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Abstract—This paper proposes methods for achieving basic
tasks such as navigation, patrolling, herding, and coverage
by exploiting the wild motions of very simple bodies in the
environment. Bodies move within regions that are connected
by gates that enforce specific rules of passage. This leads to
a hybrid systems approach in which the behaviors define a
discrete transition system. Tasks can even be specified using
a Linear Temporal Logic (LTL) formula and are converted
into a multibody implementation that satisfies the formula.
Common issues such as dynamical system modeling, precise (a) (b)
state estimation, and state feedback are avoided. The method is ) ) ) o
demonstrated in a series of experiments that manipulate the flow Fig: 1. @) One vehicle of study is a $4 weasel ball; b) it cassistirely of
of weasel balls (without the weasels) and Hexbug Nano vibrating a battery and slowly oscillating motor mounted to a plastidishe
bugs.

I. INTRODUCTION . . .
developed that provide state estimates at all times so thas p

In everyday life we see many examples of independently sjicies can make actions depend on state feedback. In the
moving bodies that are gracefully corralled into behaving icase of multi-robot coordination, further complicationise.
a prescribed way. For example, when the free breakfast afggic it coordination strategies may be required. Furthere,

closes in a hotel, the manager usually locks the door fro@ ef,| communication between robots and possibly a dentra

the outside so that no one else can enter, but people eail@groller is often necessary. For some tasks, we wonder
are able to finish their meals and leave. This has the effect pfiather all of these issues can be avoided altogether.

clearing everyone from the room without people feeling that
they have been tightly controlled or coerced. People ihatal
“doggie door” on their house door to enable pets to move in
either one direction or both. In a subway system, turnstiles
cause people to flow in prescribed directions to ensure that
proper fares are paid.

These scenarios, and many others, involve numerous bod-
ies moving together in one environment with two important
principles:

1) Each body moves independently, possibly with a “minlg 2. The Bunimovich stadium is a well-known example of anoig

of its own”, in a way that seems to exhaustively explorsystem[[7]. The “hockey puck” will strike every open set ajdhe boundary
its environment as it travels forever. (Figure courtesy of Wikipedia.)

2) The bodies are effectively controlled without precisely

measuring their state and without forcefully actuating By taking inspiration from the everyday life principles
them. above, we propose an unusual paradigm to control multiple
On the other hand, robots are typically controlled in the opebots. In contrast to most approaches, we start with a tyild
posite way. There is a large modeling burden, which includéghaving” body for which its precise equations of motion are
system identification (learning the equations of motiondl arunknown; it is far from stable, and has little or no sensing
constructing a map of the environment. Powerful sensors a@pabilities. Our main “vehicle” of study is a $4 weasel ball
used for mapping and localization of the robots. Filters afsee Figur&ll), which has no sensors, no computation, and one



motor, which oscillates constantly at abQldz. hybrid system[[29],[[39],L[45]. In particular, much of our o
In our experiments, the particular choice of body is naises the Linear Temporal Logic (LTL) framework that has
critical (Section[V=A will show other systems). We insteadeen developed in several recent works [L].| [16])] [1[7]] [20]
care only about its high-level motion properties. We infatiyn  [30], [31], [32], [33], [34], [35], [36], [43], [48]. The ida is
consider a body to bevild if when placed into a boundedto express a complicated task using a logical formula and the
region  C R?, it moves along a trajectory that strikesconverting the specification into a control law that satssfhee
every open interval along the boundaryoinfinitely often. formula, thereby accomplishing the task.
This concept is closely related to the notion topological The paper is organized as follows. Secfidn Il presents some
transitivity in the branch of dynamical systems known apreliminary concepts, including the interaction betweba t
dynamical billiards [44]. An example is shown in Figure wild body, the gates, and the regions. Sectibnk IlI v
[2, which can be imagined as a billiard ball that bouncegesent our approach for the cases of a single and multiple
off of the table sides forever. A strong system property thabdies, respectively. Sectib V presents experiments aad S
arises in that work and achieves our required wild behagortion[VIlconcludes the paper with some promising directiars f
ergodicityl] It is even known that in the space of all simpleuture research. This paper is built upon two earlier caiee
(including nonconvex) polygons and all initial configuoats publications [2], T4].
for the body, the resulting trajectory is ergodic except for
cases that lie in a set of measure zerad [24]] [25]] [28]. The Il. THE OVERALL DESIGN
idea of exp!oiting wild motions in robotics is remjnis_cerft op Connectivity between regions and gates
the randomization work by Erdmann |14] and designing robot
systems with ergodic dynamics by Shell et AL][42]. Consider a planar workspadé C R? that is partitioned
How do we Contro| SUCh systems? We are first inspiréato an ObStaC|e sab and a f|n|te set Of bounded Ce||S W|th
by the power of abstraction used in hybrid systefis [6]] [12§onnected open interior, each of which is eitheregion
[19], [27], [26], [4€]. As is common in many approaches, wé' @ gate Figure[3 shows a simple example. The following
partition the state space into a finite set of regions oveckwhiconditions are imposed: 1) No region shares a boundary with
a discrete transition system is defined. Whereas it is comm@py other region; 2) no gate shares a boundary with any other
in hybrid system approaches to derive state-feedback aon@ate; 3) every region shares a boundary with at least one gate
laws while vehicles are within continuous regions|[12],][204) if & gate and a region share a boundary, then the boundary
[30], [36], [43], we simply let our “vehicle” behave wildly. 1S @ connected interval (rather than being a point or being
One unusual aspect of our approach is that we embeigconnected). Lek denote the set of all regions agddenote
simple mechanisms in the environment that force the bodi set of all gates. The union of alle R, all g € G, andO
to achieve goals while remaining wild. To control each bodyields E.
we designgatesthat appear only along region boundaries and
connect to other regions. When a body strikes a gate, the gate
will induce our planned behavior, which might be to remain
in the region or transition to another region. In this sense,
the gate “gently guides” the body. The gates themselves have
configurations that determine what type of passage is atlowe
between adjacent regions. The gates can be fixed in advance
(static gatey can have actuators that change configurations
(controllable gate} or can have their configurations changed
mechanically by absorbing energy from the bodietiaat
gate3. This way of controlling bodies leads to many inter-
esting open questions regarding the space of tasks that can Fig. 3. An example arrangement of five regions and four gates.
be solved and the overall system complexity required toesolv
them.
Our approach draws inspiration from several areas, ig- ;
cluding nonprehensile manipulatiofi5], [23], [40], vibrating B. wild bodies
plates [5], [41], [47], and billiard models of quantum cortpu  We now place ebody b into the workspace. The body is
ing [22]. Even more closely related are designifmual fences assumed to be “small” with respect to the sizes of regions,
to control herds of cows [8] and designing fire evacuatioates, and their shared boundaries. It is therefore modeled
strategies to safely “herd” humans out of a burning buildingeometrically as a point even though it may have complicated
[9]. We are also inspired by the family of work that convert§hape, kinematics, and dynamics. We assume that the body

high-level specifications into low-level control laws fdnet Moves in a wild, uncontrollable way, but the trajectory sfas
the following high-level property:

1In this context, ergodicity does not necessarily have angtio do with Fo . R it d thab
probabilities, as in the more commonly seen case of ergodisitylarkov rany regionr € R, It Is assumed thab moves

chains. on a trajectory that causes it to strike every open



to each gate having at its disposal the local configuration of
all gates and the region that contains the body (or the region

corresponding to all bodies, if there are multiple bodigs).
Fig. 4. a) A bipartite graph representation of the arrangemémegions

and gates from Figurg] 3. b) A flow graph that corresponds topamtcular general, however’. our SySt.emS will operate with less t.han
composite mode. Each gate configuration allows alternatissipte flow Ccomplete information by using whatever sensor observation

directions between every pair of regions that are adjacerthe gate:g1  and information states are available. An interesting @obis
allows bidirectional flow;g> allows no flow; g3 allows flow from left to determine the minimal amount of sensing and filtering needed
right; g4 allows clockwise flow amongs, r4, andrs. e .

to solve a specified task in our framework.

r T T . . . .
. o ! ’ o A Once dynamic gates are present, an interesting question
arises: What information is available to use a feedback in pre
g1 (i scribing the configuration? This is a standard control isEoe
our purposes, the complete information case will corredpon
T2 93 3 2 T3
) (b)

(a

IIl. CONTROLLING ONE WILD BoDY

interval in Or (the boundary ofr) infinitely often, This section presents a method for designing gates that
with non-zero, non-tangential velocities. effectively control a wild body that must visit regions in a

A body that satisfies this property is calledid. We can Prescribed way.
now imagine that a wild body travels on a path through thg specifying tasks in LTL
bipartite graph shown in Figuié 4(a), with transitions acing

only if specific gates allow it, which is the next topic. We want to specify tasks in some high-level way, possibly

starting from structured English or some simple logic. We
chose Linear Temporal Logic (LTL) due to its increasing
popularity and available toolkits; see [13]. The syntaXudes
Every gateg € G has an associated finite sét(g) of a setll of propositions, propositional logic symbols, and some
local configurationghat determine the flow of bodies betweeriemporal operators. Formulas are constructed from atoms
adjacent regions. LeT denote theglobal configuration spage 7 € II using the grammai_[11]:
\év\?elcr:;;sedgﬂgsgkas:trg.fold Cartesian product of'(g) over brimr|-0| (V)| Od|dUS,
Let R(g) denote the regions adjacent to a gate G. For in whichi/ and () are temporal operators meaningtil and
the example in Figulel R (g4) = {rs, r4,75}. For each region next respectively. A formula is considerdtle or is said to
pairr, ' € R(g), the local configuratior € C(g) could allow hold based on the truth values of the propositions at each state

C. Gate configurations and flow graphs

one of four body flows: and time and the semantic rules of the various logic symbols
1) Allow bidirectional passage betweehand. _and operators. The full specific_ation of LTL seman_tics is not
2) Allow passage only from to 7. mcIudgd here. Fopld¢’ to hold, it means that there is a state
3) Allow passage only from’ to r-. at which ¢’ hplds and¢ holds at every state before it. For
4) Block all passage betweenand . O¢ to hold, it means that holds at the next state. Other

operators and logic symbols can be derived from the grammar:
conjunction(A), implication (=), equivalencé<), eventually
f) ), andalways ().

We want to express tasks in terms of the regions that are
visited by the body. Therefore, 18t = {7, 72, ..., m,} be a
set of Boolean propositions for which; is true if and only

For each global configuratiofy,...,c;) € C, aflow graph
F(c) is a directed graph that is defined as follows. The set
vertices isR. A directed edge irf'(c) exists fromr to »’ if and
only if there exists some gatg € G with r,r' € R(g) and
g allows passage from to ' while in global configuration
(c1,...,ck). Note that a fixed global configuratidn, . . ., cx) if the body is inr e
: . . T . y is inr; € R. Examples of task specifications are
fixes a particular local configuration ip € C(g). Figure[4(b) ]
shows an example of a possible flow graph for the regions and N
gates of Figurél3. » Navigation: $my
o Sequencingd(m A Q(ma AO(mg A - Q) )

o Coverage:Omy A Oma A -+ Oy
« Avoiding regions:—(my V ma - -+ V ) UT final

The “control” in our system occurs by designing the behav- « Patrolling: J($m A Oma AL Omge).
ior of gates. The simplest case issatic gate which means . . .
that |C(g)] = 1, thereby fixing the flow between adjacenP' Discrete abstraction of motion
regions. For example, iR(g) = {r,'}, then the gatey We now define a discrete transition system
might permanently allow bodies to flow fromto r/, but not _
from 7’ to r. Otherwise, we obtain dynamic gatefor which S = (Roro, =), @)
|C(g)] > 1. See Sectioh VB for examples of implementeth which r is the initial region andR is the set of system
gates. states. A discrete transition system can be thought of as a

D. Static and dynamic gates



directed graph in which paths or walks are possible system
trajectories. The set of vertices B and the an edge from

to r’ exists if the transition relatiom — r’ is true. There

is an edge fromr to ' if and only if there exists a gate
some gatgy; € G with r,7' € R(g). You can think ofS; as
representing a maximal flow graph in the sense that it indude
as many directed edges as possible, based only on regions
that are adjacent through some gate. The approach, which is
discussed next, is to determine which particular transstiare
needed to yield a region sequence that satisfies a desired LTL
formula ¢.

C. The method

Suppose that an environment contains afsef regions and
that an LTL formulag that expresses the task in terms of the ) gset gate) to allow passage from; to ro.
region-based propositions i. The approach is summarized 3) get gate: to allow passage fromg to r4.

as fOIIOWS,: o ) ~ More complicated examples, which require sensing and the
1) _De;gn a body that is wild with respect to every regiogreater expressive power of LTL are given in Secfidn V.
in R.
2) Start the system with the body in. IV. CONTROLLING MULTIPLE WILD BODIES
3) Apply a standard model-checking algorithm #t0  Now consider extending the ideas of Seciion Iil to control
determine a (possibly infinite) region sequente= multiple bodies. The bodies are not able to communicate or
(ro,71,...) that satisfies). coordinate with each other. However, they are allowed to
4) Ensure that each transition from to r;; occurs by collide with each other. Each body is assumed to be wild in
setting the global gate configuration appropriately. Theach region, in spite of these collisions. We have obsemed i
resulting execution satisfies experiments that interference with other bodies does ret pr
In the third step, widely available model checking softwarerent them from contacting the boundary and becoming wild;
such as NuSMVI[10] or SPIN'[27], can be used to prodiice however, in theory this depends on the particular mechanics
What gate designs are needed to ensurerthistexecuted? of the body.
Suppose that a transition from to r;; must occur andy is ) ) ) )
the gate through which they are adjacent. If it is known thAr Discrete abstraction for multiple bodies
the body has arrived im;, then the local gate configuration One of the main issues with multiple bodies is distin-
¢ € C(g) should be set so that the flow graph contains guishability. To model various cases, a collectidgh =
edge fromr; to 7;.1 and there is no edge from; to any {bi,...,bs} of k bodies can be assignéabelsby a function
other region. A : B — L. For example,L could be a set of colors,
Depending on#, much less information may be needed = {blue,red, yellow, green}.
during execution to determine the global gate configuration At one extreme, the bodies could be completely distinguish-
Suppose that irF there does not exist any < j for which able. In this case) is one-to-one, yielding a unique label for
r; = rj andr,41 # rj41. In other words, if the body is in every body. Each body can then be controlled independently
r; = rj, then the next required region is unique and does nloy using the concepts from Sectibnl Ill. An LTL formuta
depend on the particular positionsn Call this theuniqueness is defined for eachh, € B. This yields a region sequence
condition In this case, static gates are sufficient for forcing; that satisfiesp;. Imagine the execution. At any time, there
the body follow the region sequenceand satisfye. are k flow graphs, one for each;. It is possible to design
D. A simple example discr_iminating gates which allow only to pass. If each body
' has its own associated gates and will be blocked by all others
This environment is used for some experiments in Sectigfen everyy; is handled independently by its own gates. If the
VI In Figure[5, there are five region8 = {ro,71,72,73,71} gates are shared between bodies, however, then confliatsoccu
and five gates¥ = {a,b,c,d, e, f}, shown in blue. Supposein cases in which bodigsand?’ are in some region: b must
that the LTL formula is transition tor’, andb’ must transition to another region. The
b = O(ma A O(m1 A S0 A Oma))). @) gate, betweem arjdr’ must allowb to pass, butlbloclb’. The
gate’s local configuration space could be designed to genera
After running NuSMV on the systent; and ¢, the se- this behavior; however, the implementation may be difficult
quencer = (r2,71,70,74) is returned. Since this satisfies the At the other extreme, the bodies could be completely
uniqueness condition, an implementation with static g&esindistinguishable. In this case\ assigns the same label to
sufficient: all bodies and there is no reason for the gates to distinguish
1) Set gate: to allow passage from, to 7. between them. Tasks are then described in terms ofuheber

Fig. 5. An example of an arrangement of five regions and five gates



of bodies in each region. Let distribution d of bodies the case of a single body, it might not be necessary to force
be ak-dimensional vectod = (c,...,c,), in which each it along the precise sequenceof regions. For the case of
component; is a nonnegative integer representing the countultiple bodies, the situation is even worse because thiesod
(number of bodies) for each region. Fér bodies andn are prescribed to follow a precise sequeragf distributions.
regions, note that; + --- 4+ ¢, = k. Let D, be the set of For example, to arrive from a distribution gf,0,0) to

all possible distributions for a giveh (n is assumed to be (0,0,4), the first transition should b¢4,0,0) — (3,1,0).
fixed well in advance). The size db; is (”*,’j‘l), which In the next transition, however, bof3,1,0) — (3,0,1) and
from combinatorics is the number of ways to placealls (3,1,0) — (2,2,0) make progress toward the goal.

(bodies) inton boxes or urns (regions). For the simple task of navigating one body to regign
Once the graph of regions and gates is defined, a discrateondeterministic flow graph that solves the problem can be
transition system of the form constructed as follows. Define a distance functionk — N,

S — (Dv.d 3 in which p(r) is the number of regions encountered on the

k = (Dr, do, —r)- ®) shortest path in the bipartite graph (recall Figure 4) froto

naturally captures the possible transitions betweenibiistr 7i- Note thatp(r,) = 1. The values of can be calculated by

tions of & bodies. simple breadth-first search over the graph. Each static gate
The relationd —;, d' is true if and only ifd’ can be can be configured as follows: jf(r) < p(r') for a pairr,r’

obtained fromd by the passage of a single body through & (¢), thenm € M(g) is set to allow flow froms” to r. In

gate. This uses region adjacency constraints as in the ¢aséhe flow graph, this construction generally allows multiple

S, from Sectior 1I=B. For example, suppose there are 4 edges from a single region. It does not matter which gate the

regions andk = 12 bodies. Supposé = (2,3,5,2) and body crosses in this case; any gate transition causes gsogre

d = (2,4,5,1). Ford —, d’ to be true, there must be ato be made.

gate between_ _the second and fourth _regions, which allowssa p simple example

body to transition from the fourth region to the second. For

each transition, exactly two components of the distributio For the case of completely indistinguishable bodies, Fig-

are allowed to change: One is incremented and the otheM[§ [6(a) shows an example that has three regifns=

decremented. {r1,r2,73} and three gat.eﬂ = {a,.b.,c}.. Su.ppose.thaF
It is possible to extend the transition systems to the casefjc?fCh %gte aIIo'\ivs thef. bodltgs toTtrrlanj'ltlon tm telthejtr. dr:rectlo

partially distinguishablébodies, which could correspond to as- epencing on ts contiguration. “Ne GISCTete ransitonesis

signing them nonunique colors. In the limiting case, eaaﬂybo? is given bé’ K?) fork I t2h A dihsttrri]bution ﬁeq#encd_ f(l):r_
receives a unigue color, making them fully distinguishabte 22 corresponds 1o a wa roug € graph shown n Figure

make a transition system férbodies, the state space would b (b). Each edge is labeled W'th the gate that is crossed by the
RF, which is thek-fold Cartesian product aR. The transitions ody that caused the transition.

can be assigned in a standard way if the gates are independent

however, it becomes more complicated if gates are shared

between bodies, as mentioned above. If thereidrvedies of v

the same color, then the correspondingomponents inR*
are replaced by); to express the distribution afbodies, due
to their mutual indistinguishability. These extensionadeo

interesting open questions, however, we restrict the nedeai V \
of the paper to the completely indistinguishable case.
B. The methods

Assume that the initial distribution is given. To expressk& €Y
in LTL, let II be the set of all propositions of the form; Fig. 6. a) An example with three regions, three gates, and tdiels; b)
for everyd € D;. An LTL formula ¢ can then be defined a graph that for which the vertices afe,, the set of possible distributions,
to express any task that involves distributions of bodigese 29 the edges correspond to possible transitions.
the regions. The method follows in the same way as in Section
MM=C] which yields a distribution sequenaé = (do,dq,...) Consider the following task. Suppose that both bodies are
that satisfiesp. To ensure that the execution follows each initially in r;, as shown in Figurg]6(a). The task is to bring
gate must be aware of the current distribution to allow thibem tors, thenry, and then return te. A corresponding
transition, if appropriate. Each time a transition occuh® LTL formula is
count for the adjacent regions is incrementally modified.

An alternativeJ method \%vill now be given. Tr)1/e solutions so V(7200 A 0(T0.02) A 0(T0.20) A OT(200))))- (4)
far are deterministic in the sense that the sequérarel must A possible solution trajectory fof, is depicted in Figur&l?7
be predictably executed. However, it is usually that case¢ thas a sequence of body distributions for which transitiores ar
many alternative sequences would also satisfy the fornkgia. caused by setting gate directions.
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Fig. 9. a) A sample trajectory from a body that moves straight #ren
bounces at a random angle; b) a sample trajectory for the daseuacing
at the angle of incidence (as in an ideal billiard ball).

Fig. 7. An example sequende= (do, . .., ds) of distributions that satisfies
the LTL formula given in[(#).
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Fig. 8. a) The vibrating Hexbug Nano toy also exhibits thedwloperty
and is used in experiments; b) it in fact comes equipped withadbitht” that
it nicely explores.

Fig. 10. A simulation of200 robots in a complex environment withQ
V. EXPERIMENTS regions. Each robot moves straight until it hits a boundany #ren reflects

. . at a random angle. The robots are guided from the upper Igibmeto the
We designed and developed low-cost hardware to illustrad@er right region using static gates.

the methodology. For the executions, the printed framekiin t
section do not do justice to the execution of the system. Full

videos appear at flow) manually by the user. Recent kits even provide static
http://msl.cs. uiuc. edu/ dt s/ gates that permit flow in' one diregtion only. ' .

. _ _ Numerous other possibilities exist for wild bodies. Simple
A. Wild body implementations robot platforms can be used, which incorporate sensor feed-

The first task is to find bodies that appear to fulfill théack to determine that boundary contact has occurred. For
wildness condition of SectidiI[B. The main body used in olgxample, consider a differential drive robot with a contact
work is the weasel ball, which was shown in Figlite 1. It cosgensor. The robot rolls straight until it hits a wall. It then
around $4 US and consists of a plastic ball of radisgem that rotates a random amount and continues moving straight.
has only a single offset motor inside which oscillates atboSimulation trajectories are shown in Figlie 9(a) for thigioro
2Hz. We performed hundreds of experiments that consistBtPdel. Another reasonable motion model is to deterministi-
of placing one or more balls into regions and observing thed@lly bounce, like in the Bunimovich stadium (recall Figure
motions. Without fail, they easily strike any reachablecpla
along the boundary of a region, therefore becoming a seitabl )
candidate for a wild body. We acknowledge, however, that nc '—
model of its mechanics is provided here and it is not formally

proved to be wild. It is only verified experimentally.
An alternative to the weasel ball is thiexbug NandFigure -
[8), which is a cheap (around $10 US) vibrating toy that looks (@) (b) (c)

“I_(e the end of a toothbrush with r_Ubb_enzed bristles and I—'?g. 11. Some simple robots that we have used to implement thgtsttae

vibrating motor mounted on top. This highly popular toy hagotion with random bouncing: a) A Roomba iCreate; b) a simple hbree/

been demonstrated to explore complex habitats with regiongot made from a pager motor (total cost less than $30 US); dERBS

and gates, which can be purchased. In this case, the gatesoa?g-source robot constructed from acrylic, cheap motard, an Arduino
. L. " . microcontroller (total cost less then $120 US).

opened (allowing bidirectional flow) or closed (blocking al



(b)

Fig. 12. a) A static, directional gate can be implemented makirigxible
“door” from a stack of paper; in this case, the body can ttasionly from
the bottom region to the top; b) this works much like a “doggier.

Fig. 14. a) Initially, two bodies are in the right region armiee are in the
left; the gate configuration allows a right to left transitido) after18 seconds
a body crosses right to left, changing the gate mode; c) dfieseconds a
body moves left to right, changing the gate configuration ragd) number
of bodies in each region alternates between two and threthéorest of the

(a) ‘ B (b) experiment.

Fig. 13. A pliant gate with two modes: a) a ball can pass fromttefight,
but its blocked the other way; b) a ball can only pass fromtrigheft.

[); see Figurd]9(b). Figule 10 shows0 simulated robots
accomplishing a simple task under these bouncing models.f+
We have implemented the random bounce angle model in
several robots, which are shown in Figlrd 11. Experiments
with simple, wild mobile robots are covered in [3]; however,
this paper is restricted to simpler bodies.

B. Gate designs

Recall from Sectiofi TI=D that gates may be either static or
dynamic. A simple way to engineer a successful static gate
is illustrated in Figurd_12. A body moving from the bottom
region to the top region can pass through the right side b}/ __ _ ) _ _

Flg. 15. a) Initially, the five bodies are together in one oegand only

bending the_ paPer? a body moving _m the_ other d_|rect|on ckwise transfers are allowed; b) aftéh seconds a body changes regions
blocked. This simple setup was reliable in experiments. Had counterclockwise transfers are allowed seconds later a body changes

other experiments, we have used ramps and ledges as stagigns; d) aften2 seconds, the bodies occupy all four regions.
gates that allow flow in one direction only.
Now consider dynamic gates. There are two categories of
dynamic gates, depending on whether external energy is usetlVe also designed and implemented a four-way revolving
to actuate the gates. If the gate configuration changes @nlyd®or, which is a pliant gate that has four adjacent regions.
a result of forces applied by the passing body, then the gditds only allowed to rotate up t®0 degrees and alternates
is calledpliant. Otherwise, it is called @ontrollable gate. between two modes: 1) Allowing a clockwise transfer and
First consider the case of a pliant gates. Fidure 13 shodjallowing a counterclockwise transfer. An experimenthwit
a simple example in which an “L"-shaped door is placed dive weasel balls is illustrated in Figufe]15. Our final pliant
a swivel base. In this case, the door is made of cardbodrate design is shown in Figuie]16. In this case, the gate
panels attached to a straw. The door pivots when the boegnfiguration determines which region will receive the hody
passes through. Figurel14 shows an experiment that iltastravhich alternates after each transition.
this for five weasel balls. On its own, this gate enforces the Many interesting open questions remain with regard to
constraint that the number of bodies per room must remaifiant gates. What is the family of tasks that can be solved
roughly constant, even though any ball is allowed to passtirely using pliant gates? What types of mechanisms for
in either direction. This behavior can be thought of as gliant gates can be designed? This depends on the body design
alternating prisoner exchange. Is it possible to allow capacitance by storing and then sihep

(d)



b) ;

a) A ball that has just crossed the gate interrupgslaher beam,
while b) a body simply moving within a region does not interrtip¢ laser
beam, which is visible just above the ball in the picture.

Fig. 18.

Fig. 16. This pliant gate alternates between the destimaigions by using the phOtOdeteCtor' As Fan be seen in Flgm 18, the laser
a rotating “T” shape. a) Initially, two bodies are in one wyib) the gate beam/photodetector pairs are placed so that only an body
transfers the first body to the upper region; c) the gate thansters the \which has just crossed a gate causes a beam crossing.
second body to the lower region; d) both bodies become trappedparate A . | ti d th t t imol
regions. If there arén bodies in the initial region, then this gate would place S prevpus y mentioned, thé ramp-type ga es aré imple-
n bodies in each destination region. mented using servo motors. The angular position of these
servo motors is determined by the duty cycle of the PWM
signal they receive. For this purpose, we used an Arduino
Mega microcontroller board based on the Atmel ATmegal280
microcontroller. This platform was chosen because it ig/ eas
to configure and inexpensive (about $35 US). Additionally,
Arduino documentation and code examples are plentiful.

Jm g
iy Lo

(@) (b)
Fig. 17. The three gate configurations: a) the gate allowsdy bmcross in - C. Single-body experiments

the left to right direction, b) the gate prevents bodies frenwssing in either ) .
direction, and c) the gate allows an body to cross in the figheft direction. Several experiments are presented using the method pre-

sented in Sectiop I-IC. We chose typical tasks specifiedgusi
LTL, similar to those in[[34]. If the solution region sequeric

bodies? Would this allow additional tasks to be accompdé’heenabled it due to the uniqueness condition of_Seﬁi_Q_n_II e,
solve the problem using static gates. Otherwise, the sysfem

N.OW pons@er controllable gates. In this case, what 'nf.OEbntroIIabIe gates, as described in Secfion]V-B were saffici
mation is available to determine when to change the confi

. . . ) . ) %r enforcing any solutiorr to be achieved during execution.
ration? Th'§ requires the mcorporaﬂo_n of sensors thatifeo Several experiments were conduced with a weasel ball in
necessary |nf|(|) rrt;atlon dqrmg e;ecfutlon. i ¢ i _.an environment of approximatefyby 3 meters and five gates;
ho;” con;ro abie gate'll's m:; € from 6;1p|§_ce 0 acrfy 'ﬁ 'Bee Figuré_19. For the region and gate names, recall Figure
the form of aramp. By tilting the ramp, the direction of thé g 1,5 gpecification of the task that we would like to achieve
gate is altered, and we can obtain f[hreg gate configurationst “Starting inrs, go tor,”. An LTL formula that captures
execute the gate actions, as seen in Figufe 17. this specification isp = $my. We applied NUSMV on the

The acrylic ramp element is attached to Futaba S3003 Sepfresponding discrete transition systefn and the formula
motors using standard servo horns. Servo motors were chog@nrhe output region sequende= (r,r3,74) implies that

for this application because they are inexpensive (arouhd atesd ande should allow transitions from; to 75 and from
US each) and allow precise control of output angle by tq% to r4. The execution is shown in Figufe]19.

use of negative feedback. Additionally, the only contrgdub  "\ne a1so demonstrated patrolling by introducing the LTL
required is a Pulse-Width Modulation (PWM) signal, which ig,.muia

easily generated by most microcontrollers. .
Simple sensor feedback is provided to the gate. A body ¢ =DM A OmLA Os), ®)
crossing is detected through the use of optical emittezadet which means thaty, 1, and r3 must be visited infinitely
pairs. Laser pointers were chosen because they are inéxpensften. An infinite sequencé that cycles through all regions
(about $3 US each) and easily aimed. The laser pointgvas returned by NuSMV. A gate configuration that implements
were modified to run on external battery packs and held ihe sequence is shown in Figurel 20 along with part of the
place by simple armature mounts (about $3 US each). Simpletual execution. The ball visits attempts to visit the el
photodiodes (about $2 US each) were mounted on the opposégions infinitely often (in reality, its battery dies).
side to detect the laser beams. Figure[21 shows an example in which regions must be
A change in voltage is observed when a body crossessited in a particular sequence. Suppose that we want a
the beam, thereby blocking the laser beam from reachisgbsequence of to visit regions in the following orderi



(d)
Fig. 19. “Starting inre, go tor4™: a) The weasel ball is placed initially in Fig. 21. A coverage task: a) The body crosses into the ugferdgion;
ry4 (leftmost); b) after30 seconds strikes gaté and entersrs; c) after 105  b) after15 seconds, the body crosses into the lower-right region, cetingl
seconds it strikes gateand d) moves intos, which completes the task.  the coverage; c) aftes0 seconds, the body crosses into the upper-left region

on the return trip; d) aftee40 seconds, the body returns to the upper-right
region.

(] ()

r3 T4

Fig. 22. An example that involves regions and gates.

processor and 4GB of memory) returned the infinite sequence
Fig. 20. “Patrol regionsg, r3 and r1”: @) The ball starts its route; b)

after 107 seconds it has entered two new regions; c) &ftex seconds it has T=1 (7“ 5T4T2T574T 3)+ (8)
visited most regions; d) afte¥25 seconds, it completes a tour of all regions, . .
and continues. in which * denotes that the subsequence repeats forever. This

was by far the longest running time of any applications of
NuSMV to our LTL formulas for a single body. The policy was
(upper right),ry (upper left),r, (lower left), 5 (lower right), successfully implemented in simulation. Note that it carbe
r9, 71, 0. An LTL formula that achieves this is implemented with static gates becausedoes not satisfy the
unigueness condition from Sectibn 1MI-C.

¢ = O(mo ANO(mL A (o A (T3 A O (ma A (T /\<>7T0))))()g)j D. Multiple-body experiments

The experiment for this example appears in Fidure 21. The first two experiments in this section apply the first
Finally, Figure[2Z2 shows a more complicated example. Ttaethod of Sectio IV-B. The controllable gate setup shown
LTL formula that describes the task is: in Figures IV an@18 is sufficient to implement any sequence
of body distributions produced by a model checker. Using
¢ =m1 A QO(—=m1 A Sma A Oms A (715 — Oma)A the controllable gates, we implemented several tasks, asich
Viza(((ma A Omj) = =O(m5 A Oma)) (7) “Starting with all four bodies inro (upper-right), cover all
, _ , four regions simultaneously and then meet againsilower-
Ay A Oms) = =0(ma A Omy)))) right)”. One way to achieve this is to define

Starting inr{, we want the robot to patrel, andrs, requiring o
that the body moves tg; after being inr, (and not reversed), ¢ = 0ma Ly A OT004)- ©)

and all flows incident ta-, are constrained to move in oneSee Figuré 23 for the implementation.

direction for all time ; moreovery; must be avoided once The second experiment involves two bodies in the environ-
it is visited. In 0.031 seconds, the NuSMV package (runningent shown in Figur&22. For this task we want the bodies
under Ubuntu 10.04 on a PC with Intel Core 2 Quad 2.4GHa meet in all of the outer regions( r2, 73, 74) for dual



Fig. 23. A group splitting and coverage example: a) The 4 lsodiegin
together in the upper-right region; b) after 37 seconds tuids begin to split;
c) after 45 seconds bodies have split completely into indégeinregions; d)
after 240 seconds bodies reconvene in the lower-left region

patrolling (two at a time in a region) of each regior

is constrained to have space for only one body at a time;
moreover, after is visited, at least one body has to be there

until r4 is visited; the same restriction holds for regions
andrq, respectively. Also, after any of the bodies visits it
must move tory. The corresponding LTL formula is
¢ =0(-7(0,0,0,0,2) N O7(2,0,0,0,0) N O7(0,2,0,0,0)A
O7(0,0,2,0,0) N $7(0,0,0,2,0)/\
((7(1,0,0,0,1) V 7(1,0,0,1,0) V 7(1,0,1,0,0) V T(1,1,0,0,0)) —
((7(1,0,0,0,1) V T(1,0,0,1,0) V T(1,0,1,0,0) V 7(1,1,0,0,0)V
7(2,0,0,0,0)UT(1,0,0,1,0))) A
((700,0,1,0,1) V T(0,0,1,1,0) V T(0,1,1,0,0) V 7(1,0,1,0,0)) =
((70,0,1,0,1) Y T0,0,1,1,0) V T
7(0,0,2,0,0) )UW(O,l,l,o,o) DA
((7(1,0,0,0,1) V T(0,1,0,0,1) V T(0,0,1,0,1)) —
O (7(1,0,0,1,0) ¥ T(0,1,0,1,0) V T(0,0,1,1,0))) A
(77(0,0,0,1,1) — OW(0,0,0,2,O)))

(0,1,1,0,0) V 7(1,0,1,0,0)V

(10)
The NuSMV package found the following solution in 0.30
seconds:

d = ((2,0,0,0,0),(1,0,0,0,1),(1,0,0,1,0), (0,0,0,1,1),
(0,0,0,2,0),(0,0,1,1,0),(0,0,2,0,0), (0,0,1,1,0),
(0,1,1,0,0),(0,1,0,1,0),(0,2,0,0,0),(1,1,0,0,0),
(2,0,0,0,0)),

(11)
which is a distribution sequence that satisfiesThis solution

was implemented in a simulation of the bodies and gates.

Fig. 24. Navigation with multiple balls: a) Four weasel balte started in
the left-most region; b) aftet8 seconds some progress is made; c) afts
seconds, all but one ball have arrived at the destinatider a0 seconds,
all four balls have arrived.

Fig. 25. In this experiment;0 weasel balls were successfully manipulated
from a source region into a destination region.

in an environment witlé regions and gates. The regions are
complicated shapes, some with interior obstacles, andates g
are narrow. It took around0 minutes for all50 balls to arrive

in the goal due complicated regions, small gates, and a long
tail distribution on arrival times. A nondeterministic g&n

ff patrolling with multiple bodies is shown in Figuie]26.

Some experiments are also shown for the case of Hexbug
Nanos. By placing a small piece of paper in the doorway
between two regions, we have implemented a simple way
to enforce one-way flow. The paper is allowed to bend in
one direction, but is blocked in the other. Figlird 27 shows
an experiment in whichk Nanos were induced to flow from
the leftmost region to the rightmost region by designing two
one-way gates out of strips of paper. Figliré 28 shows another
experiment. In this case, a small environment was construct
from inexpensive Magna-Tiles anid Nanos are controlled to

Now recall the alternative method from Section IV-B, whiclilow from an initial region to a goal region. In this case, each
allows nondeterminism to move multiple bodies to a gogate was implemented by stacking tiles on the ground. Each
regionr,. Figure[24 shows a navigation task which modestile is approximatelysmm wide. To induce a flow from region
bodies fromr, to r2. In another experiment, shown in Figurer to regions’, we stackn tiles to make the floor of-, and
[28, 50 weasel balls are guided from a starting to a goal regiofy — 1) tiles for the floor ofr’. Each Nano then experiences a

10



Fig. 26. “Patrol all regions indefinitely”: a) 8 bodies aragtd in arbitrary
regions and static gates are configured in a cycle; b) 3 mirlates most
bodies have changed places; (c) after 6 minutes the pagattimtinues; d)

configuration 12 minutes after the initial setup Fig. 28. A Nano experiment involving regions (red, yellow, blue, and

white). The task is to mové0 Nanos from the red region to the white region:
a) Initially, all 10 Nanos are placed on the highest platform (the red square at
the bottom); b) afteb seconds, significant progress has been made; c) after
8 seconds the first Nano arrives in the white goal region; drdft seconds,

all 10 Nanos arrive in the goal region.

ing and estimation, map building, localization, coordioaf
and communication. Tasks can be specified using a high-
level logic, such as LTL, and then gate configurations are set
to satisfy the formula and achieve the desired task. Several
experiments were shown for weasel balls and Hexbug Nanos
performing tasks such as navigation, patrolling, and cyer
Various types of gates were designed, including stati@npfi
and controllable with sensor feedback. With the successes s

(a) (b)
(c) (d) far, it seems we have barely scratched the surface on the set
of possible systems that can be developed in this way to solve

Fig. 27. Navigation of Hexbug Nanos: a) Initially, all theufoNanos are interesting tasks.

together in the left region; b) aftdi0 seconds one Nano changes regions; c) . . . ..
after 17 seconds one Nano crosses from the second region to the dhird; Des!gnlng 'nformat'on'feed_baCk plar_@‘ remaining chal-
after 70 seconds all Nanos are in the third region. lenge is to formally characterize the minimal amount of sens

ing information that is needed to switch gate configurations
and accomplish desired tasks. For each task the requirement
small dropoff on the boundary betweerandr’ and is unable may be different. Aplan or control law can generally be
to return tor from »/. This induces the directional flow. expressed as an information-feedback mappingZ — C,

It is clear from these examples that allowing nondetermim which C is the global configuration space for gates and
istic region transitions leads to dramatic complexity r&thn 7 is an information spacethat takes into account actuation
and performance improvements. We would ideally like to taksistories and sensor observation histories (see Chaptef 11
complicated LTL formulas and synthesize an automaton th3%]). Recall that for each global configuration, there is a
expresses all region sequences that satisfy the formule whjorresponding flow graph. We can therefore imagineas
simultaneously determining what sensors and gate configuspecifying a dynamic flow graph, which changes its flow as
tion combinations are sufficient for achieving the task.sThhew information becomes available.

remains for future work. There are many possible choices fbr depending on the
kind of sensors and filters that are developed. By taking a
minimalist approach, we use the weakest sensors and filters
We developed an approach to solve a variety of commdamat can nevertheless accomplish the task. Therefore, oid av

robotic tasks by placing wildly moving bodies into a comthe case in which each information state Zinspecifies the
plicated environment and then gently guiding them througirecise configuration and velocities of every body and the
gates that can be reconfigured. This avoids many commaonfigurations of all of the gates. We could considene
difficulties such as system identification, heavy sensitigrfi feedback for which Z = T = [0,¢], an interval of time.

VI. CONCLUSIONS
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We will also use simple sensors that detect whether a bodre grateful for the helpful suggestions of Hadas KressitGaz
has passed in or out of a gate.¥f represents the set of alland the anonymous reviewers.

sensor outputs, then we obtasensor feedbacklans of the

form 7 : Y — C. For the experiments of Secti¢n V sensor

feedback was sufficient to switch the gates. More genetaby,

sensor readings could be aggregated into a filter that update

information state after each new reading. The filter infdroma

state is then used as feedback for the plan. See [38] foecklat!?

details.

Analyzing execution timesAnother important direction is [3]
to analyze the time it takes to enter the gate for variousanoti
models, region shapes, and gate widths. Can objectiveiarite [4]
be formulated for the motion and then optimized through a

simple motion strategy for the body? Furthermore, statiti

analysis might enable us to predict the expected time to
completion for a task, which is currently a weakness of ou[r

approach.

Toward useful applicationsTo achieve more useful tasks,
we envision enhancing the bodies with limited amounts of7]
sensing, controllable actuation, and computation. This- su
stantially changes the power of the bodies. For example,
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