Using Formal Modelling with an Automated
Analysis Tool to Design and Parametrically Analyze
a Multi-robot Coordination Protocol: a case study

Joel M. Esposito Moonzoo Kim

Abstract—Many robot systems employ logic based or reactive about the world and in particular, each robot has only estimates
controllers making them hybrid systems (e mixed discrete- about the positions of the obstacles. When there are multiple
continuous). However, designing such control laws in a systematic robots that can communicate with one another, they can
manner remains a challenging task. In this case study, we apply h K led b h id. The chall ' h .
the formal modelling paradigm to a team of mobile robots. S alre nowie gfi‘ alou” e wor : ep a .enge,.t en, is to
The linear hybrid automata modelling framework is used to design communication protocols, in conjunction with control
describe the high-level design, and the verification software strategies, so that the team of robots achieves its goal in a
HYTECH is used for symbolic analysis of the description. The coordinated and optimal manner.
goal is to symbolically quantify system-level performance as a Inspired by the success of automated formal methods in
function of the design parameters, for the purpose of optimizing . - - .
and synthesizing design parameters, verifying safe operation discovering SUbt!e e”PrS 'n. hardware designs ,(Cf' [CK9e)),
and quantitatively exploring trade off issues. In order to make @ current trend is to investigate if these techniques can be
the analysis tractable, a series of restrictive assumptions and generalized to obtain design aids for hybrid systems. The
simplifications must be made— some_dictated by the Iingar hybrid methodology advocated by formal approaches to system de-
automata model and others necessitated by computational cost. sign requires construction of a high-level description or a

We comment on the restrictiveness of these assumptions and the .
overall utility of this automated analysis approach in designing (mathematlcal)model O_f the system. Th_e model C,an then
complex robotic systems. be subjected to a variety of mathematical analysis such as
simulation, model checking, and performance evaluation. Such
modelling and analysis can be performed in early stages of the
. INTRODUCTION design, and offers the promise of a more systematic approach
Due to the proliferation of small but powerful embeddednd greater automation during the design phase. Unfortunately,
microprocessors, most mobile robot systems rely on sont@ algorithmic analysis of hybrid systems is a challenging
form of logic-based or reactive control schemes. In additioproblem, and even the simplest analysis problems turn out to
these processors often are used to fuse information fromb@undecidable. However, useful analysis can be performed for
variety of sensors, and communicate with other robots. Asclass of hybrid systems calldidear hybrid automataThe
such, most robot systems can be considérglrid systems analysis procedure involves symbolic fix-point computation
which typically consist of a collection of digital programs thabver state-sets that are represented by linear constraints over
interact with each other and with an analog environment. Oth@ystem variables, and can be implemented using routines
examples of hybrid systems include manufacturing controllets, manipulate convex polyhedra. The procedure has been
automotive and flight controllers, medical equipment, arithplemented in the tooHYTECH [AHH96], [HHW97], and
micro-electro-mechanical systems. It is well known that theas been applied to case studies such as an audio-control
interaction between the discrete and continuous time dynamggstocol [HW95] and a steam boiler [HW96].
of such system can produce rich and unexpected behavionn the case of our multi-robot coordination problem, pos-
Unfortunately designing reliable hybrid control systems is gible design parameters include the number of robots, the
challenging task. Control theoretic methods are quite limitéditial positions of the robots, the frequency of communi-
and vary on a case by case basis. cation, the cost of communication (e.g., time required to
In this paper, we explore the application of formal modellingrocess messages), and the positions of obstacles and tar-
and analysis to the design of a multi-robot coordination anft. Traditional simulation, using a tool likMIATLAB (see
control protocol. This problem is inspired by our experienogww.mathworks.com ), requires that all parameters remain
with our own experimental testbed of a system of autonomodixed. The parameters could be sampled at discrete values in
mobile robots [FDS02]. We consider a task that involvethe range of interest and the simulation repeated to give the
exploring a room with obstacles, while navigating to a goalesigner some intuition about their impact on performance.
position. The task is motivated by military applications (scouHowever, there is no guarantee or insight about how the
ing, reconnaissance, and surveillance). Typically, the sensegstem will behave at off-sample points. On the other hand,
capabilities of each robot yield only imperfect informatiowhen using verification tools such KRONOS[DOTY96], and
o UpPPAAL [LPY97] these parameters are set and the tools are
Department of Weapons and Systems Engineering, US Naval Academy . . .
CSE Dept. POSTECH, South Korea Emadisposito@usna.edu, used to detect logical errors by checking whether a high-level
moonzoo@postech.ac.kr model satisfies a temporal logic requirement. In this work,



however these parameters can be left unspecified, and the Il. RELATED WORKS

Hy TEcCHtool performs arexhaustive symbolic seardbr all

possible settings of the parameters. The information computed>everal nice algorithmic approaches to verification ex-
by the tool, then, can be used to understand the varid§s [ADMO1], [CK99], [CKO1], [MTOO] but the set of actual

tradeoffs and u|timate|y Synthesize parameter values. automated parametric design tools is rather limited. While
nonlinear switching controllers have been designed for systems

This article contains contributions of interest to two partiesith several modes of operation (see [Bra95], [Utk77],
(1) potential users of automated analysis tools especialfB98]), the techniques are generally only applicable for
within the robotics application area; and (2) designers of tl#mple systems with relatively few modes. Another approach
next generation of automated analysis and formal methagsto carefully partition the state space into different regions,
tools. each with its own specialized control law, variations on this

i . .. theme can be found in the literature on variable structure

From a user’s point of view it illustrates the app_hcatlorgystemS [Utk77] and on multi-modal systems [NBC95]. By
of a relatively new technology to the area of robotics. Thgs|ecting the state-space partitions so that regions of interest
system considered attempts to model several non-trivial facg{jap and by designing controllers with stable equilibrium
of robotics includingsensor uncertaintand multi-robot com- points which lie in the overlap, it is possible to control the
munication- explaining how certain restrictions can be met Gansition from mode to mode with predictable performance.
worked around. More importantly, while previous case studigg,ever, requiring stable equilibria to lie in the given regions
of formal methods in other application areas have focused gifficult in all but the simplest topological spaces. A
on verifying safety properties, we are employing reachabiliyyme.theoretic approach to designing controllers for hybrid
analysis to compare and synthesize design alternatives i3y@iems with a hierarchical structure is shown to be applicable
novel way. to automated highway systems [LGS95], [TPS97]. Threaded
%etri nets [KK0OO] and backchaining [BRK98] can be used to

negative outcomes of study might provide useful feedback fgynthesae high-level controllers_ of systems .when there 'S a
the design of the next generation of analysis tools. It tur@glette of tunable controIIer_s available. There is, hpwever, little
out that restrictions on the modelling approach, along with the way of generally applicable, automated, design too'ls (the
computational considerations, necessitated making a varigg? C(leledltngs of thef: wor ksh(?[ps gn gy;)(;f Sﬁ_tﬁgz)z provide an
of simplifying assumptions — the most restrictive of whicffXcelient survey ,0 various trends [ ] [ D )
was the lack of a Euclidian metric. Ultimately we were HEre we examine the most closely related work on applying
only able to verify rather simplistic scenarios. Moreover, thiomal methods to problems in robotics. In [TPO4], [FGPO5]

extension of the results computed using the reduced modeffi§ uthors apply the Linear Temporal Logic (LTL) formalism
and some popular model checking tools for such systems to the

the original problem proved to be quite difficult. Hopefully, X _
the outlined scenario will serve as a challenge problem B5Plem of robot motion planning and control. They manually

guide the research in formal verification of hybrid systemgpplyarigorous discrete abstraction procedure; cast the robot’s

by illustrating the need for tools which can operate on mofPiective in the LTL framework; apply an LTL model checking
general types of mathematical models. tool to synthesize a sequence of discrete maneuvers to solve

the resulting motion planning problem; then devise a series
The outline of the paper is as follows. After reviewingpf controllers that can implement these discrete maneuvers in
the basics of formal verification, and the definition of Lineagontinuous time. In [KSJ99] and also in [AJB04], [QBI04]
Hybrid Automata in Section Ill, we explain the multi-robotthe authors apply a similar approach using Timed Automata
scenario we wish to verify in Section IV. The main effort inand corresponding analysis tools (ORCCAD and UPPAAL
this case study concerns modelling the application scenaf&spectively) to synthesize a sequence of discrete transitions
using Linear Hybrid Automata. The modelling assumptiort® solve a motion planning problem with moving obstacles.
required to fit the Linear Hybrid Automata paradigm and Both of these sets of works are meritous and appear to have
to ensure the analysis is tractable, are discussed in depamising outcomes. However, it is important to distinguish
in Section V. The results of the analysis experiments atikem from the work presented here. First they examine the
reported in Section VI. Since the analysis is computationalgpplication of Linear Temporal Logic and Timed Automata to
expensive, we could successfully analyze only special casesda of robotics while this work examines a different modelling
the original multi-robot scenario. In particular, for two robotframework, Linear Hybrid Automata. Second, through a series
and one obstacld;ly TECH was able to synthesize the regiorof abstractions both works ultimately perform synthesis on dis-
of the possible positions of the target for which communicatiacrete systems; while our work explicitly considers continuous
reduces the total distance travelled. While modest, this expdynamics (albeit simplified ones) and is able to synthesize
iment does yield information that is computed automaticallyptimal values of a continuous parameter. Finally, while the
by a general-purpose tool. In Section VII, the limitations gbroblems they consider are interesting applications of formal
this analysis and the impact of the modelling assumptions arethods, many of them are essentially solved problems in
discussed in some detail. Section VIl discusses the lessonbotics (e.g. motion planning on a grid in the plane). In
learned and points to critical areas for improvement for thmntrast we seek to address more complex systems, with no
next generation of formal modelling and analysis tools. known unified solution framework, involving multiple robots,

From the point of view of the designers of such tools, th



imperfect sensing, and communication. In doing so we exposauses only the values of variables to change according to
limitations of the framework and automated tool. the specified flows while maintaining the invariants. The
Regardless, the theme of this paper is still supported bperational semantics of the hybrid automaton are captured
those works: automated formal method are promishwg by defining transition relations over the state space-or a
currently of limited utility in robotics. For example, in [TP04],switch e = (v,v’), we write (v,v) —. (V/,V) if (v,1/) €
[FGPO5] they are constrained to linear logic; and the discretemp(e). For a modev and a time incremend € RT, we
abstraction procedure hinges on a variety of embedded @asite (v,v) —s (v,v’) if there exists a functiory € flow(v)
sumption that may limit its application to more general protsuch thatf(0) = v, f(6) = v/, and f(§') € inv(v) for
lems in robotics. They also note that currently model checkimdl 0 < ¢’ < 4. The transition relations—. capture the
programs do not support design (augmentation was reqluiretiycrete dynamics, while the transition relations; capture
In [KSJ99] they comment on the computational complexitihe continuous dynamics.
of verifying even modest robotic examples. These themesAs an elementary example consider Figure 1 which shows
echo our observations that current frameworks are limitedhybrid automaton of a simple mobile robot which moves
by expressiveness and tools are limited by by computational four directions - up, down, right, and left. The robot is

complexity. programmed to follow the wall. Correspondingly, the robot
has four modesnovingup, movingdown movingright, and

111. M ODELLING AND VERIFICATION OF HYBRID movingleft. The mobile robot moves around a room whose

SYSTEMS depth is 4 units and whose width is 5 units. Initially, the robot

is in themovingup mode and located at (0,0). While the robot

a more general description. Aybrid automatonACH95] s in the movingup mode, the robot moves up at the rate
. . . . ) f y + 1 units per minute. When the robot reaches the end
is a formal model to describe reactive systems with dlscre?

. . of the room (i.e.y becomes 4), the robot turns right via the
and continuous components. Formally, a hybrid automéafon . o .
; . turn_right transition. Then, the robot changes its mode to the
consists of the following components.

o i ] _ movingright mode and moves right at the rate2af+ 1. Note

« A finite directed multi-graph(V, E). The vertices are hat transition condition asserts when a mode transitigy
called thecontrol modeswhile the edges are called thegceyr, In order to force mode transitions, we add invariants
control switches _ . ~ to modes: the system can remain in a mode only as long

« A finite set of real valued variableX. A valuationv is a5 the corresponding invariant condition is satisfied. Thus,
a function that assigns a real valugr) to each variable the invariant conditiorn < y < 4 of the movingup mode

z € X. The set of all valuations is denotétly. A state prescribes that a mode transitiarustoccur before the robot
q is a pair(v,v) consisting of a mode and a valuation pits the wall of the room.

v. The set of all states is denot&d A regionis a subset
of .

Before defining alinear hybrid automatawe begin with

moving_right moving_down

« A function init, assigns to each mode a setinit(v) C 0<ves furn_down D=yt
Y x of valuations. This describes the initialization of the el x=3 5yl
system: a statév, v) is initial if v € init(v). The region - N
containing all initial states is denoted . frn_right | v=4 v=0 | turn_left

« A function flow, assigns to each mode a setflow(v) - v
of C*-functions from Rt — Xy (i.e. a solution to moving_up moving_left
a differential equation,(t)). This describes the way "‘ZEH o<y=d |, ’“""_—;‘P 0<x<5
variables evolve in a mode. T y=y+1 . ¥=-2e-l

o A function inv, that assigns to each mode a set
inv(v) C ¥ x of valuations. The system can stay in mode
v only as long as the state is withinv(v), and a switch
must be taken before the invariant gets violated.

« A function jump, assigns to each switcle, a set
jump(e) C ¥x x Xx. This describes the enabling The central challenge in algorithmic formal verification of
condition for a switch, together with the discrete updat@ybrid systems is to compute the set of reachable states of
of the variables as a result of the switch. a given hybrid automaton. In general this is quite difficult,

« A function syn, assigns to each switeh a labelsyn (e) however for a special class of automata, caliedar hybrid
from a set of labels (names). When different componer@§itomata the analysis becomes tractable. A hybrid automa-
of a complex system are described individually by hyon H = (V. E, X, init, flow, jump, syn) is called linear
brid automata, the event-labels on switches of differeACH™95], [AHH96] if

components are used for synchronization. 1) For each modev, the setsinit(v) and inv(v) are
The hybrid automato/ starts in an initial state. During its described by boolean combinations of linear inequalities
execution, its state can change in one of two waysligerete over the variablesX.
change causes the automaton to change both its control mod2) For each switche, jump(e) is described by a boolean
and the values of its variables. Otherwisepatinuousactivity combination of linear inequalities over the variablés

Fig. 1. Mobile robot automaton which tracks the perimeter df>a5 room.



X', where the primed variableX’ refer to the values
of the variables inX after the switch.

3) For each mode, allowed flows at a mode are specified .
by a conjunction of linear inequalities over the $étof
dotted variables representing the first derivatives of th
corresponding variables iX. That is, aC°°-function N
f belongs toflow(v) iff the first derivative f of f with \
respect to time satisfies each linear inequality for al
timesd € R™.

Algorithms for symbolic reachability analysis of hybrid
automata manipulate regions. Letbe a region ofH. The
successor region af, denotedpost (o), contains stateg such Robot 1
that ¢ —. ¢’ for someq € o and some switch, or ¢ —s ¢’

for someq € o and somes ¢ R A stateq is said to be Fig. 2. A simple scenario that illustrates how cooperation between two
: robots can improve the performance of the team in locating and reaching

. ir ] .
reachable ifg € post'(c”) for some natural numbei where 5 target in a partially known environment. Solid ovals are obstacles; dotted
post® denotes theost operator composed with itselftimes. ovals are robot's successive perceptions. The dot-dash path is pure open loop

In words. the set of all reachable states of a hybrid automa&ased on initial perception. The dashed path is based on robots updating their
' information using sensors periodically. The solid path is generated using both

can be computed by repeatedly applyipgst to the initial = sensors and communication between the robots.
region. The set of reachable states of a hybrid automafton

is denotedreach(H).

The above requirements for linear hybrid automata ensurach of the obstacles can represent furniture for example.
that for eachi, the setpost’ (o) can be described by a booleanThe target might be a door that the robots must reach and
combination of linear inequalities [ACFDR5]. Furthermore, travel through. Each robot is autonomous, in the sense that
such sets can be computed effectively. Figure 1 is not a lingach robot does its own sensing, planning and control — there
hybrid automaton because the differential equations contairis no designated “leader”. We assume the environment is two
andy and therefore the resulting flows are not described bydémensional and each mobile robot has the ability to determine
set of boolean inequalities. its own position and orientation. This ability may come from a

The software HYTECH [AHH96], [HHW97]'supports GPS sensor or from using a camera to determine landmarks in
model checking of hybrid systems based on the above printiie environment. Each robot follows a continuous control law,
ples. The implementation is based on routines to manipula¥ich attempts to guide it to the goal based on its knowledge
convex polyhedra. The input oflYTECH consists of two about the its own location and the environment. There is only
parts: a system description section and an analysis secti@drgingle control mode.

The system description section has a textual representation dach robot is equipped with a camera that allows it to
the linear hybrid automata. The user describes a systemidgntify other robots, obstacles and the target. The camera
the composition of a collection of components. The analydiis errors in estimating the position of objects (obstacles,
section verifies the system against user-defined propertigggets and other robots) that decrease as the robot approaches
Properties are checked by applying reachability tests to t8e object. Referring to Figure 2, the dark ovals indicate the
gions. For example, to verify a property that a robot nevé&ctual obstacle location while the larger dotted ovals indicate
collides with obstacles, we define a region of collision stateile observed obstacle geometry, as seen by the robots at the
Then we show this region is not reachable from the initigltarting configuration. Note that in the initial model the two
region. obstacles appear to overlap.

The input to HYTECH can includedesign parameters-  If an open loop control was used for each robot, solely
symbolic constants with unknown, but fixed values. Sudpased on the initial estimate of the obstacles, without any
parameters are treated just like any other system variable@mmunication or further sensing the robot would follow the
Given a correctness requiremehty TECH uses the symbolic dot-dashed paths called open loop. However, when each robot
computation to determine necessary and sufficient constraigeds sensory information from its camera and refines its world
on the parameters under which violations of the requiremehpdel, we get discrete changes in the path as shown by
cannot occur. This feature plarametric analysiss central to the dashed lines. This is called sensor-based or closed-loop

our application as discussed later in Section VI. control. Now the robot controllers are hybrid controllers. The
performance, judged by the length of the path has improved
IV. M ULTIROBOT COORDINATION but not significantly. There is still no interaction between the

The multi-robot scenario we consider is motivated by ¥POLS:

military search and rescue application. We consider a scenarid” ?dd':'on’ our rObOtE are able to communlc:;\tehover a W|re-h
with two robots, two static convex obstacles and a goal tard8S '0cal area network. However, because of the bandwidt
position for both robots as shown in Figure 2. This sce initations and the possible clandestine nature of the mission,

could represent the floor plan of a typical indoor missioﬁ_he_ communlcatl(_)n either may not be possible, or may be
limited to sporadic broadcast of a small volume of data. In

Lhttp://www-cad.eecs.berkeley.edu/ ~“tah/HyTech/ this scenario, the two robots exchange information about their



world models at discrete intervals. The corresponding patimsplanar environments. The robots are referred tdiasRi,,
followed by the robots are labelled solid black lines and ates;. Due to computational costs we were limited to a scenario
referred to as “sensor based with communication”. Becauséh three robots.
the robots pool their information, the path followed is more Robots are modelled as points #?, and therefore have
efficient — they are able to take advantage of the narrawo size. We also ignore the orientation of the robot. Note
opening between the two obstacles while avoiding collisionthat if the robot is symmetricale(g, cylindrically shaped as
Robots are in many ways true hybrid systems. In thimany mobile robots are) the point robot assumption is easily
scenario, each robot is driven by actuators that are intrinsicadlgalt with by simply expanding the size of the obstacles by
continuous. The dynamics are derived from laws of physies amount equal to the radius of the robot. This technique is
and are represented by continuous mathematics. Thereforeghige standard in the robotics literature, the resulting system
robot motion is continuous. However, this behavior changegsides in what is called the “configuration space”.
possibly discontinuously, as new information becomes avail-Most mobile robots travel on wheels or tank-like treads.
able through sensing or communication. Furthermore, mamany such systems possess nonholonomic (differential) con-
of the aspects of robot operation are inherently algorithmistraints that may limit the robots’ direction of motioe.g.
such as path planning, sensing and localization, and therefateside slip on wheeled vehicles). Such systems have notori-

evolve in a discrete time fashion. ously nonlinear continuous dynamics, involving sine or cosine
functions. Since such systems are not permitted in the Linear
V. MODELLING Hybrid Automata framework, we assume that there are no such

All formal methods require the system to be expressed glifferential motion constraints in effe(_:t (holonomic _robots). _
some standard high level formalisthly TECH in particular ~ Furthermore, we assume the continuous dynamics are first
requires the system to be described akireear Hybrid Au- order, (.e. kmgmauc) as opposed to the full Newtonian s_econd
tomata]ACH*+95]—a finite automaton augmented with a finit®rder dynamics. This I|m|t_s_ the dimension of the continuous
number of real-valued variables that change continuous&??te space to two (x-y positions) per robot as opposed to a four
as specified by constant differential equations/inclusions afitinensional state space (two positions and two velocities) per
linear algebraic inequalities. A primary challenge in appl;f-(_)bOt- This _assu_mptlon makes the C(_)mputatlons significantly
ing a tool such aHYTECH, or any formal method, is to S|mpl_er. While (_Jllctat(-_:-d by the m(_)delllng parad_|grr_1 and com-
model a complex nonlinear and stochastic system such agu&atlona_ll gonS|derat|ons, assuming a system is kmeman_c and
mobile robot in this rigid modelling framework. It is worthholonomic is a reasonable assumption commonly seen in the
noting that in previous case studies in formal verificatiofPPotics literature. Therefore, we will model the dynamics by
of hybrid systems, the challenge in modelling was approx& Set of first order differential equations:= u,, andy = u,
mating complex dynamics by rectangular inclusions. For udhere (z,y) are the coordinates of a robot afd,, u,) are
the continuous dynamics can be reasonably simplified, butfg control inputs, in this case speeds in.thendy directions,
significant approximation is required to make guard conditiofigSPectively.
and update rules linear. For instance, we model obstacles and
their estimates as rectangles, approximate Euclidean distapcecontrol
by Manhattan distance, and require the robot to move only

along horizontal or vertical directions. " du. Th functi tb ianed so that
In this section we discuss various aspects of the modelli ctionsu, andu,. 1NEse functions must be assigned so tha
e robot tracks the desired path. In order to be a linear hybrid

process. It is important to emphasize that the modelling effd ) . : ) ;
was iterative. Frequently, a working model of the Syster%utomata the right hand side of the differential equations must

would be developed, only to realize that for one reason or arg @ constant within each mode. To that end the control law

other it was too complex. The final model is presented beloW?s designed to have four modes:

Note that the dynamics contain the undetermined input

In particular we examine the various simplifying assumption right : &= Vmaz, U=0
that were made. They are categorized as follows: left : T = —VUmaz, Y=0 1
1) simplifying assumptions which are typical in the forward : & =0, U = Umax (1)
robotics literature; back : =0, U = —Umaz

2) further simplifications which were dictated by the L'nea\cvherevmw is the robot’s maximum speed.

i i work, requir . . ;
Hybrid A'utomata modeliing framework, required by While control laws in robotics do often have several modes,
HYTECH; . ) oo .
this particular selection is not very realistic. Control laws

3) alterations to aspects of the model that, although per-

mitted in the modelling framework, proved to be od'e often quite complex and frequently are functions of the

. . o R continuous state. These four modes represent the minimum

complex in practice to be verified with limited compu- :
. number of control modes required for system to reach any

tational resources. S . d . .

point in the plane. However, arbitrary point-to-point straight

line paths are not possible and must be approximated by

A. Robots “stair case’-like motions consisting of an alternating series
First, as consistent with the scenario outlined earlier of left/right and forward/back steps. Note the linear hybrid

Section IV, we restrict our attention to mobile robots operatirgutomata model does not prohibit the definition of successively



of the workspace (e.g. provided by satellite imagery or a
human user). The information is qualitatively correct in that it
accurately reflects the number of obstacles in the environment
and their general shape; however, their exact position, size or
geometry is uncertain. In other words, we assume that it is
possible to parameterize the uncertainties, and the unknown
information is limited to the value of certain parameters.

. ) o Further we assume that the robot sensor allows the estimation
E'cff;,gg’dns’Aasreccgfﬁr?;egr?&"gecsirgefeasonab'e approximation to most €oMGF these unknown parameters and the estimates improve as the

distance between the robot and the obstacle decreases.

Let Yj be a map from the robot’s positida, y) to a closed
finer directional discretizations (such as adding four diagonggt in the plane which represents t& robot's estimate of
modes) however the addition of more modes increases the j'* obstacle. In order to remove the type of stochastic
computational complexity of the verification problem. Notéincertainty exhibited by sensors, we make the assumption
that since we are primarily concerned with optimal motioriat the robot possesses an estimation algorithm which returns
(least time or shortest path), the restriction of the speed tlte worst case estimate of the obstacle’s geometry, though

Umae dOES NOt create any limitations. we do not model the algorithms’s operation. In other words,
the uncertainty in a given estimate is bounded in such a way
C. Obstacles and Workspace that Y/ (z,y) 2 Oj,Vx,y. Although it is not knownwhere

0; lies in Y}(z,y), it is certain thatO; N (=Y} (z,y)) = 0.

We assume that the work space is a bounded subggt,of ) .
. . . - As a consequence of the bounded uncertainty assumption,
called and that the environment is populated with multiplé oo : )
. : robots can always determine if a new estimate is better than a
polygonal obstacleg);, for j = 1,...,M which occupy

revious one by comparing the area of the two, the estimate

closed sets ifR2. These obstacles are assumed to be in fixgd . . .
enclosing the smaller area being superior.

positions. The collision free space through which the robot ISThe sensor also has the property that its estimation of

permitted to move isF = W —U;0,. These assumption again . :
are very typical in the robotics literature in general and aFQbe obstacles improves as the_d|_stance from the robot to the
. . ... Obstacles decreases. In the limit, as the robot touches the
certainly representative of our search and rescue application. i

stacle)Y — O;.

To reduce the required computation, the obstacles are g Such aint del hile idealized bl
sumed to be rectangles which are aligned with the coordinate uch uncertainty modeis, while 0ealized, are reasonab’e
roximations of sensor systems where errors are primarily

axes rather than arbitrary polygons. Each rectangle can tic i iqin. Furth tatistical algorith
completely described using only four parameters. In additio%‘,aome fic In ornigin. Furthermore many statistical aigorithms
able to estimate worst case noise. For example, in vision

certain geometric operations that we are concerned with, stk

as shrinking, growing, and intersection, can be performed SIRS“Cat'kﬁns mda t\;vo-dlmens!{o?al V\f[?]rld without .chluf?og‘z
rectangles using strictly linear functions. The importance CDprO elrr:_s ue to s_eg”mer1t<'|31|on, € accura(;:);hls |m;_e ¢ y
these operations will be described later. resolution, especially at long ranges, and the estimates

This assumption is not common in robotics; however, é@prove as the distance to target decreases. The bounded

shown in Figure 3, most general polygons can be reasonaBRferta'my can be computed by finding the worst case error.

approximated by a rectangle. Note that non-convex obstacleéo‘no"vmg all four parameters of.the rectangulqr obstacle to
can be approximated using multiple overlapping rectangles’2"Y Pm"ed to be t‘?o computatlopally expensive, so the
PP g P pping g coordinates of the right and left sides of the obstacle were
D S Model taken to be the only information subject to uncertainty. This
- >ensor Mode model was abstracted iHYTECH as

We assume that all sensing occurs at discrete intervals.

Therefore the robot only gets new information about its own z7(t) =« + (27(0) — x?)d—, 2)
position, and the world around them eveXy seconds. Real —_—

sensors possess such sampling rates— for example, most cam- error

eras only update 30 times per second. Since the robot will not d

change control modes without getting new information, this p(t) = 27 + (27(0) — 27) 7 3)
assumption has the effect of forcing the robots to essentially N —

error

travel on a grid with spacingT - v,,.. Note that this is not
explicit in the model, rather it follows from the selection oHere,z; andx, denote ther coordinates of the left and right
the control modes and sensor update rate. Also note that sides of the rectangle, superscriptanda indicate observed
vertices of the actual obstacles or estimates are not requipgtl actual quantities, respectively. The distance at which the
to lie on a “grid point”. measurement is taken i and dy refers to the maximum

It is assumed that the information about a robot's owpossible distance from the robot to the obstacle withiii
position is accurate. However, a robot's knowledge of thresulting in the worst case estimate.
geometry of the obstacles is prone to error. Each robot isWhile the model does not capture the nonlinear behavior
assumed to have some priqualitatively correct knowledge of most sensors, similar phenomena occurs when using sonar



Fig. 4. An overhead view of a mobile robot equipped with sonar arrays 8 1 2
detecting a rectangular obstacle. The sonars return the closest distance to
an object which lies somewhere within the ensonification cone. At greater

distances (left figure) the uncertainty can be rather large since the robot oply. 5. lllustration of the exact cell decomposition planning method. The
knows that something lies within cones 2 and 3, while cones 1 and 4 are frggrk rectangle represents the obstacle while the numbered regions are free
As the robot approaches the obstacle (right) however its estimates get begiélls in the workspace.

sensors. In Figure 4, a mobile robot (black circle) is showfis scenario, the workspace decomposition used is shown in
with a sonar array with a rectangular obstacle (shown in gragigure 5.
Here we have a situation where the robot has reasonably-or the considerably simplified scenario of a point robot
accurate information about some of the obstacle’'s parametgfgvigating amidst rectangular obstacles, only two separate
while information about the other parameters is subject tocases need to be considered. First, suppose the robot is
considerable amount of uncertainty. The sonar readings oglyrrently in cell 1 (the cases for cell 3, 5, or 7 follow by
indicate that there is an object within ensonification conessymmetry). When the goal is in any adjacent cell (8, 1, or
and 3 at a certain distance, while cones 1 and 4 are empgty. no special planning is needed since adjacency guarantees
The robot’s worst case approximation is shown as a dashegt a collision free path exists. If the goal lies in cells 7 or 6
rectangle. As the robot approaches the object and the dista(meg or 4), a temporary godl’ 4 (or T, ) is set. From that
between them decreases, the uncertainty in the measurenpit a collision free path to the target exists. However, if the
also decreases. goal resides in region 5 the robot first proceedsitg (or
A more serious limitation is due to the lack of an acceptablg, ), then it sets a new temporary gdBl, (or T»5) based
distance function. Since robots must negotiate spatial engh which intermediate point will result in the shortest overall
ronments a critical quantity to be computed is the distang@th. Once it reaches, 4 (or Tb3), it can proceed to region
between the robot and an obstacle or its goal. Unfortunateyiynobstructed.
the classical Euclidian distance function is highly nonlinear The second case occurs when the robot is initially in a
d = +/z? +y?. Instead, we use the so-called Manhattagorner cell such as 8 (2, 4, or 6). In this case, collision free
metric or theL; norm to measure the distance between twgaths exist when the goal lies in cells 6, 7, 1, or 2. Paths to
points. The Manhattan distanag,,, from Point A to Point B regions 5 or 3 are determined, similar to the previous case,
is simply: by setting temporary goals in cells 6 or 2 respectively. The
_ degenerate case occurs when the goal lies in the corner cell
(4 B) = 20 =20 | + 4 =05 | @ opgosite to the robot's starting position, cell 4 in this case.
which can be divided into four separate linear functions basedie to the lack of Euclidean metric and the fact that the
on the signs of the two differences. Thus even the distaneshot may only move in four directions, the clockwise and
computation is “hybrid”, this addition of four “submodes”anti-clockwise paths around the obstacle will always be of the
significantly complicates the model. An even more seriogame Manhattan distance. In this case, the robot chooses the
limitation of this assumption is that a sensor reading takgmath nondeterministically. This cell decomposition algorithm
at a point whose true distance to the obstacle is small mayib@ptimal because it compares various choices of paths based
no different from a reading taken further away if the distancesm the length and selects the shortest éne.
are deemed equal in the Manhattan sense. Thus it is possibl®ther than the ambiguity due to the Manhattan distance in
the robot’s estimate will not strictly improve as the robothe degenerate case mentioned above, this is essentially the
approaches an obstacle along certain paths. This is viewgaine algorithm that might be used in a real robotic system.
as the most serious and detrimental limitation imposed by the addition, it is important to point out that the planning

linear hybrid automata model. algorithm would be significantly more complex without the
previous assumption that the obstacles are rectangular. Another
E. Path Planning ramification of our assumptions is that the robot can only reach

The term Path Planning is used here in reference toggal points or temporary goal points that lie on the “grid”

. . : . .. _imposed by the sensor update rate. Therefore care must be
mapping from the currently available information to a coII|S|ort1aken 10 select temporary goal points at the nearest arid point
free kinematic trajectory. The planning algorithm used here is porary goal p gnap

essemial_ly an exact cell Qecomposition apprpach. A completerpis el decomposition algorithm is optimal in the Manhattan metric, not
explanation of the algorithm can be found in [Lat91]. Foih the Euclidean metric.



outside of the obstacle estimate. A

F. Coordination and Communication

At discrete time intervals, roboR; may send its current
map of the environment to roboR,. 3 Robot R, must
then fuse that information with its own representation of the V
obstacles. Again, as a consequence of the bounded uncertainty

assumption this fusion is accomplished by, for all obstaglesrig. 6. The diamond shaped line represents the set of points equidistant from

k i k X, in the Manhattan metric. The circles indicate the upper and lower bounds
Yj new = Yj N Yj . (5)  on the actual distance measured in the Euclidean sense.

AN
N

Ry’s resulting estimate of obstaclg ijnew, will naturally

have an area less than or equal fip’s previous estimate 5 ais0 worth noting that the shortest path between two
making it at least as accurate. This new estimate is alggints js not unique when using the Manhattan distance even
guaranteed to completely contain the obstacle. While thisiis e apsence of obstacles. Recall that due to the fact that
certainly idealized, it follows from our sensor model. FOLensor and communication information are only updated at
the sake of simplicity in robot modelling and verificationyiscrete intervals and that the robot's speed is constant, it turns
we assume that there is no stochastic process involvedgiiy that the robot essentially travels on an equi-spaced grid. In
message transmission, such as noise or packet drop out. g case when travelling from grid poifit,, y, ) to grid point
similar reasons, we also assume that robots have unllmlt@%7yb) there arg(N + M)!)/(N!- M?) distinct shortest paths,
communication ranges. provided there are no obstacles in the redian =]  [ya, us)-
Here N and M are positive integers indicating the number of
G. Cost Model grid points, or steps, between point A and point B in the X
As mentioned in the previous section, the robots attemptaad Y directions, respectively.
choose behaviors which minimize some type of cost function.
In this case the cost is the total time required to reach the VI. RESULTS

goal. It is also assumed that communication is a pOtentiaIIyRecall that our goal is to answer questions about the role of

expensive _operatlo_n, e|the_r due to the Cc_Jm_quannaI CQ¥mmunication in aiding the robots to reach their goal with a
of processing the information, bandwidth limitations or fo[

. . . . ower cost. In this section we detail the specific scenario we
security reasons. To reflect this, a time penaliy., is added lored, we then report the results of our experiences using

. : _ ex
to the overall cost function each time a message is sent OW\ETECH We useHYTECH first as a design tool by perform-
the network. ing symbolic parametric analysis, letting the goal position and

In this model, the co_st function is sum of the time taken e communication frequency be symbolic unknowns. We then
travel a path and the time taken to communicatef i the verify some safety properties of the control strategy.
frequency of communication, the overall performance index

J* which indicates a total time foR! to reach the goal can

be expressed as A. Example
. D Di A high level description of the robot’s behavioral algorithm
=2t poomm - f M (6) as a finite state machine appears in Figure 7. The behavior
o Hmax Pmasx: can be sketched as follows.
where D), is a totall distance Fraveled bi® in the sense of while (reachedGoal == False) {
the Manhattan metric and,. is the speed of?". 1. Use sensors to update the map of the world

Again, the most serious limitation placed upon this cost 2. Send or Process communication if appropriate
estimate by the linearity requirement comes from the use of 3- Plan a path .
. . . 4. Travel for time period
the Manhattan distance. Given a Manhattan distabge,
upper and lower boundd), and D;, can be placed on the o _
corresponding Euclidean distance. As shown in Figure 6 thesd N€ robot model description is around 1700 lifeswe

bounds can be expressed as verified this description using Sun Enterprize 3000 (4 X 250
Mhz UltraSPARC) with 1GB physical memory.
D, = QDM < Dy <Dy =D, @) Our scenario contains three identical robof# ,( B2 and
2 h o R3), one fixed obstacle and one fixed goal (see Figure 8).

where Dy is the Euclidean distance. Note th¥g ~ 0.707, £ and R, collaborate via communication, whilf; works
which implies that the Manhattan distance,” at most, ovBY itself. The initial positions ofR; and R; are the same.
estimates the actual distance by approximately 41 percent. THgially R and Rs are located at (20,0)R; is located at

can be a large discrepancy which can result in rather sevéf.10)- The obstacle is located somewhere within the region
overestimates of the true cost. whose corner-points are (20,20) and (60,40). Let us call the

3In our experiments,R; sends only estimates of obstacles Ry (two 4Corresponding HyTech source codes and analysis results can be down-
values per obstaclez{ (t) andz¢(t) defined in Eq. 2 and Eq. 3). loaded athttp://www.postech.ac.kr/ “moonzoo/robot.zip



i if final goal is 160
reached R1 reaches faster
—_———— check_goal B i > 150 than R3 by
if temp goal if temp goal is o — .
isn't reached reached Goal - <%
change_temp_goal 130 react ]
faster than | Li o,

120 R3 1%

N . . i i i i 110
if estimation \If estimation improves 2%

doesn’t improve . A1 and R2 each other
p update_estimate 100 R3 W
] 3%
takes piace at every movement

Time spent: 0.1 unit $0 which takes 1 unit

communication

set_temp_goal 60
._ P_9 o
50
A 40
choose_direction .
= R2 estimate R éstimat
/ \ 30
e ”

@ Time spent: 1 unit . -
T~ i\ -
0
3

=30 220 <10 0 10 20 30 40 50 60 70 80 920 100 110 120

4%

o
*

3 I | e

Fig. 7. Robot's behavioral algorithm as a Finite State Machine.
Fig. 8. The scenario analyzed with HyTech.

x position of left end of the obstacle,;, and thex position
of right end of the obstacle,. Similarly y, is they position that collaboration betweeR; and R, helps R; to reach the
of bottom end of the obstacle and is they position of top goal faster thams in this scenario.
end of the obstacleR, and R; estimatexr; as 10 andc, as Since thex andy positions of the goal are free symbolic
120 initially. R» estimatesr; as -30 ande, as 70 initially. In  parameters we can answer such questions for any goal position
other words,R; and Rs estimate the obstacle to be far largewithin the free workspace. It turns out that for most regions
toward the right hand side, but, estimates the obstacle farin the workspace no savings occurs. The shaded region in the
larger toward the left hand side. All robots estimate as upper right part of Figure 8 shows the set of goal regions
20 andy» as 40 initially (i.e., all robots have correct valuesor which communication is helpful. Not surprisingly this
for y; andys). The direction of movement is determined ais the region in the workspace for which it is necessary to
the end of each iteration. A robot moves for 1 time unitircumnavigate the obstacle so the additional informafitan
once a direction is determined (see Figure 7). Each robaog@pplies is quite helpful. Furthermore, we classify the region
Umax = 10. Communication has a cost of 0.1 time unit. Thugy how muchR; reaches faster thaR; as seen by the legend
unnecessarily frequent communication may increase the time the right of Figure 8. Note that the region has a stair like
to reach the goal. For verification purposes, the work spaskape becausé; constantly communicates witR; and this
was restricted to a bounded rectangle with dimensions of 166mmunication overhead accumulates so that this overhead
by 160 units. Since optimal motions are of primary concersancels out the saving after 20 movements.
all paths can be expected to lie within the bounded region. Our second symbolic parametric analysis experiment was to
determine the optimal frequency of communication for reach-
ing the goal with minimal cost. In this experiment the goal was
fixed at (80,50) and we set thmeriod of communication as
Our first experiment attempted to determine if indeed cora-parameter. Note that the domainptriod is finite because
munication helpedR, reach the goal faster, with the help otthe period should be positive and be less than time for robots
R,, than Rs; and if so what goal positions could be reachet reach the goal. The optimal scenario is when and R,
with a lower cost ifR; and R; communicate every time unit. communicate once in two time unit&; takes 11.5 time units
To that end, setting andy positions of the goal as parametersto reach the goal.
we computed the geometric region whiéh reaches faster In addition to the parametric studies, two safety properties
than R3 with the help of communication (see Figure 8). for the robot controller are verified. First, a robot never
For example, referring to Figure 8, the solid black robatollides with the obstacle while it navigates to reach any
paths help to illustrate one scenario when the target is locatedid goal position, which is any position outside of the
at (80,50). Initially R3 sets up a temporary goal as (0,10)initially estimated obstacle. This was accomplished by adding
because the estimated length of left path toward the goalaismonitor automaton to the description so that the monitor
shorter than the length of right path. Howevdt; gets a can check whether a position of a robot overlapped with the
good estimation ofc, by communicating withR,. It sets a estimate of the obstacle. Second, the verification establishes
temporary goal at (80,10) then chooses the right pagitakes that a robotdoesreach any valid goal position in the work
13 time units to reach the goal (80,50), wher&astakes 12.1 space. Together, these two criteria indicate that the control
time units including communication overhead; it is verifiedtrategy is a valid one to complete the mission. These two

B. Parametric analysis



verification results may seem obvious at first glance, becaubke computation time. Since no engineer would actually im-
the path planning algorithm is known to be correct. Howeveslement a robot system with these restrictions, the ultimate
proving the correctness of the robot controller is useful fauccess or failure of thédyTECH experiment hinges on
determining if theimplementatiorof the algorithm is correct. determining exactly what the results of the verification for
Formal verification technique is very useful for detecting artthe approximate system imply about the performance of the

debugging errors which are difficult to find manually. original system. Due to the complex nature of the system it
is impossible to analytically determine the affect of approx-

VII. L IMITATIONS OF THE ANALYSIS imation, hence numerical simulation was used to determine

A. Computational limitations the performance of the original system. While simulation

The impact of the computational restrictions was that t i§ neverexactand therefore can not be used to verify a
P b odel it never-the-less remains the primary tool of system

complexity of the scenarios we could V.erify. was Signi.ﬁcantl&esigners. Figure 9 shows the simulation results. The figure
reduced. We had to_ make several 5|mpI|f|_cat|ons m_o_rd fas generated using the exact same scenario (starting con-
to make the analysis tractable. Computational restrictio

manifested themselves in two varieties: “memor overflowaﬁions’ obstacle and estimate geometries, cost function etc.)
N : y as was used in thely TECH simulation. In addition, robots
errors and “library overflow” errors.

) are simulated using similar behavioral algorithms as used in
Memory overflow errors restricted the number of modes t e i . ; .
. o e verification procedure; the primary difference being that
model could posses. This for example limited the number @ L :
; . o many of the approximations of tHéy TECH experiment have
robots in our scenarios to three. It also limited the number

of continuous variables. For example, we had to model on een removed, including: (1) robots may move in arbitrary
. T P, rections, instead of being constrained to left, right, forward
one obstacle in the scenario because when we modelled two

and back; (2) the Euclidean distance function, rather than the
obstaclesHY TECH generated a memory overflow error. Also

. . nhattan distance, is used to compute the shortest path to
only two parameters of the obstacle’s geometry were estima : . ) .
; . L € goal and for updating the sensor estimates; (3) and sensing
by the sensor in our model due to similar limitations. We

%ccurs continuously. This results in a more realistic situation.
ote that the communication protocol was not changed in an
of y between 0 and 160. Furthermore, to make the analys% P g y

tractable, we divided this region into 21 partitions such avg y. The simulation resuilts were created by sampling 40,000

Py = {(z.1)]-30<x<0 and 0<y<30}, P» — {(x, y)|0<x<30 equispaced goal positions. For each goal position the behavior

) of the robots was simulated and the difference in the cost
and Xy<30}, and so on. Then, we sét; as possible range functions for R, and Rs was computed.

of goal position and performed the parametric analysis; We o apparent from Figure 9 that the regiddy TECH

e kTP ' nfthr  proper overspproxnaton nor nder.
9 Y, an. y g proximation of the true region where communication im-

the affect of two free parameters smultaneogsly. We wep oves the team performance. The shading scheme indicates
unable to examine the effect of communication frequensgv

while allowing the goal position to vary. Hence we performe ow much faster (expressed as a percentage) the team was
9 goal p Y- P able to reach a given goal configuration. In certain regions,

the two experiments in sequence while fixing some of tqﬁe difference between théy TECH and simulation results can

parameters. This severely limited the generality of the COPe attributed to particular approximations. For example in the

clus_lons we were at_)le o dr?‘W from the mo_qel. Despite thé mulated region, the protrusion on the lower right part of the
myriad of simplifications verifying each partition took up to__ . . . . :

region, resembling a quarter circle, is the set of points where
1.3 GB memory space and one hour.

Another computational limitation is the internal arithmeti both /2, and s proceed around the right side of the obstacle;
P . cfwowever,Rl is able to reach the point faster since its additional
overflow error that can occur wheHYTECH manipulates

reachable regions. A reachable region is defined by a information enables it to take a “straighter” path to the goal.

) . ) ) ?—WTECH was unable to capture this behavior since the robots
of linear constraints — effectively a polyhedra. At each iter- . . . . . L
are not permitted to move in arbitrary (i.e. diagonal) directions.

ation these polyhedral regions are manipulated by growin| ' this area the difference in path costs 8 and Rs was

|nte.rsect|ng and joning qpera’upns. Eventually the number Zhall (less than 4 percent). Also note that the remainder of
vertices of these high dimensional polyhedra can grow t

i . . ST e region generated by simulation, which is swept to the right
large forHYTECH's symbolic manipulation library to handle, . . .
: Y and tapered to a point at the upper right extreme, looks quite
generating a “library overflow error”. Therefore, we have t

) . : -different from the region computed Yy TECH. In this part
be careful to make the linear equations as simple as possih I3 . L7 .

. . . of the figure Ry and Rz take qualitatively different routes
This for example motivated the modelling of the obstacles as .
rectangles. Note that a “library overflow” error can occurwitho the goal.fz; travels around the left side of the obstacle

lent %f fr.ee memor availagle while R; is able to recognize a shorter path on the right. The
plenty y ' selection between the left/right handed path is based on length
R considerations and is naturally heavily dependent on the choice
B. Modelling limitations of metric. Hence the main source of discrepancy between the

Throughout the experiment various approximations wesgmulation andHy TECH result in this region is the use of the
made to comply wittHY TECH's strict linearity requirements, Euclidean vs. Manhattan distance function.

de t I tHYT trict | t ts, Euclid Manhattan dist funct

in addition to the model simplifications introduced to reduce Figures 9 and 10 illustrate the differences between the robot



behavior when using the original model as compared with the /|
model used in the verification for a few goal points. They
help one get a feel for why the regions are shaped as they*°f
are. In figure 9, one can see a case whidreTECH failed

to identify a point where communication helped. The solid
lines (overlapping) indicate the paths the HyTech model chose, o}
where bothR; and R; compute identical paths despite the
additional information available td&?;. The dashed-dot line
shows the paths result from simulating the original model. ¢!
R3 selects the path around the left side of the obstacle rather
than the path around the right side. Hekg's shortest path “or
is 203.5 units whileR;'s path length is 181.9 units. Despite
the communication penalty of 18.19 unit®; is still able to
reach the goal faster. Figure 10 illustrates a goal position of
which theHYTECH model falsely identifies as a positidi, 00 2040 00 80100 120 140 160 180

reaches first as a result of communication. The solid lines sheyy 15 an example of the approximate model falsely identifying a goal
the behavior of the robots in the approximated mod#l's point whereR; reaches the goal first. The solid lines are the path takeRby
path is 175 units plus a communication penalty of 17.5 uniggd s as computed by the approximate modek(TECH ), and the dashed-
resulting in a cost of 19252, selects the path around the Ieftdotted lines are the paths selected by the exact model (numerical simulation).
side of the obstacle resulting a cost of 195 unls. TECH

indicates the goal point as one whidk, is able to reach ) ) )
sooner. However, the dash-dot shows that in the full mod8féracting hybrid automata, and then employ symbolic analy-

R, and R; select paths of nearly equal length (130.8 andlS to compute the constraints among various parameters for a

133.2 respectively), once the communication cost is taken irfllyen objective. While earlier case studies focused on verifying
accountR, is no longer able to reach the point sooner tharf ey Properties, we use parametric analysis to explore design
Rs. alternatives to enhance performance (in addition to verifying

safety properties).
In order to applyHY TECH to this problem we had to make
2 many simplifying assumptions. These simplifications fall into
2 two categories: those that reduce computation time; and those
that are required by the linear hybrid automata framework. In
order to keep computation time reasonable, we were forced
1 to consider a very simple scenario with only one obstacle,
" limited uncertainty and three robots. While the results were
interesting, most designers might be able to gather intuitively
what might happen in such basic scenarios. The true benefit
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o E in applying formal methods would be in problems which are
sl 1 too complex for human judgment. The assumptions made
1 to adhere to the linearity requirements made it difficult to

20f extrapolate the results of the verification on the simplified
o \ 1 model to the original problem. In comparing the results from
20 6 20 a0 s 80 100 1o w0 0 1m0 HYTECH to those from repeated simulation, it was noted that

‘ o _ _they neither strictly over or under approximated each other.
2, el st e used Jo conpute e <o of 90a PO Even though we have reported only modest success in the
shows how much faste; reaches the point as a percentage using the formu@oals of the exercise, we hope that it illustrates the possible
(J3 — J1)/J3 whereJ; and Js are the cost functions aR; and Rs. The potential of the approach. We were able both to vet our
by the approximate, modeHy Teon ). and he dashed-doted Ines are hdMPlementation of the algorithm and determine the optimal
paths selected by the exact model (numerical simulation). values of certain design parameters. Note the generality of this

symbolic method compared to prevalent methods in simulation
in which either the parameters need to be set to specific values
and little can be said about off-sample points.
However, we feel the most instructive aspect of this study is
We have reported a case study in applying formal modelling suggest the guidelines, and focus areas for work on the next
and analysis aimed at exploring alternatives in the desigeneration of formal modelling and verification tools. In light
of multi-robot communication and coordination strategie®f our experiences detailed in Section V it should come as
Simultaneous design of control strategies and coordination surprise that significant advances in the formal verification
protocols for interacting dynamical systems is a significatechnology are needed for it to be applicable to our problem

challenge. The gist of our approach is to describe the systemirasits full generality. Two specific obstacles were found.

VIII. CONCLUSIONS



Computational requirementgll the parameters had be scaledckoi]
down to be able to get feedback frokliy TECH. Improving

the efficiency of polyhedra-based analysis remains a significe{a@g%]
challenge Expressivenesd he linearity requirement forces us

to apply a variety of approximations. Interestingly, the issUBOTY96]
of approximating complex dynamics proved to be less of

an issue than approximating transition rules. Robotics is @#DS02]
inherently geometric field and the lack of sine, cosine and,
most importantly, Euclidian metric functions seem to pose the
most significant obstacles. This problem suggests directions

for further research and tool development for more genet&fP05]
classes of problems.

In recent years, there has been significant progress [HHW97]
enhancing the scope of verification tools for hybrid sys-
tems. In particular, Hypertech [HHMWO0OQ] employs interva!HHMWOO]
computations to improve robustness of computations with
polyhedra, Checkmate [CK99], [CKO1] allows specification
of more complex dynamics and over-approximates the sg{yoe
of reachable states using polyhedral slices, d/dt [ADMO1]
uses orthogonal polyhedra to analyze systems with complex
dynamics, in [MTOO] level set methods are employed and
Charon [ADEO3] allows verification of hybrid systems withjHw95]
linear dynamics by combining the flow-pipe approximations
with predicate abstraction. While these tools allow more
general dynamics than linear hybrid automata, the guard c@kko0]
ditions remain linear, and scalability is still a problem. Thus,
continued progress will be required to meet the challenggg;qq;
identified by our case study.
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