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Abstract— We describe decentralized algorithms by which 2

a swarm of simple, independent, autonomous robots can build
two-dimensional structures using square building blocks. These
structures can (1) exactly match arbitrary user-specified de-
signs, (2) adapt their shape to immovable obstacles, or (3)
form a wall of given minimum width around an environ-
mental feature. These three possibilities span the range from
entirely prespecified structures to those whose shape is entirely
determined by the environment. Robots require no explicit
communication, instead using information storage capabilities
of environmental elements (a form of “extended stigmergy”) @
to coordinate their activities. We provide theoretical proof of

the correctness of the algorithms for the first two types of
structures, and experimental support for algorithms for the

third.
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I. INTRODUCTION

Automated construction systems may one day enable the
routine building of structures in settings inconvenient OFig. 1. Examples of the kind of framework we describe. (1) A swaf
dangerous for humans to work in, as with extraterrestriadentical robots builds using a supply of square blocks, wogkspace that
sites or disaster areas. Such svstems will need to adapfy have immovable obstacles (cross-hatched), starting wilepdoyed

. - y . ageﬁed’ block (lighter shading). The goal is a structure vehahape (2)
their aCtIVItIt?S to features_ of the environment th_ey endeun maiches a prespecified design, (3) accomodates obstacleh, aurfounds
These may include, e.g., immovable obstacles in a workspaaeobstacle with a wall of specified minimum thickness (here, 2)
that make it impossible to build a desired structure exactly

as originally specified, or environmental elements thatnaefi

what a structure should look like (as with building a barriegne “extended stigmergy” framework [1], [2]. We present
around a hazardous waste spill). cellular-automaton-type rules, based on occupancy ofhaeig
In this paper we present decentralized algorithms byorhood sites, by which robots determine when to attach
which a swarm of autonomous mobile robots may builghocks, such that collectively they will reliably produce a
environmentally-adaptive 2D structures of arbitrary userjesired structure. The correctness of these rules is stgapor
specified design (Fig. 1). These structures may (1) exactbg, theoretical proofs or experimental evidence.
match a provided design; (2) match the design to the extentsection Il reviews related work. Section Il describes our
possible but be built around immovable obstacles presefymework and assumptions. Section IV describes algosthm
in the environment; or (3) surround specified environmentahat allow a swarm to reliably build any user-specified
elements with a border of a given minimum width. The keytrycture; section V addresses how the swarm can modify
contribution of this paper is the treatment of structurescvh 5t design to leave room for immovable obstacles in its
are partially user-specified and partially adaptive toee® \yay. Section VI describes algorithms that allow a swarm
of the environment. to build an enclosure around a preexisting environmental
Our framework may be described as a bipartite modulggature. Section VII discusses considerations associaited

system, consisting of non-actuated modular units (squagge use of multiple robots. Section VIII describes simalati
blocks) out of which the structure is built, and mobilegxperiments. Section IX concludes.

robots that put them into place. The algorithms rely on

simple and limited robot capabilities, based only on local Il. RELATED WORK

information and not requiring capabilities like inter-aib Most work on collective construction focuses on issues
communication or GPS access. Blocks, though non-mobilsuch as hardware design [3], communication [4], or min-
can store information (e.g., using writable RFID tags)ngsi imalism [5]. Such studies typically have the goal either



of producing structures that are wholly determined by th&obots can write a few bytes of information to blocks, and
environment [5] or wholly prespecified [3], [4]; the latter,read it back later. This information storage could, e.g., be
as a rule, require each step of construction to be specifia@complished simply and inexpensively using nonpowered,
by the user, while our system automates this task given theitable RFID tags.
desired outcome. Our previous work [1], [2] considered a more conservative
In previous work [1], [2], we have presented decentralizedet of assumptions about physical movement constraints,
algorithms for collective construction of solid 2D struc-making lighter demands on required robot capabilities mak
tures whose shape is fully prespecified, along with proofiig physical implementation of such a system easier), but
of these algorithms’ correctness and a hardware prototypestricting the class of structures it can build (with priglya
implementing such a system. Here we extend that worborrect behavior only for structures with no enclosed gaps)
in two major respects: (1) key elements of a structure’$he assumptions in the present work require more capable
shape are not specified in advance but rather determined f@pots, but can build any connected structure the user might
the environment in which it is built; (2) different assump-care to specify. The important differences in the assump-
tions about physical motion constraintgll) allow provable tions about component capabilities are that here, robats ar
construction of a much larger class of structures, inclgdinassumed to be able to (1) maneuver down narrow tunnels
shapes with arbitrary enclosed gaps. as little as one block-length wide, (2) attach blocks at any
A research area with a very similar goal is that okites they themselves are able to reach, and (3) deterngne th
programmed self-assembly, where tiles are designed to havecupancy of each of the eight block-sized sites surroundin
edge-binding properties such that they self-assembleéantotheir position. (To facilitate the first two of these assump-
desired configuration when randomly mixed together [6}ions, blocks might be deformable or collapsable cubes, or
[7]. The mixing is effectively performed in our framework robots might carry blocks out of the plane of the structure.)
by the mobile robots. Many studies in programmed self- We consider two types of structure specifications in this
assembly are susceptible to crystalline defects, wheresflawaper: those where the goal is to build a particular desired
such as internal gaps appear in undesired locations, oftetructure §IV) subject to environmental obstacle®/], and
as a result of neglecting to take into account physicahose where the goal is to build a wall around an environ-
restrictions on tile movement. The approach described hemngental obstacle unknown in advané®/l). In the first case,
is explicitly designed to avoid such defects, and so coultbbots all have a copy of thehape map, a representation of
be usefully applied to self-assembling systems in sitmatio the desired structure that can be used to determine, gieen th
where environmentally-adaptive assemblies are desired. location in the coordinate system embodied by the assembled
blocks, whether a site is ultimately intended to be occupied

I1l. FRAMEWORK .
y a block or left empty. The desired structure must be a

. - b
The system we consider consists of three types of elgjngle connected unit, and include the initially preserdse
ments: mobile robots, movable building blocks, and f|xe({l,|ock_

environmental features that act as obstacles. Robots bksem The overall approach in all cases is for robots to fol-
a structure from a supply of blocks, subject to obstaclesent |\ he procedure given by the following pseudocode
workspace. One block is initially planted in the workspac?Fig. 2):
as a seed from which the structure grows.
Robots are identical and interchangeable. They can:
« move freely in two dimensions;
« locate the growing structure and a supply of free blocks
as building materiat
« once having found the structure in progress, follow its
perimeter; o
« and evaluate whether blocks or obstacles occupy eacl;ﬁ
of the eight sites surrounding the one they occupy. 8; else

There isno explicit communication between robots; robots . fetch additional supplies and return to perimeter

can detect one another's presence at short ranges and mocljﬁle “CA rules” referenced in line 3, and the information
their movement accordingly, for instance to avoid collisio . L ' .
to be written to the block in line 5, are elaborated in the

Also, at least one of the following is assumed to be true;_ .
. . L sections below.
two robots going opposite directions can pass each otherin
a tunnel one block-length Wide, and/or two robots that meet IV. PRESPECIFIED STRUCTURESOBSTACLE-FREE
can exchange building material (sg€ll). ENVIRONMENT
Blocks are square, interchangeable, and can be attached to

other blocks with self-aligning connectors on all four side In this sect|0_n and the next we descrlbt_a rules for_ robots
to follow that will result in correct construction of partikar

1: loop
2. if carrying building supplieshen
3: if shape map specifies block at this sited state
of surrounding sites satisfies CA ruldsen
: attach block at this site
: write information to block
else
follow perimeter to next empty site

4

)]

1These locating tasks could be implemented as simply as withdonan
walk [4], or by using beacons to mark the locations of the $tmecand 2Structures consisting of two or more disconnected parts amsigered
caches of blocks [1]. We assume robots have nothing like Ge&sac to be separate structures.
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Fig. 2. Four steps executed by a robot using the CA rule ofF{Rule A).
(1) The 8-cell neighborhood (dotted line) does not matcheeitemplate,
so the robot will attach a block at this site and move to an adjasite.
(2) Here the neighborhood matches the second template, sohbe will

proceed along the perimeter without attaching a block. (3)heetemplate
matches, so a block will be attached here. (4) The robot tevike site

where attachment was previously forbidden; the template mgelomatches,

and attachment is now allowed. (Material carried by the rababt shown.)

Potential attachment site
. Occupied by block
|| Empty

May be either occupied or emp

Fig. 3. CA rule (“Rule A’) for structures without holes. If bots attach
at any sites specified by the shape map, unless their locahbaigood
matches either of these patterns (or rotations or reflectibeseof), then
they will reliably build structures matching the shape map.

Fig. 4. An example of how a structure with no internally enetbsireas
(left) can be converted to one with an internal hole (right)fiing in a
tunnel.

will come to be occupied; as the structure grows, more sites
become accessible, until the structure is complete. At no
point do any empty sites become inaccessible, and so the
structure will reliably be completed to match the shape map.

The Appendix gives a complete proof of the correctness
of Rule A.

B. Structures with holes

The assumptions about robot mobility make it straight-
forward to extend the above approach to handle structures
designed to have internal holes. Consider how a structure
with no internally enclosed areas can be converted to one
with an internal hole (Figure 4).

desired structures, specified by a shape map. Correct con-This figure suggests important points about closing off
struction requires a partial ordering on block attachmtmnt, internal areas. First, the enclosure is accomplished bgdill
avoid situations where sites intended to be occupied remaimsome tunnel connecting the internal region with the algtsi
forever empty because they have become inaccessible ggace. The tunnel may be of any shape, not necessarily a
robots. That ordering should not be more restrictive thasgingle block-length wide as in the figure, but topologically
necessary, in order to take maximum advantage of thfe transition occurs in this way.

parallelism of the swarm and achieve the fastest possible This tunnel could potentially be filled in starting at any

construction.

point along its length. However, the starting point should

Robots along the perimeter of the structure can determimg unique. Multiple starting points, initiated indepenitien
their position in the shape map’s common coordinate systepy different robots, would result in additional closed-off
by storing coordinate information in the blocks. The seedreas. Robots outside such closed segments of the tunnel
block starts out with its coordinates already stored; reboiwould be unable to get in to contribute to filling them
come to the structure, read their position from any blockn; and robots inside would be unable to get out, ending
and, upon attaching a new block to the structure, write itgp trapped in tiny, unfillable pockets of their own making.

new coordinates to it.

Similar reasoning leads to the conclusion that the unique

Here we consider an obstacle-free environment, discussisgarting point should be at the end of the tunnel adjacent to

specified structures without internal holés\fA) and those
intended to contain holegly-B).

A. Structures without holes

the internal hole. Otherwise at least part of the tunnel woul

need to be filled in by robots in the region being sealed off;
they would unavoidably end up trapped in the hole, and if
they lacked sufficient building material, the tunnel (anddes

If robots refrain from attaching a block when their localthe structure) would remain incomplete.
8-neighborhood matches either of the two templates shownObservations of local configurations of blocks cannot
in Figure 3, and attach otherwise at any sites specified laistinguish between an interior region and the outside
the shape map, they will provably and reliably produce theiorkspace. For this reason, the shape map needs to specify

structure specified by the shape map.

which sites are meant to be left empty as parts of internal

This rule (call it Rule A) is based on the robots’ ability holes, as distinct from empty sites that can always be reache
to travel down any tunnel. As a result, a robot can reactiom the outside workspace. Alternatively, robots can lfe le
any site bordering the perimeter of the partial structuee, a@o calculate this distinction for themselves. In the foliog
long as any path to reach that site exists. The only way twe assume that a robot knows whether a space intended to
eliminate such a path is by completing an unbroken walbe left empty is part of an internal hole or connected to the
between two previously connected areas, thus changing tbetside workspace.
topology of the space. Rule A is constructed so as to preventA modification to Rule A that provably extends it to handle

such changes.

structures with arbitrary internal holes is as follows: Any

As aresult, sites along the perimeter of the partial stmectu neighboring site which is meant to be left empty as part



Fig. 5. Attachment is permitted at site 1 under Rule Because the site
is the last empty one bordering an internal hole, so that heighg empty
sites belonging to that hole are treated as occupied andeighborhood
ceases to match a Rule A template. Attachment is not permitteiteat s
2, because other sites bordering the associated interfardimain empty.
Blocks have dark shading; sites meant to be occupied havedigding.

. i i
of an internal hole is to be treated as an occupied site mg. 6.  Successive snapshots during the construction of xamgle

the templates of Rule A, if the potential attachment site istructure. Sites intended by the shape map to be occupiedigavshading;
question is the last empty site bordering that hole (Fig. 5hlocks have dark shadlngz internal holes are marked in redin@d sites
. . P n the first snapshot are discussed in the text.
Call this new version Rule ‘A
A proof of the correctness of Rule’&an be outlined as

follows. Treating a deliberately-empty site as being ogedp . , i
will sometimes (1) make a robot's neighborhood match §d€ Of the outside workspace, to keep from being trapped

template it otherwise would not have, and forbid attachme#fgSide the hole. The issue of avoiding trapping other robots
that would have been allowed under Rule A: and sometimdg Intérnal holes is discussed in Section VII.

(2) keep the neighborhood from matching a template it V. PRESPECIFIED STRUCTURESENVIRONMENT WITH
otherwise would have, and allow attachment that would OBSTACLES

have been forbidden under Rule A. Enumerating all such Suppose the shape map calls for a structure of a given

possible situations reveals, for these two cases: (1) T'Beredesign, but existing, immovable obstacles in the envirartme
no situation in which Rule Aforbids attachment that Rule (e.g.. boulders scattered about the workspace) are in the

A Woﬁld havre1 allowed. (2) The only tlmehRuIe/ Avill all[lov‘\; | way of attaching blocks at some desired sites. One approach
attachment that separates two regions (the eventuality Ru to such a situation is to build the structure to the greatest

was constructed to prevent) is when one region is an imem&'(tent possible, leaving holes in the original design where
hole for which construction is entirely completed, and N@mmovable obstacles are present. This approach can be
robot will ever again need to enter that region. Thus Rule Adirectly achieved using Rule’Adiscussed above.

yvill reliably construct any desired structure with any sét o The idea is for robots to modify the shape map according
internal holes. _ _ _ to existing obstacles. When a robot is in a site neighboring

Determining that a site bordering an internal hole i$n opstacle, it reclassifies that site in its copy of the shape
the last remaining empty one involves gathering nonlocghap as being part of an internal hole. As construction and
information. Robots can eqsily acquire.this information agyhot movement continue, robots will individually update
they follow the structure perimeter, keeping track of wieeth {hejr shape maps such that obstacles become located within
they return to a previously visited border site without eny porder of sites marked as belonging to an internal hole.
countering any other empty spaces along the border. Becausest porder increases the effective size of the obstacle,
the framework discussed here involves only adding building)iowing robots to maneuver around it while following the
material, never removing it, no other robot's actions caBerimeter of the hole. Construction then works exactly as
lead to an inappropriate attachment event based on outdaigshye, whether or not an internal hole has an impenetrable
information. obstacle in the middle of it (Fig. 7A).

A final consideration has to do with ‘peninsulas’ one site Because Rule Adepends only on the occupancy states of
wide where blocks should be attached, jutting into concawsites in a robot’s local neighborhood, no separate stage of
internal holes, as in the top-left hole in the structure d@.Fi construction is needed to survey the workspace for obstacle
6 (outlined in yellow). The site at the base of the peninsuland modify the shape map globally before building starts.
(purple) is the only one to which blocks of that peninsula cafurther, the rule only treats internal-hole sites as ocmliffi
be attached, and so must not be the last site left empty alofie structure surrounding the hole is all but completed; de-
the external border of the hole: a block must be attachee thelermining that that's the case requires a robot to haveetircl
before both of its neighbors along the external border {blughe entire perimeter of the hole and thus the entire obstacle
are occupied. Again, this nonlocal information can easdy band so lack of knowledge of which sites contain obstacles
obtained by a perimeter-following robot. will never lead a robot to attach blocks inappropriately.

When a robot attaches a block at a site closing off an Note that if obstacles cut off a part of the structure to make
internal hole, it should do so such that it ends up on thi¢ noncontiguous with the seed, that part of the structute wi




Fig. 7. A: An obstacle (cross-hatched) occupies sites d#drio be part of
the structure (light shading); robots mark sites borderirggdbstacle (red)
as being part of an internal hole.

B: An obstacle separates the lower-right leg of the desitadccire from
the rest, and so prevent it from ever being constructedopadth it contains

Fig. 9. Example of an obstacle (cross-hatched) with a cotycaxd narrow
to accomodate more than a single block. A wall completely linihg

obstacle’s perimeter should involve blocks at all three ensitiys shown,
each marked as having distance 1. However, the left and catesrhave no
structure adjacent to attach blocks to. Attachment showdd tie allowed
at the rightmost site, where Rule A would otherwise forbidtit, keep
construction from stalling.

sites not themselves bordering any obstacle.

o
b & b

Fig. 8. Successive snapshots during the construction oftifueture of
Fig. 6 in the presence of obstacles (blue). Sites intendeketaccupied
have light shading; blocks have dark shading; internal icded sites that
at least one robot has found to be adjacent to obstacles, akednia red.
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Fig. 10. Templates for Rule ‘A Treating sites containing obstacles as
though they contained blocks, a robot uses Rule A (Fig. 3)eterdhine
where not to attach blocks. However, if the local neighborthmatches any
of these 7 templates (or rotations or reflections thereo®),rdbot makes
an exception and attaches at a site that would otherwise rhédéen by
Rule A. ? marks the potential attachment site; cross-hatches contain
obstacles; solid sites may contain either obstacles or bjasites outlined
by dotted lines are empty; unmarked sites may be occupied or empty

treating sites into which the obstacle extends as though the
were occupied by blocks. Since blocks can only be attached
) ) . to other blocks, not directly to the obstacle, exceptions to
never be built under this framework (Fig. 7B). , these templates must be made for cases where an obstacle
Figure 8 shows snapshots during the construction of §{bs concavities wide enough for only a single block, too
example structure in the presence of obstacles. narrow for robots to build the structure into or through such
VI, openings (Fig. 9). Fig. 10 shows the templates necessary and

: . sufficient to handle all such cases (proof omitted).
Here we consider the case where a structure’s shape is 3e- (b )

. o . . We then define rules for attachment (Rule B) as follows:
termined, not by a prespecified design, but by environmental . . .
features and high-level functional requirements. Spexi§ic 1) ,If thg obstacle extends into any of the eight ”e'ghbf“'
we address the problem of surrounding an unknown envi- ing sites, plan to attach a block here and label it with
ronmental feature with building material out to at least a value 1.‘ . . .
specified thickness, as with building a containment barrier 2) O_therW|se, if there are at least two neighboring blocks
around a hazardous waste spill. We assume that a one-block with the same value:
seed is initially planted adjacent to such a feature. a) Letw be the smallest value that appears more

In such a case, no predefined shape map can be specified, than once among all neighboring blocks. If two
and coordinate information is not relevant to the structure neighboring blocks labeled with are adjacent
Rather, the important value to be associated with blocks to one another, plan to attach a block here and
is related to their distance from the obstacle. The seed is label it one greater than the minimum value of
given the value 1. The desired final state is for all empty all neighboring blocks.
sites outside the wall to be separated from the obstacle by a Otherwise, plan to attach a block here and label
Manhattan distance of more than it with value v.

First we define Rule A, a modified version of Rule Ato  3) Refrain from attaching if Rule ‘Aforbids it, or if the
prevent closing off unintended holes when a structure is to  intended label value is greater tharOtherwise, attach
be built right up to the edge of an obstacle. Rulé #ses as planned.
the same templates as Rule A (Fig. 3) to forbid attachment, Figure 11 shows snapshots during the construction of such

FULLY ADAPTIVE STRUCTURES

b)



Fig. 13. If an obstacle has a bottleneck no wider tBanand a courtyard
wider than2t, Rule B will leave a passage through the bottleneck, with
sites separated from the obstacle by fewer théfocks. (Heret = 4.)

steps from some part of the obstacle. In such a case, all sites
outside the convex hull of the wall will still be separatedifr
all parts of the obstacle by at leasblocks. This situation
arises because the wall called for is one with an internad,hol

1 which Rule B will not produce. If robots have the capacity

to keep track of where they have observed attached material,

Fig. 11. Snapshots during the construction of a wall of thedst = 5  and conclude that an area should be sealed off, a modification
around a randomly_ generated obstacle (blue). Blocks areegbloy value g the rule like that of Rule Awill allow the bottleneck to
(tegend shown at right) be filled and eliminate this problem.
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VIl. M ULTIPLE ROBOTS

The approaches discussed above work with any number of
robots, with robots acting independently and without expli
coordination. However, there are situations where it igulse
to explicitly consider the interactions of multiple robots

One issue is what happens when two robots encounter
Fig. 1ZH t ﬁédA) ggcssirg'iﬁ e?g'yREtlzgg vav i;?_nsgufgilgzszgltltgihzlzm\fv'iteh each other in a narrow tunnel heading in opposite directions
glzgr;%Sesr vZISes are shown vg\]/ith lighter célors. E: Cbnstrucﬁssociated with In section IlI, we specified that either robots should be able
the lower part of the obstacle is forced to go around the wailt in the ~ tO pass each other in this situation, or they should be able to
earlier stage, resulti_ng in an empty site (arrow) separatad the obstacle exchange building material. In the former case, robots can
by only five blocks in the row indicated. effectively “pass through” each other, from the perspectiv

of occupying sites in the grid. In the latter case, the robots
can each turn around and go back the way they came; since
a wall around an obstacle. robots are interchangeable, this is equivalent to haviegith

Full theoretical analysis of Rule B will appear in futurepass through each other; the exchange of building material
work. The rule leads to construction of a wall of at leasensures material availability everywhere. More generaly
thicknesst around an obstacle in nearly all situations. Théime one robot needs to pass by another one, they can
exception that can occur is shown in Fig. 12, where earlgxchange roles and building material. This approach, with
construction can produce a wall near one part of an obstadte lighter requirements on the spatial extent of the robots
that then “shields” empty sites from a closer part of thenay make their mechanical design easier.
obstacle. This exception can occur onlytif- 5, and if the Another case calling for consideration of other robots is
obstacle is concave (in the sense of extending into sejgaratehen first starting to close off an internal hole: it is prefde
sites in the same row or column). Thus we conclude thgthough not, strictly, necessary) to avoid sealing otheots
Rule B will (1) always result in a wall of at least thicknessinside. A sufficient way to handle this situation is for the
t, for general obstacles andk 5; (2) always result in a wall robot to wait some time at the entrance to the hole before
of at least thickness, for any ¢ and convex obstacles; (3) sealing it, acting as a gatekeeper. Other robots appraachin
for any ¢ and general obstacles, occasionally leave an site the site from the internal side are allowed to leave; others
the external workspace empty when it is fewer thasteps approaching from the external side are sent back. The period
from the obstacle. Such errors are rag¥/I(l). the robot should wait is the time it takes for a robot to travel

A partial exception to the above may occur for obstaclesll the way around the perimeter of the hole; this period
shaped to have a bottleneck (Fig. 13). If a valuetak depends on the geometry of the hole, which is information
specified such that the width of the bottleneck<i2¢, but available to the gatekeeper robot. As above, if robots are
the bulb of the bottle contains a space wider ti2anthe unable to physically pass one another in narrow tunnel$, eac
bottle will not “fill", leaving sites along the bottleneckah robot coming from the inside of the hole and reaching the
are contiguous with the outside workspace but fewer thanexit can take on the gatekeeper role, sending the previous




one away; the last robot to exit will be the one to seal the ) 10° I
hole. 1
o 10° S
VIIl. EXPERIMENTS E I I
In this section, we discuss two types of experiments, 10° I{ {
(1) testing the reliability of Rule B in building walls of °
specified thickness around randomly generated obstadés, a 10'h 2
(2) investigating how the time required to build structures 10 #robots
under both Rules Aand B scales with the number of robots. \
To evaluate the reliability of Rule B, we performed simula- ® 1w L
tion experiments building a wall around an obstacle rangoml L
generated by starting with a single site and following a 10° 1
random walk for 30 steps. We performed 500 independent e N
runs for each of several cases and checked for empty sites - Y
separated from any part of the obstacle by fewer than 10 I {
blocks. ST
For t = 5, no such errors were encountered. For= 105 -
10 and obstacles restricted to be convex, no errors were 10 # of robots

encountered. Fot = 10 and no restrictions on obstacles,

four of the 500 runs each had a single site separated froﬁg. 14. Time required forV robots to build (A) a p_respecified structure
in the presence of obstacle$\)) or (B) a wall of thickness 5 around a

the obstacle by* 1 blocks, for T[he reason shown in Fig. _12'randomly generated obstaclé\(). Error bars reflect averages over 100
These results support our claim that Rule B works reliablindependent runs. The dotted line shows what a factd¥afpeedup would

for ¢+ < 5 and for convex obstacles, and that errors for othdpok like, i.e., perfect parallelism.
cases are rare.
Fig. 14 shows how construction time scales with the

number of robots, both when building prespecified strusturgor prespecified structures, and empirical evidence cherac
in the presence of obstacles and when building walls arounging the correctness of the algorithm for environmentally
obstacles. In the former case, a shape map is generatedddfermined structures. These algorithms require no commu-
starting with a10 x 10 square and adding ten randomlynjcation or nonlocal knowledge from the robots, and are
located2 x 2 holes and ten randomly plac@dx 2 obstacles robust to run-time variations in the number of robots and
(potentially overlapping). In the latter case, random abl&ls  the order and timing of their actions. Information stored in
are generated as above; we use 5. Robots are initialized pyilding blocks is used to coordinate the progress of the
at random on the perimeter of a square surrounding the see@nstruction.
move inward until they reach an obstacle or the structure, The approaches described here could also be implemented
follow its perimeter until they reach a site where attachmenmore easily, but less cheaply) with blocks with embedded
is allowed, attach a block, and move instantaneously bagfsmputation capabilities, as in the “communicating bldcks
to the surrounding perimeter. A robot will not enter a sitqramework of [2]. For instance, such blocks used to build
already occupied by another robot. a wall around an obstacle could dynamically update their
Under these conditions, the algorithms are capable of hapmels to reflect their true distance from the obstacle, mgki
dling many robots at once with little effect of interference stale information a transient problem and making it easy to
The time required to complete a structure decreases as {\garantee a wall of any thickness around an obstacle of any
number of robots is increased, with nearly/sirfold speedup  shape.
for IV robots. Diminishing returns with increasing numbers |n fyture work, we plan to better characterize and refine
of robots are visible, as the number of sites available fahe zigorithm for environmentally-determined structurtes
attachment at any given time saturates and additional $0bQiytend these algorithms to construction of three-dimenasio

have less to contribute. structures; and to implement them on a hardware testbed [1].
This work is partially funded by the National Science
IX. CONCLUSION Foundation under Grant No. 0523676.

We have presented decentralized algorithms by which a
swarm of autonomous mobile robots may build 2D structures
whose shape adapts to obstacles in their enV"O”mem_- Th?ﬁel Werfel, Y. Bar-Yam, D. Rus, and R. Nagpal, “Distributeshstruction
structures may match, to the greatest degree possible, an by mobile robots with enhanced building blocks,”fnoc. ICRA 2006,
arbitrary high-level design provided by the user, or may sur_ ©rlando, USA, 2006. _ _ _

d . tal feat h h det . th@’ J. Werfel and R. Nagpal, “Extended stigmergy in collegetisonstruc-
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APPENDIX: PROOF OFRULE A because the rule forbids it. The proof is by contradiction.

Here we show that Rule A of Fig. 3 will result in Suppose that a state is reached where every remaining site
the correct construction of any specified structure, withothe shape map specifies should be occupied is reachable by
either (1) unwanted holes, where remaining sites should haxobots but forbidden by one of the two templates of Rule A.
blocks attached but cannot be physically reached, or (Zonsider any empty sit8 meant to be occupied. Because the
deadlock, where remaining sites can be reached but the rgigucture must be built as a single continuous unit, the two
forbids attachment anywhere. occupied sites in that template must be connected by some

First we show that Rule A prevents the completion of anghain of blocks (which may be arbitrarily wiggly) enclosing
unbroken wall between two previously connected areas. Arsome finite area (Fig. 16). BecauSés meant to be occupied,
gap of at least 1 site wide can be passed through by a robahd the structure may not contain any holes, all empty sites
In the two situations of Fig. 3, then, attaching a block at then the enclosed area must be meant to be occupied.
site in question will complete an impassable wall, potdiytia It is possible to enumerate all possible configurations of
separating two areas. We now show that those two situatiorsgisting blocks starting fromS. The details are omitted
cover all cases where an impassable wall could be createfbr space considerations, but there are a finite number of

From the perspective of the local neighborhood, a situaticlemplates that may describe sets of blocks spreading aut fro
where attaching a block at the current site completes asuch that all empty sites have attachment forbidden. These
impenetrable wall must take one of the four forms shown itemplates take the appearance of narrow (one block wide)
Fig. 15 (plus rotations and reflections), since every stepgl tunnels, and junctions of such tunnels. Any configuration
that wall from one block to the next must be either straightot matching one of these templates allows attachment
or diagonal. We consider the four cases in turn, showing thabmewhere.
each is covered by one of the two templates of Rule A. The area enclosed by the chain of blocks thus takes the

(a) Sites 4 and 6 are occupied. If site 2 or 8 is occupied, &rm of a nest of narrow tunnels. These may split and
impenetrable wall already exists and adding a block at siterfultiply to profusion, but every tunnel must end—either in
creates no new separations. Thus attachment is problematidead end or a wider open space, either of which will allow
only if sites 2 and 8 are empty. This gives the first templatattachment. Nor is it possible for a tunnel to avoid this kind
of Rule A. of ending by joining up with another tunnel: such a loop

(b) Sites 1 and 6 are occupied. If site 4 is occupied, weould enclose an isolated group of blocks, which is not
again have the situation of case (a). If site 2 is occupied, gossible in a connected structure. The nest of tunnels must
impenetrable wall already exists and adding a block at sitettave a tree structure. Attachment somewhere is therefore
creates no new separations. This attachment is problemapiassible, giving a contradiction: deadlock cannot occur.
only if sites 2 and 4 are empty. This gives the second template Thus Rule A prevents all dead ends, both those due to
of Rule A. unreachable areas and those due to excessive restrictions

(c, d) Attachment is only possible if there is an adjacenbn attachment, and will therefore lead to the successful
block to attach to. Thus at least one of site%s 4, 6, 8 completion of any requested solid structure.



