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Abstract

Self-recon gurable robots are versatile systems consisting of large numbers of independent modules. E ectiv e use
of these systems requires parallel actuation and planning, both for e ciency and independencefrom a central controller.
This paper presents the PacMan algorithm, a technique for distributed actuation and planning for systems with two-
or three-dimensional unit-compressible modules. We give two versions of the algorithm along with correctness analysis.
We also analyze the parallel actuation capability of the algorithm, showing that it will not deadlock and will avoid
disconnecting the robot. We have implemented PacMan on the Crystal robot, a hardware system developed in our
lab, and we present experiments and discuss the feasibilit y of large-scale implementation.

. Intr oduction

The goal of self-recon guring robotics is to create more versatile systems: hundreds of small
modules will autonomously organize and reorganize as geometric structures to best t the shape
the object the robot hasto manipulate, the terrain on which the robot hasto move, or the sensing
needsfor the giventask. Self-recon guring robots are well-suited for tasks in hazardousand remote
ervironments, especially when the environmental model and the task speci cations are uncertain.

A collection of simple, modular robots endonved with self-recon guration capabilities could perform
awide variety of tasks. For example,a modular platform could carry a collection of self-recon guring
modulesto a site. The modules could then grow into a tower, enter the site through a small opening
(such as a window) and recon gure to survey the site. The modules could carry dierent sensors
and collaborate to deploy these within their ervironment. The robots in such a modular system
could also collaborate to perform sophisticated manipulation tasks. Such a system could even use
the ability to changeshape to act asa reusable3-D printing device;that is, a physical CAD system
that reusesits componerts to make physical shapesinstead of computer models.

To create exible, robust, and autonomous robotic systems capable of sudh applications is a
considerablechallenge, which can be met through (1) hardware designsfor recon gurable systems
and (2) algorithmic planning and cortrol that can confer autonomousrecon gurabilit y. The robot
hardware and algorithms are intertwined: the hardware dictates the primitiv e control motions as
building blocks for the algorithms and the planners expose the biggest computational needs of
the hardware leading to hardware design optimizations. In this paper we focus on planning and
cortrol for self-recon guring robots. We dewelop planning and control algorithms and analyzetheir
correctnessand parallel performancecapabilities. We demonstrate the parallelism of the algorithms
in hardware for a small modular robot that consistsof 11 modules and project the scalability of
thesealgorithms to larger robots in simulation.

We classify shape-changing for self-recon guring systemsinto two categories: static and dynamic.
For a static goal, the system is required to make a particular shape in its current location, for
exampleto generatea table or a sensorarray. For dynamic goals,the requiremert is for the system
to move through spacewithout concernfor the exact shape of the group?. In this paper we presert
an algorithm intended for static recon gurations in which the systemis to achieve a particular goal
con guration and that con guration overlapswith the current shape. We also shov how to extend
it to support locomotion via dynamic recon guration.

11t should be noted that chain-based systems such as PolyBot [27] or the CONR O system [5] (and in some cir-
cumstances unit-compressible modules [3]) can perform locomotion without recon guration, unlik e other lattic e-based
systems (see App endix | for de nitions of system types).



Fig. 1. In this simulation, the light gray modules represent a unit-compressible robot that usesmorphing to climb
stairs.

We dewelop algorithms that are matched to a speci c type of hardware called unit-compressible
actuation, where modules are actuated by expansionand cortraction. Two speci ¢ instantiations
of this type of module are the Crystal robot developed in our lab [18] and the TeleCube deweloped
at PARC [20]. Unit-compressible actuation leadsto computationally e cien t algorithms for shape
morphing. In this type of actuation modules can relocate by traveling though the volume of the
robot [18] ascomparedto other existing systemsthat rely on surfacerelocation (e.g. [9], [14]). Thus
the resulting plans for morphing one shape into another generally require O(n) fewer movesthan
for surface-mawing systems[18].

Our goalisto developdeceriralized approacesto path planning and actuation for self-recon guring
systemsthat are provably correct, becausesome of the most interesting applications of this work
will emplay thousands of modules working together. In a large system, this may mean dozensof
modules moving at once, in which casedistributed planning and cortrol is important in allowing
parallel communication and actuation. Distributed algorithms lead to more e cien t and scalable
systemsby supporting parallelism, taking the burden of low-level motion planning and cortrol o
of a certral cortroller. For example,during motion, the movemert of a module may depend on the
progressof a neighbor's motion. If ead motion is controlled from a certral location over a common
communication link, this may induce signi cant latency for large systems. Distributed planning and
cortrol, in which neighboring modules can communicate and decide locally which motions should
take place and when, allows for more scalable and more e cien t systems. However, when eadh
module is in cortrol of its own actions, care must be takento prevent deadlock and ensurethat the
correct overall shape is achieved.

This paper describes and presens analysis of the PacMan algorithm, a simple scheme for dis-
tributed planning and actuation for self-recon guring robots with unit-compressible modules, in
which actuation takes place through expansionand contraction. The overall idea of PacMan is as
follows: to changeshape, somemoduleswill be positioned correctly for the new shape and someuwiill
not, sothe modulesnot in placewill plan pathsin parallel to Il in holesin the desiredshape. These
paths are then actuated by the modulesasyndronously. Becauseof the unit-compressibleactuation,
a single module doesnot physically follow an ertire path. Rather it will changeidentities with other
modules along the path, sudc that the module appearsto move globally while ead physical unit
movesonly locally.

The natural parallelism of the PacMan algorithm allows for increasedperformanceof the recon g-
uration, making it potentially much faster than a certral cortroller for systemswith large numbers
of modules. The PacMan algorithm consistsof two componerts: a distributed planner that develops
paths for individual modules and an actuation protocol that the modules executein parallel. We
characterize the classof self-recon gurations achievable by PacMan and discussextensionsto the
actuation protocol. In particular, we analyze a class of shapes that contains a su cien tly large
certral group of atoms and simple topology, although the systemwill work for many other shapes.
The analysis of the extended actuation protocol (summarizedin Theorem 9) shows that for a large
class of simultaneous paths within this class of shapes, the robot does not deadlock and remains
connectedduring actuation without requiring global syndironization.

An outline of the PacMan conceptis givenin Sec.lll, followed by the distributed planning and
basic actuation algorithms in Sec.lV and V. Analysis of these algorithms is given in Sec. VI.
Extensions that allow for better parallel actuation are described in Sec.VII, along with analysis
of these extensions. Software and hardware implementations and discussionof future prospects for
thesetechniques are preseried in Sec.IX. A glossaryof terms relating to self-recon guring robots
in generaland PacMan in particular is included as Appendix I.



Fig. 2. Two modules of the Crystal robot: the one on the left is fully expanded and the one on the right fully
contracted.

A. Related work

Previous work in self-recon guring robotics has included hardware developmert as well as cen-
tralized and distributed planning and cortrol algorithms. Seweral lattice-based self-recon guring
systemshave beenproposedusing a wide variety of actuation modes (and therefore often requiring
di erent planning algorithms). Systemsusing unit-compressible actuation include the Crystalline
Atomic robot from Dartmouth [18]in 2D and the Telecube from PARC [20]in 3D. Systemswhich use
actuation over the surfaceof the group include 2D systemssud asthe Fracta [12] and a small shape-
memory alloy basedmodule [30] from AIST and hexagonal deformable modules from Chirikjian's
group [7], [16] and 3D systemssuc asthe 3D Fracta from AIST [13] and the Molecule robot from
Dartmouth [9]. Chain-basedsystemshave also beenimplemented, including the Polybot and Poly-
pod by Yim et al. [26], [27] and the CONRO systemat USC [5]. More generalactuation methods
were usedin the heterogeneousCEBOT system[8], the rst proposedself-recon guring system;the
M-TRAN, which can operate as both lattice-based and chain-based[14] and the bipartite 1-Cubes
system[22].

Centralized recon guration planning has been developed for many systems. These approaces
have beenapplied for complex modules where distributed approadchesare moredi cult, sud asthe
Molecule [10] or the M-TRAN system[29],to handle topologically challenging shapes[15] or to help
achieve globally e cien t plans [6], [17].

There has also been signi cant researd into distributed self-recon guration planning. Earlier
work includes Tomita et al.'s [21] method for shape formation basedon locally attaining the correct
sets of connectionsbetween modules. This does not explicitly consider changing betweentwo dif-
ferernt shapes. Lee and Sandersonpresert [11] distributed cortrol for the Tetrabot system. Seeral
researdershave consideredrecon guration for various surface-maing systems. Yim et al. described
methods for Proteo modules [28] that use simple distributed cortrol rules, but that can sometimes
get trapped in local minima. Salemi, Shenand Will deweloped the idea of digital hormones[19]
which are propagated through a modular robot to control shape change and locomotion. Walter,
Welch and Amato [25] preseried a distributed recon guration algorithm (extended by Walter, Tsai
and Amato [24]) for planar hexagonal modules. This work is notable for handling both planning
(achieved without explicit communication) and actuation cortrol for a large classof goal con gura-
tions.

For unit-compressible modules, the original 2-D version of the PacMan algorithm was presened
in [1]. This was extendedto the 3-D casealong with the addition of parallel actuation analysisin
[4]. Vassilvitskii et al. [23] presert a planning schemefor 3-D systemsbasedon meta-modules. In
this work, which builds on the original PacMan algorithm [1], groups of eight modules (2 2 2)
are treated as units for planning, and arbitrary recon guration betweenany shapes made of meta-
modules can be achieved. Their work focuseson planning, and doesnot addressparallel actuation
or synchronization among the modules within eath meta-module.
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Fig. 3. An example of unit-compressible actuation. Two modules have been shaded to indicate the small motion
performed by each physical model despite the large apparent motion of a single module.

Il. The Crystal Robot hard ware

The distributed algorithms described in this paper are applicable to robots with unit-compressible
modules[18], [20]. One speci ¢ instantiation is the Crystalline Atomic robot, or Crystal, developed
in our lab [18]. It is made up of a collection of Atoms, which are squaremodulesthat can connectto
ead other and can expand and contract by a factor of two. Figure 2 shaws two Atoms of the latest
version of the Crystal. In the Crystal, ead atom is completely autonomous, with computation,
power and communication onboard. Each module hastwo degreesof freedom, sothat it can expand
its North/South axisindependerily of its East/W estaxis. Physical connectionbetweenmodulesuses
a lock-and-key style of connector, with eadh module having two active connectorsand two passiwe
connectors. Communication between modules is implemented with an infrared transmitter and
receiver on ead face of eadh module, sothat the module can only communicate with its immediate
neighbors. Any algorithm for the Crystal must therefore be distributed. The unit-compressible
module conceptextendsdirectly to the three-dimensionalcase,as do the algorithms presened here.
The Telecule system developed at PARC [20] is a 3D unit-compressible system with six degrees
of freedom (i.e. ead face is independertly actuated) which currently useso -b oard power and
computation.

In any unit-compressible system, a single module cannot move relative to the group on its own.
The expansionand cortraction of neighboring modules are required to causeit to move with respect
to its neighbors, while attaching and detaching from neighbors allows for more complex global
recon gurations. An example of a simple recon guration is shovn in Fig. 3. An important aspect
of cortrolling unit-compressiblerobots is to ensurethat the overall group doesnot fragment during
actuation due to module disconnections.

Like most self-recon guring modular robots, the Crystal is homogeneousmeaningthat all atoms
areidentical. Any module cantherefore occupy any position in the goal con guration. Given a goal
shape, assigningatomsto speci ¢ locations can be doneat run-time. This e ect enablesthe PacMan
technique, and can lead to very e cien t recon guration algorithms, as described previously [18].

[1l. The PacMan concept

PacMan is a distributed algorithm for self-recon guration in which the individual modules plan
and actuate a givenrecon guration in parallel using only local information and local communication.
A planner run by the atoms dewvelops paths for eadh module that will move. The paths are then
actuated by the atoms in a parallel distributed fashion. We wish for the robot to remain connected
throughout this processo ensurethe integrity of the systemand its future operation. A disconnected
systemsrequires complex positioning and sensingto reconnectitself.

The PacMan algorithm was inspired by the video game of the same name, in which the main
character eats \p ellets" as it moves around the board. The algorithm usesdata structures called
pellets as a way of marking the path that eac module should follow to perform its part of the
recon guration. This represenation is well suited to unit-compressibleactuation, sincemotion of the
modulestakesplacein the interior of the structure. However, a single physical module cannot move
through the ertire structure to follow its path, ascan be seenin the exampleof Fig. 3. Instead, the
module will virtually travel alongthe path markedby its pellets. To do this, it exchangesits identit y
with other modules along the path, while the physical modules move only locally. Additionally , by
marking ead pellet with the identity of the module that is to \eat" it, paths for seweral modules
can coexist in the Crystal (seeFig. 4). The existenceof multiple paths in turn allows for seweral



modulesto perform parallel recon gurations.
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Fig. 4. An example of PacMan pellets: (a) a Crystal with four moving atoms (with circled ID numbers), their pellets
shown by number in the other atoms, (b) the paths and resulting structure.

More speci cally, the PacMan processis two-fold. First, a path is planned for each module in a
distributed fashion, using a planner such asthe onedescribed in Sec.lV. The result of planning is a
set of pellets distributed through the atoms of the robot. Oncethe pelletsarein place,the actuation
will happen asyndcronously, directed by the algorithm preseried in Sec.V. Each atom looks for
pellets and \eats" them without adheringto a strict schedule. Along the way, it exchangesidentities
with its neighbors, as seenin the simple example in Fig. 5. This meansthat the intermediate
structure of the Crystal will be undetermined, but the nal structure will be correct. The distinction
between planning and actuation suggeststhat a certralized planner could be usedto create all
necessarypellets. This is reasonablefor a small system, since the constraints on paths can be
complicated and it may be easierto generate paths in a certralized way. For larger systems, a
distributed algorithm would likely be preferred. In either case,the moduleswould perform PacMan
actuation in parallel using the protocol described below to allow for e cien t simultaneousactuation.
We will now describe a distributed planner, followed by the actuation protocol.

IV. Distributed planning

To plan a recon guration in a distributed fashion, we have developed a two-stage planning al-
gorithm which develops paths for seweral modules in parallel, asin Fig. 4b. In the rst stage,the
modules determine the local di erence between the current shape and the desired one, so as to
decidewhich modules can move (i.e. potential starting points) and which locations should be lled
(i.e. destinations). The individual paths are then planned in parallel from goal to start using a
distributed depth-rst seard over the modules.

For a given recon guration, we de ne target atoms as those adjacert to unlled goal locations,
and spare atoms as those not currently part of the goal shape. We de ne mobile atoms as spare
atoms that are on the edgeof the system and can be moved without disconnecting the structure.
These conceptsare shavn graphically in Fig. 6.

A. Initialization

To determine how the current con guration relatesto the goal con guration, we proposea simple
matching algorithm. We represen the desired shape with a binary matrix Sq. One atom is chosen
as the initiator of the shape matching process,and this atom is given Sy along with its location
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Fig. 5. A simple planar PacMan recon guration in which module 1 virtually movesfrom the left side of the group to
the right side. The numbers represent module IDs, not physical modules. Gray bars represent connections between
modules.
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Fig. 6. An example of a robot con guration with a goal con guration. Mobile atoms (which are not needed for the
goal) are marked M, while target atoms (those which are next to unoccupied portions of the goal) are marked T.

in Sg2. It then marks its location as visited and if its location is not lled in Sy, notesthat it is
a spare atom. This atom then chedks ead of its neighbor locations (in Sq and in hardware). For
ead location, if a neighbor is present and its location is not marked as visited, Sy is passedto that
neighbor along with the neighbor's location. If a neighbor is not present but that location in Sy is
setto 1, the current atom knows that it is a target atom. This processensuresthat all spareand
target atoms will be identi ed, and doesnot require that the current shape be explicitly calculated.
Once an atom has completed its comparisons,it can proceedwith the secondpart of the planning
as described below.

B. Path planning

In the secondphaseof planning, eac target atom initiates a seard through the robot for a mobile
atom to Il its neighboring empty goal location. This seard is opportunistic in that a mobile atom
will fulll the rst path requestthat it receives. The seard is doneusing plan-pellets, which represen
one step of a potential path. They are propagated through the atoms of the Crystal, performing a
depth- rst seard® for a mobile atom in a distributed fashion as detailed in Algorithm 1. When a
mobile atom is found, the plan-pellets (now forming a chain from mobile to target atom) are turned
into path-pellets, which the mobile atom will \eat" to virtually move to the goal location.

Under the PacMan actuation and dueto the nature of unit-compressibleactuation, an atom cannot
follow arbitrary paths through the Crystal, and the planning processmust take theserestrictions into
accourt. Speci cally, there aretwo constraints that the actuation forceson the planning. First, when
a path turns a corner, there is a minimum amount of surrounding structure that must be presert.
This is due to the disconnectionsrequired to turn a corner under unit-compressibleactuation, ascan
be seenin Fig. 3. This constraint can be posedas requiring a number of modules adjacert to the
path and a minimum path length to and from the corner. In order to keeptrack of thesedata, eath
path-pellet contains the last direction in which it was propagated (variable d in Algorithm 1), and
four counters (T in Algorithm 1) for the number of atoms adjacert to the path in ead of the four
directions perpendicular to the current segmein. The secondconstraint on planning is that when a
path travelsalongthe edgeof the Crystal, any dangling atoms (seeFig. 7) will becomedisconnected
asthe atoms along the path actuate. For purposesof reliabilit y, we require that the systemremain
connectedat all times. The planner therefore forcesthe dangling atoms to move o of that edge
by creating appropriate pellets for the dangler when the original path is instantiated. The original
path is then put on hold until the dangler has moved from its original location. This guarantees
that the Crystal will remain connectedthroughout the PacMan actuation.

To plan a path, a target atom will initiate a depth-rst seard by passinga plan-pellet to its
neighbor. This plan-pellet is then propagatedby the modules of the systemaccordingto rules which
generatea correct and complete seard procedureincluding bactracking. To correctly perform the
depth-rst seard, we de ne a canonical ordering of the four (in the 2D case)or six (in the 3D
case) lattice directions. When a path cannot continue straight (which is always preferred due to
the physical complexity of turning corners), the path is propagatedin the next available canonical
direction (lines 8-11 of Algorithm 1). When a path is rejected (for example when it has reached

21t should also be possible to give the modules only Sq and have them dynamically determine the best alignment
to the current shape.

3In practice, inspired by [23], we use an iterativ e deepening search which minimizes the number of turns (but not
the length) of the path.



Algorithm 1 PacMan path planner
1. Pellet p contains:
d - direction in which it was last passed
T - set of four counters usedto store number of modules adjacert to eac side of the current
path segmer
type - either plan-pellet or path-pellet
ID - ID of path originator (for plan-pellet) or module that will executepath (for path-pellet)

2: if Pellet p received then

3: if pitype = plan-pellet then

4 if (I am mobile) and (max(p:T) 2) then

5: setp.ID to my ID

6: set p.type to path-pellet

7 sendp to sender

8: if neighbor existsin p:d then

9: for ead direction perp perpendicular to p:d do
10: if neighbor existsin perp then

11 incremert P:Tperp

12: else

13: reset p:Tperp tO zero

14 propagate pellet in p:d

15: else

16: for ead direction perp perpendicular to p:d do
17: if p:Tperp 2 and there is a neighbor in perp then
18: setp:d= perpand setp:T =0

19: send plan-pellet to the neighbor in perp
20: sendrejection in direction opposite p:d

21: else fpis a path-pelletg

22: Find plan-pellet pp with pp:ID = p:ID

23: Replacepp with p

24: Sendp in direction opposite p:d

25: if Rejection received (from dir rd) then

26:  Find pellet p that matchesrejection notice

27:  for ead perpendicular dir perp canonically after rd relative to p:d do
28: if p:Therp 2 and there is a neighbor in perp then
29: setp:d= perpand setp:T =0

30: sendp to the neighbor in perp

31 break

32:  return rejection in direction opposite p:d.

the corner of the group and cannot turn), the pellet is sert back in the direction it came. In this
case,the canonical ordering also allows us to determine the next successodirection using only the
information in the pellet and the direction of the rejection message(lines 15-18). Finally, when
a plan-pellet is received by a mobile atom, the mobile atom acceptsthe path request and sends
a messageback to the atom that gave it the plan-pellet. This messagecausesthe plan-pellet to
be turned into a path-pellet with the mobile atom's ID, and the messages propagated along the
sequenceof plan-pellets.

This procedureis guaranteedto nd a path if one exists (as shovn in Sec.VI), while respecting
the actuation constraints inherent in the Crystal under PacMan. In addition, when a path that
passesa dangling atom is con rmed, a path is planned for the danglerto reac a safelocation. This
is somewhatdi erent in that it is planned in the samedirection in which it will be executed,but is
done in the samedepth- rst manner. To guarantee that seweral path seardescan simultaneously
be completed, atoms will not begin their actuation while seardhesare in progress. This is ensured
through a distributed counter (handled in the sameway asthe trac courter described above) that
is incremerted by ead atom starting a seard and decremenied when the seard endsin succesor
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Fig. 7. Examples of dangling atoms, atoms that lie by themselves adjacent to the edge of the robot. (a) D1, D2
and D3 can successfully move into the Crystal so asto not become disconnected when the given path actuates. (b)
D1 cannot move into the Crystal without disconnecting the atom with the given path, and so cannot be correctly
handled under PacMan.

Fig. 8. An example of arecon guration requiring multiple wavesof planning and actuation: unoccupied goal locations
are given by dashed lines and spare atoms are shaded.

failure. No atom will actuate while this courter is greater than zero.

C. Multiple-wave recon gur ation

For somerecon gurations, the start and goal con gurations will have large areaswhich do not
overlap, such asin Fig. 8. In theseinstances, there are locations in the goal shape (such as the
starred cell in Fig. 8) that are not next to any atom in the initial con guration. To perform these
recon gurations, the PacMan technique usesmultiple wavesof planning and actuation. In eadh
wave, a layer of atoms is moved from the \back" of the group (areasthat are not neededin the
goal shape) to the \front." If multiple paths are executedduring a single wave, it is necessaryfor
all of them to complete before the next wave is planned so the structure of the group is stable and
communication betweenall pairs of neighbors is possible. To keepthe structure synchronized from
one wave to the next, we use a distributed trac courter that represers the number of currently
active paths in the group. Each atom keepsa copy of the courter's value, and when one atom needs
to incremert or decremen the counter, a messageis broadcast through the robot to that e ect.
MessagelDs ensurethat no increment or decremen messages handled twice, so that all modules
will agreeon its value. In this particular case,when an atom nishes its path, it decremens the
counter and cheds its new location in the goal shape to seeif it is a target atom. If so, it waits
until the cournter reacheszero before beginning a path seard in the next wave.

ID Module's current PacMan ID
prev_ID Module's ID before most recert ID trade
prev_dir Direction of most recert ID trade
busy Indicates module is involved in an ID trade
dibs Set if module has beenclaimed by a neighbor for ID trade
waiting _for_corner | Set by module near a corner in the PacMan path
corner_nbr Used with previous; direction to the corner of the path
at_goal Module has completedits path
nbr_at_goal Module involvedin last ID trade is at its goal

TABLE |

Variables used in PacMan actua tion protocol (Algorithm  2) and message handler (Algorithm  3).



Algorithm 2 PacMan actuation algorithm
1. if not(busy or dibs or waiting _for_corner) then

2 Send\Ask-p ellet" messageo ead neighbor

3 Wait for \Ha ve-pellet" message

4 Set d to direction of neighbor that has pellet with my ID
5: if d6 ; then
6

7

8

9

while \OK" messagenot received do
Send(\request transfer") in d

Busy = 1
: if lcontracted(d) then
10: disconnectsidesperpendicular to d
11: cortract( d)
12: Send(\trading ID",ID) ind
13: Send(\trading pellets",pellets) in (prev_dir)
14: if d6& prev_dir then
15: corner_neighbor = 1
16: corner_dir = opposite(d)
17: Send(\wait for corner”) in (dir)
18: else
19: wait for message

20: if at_goal then

21:  Disconnect(perp(d))

22:  busy= 0;at_goal= 0

23: if busy and cortracted then

24: if I(Is_nbr(prev_ID)) or nbr_at_goal then

25: Expand(prev_dir)

26: Connect(perp(prev_dir))

27: busy= 0

28: if nbr_at_goal then

29: Send(\Path complete” to nbr at goal)
30: nbr_at_goal= 0

31: if corner.neighbor then

32: while not(connected(cornerdir)) do
33: connect(cornerdir);

34: cornernbr = 0

35: Send(\Corner connected") in opp(corner_dir)

V. Distributed actua tion

In this section we describe how the pellets are used to create motion in a parallel distributed
cortext. This is the heart of the PacMan algorithm | while the pellets could be determined and
placed by a variety of medanisms, the use of the pellets is xed to the algorithm given here or
its extensionin Sec.VIIl. The atom virtually movesalong the path given by its pellets. At each
step it communicateswith the next atom along its path and exchangesits identit y with that atom.
In addition, the atom will also contract toward the neighbor holding its pellet. The result is an
inchworm motion that producesphysical motion toward the goal con guration. Since many atoms
may be actuated simultaneously using PacMan actuation, deadlock, fragmentation and conict at
path intersections may all occur. To prevert these occurrences,two ags, busyand dibs, are used
to ensurethat the atoms complete their PacMan paths. These perform trac cortrol, sothat two
paths that needto usethe samemodule do not interfere with ead other and causedisconnectionof
the overall robot. Another constraint appearsin the special caseof turning a corner in a PacMan
path. When turning a corner, a hole is opened up, as can be seenin the lower-left corner of the
group in Fig. 3 soa pair of ags areintroducedthat ensurethat the hole doesnot grow large enough
to causefragmentation.

The main part of the PacMan algorithm is given as Algorithm 2, while its supporting message
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Algorithm 3 PacMan messagehandler
1. Switch (messagetype):

2: if \Ask-p ellet" then

3 if | have path-pellet p with p:id = received ID then
4 Send\Have pellet" to sender

5. if \Request transfer" then
6

7

8

9

if not(busy or dibs) then
Dibs = sender'sID
Send(\OK") to sender
: else
10: Send(\Not OK") to sender
11: if \T rading ID" then
12: Prev.ID = ID
13:  ID = receiwed ID.

14:  Dibs = ;

15:  if path-pellet with received ID is last in path then
16: at.goal= 1

17: set new position in goal matrix

18:  Remove path-pellet with received ID.
19:  Send(\Return ID",Prev _ID,prev _dir,at _goal) to sender.
20.  Prev_dir = dir to sender

21: if \Return ID" then

22:  Prev.D = ID, ID = receiwedID

23:  Prev_dir = received prev_dir

24:  nbr_at_goal = received at_goal

25: if \P ath complete" then

26:  Decremert path counter

27: if all paths in wave complete then
28: Start planner with new position
29: if \W ait for corner" then

30:  waiting _for_corner= 1

31: if \Corner connected"then

32:  waiting _for_corner= 0

handler is listed in Algorithm 3. The atom rst asksits neighbor for \dibs" on atrade, then cortracts
toward it, and nally exchangesidentities, as detailed in the rst part of Algorithm 2 (lines 1-19).
The busy ag is also set to indicate that it is undergoing an identity transfer. Once an atom has
traded, that physical atom is no longer actuating a path, but it is contracted and must still assist
in the PacMan actuation. The contracted atom will wait for the atom it traded with to move on,
and then expand and reconnectto its neighbors to complete the PacMan motion. If the cortracted
atom is next to a corner in the path, it will instead wait for the hole at the cornerto be lled before
expanding. The secondhalf of Algorithm 2 (lines 20-35) details these processes.

VI. Anal ysis

In this section we analyze the correctnessof the basic PacMan algorithm and de ne a class of
recon gurations that are possiblein the casewhere only one PacMan path is executedat a time. In
Section VI we extend this analysis and describe a classof paths that can be executedin parallel
(that is, at arbitrary relative times). To build our argumerts, we de ne a classof con gurations
called stem cells, and restrict our analysisto this class, although recon gurations of other shapes
are possible. A stem cell is a group of modules consisting of a core, which is a square or cube of a
given size, along with arbitrary projections from the edges/facesof the core. The robots shown in
Fig. 4 and Fig. 7 are all 2-D stem cell robots. We rst shaow that the PacMan actuation is su cien t
for both 2-D and 3-D systemsdespite the constraints described in Sec.lV. The remaining analysis
proves that these paths can be planned and executed over a class of robot shapes. These latter
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Fig. 9. Two ways in which a centered atom can exist.
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Fig. 10. Peripheral location reachable from (a) the southern centered atom and (b) the northern centered atom.

results apply equally to the 2-D and 3-D cases.

Theorem 1: [2D Actuation] For any two-dimensionalstem cell of size5 consisting of a coreand a
single extra atom, a PacMan path exists for the extra atom to move to any other location on the
periphery.

In both 2-D and 3-D, we show that PacMan actuation is su cien t for stem cell recon guration by
de ning a seta canonical path segmers, and shawing that a path for any peripheral atom relocation
can be assenbled from the canonical segmerts.

Proof: To develop these canonical paths in two dimensions,we rst de ne a centered atom as
onein the certer location of a side of the core grain and able to move toward the certer of the core.
In the context of the particular situation here,a certered atom will take one of the two forms shown
in Fig. 9: either having just turned the corner and so having a contracted pair besideit, or having
just entered the core. We then prove this theorem in two steps: (1) shawing that any atom on the
periphery can becomea certered atom and (2) that any certered atom can reach any other location
on the periphery.

(1) It can be shown that any peripheral atom can \b ecome” (in the virtual sense)a certered
atom. For atoms adjacert to the certer atom of an edge,they simply compressand swap identities
to becomecertered. Atoms adjacert to the corner of the core can \tra vel" along the edgeand turn
at the middle of the edge. Finally, atoms betweenthe certer and corner must travel in a P shape as
shown in Fig. 11. Next it can be shawvn that any certered atom can becomea certered atom on any
other side, through the use of the paths shown in Fig. 12, so all certered locations can be reached
from any initial location.

(2) Wethen note that a certered atom on the south edgeof the core cantravel (using the PacMan
primitiv e) to locations attached to the east and west edgesin the north half of the core without
fragmenting the Crystal. This holds similarly for a certered atom on the other three edges.Adding
these four together, and noting that any certered atom can move to any other, mean that any

Fig. 12. Relocation of a cen-
tered atom to other centered
locations.

Fig. 11. Path used to get
from an \o -cen ter" position
to a centered atom.
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Fig. 13. From a given start location for a PacMan path adjacent to the -Y (close) face of the group, a pair of corners
can be reached as shown for (a) a start location in the top or bottom layer and (b) a start location in the middle
layers. Other start positions can be handled by generalizing the given paths.

Fig. 14. A PacMan path that en-
ters atop (or bottom) corner can
continue in Z and depart in dif-
ferent layers. If a path can reach
both the top and bottom cor-
ner, all layers can subsequertly

Fig. 15. A PacMan path com-
ing from a corner of a given XY
plane of a 3D stem cell can reach
any peripheral location in that
plane (only some simpler paths
are shown for clarit y).

be reached.

certered atom will be able to reach all peripheral locations. Sinceany atom on the periphery can
becomecertered, any single atom relocation around the coreis possible. [ |

Theorem 2: [3D Actuation] For any three-dimensional stem cell of size 4 consisting of a core and
a single extra atom, a PacMan path exists for the extra atom to move to any other location on the
periphery.

Proof: We wish to show the existenceof a path for a module located at (Xo; Yo; Zo) to relocate
to any position (Xg;Yg;Zg) on the surfaceof a4 4 4 stem cell. The stem cell is a cube lying
between (Xmin ; Ymin ; Zmin ) @nd (Xmax ; Ymax ; Zmax )- Intuitiv ely we will showv that a PacMan path
existsthat canbe usedto move the module to some(x; y;zg) rst and then move the module in that
XY plane to the desired(Xg;Yyg) in a similar fashionto Theorem 1. We show this by constructing a
path from canonical segmeis. Without lossof generality, we can assumethat neither the start nor
goal location are on the +Z or -Z facesof the cube and that the start location is adjacert to the -Y
face of the stem cell (i.e. Yo = Ymin 1).

For the rst part of the path construction, we rst needto createa path from the starting position
to eat of two corners of the stem cell (the needfor both paths is explained below). Speci cally,
we create paths from (Xo;Yo; Zo) 10 (X1;Y1;Zmin ) @nd (X1;VY1; Zmax ), Where (X1;y1) is the farthest
corner (in XY) from (Xo;Yo). This construction can be shawvn for two cases:(1) for start locations
in the top and bottom layers (zo = Zmin Or Zg = Zmax ) and (2) locations in the middle two layers.
In the rst case,the cornerin the sameXY plane asz, can be reached with a path that goesin +Y
and then X, while the matching cornerin the far layer can be reached by a path in +Y, Z, X.
Examples of these paths are shown in Fig. 13a. For the secondcase,the far corner in the farther
layer (two layersaway) can be reached asin the rst case,but the corresponding cornerin the layer
adjacert to the start layer requiresa path in +Y, Z, X, -Y, Z,+Y, asshown in Fig. 13b.

Oncethe path hasreached a corner of the stem cell, it should turn to reach the plane containing
the goal (z = zg), and turn into that planeto read its nal destination. As long asboth cornersat
(x1;y1) can be reached, the path canturn in Z to read (Xx1;Y1;Zg) asshown in Fig. 14. Finally, it
then turns into that plane and can reach any (Xg;Yyg) asdescribed in Fig. 15. |

We note that for both 2-D and 3-D, any stem cell of a greater sizethan speci ed in the theorem
can be analyzedin a similar way to show that the extra atom can be arbitrarily relocated around
the periphery. Finally, while a valid (i.e. obeying the actuation constraints) path can always be
created by the concatenationtechniques preserted, in many casesa shorter path can be found.

Theorem 3: [Planning] For any relocation as described above, the distributed planner will nd a
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valid PacMan path and leave appropriate pellets for the atom to use.

Proof: Theorems1 and 2 shows that a single cortinuous valid path exists for any relocation.
Sincethe seard for a moving atom is a complete DFS of the cells, a path from start to goal will be
found. In addition, the seard respects the PacMan turning constraint by using the set of counters
T, sothat any path found will be valid. The seart processplacespellets (incrementally) with the
ID of the start atom when a path is found. Thus, the pellets created can be followed to perform the
relocation. |

We now cortinue our analysis by shaving what happenswhen the stem cell robot has additional
units we call dangling atoms. We would like to ensurethat the dangling atoms do not get discon-
nected during PacMan actuation. In many cases(such as D1 in Fig. 7a), these atoms can simply
translate acrossthe corebeforethe path is traveledand badk to their original location oncethe path
is completed. If a dangling atom is next to a corner of the core, its path might travel next to other
dangling atoms (seeD2 and D3 in Fig. 7a). This is possibleaslong as the two atoms do not share
a corner such asin Fig. 7b. We de ne any stem cell that does not contain sud pairs of dangling
atoms as well-behavel. The following theorems capture someobsenations about well-behaved stem
cells.

Theorem 4: [Dangler handling] Any relocation as described in Theorem 2 can be performed in
any well-behaved stem cell.

Proof: For any planar recon guration, there will always be at leastoneedgethat is not adjacert
to the path, and therefore \safe" for dangling atoms. The existenceof a free edge can be shovn
on a case-ly-casebasis. For any non-planar recon guration, the presenceof a cubic core giveseven
more safelocations. By the analysis of Theorem 2, at most eight linear path segmets are required
for any path. Evenif all these segmetts are on the surface of the core, at most 25 modules can be
involved in the path for a core of sizefour. There are 52 total surface modules with adjacert free
space(i.e. not courting those on the o or), so there will always be sucien t placesfor dangling
atoms. Sincea path can be found from any peripheral location to any other, the planner will always
be able to generatea path for any dangler. [ |

Thus, any path through a single stem cell can always be performed successfully We can now
extend this analysisto a collection of well-behaved stem cells.

Theorem 5: Any arbitrary recon guration of a well-behaved stem cell can be performed with the
PacMan primitiv e and appropriate pellets.

Proof: This analysisappliesindependertly to actuation and actuation plus planning. In either
case, an arbitrary recon guration can be decomposedinto a seriesof atom relocations (only for
analysis, the planner will produce a single plan). For ead relocation, the atom can move linearly to
the edgeof the stem cell, through the stem cell and linearly out to its nal location. [ |

Theorem 6: Any arbitrary recon guration of a set of connectedcornvex stem cells can be accom-
plished with the PacMan primitiv e and appropriate pellets.

Proof: It is possiblefor any connectedset of convex stem cells to move such that they form
a con guration that includes a tree of a given width, rather than just a square,with all additional
atoms linearly cortiguous with an atom in the tree. To build this construction, one stem cell acts
asthe core for the composite stem cell and the other coreswill move to form a connectedtree. The
extra atoms from ead coregrain will either stay in their original position relative to their coregrain
or will haveto moveto the opposite side (if the edgethey are on will connectto another core). From
this con guration, any relocation can be performed | an atom can move to the edge of its core
grain, through the set of core grains, and out at any other location. Once the atoms have relocated,
the original stem cell structure (or any other connected stem cell structure) can be recreated as
desired. [ |

At this point we canalsoshaw that the basicPacMan actuation protocol will not result in deadlock
of the system| that is, for any setof paths, at leastoneatom will be ableto moveat all times. Note
that this doesnot guarantee that the robot will not fragmert, which is addressedby the additions
in the following section.

Theorem 7: The PacMan actuation primitiv e will avoid deadlocks in the recon guration.

Proof: Deadlock can occur when all atoms that are executing a path are required to wait for
another atom that is also executing a PacMan path. Deadlock is avoided by noting that this can
only occur when paths form cycles,such asin Fig. 16. Then, for an atom to virtually advancealong
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Fig. 16. (a) A set of paths containing a cycle, (b) A likely intermediate con guration for this recon guration, at
which point each path is waiting for a module that is itself on a path.

its path, it must get dibs from the next atom. When a set of atoms in a circle are all on paths and
reach a con guration suc as Fig. 16b where each one has reached another path, it will necessarily
be the casethat one atom will ask for dibs rst. Note that an atom cannot becomebusy until it
gets dibs sincethe busy ag is xed to the physical atom, not the virtual one. Therefore, the rst
dibs requestwithin the cycle will necessarilybe satis ed, and so one path in the cycle will be able
to proceed. At this point, the cycle will no longer be presen, and deadlock is avoided. |
One additional considerationfor 3-D recon gurations is the presenceof gravity. The nature of the
unit-compressible actuation makesit possibleto ensurestability for most shapes. In particular, the
motion of a module during recon guration never leavesthe boundariesof the initial shape. Assuming
the initial and nal shapes are stable, this is generally su cien t to ensurethat the recon guring
shape is stable, since the moving module leavesthe edge of the group, movesthrough the certer,
and out to the perimeter. For somepaths, it is possiblefor a module to go acrossthe certer of mass
only during the middle of the path, in which casethe initial and nal shapescannot be marginally
stable| they must be stable with the addition of one module massanywhere in the system.

VI 1. Enabling Parallelism

The basic PacMan algorithm, while compact and straightforward, has some limitations in the
ability to support many intersecting paths without undergoing disconnection of the Crystal, both
in 2-D and in 3-D. Theorem 7 shaws that the basic PacMan algorithm will not produce deadlocks
during parallel actuation, but at the expenseof potential disconnections.That is, the classof paths
that canbe guaranteedto executein parallel without disconnectionof the group is extremely limited.
In this section,we intro ducetwo additions to the basic PacMan algorithm which can greatly increase
the classof simultaneous paths that can be assuredto complete successfully We rst presen and
analyze an extensionunder which any set of paths that doesnot include a cycle can be executedat
arbitrary relative times without fragmenting the system. A set of paths is said to contain a cycle if
the directed graph formed by the paths (with verticesat ead atom) contains a cycle (Fig. 16 shows
such a set of paths). The secondextension guaranteesthat PacMan will still never deadlock while
avoiding fragmertation wheneer possible.

A. Using State to Avoid Fragmentation

The rst addition to the PacMan algorithm addressesow to limit the disconnectionsadjacert to
path intersectionsin the Crystal. Under the original algorithm, when a path approaciesa module
that a di erent path is already using, the atom executing the secondpath will not disconnect. Thus,
the disconnectionsin the Crystal will remain separate(seeFig. 17a). However, oncethe rst path is
through the intersection, the secondcan usethe intersection immediately, asin Fig. 17b, and cause
the disconnectionsto link up, potentially fragmerting the robot. If the rst path then turns asin
Fig. 17c¢,its atoms can be disconnectedregardlessof the size or dimension of the Crystal.

To x this problem, we intro duce a boolean state variable and an additional messageype. This
will force the disconnectionsaround the intersection to be symmetric and not link up. The added
state is a boolean nbr_wait that signi es whether an atom has recertly beenused by a path and
has a cortracted neighbor. This is setto 1 when a pellet is received with an ID return message.
Sudch a messagesigni es an intersection, as this additional pellet belongsto a path yet to use this
atom. The nbr_wait ag will remain set until a \Neighbor OK" messagecomesfrom the atom that
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Fig. 17. Two intersecting paths that lead to fragmentation under basic PacMan. Thick lines indicate disconnected
atoms.

it swapped with, which will happen as detailed in Algorithm 4.

Algorithm 4 Extension to PacMan
14: if busy and cortracted then
15:  if I(Is_nbr(prev_ID)) or at_goal(prev_ID) then

16: Expand(prev_dir)
17: Connect(perp(prev_dir))
18: busy= 0

19: Send(\Neighbor OK") in opp(prev_dir)

As long as the nbr_wait variable is set, the atom will refuseto give dibs to the atom executing
the secondpath. With this additional restriction, the intersection will ewvolve over time as shown in
Fig. 18.

A.1 Analysis

The additional state and messagealescribed above enablescorrect planning and actuation for any
set of paths not containing a cycle. To prove this, we look at the immediate neighborhood of each
path intersection and show that the atom(s) that occupy the location of the intersection will remain
attached to all other atoms in the Crystal throughout the actuation of the two paths. We can then
induce from this result that no set of intersections can disconnectthe Crystal given a restriction on
the trading of IDs.

We show the correctnessof a single intersection by analyzing the connectednessf various com-
ponerts of the Crystal during actuation. We usethe term mover to refer to a virtual atom that is
executing a path, that is, an atom with an ID for which pellets exist in the Crystal.

Lemmal: Any Crystal with two intersecting paths will remain connectedduring actuation when
using PacMan with the extensionin Algorithm 4.

2
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Fig. 18. (a) Two intersecting paths and (b-f) one of two actuation sequencesfor these paths under Algorithm 2
together with Algorithm 4.

Proof: Consider two intersecting paths as shown in Figure 18a. The only possible point of
fragmentation during the parallel execution of the two paths is around the intersection point marked
in Figure 18aby X. Supposepath 1 obtains dibs from X rst, we will have the situation shown in
Fig. 18. At ead of these positions, note that the structure remains globally connecteddespite local
disconnections. Also, betweenead step, connectionis also maintained. If path 2 obtained dibs rst
a similar processwould take place, also retaining global connectivity.

Finally, if one of thesepaths turns near the intersection, the actuation still succeedslIf the corner
is before the intersection, then the path would disconnect near the intersection only when it got
dibs on the intersection, and its disconnectionsdue to the corner would not touch the intersection
otherwise. If the corner is after the intersection, then the \Neighbor OK" messagewould not be
sent until after the corner had been lled and the nearby atoms expanded, and so the intersection
would behave the sameway. |
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Algorithm 5 Augmented PacMan messagehandler
1. Switch (messagetype):
2: if \Request transfer" then
3: if not(busy or dibs or nbr_wait) and
(not mover or (waiting _for = sender)) then
4 Dibs = sender'sID
5: Send(\OK") to sender
6: else if mover then
7
8
9

if waiting _for < ID then
Send(\Wait for", ID) to sender

: else

10: Send(\Wait for", waiting _for) to sender
11:  else

12: Send(\Not OK") to sender

13: if \W ait for" then

14:  waiting _for = received ID.
15: if \T rading ID" then

16:  Function from Algorithm 3
17:  Mover=1

18: if \Return ID" then

19:  Function from Algorithm 3
20.  Mover = received mover

Theorem 8: Any set of paths will be executed by the atoms without fragmenting the Crystal
provided a mover is never displaced.

Proof: For easeof exposition, we rst examinethe casewhen all the paths are straight by an
inductiv e caseanalysis. Lemma 1 guaranteesno fragmertation for two intersecting paths. Consider
the e ect of athird intersecting path. The sameprocesswill take placearound the addedintersection
point. Note that all disconnectionsin the immediate neighborhood of a single intersection are only
in one direction at any giventime. The disconnectionsdue to the two intersectionscan only adjoin
if they belong to the common path or if the two intersections are adjacert and the active paths
parallel (in which casethe minimum segmer length restrictions ensureconnectivity). This inductive
argumert applies for ead additional path and intersection in the absenceof cycles. As long as the
mover does not trade identities with a neighbor, it will wait to usethe intersection until it can do
so safely

For paths with corners,there will be disconnectionsthat are perpendicular and touching adjacert
to the corner. However, aslong as ead path segmen is of the required length, thesedisconnections
alone cannot fragmert the Crystal. Any additional path intersecting the turning path will be
subject to the restriction above, so the disconnection due to the corner cannot extend beyond
the neighborhood of the corner and causefragmentation. |

B. Using State to Handle Cyclesand Deadlocks

The restriction in the previoustheorem points out an inherent compromisein the original PacMan
algorithm. In the original algorithm, deadlock is avoided by allowing one mover to displace another
to break a cycle of waiting paths. However, this can causea group of atomsto becomedisconnected
from the main group. A simple alternativ e is to disallow cyclescompletely (or equivalertly, to allow
deadlack) by not allowing a mover to givedibs®*. This will guaranteethat the Crystal stays connected
by Theorem 8, but at the expenseof potential deadlock. The extension presertied here allows both
cyclesand guaranteed connectionin the absenceof cycles,but at the expenseof additional messages
and atom state.

The additional information and computation servestwo purposes:(1) to allow eat atom to know
explicitly whether it is a mover or not, and (2) to detect cyclesin the active paths. With this

4This can be done without any additional state by simply changing the times when the \busy" ag is set and
cleared.
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Fig. 19. Simulation of dynamic recon guration using PacMan. Each module is labeled with its PacMan ID.

information, we allow the default behavior to be for a mover to not give dibs to another atom,
to avoid fragmertation as detailed in Theorem 8. Howewer, to avoid deadlock, each mover that is
denied dibs will determine the identity of the mover at the head of the chain. If that mover is itself,
this clearly indicates a cycle, and sothe atom can override the rejection and get dibs anyway (as it
would be able to immediately in the basicalgorithm). The changesare only in the messagehandler,
which is augmerted as shown in Algorithm 5.

B.1 Analysis

Theorem 9: The augmerted PacMan algorithm will prevert fragmertation in the absenceof cycles,
and deadlock in all cases.
Proof: The augmerted algorithm certers on the detection of cyclesin the current paths. When
a cycle occurs, eath atom will be denied dibs by the one aheadof it, asall will be moversand none
will be ableto move. Sincethe atoms askrepeatedly for dibs, evenif the cycleis entered at multiple
points, evertually all of them will be waiting for the atom with the largest ID. This atom will then
assertpriorit y and trade IDs with its neighbor, alleviating deadlock. On the other hand, if a cycle
is not presen, there will always be one atom capable of advancing along its path. Any atom that
must wait for that mover (or wait for one waiting for that mover, etc) will not be able to wait for
itself and therefore assertpriorit y. This will enforceserialization of paths around intersectionsand
prevent movers from trading IDs, thus preventing fragmentation. [ |

VI Il. Dynamic reconfigura tion

Although PacMan is designedfor static recon gurations, it can alsobe applied to create dynamic
structures, where the goal is to move the robot from one place to another, perhaps over uneven
ground. The exactintermediate shapesare generally not of concern. We would like to take advantage
of the distributed actuation protocol within PacMan to e cien tly perform locomaotion.

For simple shapeswithout obstacles,this can be done very simply by designating a \front" and
\back" to the group, and running a seriesof wavesin which the modules at the front initiate plans
and the modules at the back considerthemselvesmobile. In this case,the overall shape of the group
will not changeduring locomotion.

If we want the group to move in the presenceof large obstacles,the key is to ensurethat the
intermediate shapesare amenableto the PacMan algorithm. In addition, sincethe initial location
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Fig. 20. A sequenceof screenshots of a PacMan simulation. The black modules are contracted and are currently
involved in the actuation process.

and nal location will generally not overlap, we must run PacMan seeral times, since the planner
assumesverlap betweenthe current shape and the goal. To do this, we have currently implemented
a simple certralized high-level planner. This planner keepsblocks of modules together so that the
overall group is viable for PacMan paths, and submits new goalsto the system every four waves
(after one block has virtually moved from the badk of the group to the front). Assuming that the
modules can sensethe presenceof nearby surfaces,we can usethat information in the path planner
to treat any surface topology as an obstacle, thus our algorithm supports locomotion on uneven
ground. Snapshotsof a simulation basedon this technique are shown in Fig. 19. An interesting
issuethat arisesin planning for dynamic structures is the stability of the robot during motion. Our
dynamic high-level planner can be augmerted with a ched to ensurethat the certer of massof the
robot always projects to a point of support on the ground.

IX. Implement ation / Experiments
A. Simulation

The PacMan primitiv e hasbeenimplemented in simulation, and can perform 2-D recon gurations
such asthe oneshown in Fig. 20aswell as3-D recon gurations. In this simulation, a separateprocess
is run for eadh atom, to obtain reasonable delit y to the hardware. An additional processis run
to simulate physics and facilitate communication betweensimulated atoms. The physical model is
discrete, sincethe atoms are in a lattice.

Any time an atom needsto send a messageto a neighbor or perform an actuation, it puts a
messagein a FIFO that is read by the physics process. For communications, the atom builds a
padket with the messagetype and any appropriate data (e.g. its ID for a \T rading ID" message).
The padkets need not be a constart size for all messagesas long as the atoms have a common
protocol | ead atom can look at the incoming messageype, and expect the appropriate amount
of data to follow. This packet is sert to the physicsprocesswhich determineswhich atom is adjacert
to the sendingatom, if any, and relays the messagealong with the direction from which it came.
Each atom processhas a separateFIF O assaiated with it with which it can receive message$rom
the physics.

For actuation requests,the atom simply builds a padket that tells the physicswhat type of actu-
ation it is attempting (expansion, contraction, connection or disconnection) and in what direction,
and the physics must determine if the motion is feasible. For connection and disconnection re-
guests, the physics can easily determine successr failure (disconnectionsalways succeed),updates
its model of the robot, and returns the value to the atom. For expansionand contraction, it must
be determined whether the motion would be constrained by the other atoms in the lattice. This
is done with a breadth- rst seard of the connectionsof the robot, starting from one connection of
the moving atom. If the seard reachesthe opposite side of the moving atom, a loop is detected,
and the actuation would not be feasible. In addition, if an expansionwould causeinternal collisions
betweenmodules regardlessof their connections,it is denied by the physics. If the requestedaction
succeedsthe model is updated and the atom informed through its FIF O that it was successful.

If an action is not immediately feasible,the assumptionis that the atom will cortinue attempting
actuation, sothe physicsaddsthe actuation to a list of pending actions. After ead new attempted
action by any atom, the physics processexaminesthe list of pending actions and seesif any of
them can now be taken. In addition, the physical model attempts to match pairs of expansions
and cortractions within a row or column. Thesematched pairs of actuations naturally occur during
PacMan, and soit wasnecessaryto enablethem. When two actions are matched, the two requesting
atoms are noti ed.
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Fig. 21. Crystal hardware performing a PacMan experiment. The recon guration being executed is the same as the
one shown schematically in Fig. 5.

The atoms themselvesrun the PacMan planning, actuation, and messagehandling algorithms as
outlined in this paper. The PacMan algorithm preseried in Algorithm 2 is run as the main loop,
with the messagehandler called after eat action or cycle of the loop.

B. Hardware

In order to verify the performanceof PacMan on a physical robot system,we have implemented the
planning and basicactuation protocolson the Crystal robot. In the secondgenerationof the Crystal
(seenin Fig. 21), of which 18 moduleshave beenconstructed, eac module is completely independent,
having computation, communication and power all onboard. In this system, all communication and
actuation is asyndironous, and since all communication is between neighboring modules, there is
no inherent capability for broadcast messages.Each atom of the Crystal has four UARTS®, one
dedicated to ead of its four faces, and so can accept messagedrom ead of its neighbors with
the direction of the incoming messageknown. Detailed descriptions of the hardware and low-level
communication protocol (all developed in our lab) are preserted in [2].

Oneaspect of the initial communication library dewvelopedfor the Crystal is that although message
passingis implemented at the low level, the messagesizeis currently limited to two bytes, including
the messagdype. This meansthat someof the messagdormats had to be trimmed and padkedto t
into this framework. For all messagesfour bits were usedfor the messagdype, which wassu cien t
to allow both planning and actuation messagesThe remaining twelve bits were usedfor data, with
a commonframework for the data where possible. For example,in the planning messageswe usethe
bottom four bits for the ID of the pellet in both the plan-pellet propagation and rejection messages.
The path-pellet messageusesfour bits for the ID of the plan-pellet (the plan originator) and four
bits for the ID of the mobile atom that hasacceptedthe path request. For almost all messagdypes,
we were able to t all the required data into the twelve bits available provided that only four bits
are usedfor a module ID. This meansthat the current protocol can handle only 16 atoms, which
is not a sewere limitation for the current system, and can be easily changedwith a more complete
communication protocol. The one messagethat could not be limited to twelve data bits was the
\giving pellets" messagesincean arbitrary number of pellets may needto be sert. Instead, we send
a new messagédor ead pellet, with a\last pellet" bit setin the last message.

Previously, we have implemented se\eral distributed algorithms for the Crystal using message
loops as the basic architecture. In this framework, the processorpolls the four UARTSs in turn,
adding any received messageso a queue,then processeshe message$rom the queueoneat a time
using the appropriate messagehandler. We were able to use the sameinfrastructure for PacMan.
Messagehandlers were written as described in Sec.V. The PacMan actuation protocol was then
written as a separatefunction which is called by the messagehandlers after relevant messages.

Our implementation was run on an 11-module robot, and was able to both plan and execute
various single paths aswell asintersecting straight-line paths, shaving that the algorithm (including
trac cortrol) can perform correctly in a physical distributed asyndronous system. Snapshots
of one experiment are given in Fig. 21. The algorithms worked correctly, although some slight
mechanical assistancewas required to allow the modulesto reach their intended goal con gurations.
Thesefailures are solely due to compliancein the module facesand connectors,and we are currently
working to addressthis hardware problem in a new version of the system, as described in [2].

5A UART is a device which performs standard serial communication, both transmitting and receiving.
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C. LessonsLearned

Our physical experiments with the PacMan algorithm have taught us seweral lessonsabout the
feasibility of large scaledistributed cortrol in such systems. The implementation has demonstrated
the feasibility of the PacMan distributed algorithm and our simulation projections have demonstrated
its scalability and e ciency through parallelism. Howewer, hardware remains the bottleneck in
realizing large scaleapplications with self-recon guring systems.

The main sourcefor error in our experiments has beenthe connection mechanism. During ex-
pansionsand contractions, modules do not advancealong a straight line and often accurrulate some
error in their trajectory, asthe actuators and assaiated linear bushingsare not sti  enoughto ensure
proper motion. Becausethe module facesare sti  the mobile unit's connector can get jammed in
the face of its neighbor. The trajectory error also a ects the alignment betweenthe connection key
of a module and the neighbor's slot for the connection. The current key designmecanism has very
little toleranceto this kind of error. In responseto these obsenations, we have designeda di erent
connection medanism that has beeninspired by the gripper-like medanism used by our molecule
robot [2]. Becausemaking and breaking connectionsis the most frequert operation for actuating
self-recon guration plans, it is important to develop new approachesto connectionsthat are strong,
small, simple, e cien t, and tolerate misalignmert.

Other important design issuesthat were brought to light by our experiments include the com-
munication required betweenmodules, actuator performance,and electrical power supply. We have
obsenedthat the simple communication infrastructure of the Crystal robot is su cien t for complex
coordination of actuation, although more capable protocols involving handshaking and larger mes-
sageswill make future implementations more straightforward. The number of messagesequired for
PacMan is fairly large, although we have not made an explicit e ort to optimize our implementa-
tion. It should alsobe noted that all messagesre neighbor-to-neighbor, sothat many messagesan
be sert in parallel. For the simple example showvn in Fig. 21, a simulation of this recon guration
required 124 actuation-related messagedor the 18 total actuations (expansions, contractions and
connections). A simulation of the example of Fig. 20 required 4594 messages®nd had 402 total ac-
tuations. This is actually a worst-caseexample for communication requirements; the large number
of intersecting paths meansthat moretrac control messagesre required. Sincecommunication in
the hardware systemis much faster than actuation, the number of messagesias not had a signi -
cart impact on operational speed. However, sincecommunication requires power, which is a limited
resource,it should be optimized.

Supplying power to modules is di cult. If the modules supply their own power using batteries,
their weight and size increaseswhich requires more power to move them around. In the Crystal, a
set of batteries allows a module to operate for over 10 hours®. This is partly becauseduring most
applications only a small fraction of the units move at the sametime. With increasedparallelism, the
lifetime of the systemmay go down. Communication usespower and should be optimized. However,
the actuators utilize the largestamourt of power in the system. The processorslsoutilize power. At
the momert the processorsare constartly on, independert of whether the modules are participating
in the recon guration or not and this causessigni cant battery drainage. A better approac that
would reduce power utilization would cortrol when a processoris on or o, depending on whether
its module is active or not. One possibility for improving the power resourceis to use solar cells
that can be recharged automatically regularly.

X. Conclusions

This paper has presenied the PacMan algorithm, with which unit-compressible modular robot
systemscan plan and execute self-recon gurations in a parallel and distributed fashion. Analysis
shows that nearly any self-recon guration can be achieved with this technique. We have also pre-
serted an extensionto the actuation protocol to enable more reliable parallel execution of paths.
Analysis of these extensionsshows that PacMan can then successfullyperform in parallel any set of
paths that doesnot contain a cycle, and will not deadlock in caseswhere a cycle exists. We have
also presened initial implementation on the Crystal robot hardware, and we hope to continue this
work by implemerting the extensionsto the actuation aswell asimproving the hardware itself.

6We collected this data based on 60 hours of demos at SigGraph 2002 and AAAI 2002.
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Appendix
I. Glossar y

A. Genenl terms

modular rob ot A robot that consistsof multiple independert units (modules).

recon gurable rob ot A modular robot whosegeometry can change.

self-recon guring  rob ot A robot that can changeits own geometry.

chain-based modular rob ot A modular robot in which the modules are arranged as a linked set
of linear structures.
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lattice-based modular rob ot A modular robot in which the modules are arranged in a space-
lling lattice.

static self-recon guration The task of changing the robot's shape in place.

dynamic self-recon guration The task of moving in a particular direction usingself-recon guration
to generatethe locomotion gait.

surface-mo ving Actuation for lattice-based self-recon guring robots where the modules are con-
strained to travel on the surface of the robot.

volume-mo ving Actuation for lattice-based self-recon guring robots where the modules are con-
strained to travel through the volume of the robot.

unit-compressible  modules Lattice-based modulesthat actuate by expansionand contraction.
meta-mo dules Groups of modulesthat are treated as atomic units for planning purposes.

B. Terms relating speci ¢ ally to PacMan

Crystal, Crystal rob ot The nameof the unit-compressiblerobot systemdeveloped at Dartmouth
(seeFigure 2). Also, a group of modules of this robot.

Atom One module of the Crystal robot system.

Pellet, Path-P ellet A data structure within a module usedduring actuation to represern one step
of a path for one module. Each pellet contains the path id.

Plan-P ellet A data structure within a module usedduring the planning algorithm to represern one
step of a potential path.

Spare module A module which is not required at its current location for the given goal.

Mobile module A sparemodule which can move without disconnectingthe robot. (SeeFigure 6.)
Stem cell A con guration consisting of a core (square or cube of modules) with projections o of
the core. (SeeFigure 4.)

Core A square(for 2-D systems)or cube (for 3-D systems)of modules within a stem-cell robot.
Dangling atom, dangler A module that is attached to only one other module. (SeeFigure 7.)
Well-b ehaved stem cell A stem cell in which no atom is adjacert to two dangling atoms.
Centered atom A module at the center of the edgeof the core of a 2-D stem cell. (SeeFigure 9.)
Mo ver A module that is currently executing a PacMan path; equivalertly, a module for which
pellets exist within the system.



