum speed (0.16
m/sec) of the vehicles. This implies that the robots can
safely move at their maximum speed. Figure 5 shows the
maximum safety velocity,,¢. of each robot as a func-
tion of the minimum distancé, from an obstacle that
guarantees obstacle avoidance, wiigs- 40 msec.

Figure 6 reports the maximum value of the strategy task
periodT; that guarantees the safe motion of each robot as
a function of the maximum safety velocity, ;.. Notice
that if vy, i higher than a critical speed limit (equal
to 10 cm/sec for the illustrated example), the period
becomes negative, meaning that no solution can be found
to guarantee a safe motion of the robots.

Finally, Figure 7 shows the relation betwe&hand
the minimum obstacle distande®,, whenv, . is fixed.
The dashed line refers ta,¢. = 9.26 cm/sec, which is
the maximum safety velocity guaranteed whHBn= 40
msec andD, = 3 cm (see above). The solid line refers
to vsare = 16 cm/sec, which is the maximum speed of
the vehicles in our system. Notice that, to impravg.
we must decreasg; (and/orT,, TT'RT), which means
upgrading the hardware of the system.

By setting7, = 100 msec andl; = 40 msec, the
schedulability of the tasks in the base station can be veri-
fied using equation (1).

6 Conclusions

This paper presented an architecture to coordinate a
team of autonomous vehicles, which have to interact to
accomplish acommon goal. The architecture is composed
by n nodes: a base station (a personal computeryantl
mobile robots. The work has been focused on the real-

To verify the correctness of our architecture we imple- time execution of the tasks running in the various compu-
mented a test application in which five robots had to fol- tational components of the system, and on the guarantee
low a sixth robot, maintaining a predefined formation. For of message delivery. We addressed the scheduling prob-
this application we had TTRT = 31.99 msec. Therefore, lems of the tasks in the base station and presented our so-
we chose for the message streaffjs(base station) and  lutions on the Shark real-time kernel. Real-time message
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Figure 5. Relation between v,,¢. and obsta-
cle distance D, with T} fixed.
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exchange was obtained by means of a timed-token pro-
tocol, that has been analyzed to show how to guarantee

Do =3 cm

Dsafe = 0.5cm k= 0.22767 sec
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Figure 6. Relation between T; and vgq fe.

message deadlines.

As a future work, we plan to enhance the computational
power of the wireless boards in order to test different com-
munication protocols based on EDF message scheduling,
to increase the transmission load and coordinate more ve-

—200

—400

k = 227.67 msec

o

Figure 7. Relation between T; and D, with
two different vg, fe.

bile ad hoc networks. IRroc. of the |EEE Real-Time Sys-
tems Symposium, Dec. 2004.

[7] T.Facchinetti, G. Buttazzo, M. Caccamo, and L. Almeida.

(8]

(9]

[10]

[11]

hicles. We also plan to replace the CPU on each robot |15

with a more powerful microprocessor, in order to use a
real-time kernel also inside the vehicles. Finally, we want

to focus our attention on the coordination techniques to [13)
better control the robotic team.
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