Collective Construction with Robot Swarms

Justin Werfel

Abstract Social insects build large, complex structures, which gmé¢hrough the
collective actions of many simple agents acting with no i&@izied control or pre-
planning. These natural systems inspire the researchabpadlective construction,
in which the goal is to engineer arti cial systems that builda similar way, with
swarms of simple robots producing desired structures.isictiapter | review work
on the design and realization of such systems. Robots ie thetems act indepen-
dently, in unknown numbers and with no xed timing, using pfdcal information
and no explicit communication; the system takes a highHegsign as input, and
is guaranteed to produce a structure matching that desigmut requiring the de-
tails of the construction process to be speci ed. Stigménggirect communication
through manipulation of a shared environment) and congarftacit agreement due
to the use of a common set of rules shared by all robots) afelysénciples for
implicit coordination that make these collective behasioossible. | outline current
progress in this area and future directions.

1 Introduction

Termites are capable of extraordinary feats of constracfidey build towering
mounds several meters high (Figure 1), with architectua¢ tiot only re ects a
complex layout (with features like gardens, nurseries, at@wildering network
of tunnels) but also performs functions like atmosphergutation for the colony.
The insects responsible for these mounds are millimetdesweatures, all acting
independently, with no central supervisor directing trativities, no knowledge
of what's going on beyond their immediate vicinity; mostrgtes are even blind.
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Fig. 1 (Left) The author with a termite mound in Namibia. (CentengTermites that build such a
mound. (Right) A robot swarm inspired by such swarms of dauszcts (credit: James McLurkin).

And yet the colony as a whole reliably manages to accompgiisitconstruction of a
home that suits its needs.

The human approach to construction is very different. Weirbagth careful
blueprints, making detailed plans for each step of the ptofeoremen direct the
work, coordinating the activities of the workers and therallgprogress of the struc-
ture. Unlike nearly every other human activity geared talyaroducing artifacts,
automation is largely absent.

Could we harness the power of the swarm? Imagine a colleofionbots, indi-
vidually capable of only a few simple tasks, that togethertmaild any structure you
ask them for—working from a picture or other high-level regntation, not need-
ing detailed instructions about what to do or when, and gatidependently with
no explicit coordination and no predictable timing—suchttjou areguaranteed
to get the structure you requested. This is the goal of dbieconstruction.

Here | review work toward this goal, describing how simpléats using spe-
cialized building material can assemble user-speci edditires from large classes
of possibilities, in two and three dimensions. Algorithallg, these approaches can
be proven to generate the desired results; practically, lbge been demonstrated
with hardware prototypes for building both two- and threeehsional structures.
Ultimately, the hope is that such systems will be useful irfgrening human con-
struction projects—particularly enabling exploratiordasettlement of places like
undersea or extraterrestrial environments, where hunesepce is dif cult or dan-
gerous and no traditional construction process currentste

1.1 Challenges and opportunities with robot swarms

Several factors make collective construction a particatadlenge. These include
the limitations of mobile robots, the complications asated with a swarm, and the
problem of global-to-local compilation.

The limitations faced by mobile robots are especially s@amit for robots in-
tended to be simple and expendable:
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Localization—In general it's very dif cult for robots to determine whetlgey are
in any global coordinate system. GPS is expensive, notabailin all settings,
and not always reliable even when it is available. Odometgymn(g to estimate
position by integrating estimated velocity) is notorigushreliable, especially
in messy settings like construction sites where wheelsiketylto slip or other
perturbations may easily occur. And yet if a swarm of robstsying to build
a single structure, all of them need to agree on a common twdedsystem, or
else their efforts may con ict.

Communicatioa-Establishing and maintaining ad-hoc communication nekg/o
is an open research area for mobile robots. Network streaioanges as robots
move; messages may be dropped; individual robots may logactwith the rest
of the network, or the network can otherwise fragment intdtiple disconnected
units.

Manipulation—Manipulating physical objects is another major open redea
area for robots. In controlled settings like factories, éhgironment can be reg-
ulated extensively enough that robots only ever encourfar @redictable situ-
ations; but in real-world, unconstrained environmentspesophisticated robots
have real dif culty manipulating objects. Of course, fomstruction tasks, very
precise alignment of building materials is likely to be regd.

Swarm systems present additional challenges. Algorithave o be robust to
unspeci ed and potentially variable numbers of robots,askhinay act with no par-
ticular detailed timing or speci ed order, and some of whinhy be lost during the
course of completing the task. Central coordination or twimig, even if available,
may not be feasible for very large swarms, with a centralageht acting as a com-
munications bottleneck as well as a single failure pointd Andividual robots in a
swarm will likely lack capabilities available to more sogticated robots.

Perhaps the most signi cant challenge is that of connedtiedow-level behav-
ior of the individual robots with the high-level behavior thfe swarm. Emergent
behavior—where the local actions of many simple units ctilely give rise to in-
teresting global outcomes—is the hallmark of complex systf3], and in general
is not predictable from studying the components of the systeisolation. In the
context of construction, the local-to-global problem iptedict what structure will
be built given a set of rules for individual robots to folloWhile it may not be
possible to predict more than very general attributes ofrthestructure [39], it is
at least straightforward to nd out what low-level rules Inproduce by executing
them. By contrast, the global-to-local problem— nding & sElow-level rules that
guarantee a particular desired high-level result—has ob straightforward means
of addressing it. Nevertheless, the problem can be solvéipbssible to design a
set of low-level rules that, together with a high-level sture speci cation as input,
specify individual agent behaviors that will provably geate that structure.

The swarm approach can then carry a number of potential tatyamover those
using one or a few more sophisticated robots. Because nd mlassigned any
particular task or role, the system is robust to the loss dividual robots; many
or even most robots can break without preventing the swaom tompleting its
task. Decentralization removes the likelihood of commatian bottlenecks, and
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the necessity for high reliability and/or long latency irspisg messages over long
distances between speci ¢ senders and recipients. The tarmber of robots gives
the opportunity for massive parallelism and very signi tapeedups over individ-
ual robots. Even the simplicity of the robots can be an adgeita robot with fewer
components or capabilities has less that can go wrong, amiggd be less likely to
malfunction than a more complex robot. Further, simpleotsiecould more feasibly
be scaled down, a critical consideration for those intecest micro- or nanoscale
robots that could be used for familiar futurist goals likeembly and disassembly
of artifacts or maintenance within the human body.

1.2 Key tools from nature

Two principles used by social insectgnventiorandstigmergy make it possible to
realize the goals of collective construction.

Social conventiotets all agents (insects or robots) be assured that the o e
bers of the swarm follow the same rules as themselves. Tlisagtee lets them
take certain matters for granted without having to esthhkliem through explicit
communication. An analogy from everyday experience is thevention of all cars
driving on the same side of the road; it's not necessary toudis it or to expect to
encounter exceptions. The result is in general needing @bketo deal not with
any conceivable situation, but only with those that caneafiem the shared con-
ventions; exceptions arising from occasional errors candadt with as rare special
cases.

Stigmergyefers to storing information in the environment, whichszas an indi-
rect form of communication. An analogy again from drivinghe street signs that
tell drivers where they are, giving street names and numntbetsdentify the cur-
rent location. Termites use stigmergy in construction tayileg building material
and chemical pheromones in the environment, which can egekain responses
in other termites that come to that location later; for instg a deposit of material
tends to lead to the deposit of additional material to acamgjit, giving a positive
feedback process that contributes to the formation ofrgillathe nest [11]. Robots
can use stigmergy by looking at the local con guration oflbing material and
using that to determine whether and where to add additioa&mal [39]. Or, in
extended stigmergynore sophisticated building material can be used to subdée a
tional information, such as location in a shared coordisgstem, or even directions
to reach a place where more material is needed [50, 52]. @ih&sis elaborated in
x2.2-2.4.

More broadly, exploiting the environment provides the keyovercoming the
limitations of mobile robots discussed above. Localizaticeed not be solved in
general when precise location information is needed onthéimmediate vicin-
ity of the structure, and the structure itself can providsitioning cues. Explicit
communication can be forgone entirely, with all commuriaataking place purely
implicitly, through modi cation of the shared environmeBuilding material fabri-
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Fig. 2 In the basic problem discussed here, mobile robots coltpare building blocks and use
them to build some speci ed structure starting from a “seleldtk (lighter shading).

cated with self-aligning features can be responsible feugng precise alignment,
with robots needing only to move the material to its appratendestination and
push it roughly into place. In general, it can be much moreatife to take ad-
vantage of environmental elements than to try to improveatients in a complex
system directly [46].

2 Case study: two-dimensional solid structures

This section discusses a system where an arbitrary numbbots build user-
speci ed two-dimensional structures out of identical ecThe idea is for robots
deployed in an obstacle-free workspace to collect squarekbland use them to
build a speci ¢ structure requested by a user, who providdg a high-level de-
scription of the desired nal result (Figure 2). The disdosscovers the setup, as-
sumptions, class of admissible structures, algorithmsl,used proof-of-concept
hardware prototypes. Section 3 will discuss extensionsage€ such as multiple
types of materials, adaptive building according to envinental conditions, and
three-dimensional structures.

Appropriate assumptions made about component capabilitithe model are
critical when the time comes for translating the approaomftheory to practice
(x2.5).Robotsare assumed to have the following capabilities: move in amgction
in the plane, avoiding collisions; nd, pick up, and carrgérblocks in the environ-
ment; nd the structure in progress, and follow its perintetnd attach blocks to
the structure, either along a at wall or in a corner (FigujeAdditionally, robots
should have either a compass, or the ability to identify asi@ne unique landmark
in the structure (e.g., a colored edge of a specialized hiodicating where con-
struction is supposed to begin). These simple capabili#e® been demonstrated
in a variety of autonomous robotic systems.
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Fig. 3 Physical constraints
on block placement. A block
can be attached along at
walls (A) or in corners (B),
but cannot be maneuvered
into a constrained site like
C. Preventing con gurations
like the latter also prevents
more complicated situations
like D and E. The “separation
rule” says that no two blocks
can be attached in the same
row or column if all sites
between them are supposed
to be occupied (as along
the right side), or else as
additional blocks are added
(light shading) an un llable
gap will eventually result (F).

Blocksare square and can be attached to each other on all four Sioie® form
of self-aligning connectors can enable precise alignmaétitonrt requiring robots
to be responsible for that precision. A single block actshas‘seed” from which
the structure grows; this block may, if desired, be spetadlliin various ways (e.g.,
containing a beacon to help robots nd it in the workspacejingone distinct edge
that can act as a unique landmark, etc.).

Figure 3 illustrates the conservative assumption aboythiysical constraints on
block placement: a space one block wide directly betweenkiooks is too con-
strained to require robots to be able to maneuver and attaather block there.
This assumption makes a physical realization of the systechreasier. Moreover,
preventing such con gurations from occurring has the ulsefsult of also prevent-
ing more complicated situations, where a block might havgetmaneuvered down
a long narrow tunnel, or where a site might become entireged off and inacces-
sible.

The assumption about one-block-wide gaps being un llabéalk directly to the
“separation rule”: two blocks must never be attached in #raesrow or column if
all sites between them are ultimately intended to be occlipyeother blocks. Oth-
erwise, while it may be possible to continue to add blockséone time, eventually
an un llable gap will result (Figure 3F).

2.1 A high-level approach

One issue in building a particular desired structure is dpeible to determine
whether a given site should ultimately be occupied by a blockeft empty for-
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ever. Attaching blocks at all of the former sites and nonédeflatter is synonymous
with successful completion of the desired structure.

A further issue is whether a block should be attached at angsite not just
eventually, but right now: if blocks are attached indisdniately without appropriate
care for where others are already present, un llable gapseeaily result, making
it impossible to complete the desired structure.

It can be shown that attaching blocks freely at any sites @natsupposed to
be occupied, while obeying the separation rule, witbvably lead to successful
completion of any two-dimensional structure that satighesse criteria: (1) it should
be solid—the proof does not hold for structures that endliteenal spaces—and (2)
because the approach depends on robots following the periofeéhe structure, any
alleys in the structure need to be wide enough to permit taigneter-following.
The extent to which the latter restriction limits what stures can be built will
depend on the hardware implementation.

The proof [43] runs along the following lines: (1) The st will be built
in such a way that no partially completed stage can physicaéitrict robots from
reaching sites meant to be occupied. This is because thewaly for a site to
become physically inaccessible involve breaking the sejmar rule or building an
alley too narrow for robots to travel down, both of which amebidden by hypothe-
sis. (2) Deadlock—a state where robots could physicallgged with construction,
but are prevented from doing so because at every site wheyecthuld potentially
attach a block, attachment is forbidden by the separati@—+will never occur.
This can be demonstrated by contradiction; in any situatibare attachment at a
given site is forbidden by the separation rule, it can be shihat another site must
exist where attachment is allowed, and hence deadlock hasoorred.

Thus any structure from the permitted class will succelshé built, if robots
can answer the two following questions for any site wherg tansider attaching
a block: (1) Is this site supposed to be occupied in the nalcttire? (2) Are there
separated blocks already present in the same row or colurtinsasite, such that
all the intervening sites are supposed to be occupied? Hdfese questions are
relatively high-level; in particular, both require obtaig nonlocal information.

The two questions can be addressed in a variety of differesgiple ways. One
way to characterize different approaches is in how the stightion of the sys-
tem is apportioned between robots and building blocks. Irbeith an example in
which blocks are capable of passively storing informatixihZ), and later discuss
alternative approaches using simpler or more complex lsl¢ck3).

2.2 Alow-level approach withvritable blocks

As stated earlier, a human using a robot construction syasaenvisioned should be
able to specify a desired structure using some high-lepetsentation, designating
where building material should end up without requiring arfgrmation about how

it gets there. Call this representation #teape mapa description that speci es, in
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some coordinate system, which sites should ultimately loemied and which left
empty. Robots can all be given a copy of this shape map; if theythen determine
a site's location in a single shared coordinate system—gdig@ot an easy task for
mobile robots—then the rst question about the site (wheth&hould be occupied
in the nal structure) can be trivially answered by consudtihe shape map.

Stigmergy can solve the problem of localization. If robats able to write in-
formation to blocks, then each one can serve as a unique knkdifhe analogy
to street numbers is apt: the landmarks need not be arbaratyunorganized, but
can stand in a predictable relationship to each other. Ratmgitding with square
blocks assemble a coordinate system as they go, and as eakhidadded, it can
be marked with its coordinates in that single common refegdrame. In this way,
robots around the perimeter of the structure can alwaysméte their location;
robots further out in the workspace have no way of knowingr teact position,
but neither do they need to.

One way of making blocks writable is with the use of RFID (maéfiequency
identi cation) tags. These circuits can cost on the ordepefinies, measure on the
order of centimeters, and store on the order of kilobytesitalaly and inde nitely
without requiring a power source. A robot's transceiveryides the necessary en-
ergy to power the tag, enough for it to process a request artlssck a reply.

Writable blocks thus make it possible to determine whethgivan site should
eventually be occupied. Next, what about enforcing the rsdjoa rule? Doing so
involves information that robots can gather directly thelwss. A robot following
the perimeter can check the entire length of a potential rbllarks to make sure
no blocks are yet present in that row. The use of shared ctiomsmow comes into
play: if all robots follow the structure perimeter in the sadirection (say counter-
clockwise), and only start building a new row of blocks beuy at the counter-
clockwise end, then they can be sure when starting a new ratwnth con icting
blocks are already present elsewhere in the row nor will silobks be added by
other robots.

Algorithm 1 gives a low-level set of instructions for robdtsfollow that will
provably [43] result in correct completion of the desiredisture, without un llable
gaps or deadlocks, regardless of the number of robots orrtter @r timing of
their actions. Intuitively, robots follow the perimeterdagither continue building an
existing row of blocks, or start a new row after checking thablocks are already
present in that row. The structure is built up by layers, dsidles at once (Figure
4).

2.3 Building with inert or communicating blocks

The above scheme can be adapted to the case where blocksldavadhe ability
to store information, so that the construction materiadsiaeffect identical bricks.
The simplest way to achieve localization in this cas@eft blocksis to make one
side of the seed block distinct, so that it provides a singlgue landmark, and
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Algorithm 1 Pseudocode procedure for assembly of a structure of weitalbcks.
An “end-of-row’ site is one where the robot is either aboutuion a corner to the
left, or the site directly ahead is not supposed to have &tdocording to the shape
map.
while structure not completéo
fetch new block
go to structure
read position from neighboring label
5.  row-ok false
while still holding blockdo
if (site should have a block) and
((site just ahead has a block) or
(row-ok and (at end-of-row))jhen
10: attach block here
write coordinates to that block
else
if at end-of-ronthen
row-ok true
15: end if
follow perimeter counterclockwise
end if
end while
end while

Fig. 4 Simulated construction of a sample structure of writabteks$, showing successive snap-
shots during the process of construction by ten robots. &/bibcks; light gray: robots carrying
blocks; dark gray: empty cells where blocks should be agidchlack: empty cells that should be
left empty.

to have the shape map specify the seed's location such thahénked edge lies
along an edge of the nal desired structure. Then robote¥alhg the perimeter of
the structure at any stage of completion will eventuallyamter that landmark,
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giving them initial location informatiod. Thereafter, they can keep track of their
position as they move along the perimeter, by referencedetttucture: as before,
square blocks embody a coordinate system; by noting theseafgglocks as they
pass them, a robot can update its location in this coordsyateem as it goes. The
separation rule can be enforced by having robots run Algorit exactly as in the
case of writable blocks.

Rather than simpler blocks, we can consider more compleg.dd@mputation
is cheap nowadays; we can envision putting a processor vty dlock, with the
physical connections between blocks being the basis fotalih, so that blocks
can reliably and unambiguously communicate with their pdajly attached neigh-
bors. In this case afommunicating blockshe blocks rather than the robots can be
responsible for determining which potential attachmetesssare valid. Blocks store
the shape map and enforce the separation rule (details jdA3%3robots only need
to bring new blocks to the structure and follow its perimgtetil the structure itself
indicates to them that attachment is permitted.

2.4 Extended stigmergy

In the most basic use of stigmergy in such a system, roboldibgiwith the sim-
plest (inert) blocks use cues based on the con gurationrefaly-present building
material in order to determine where to add more materiad itlea ofextended
stigmergyis that increasing the capabilities of environmental elet®én this case,
building blocks) can improve the performance of a systemensasily and effec-
tively than trying to increase the capabilities of the rahétor instance, equipping
the blocks with self-aligning connectors is far more felsithan making simple
mobile robots capable of very precise manipulation.

Upgrading inert blocks to writable or communicating onds taem take over
some of the building responsibilities from the robots. Wtért blocks, robots keep
track of their location, store the shape map, enforce tharstipn rule, and trans-
port blocks. With writable blocks, the location informatis stored instead in the
environment. With communicating blocks, the structuresisponsible also for the
shape map and the separation rule, and robots do nothingdwat Intocks around.

These different variants can be compared quantitativelyeims of measures
like cost and performance. More complicated blocks will berenexpensive than
simpler ones. They might not be much more expensive—RFIB, tag discussed,
cost as little as a few cents each. Processors for each blogklincrease the cost
more, but how signi cantly they would do so depends on theliapfion: for a ter-
restrial construction project with tens of thousands ofksj adding a computer to

1 The seed block can even be identical to all other blocks, abrth such distinct landmark is
required, if robots have a compass (details in [43]).

2 One could imagine moving even further down this path and ntaiie blocks responsible also
for their own movement—that is, erasing the distinctionAmstn robots and blocks, and building
the structure out of robots directly. This idea will be dissed inx4.
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[Block algorithn]] Bestcasg ~ Worst case || Average case |

Inert 2n® n 1[5n°+3n” 4n 5[] (299 0:04)n>986 0003

Writable |[[n®+n 1 o(n°) (0:99 0:06)n=9>4 0014
Communicating 0 o(n®) (1.3 0:4)n?56 008

Table 1 Summary of best, worst, and average cases for total distahots travel along the struc-
ture perimeter while building an n-block square. Average-case results are based on simulatio
experiments with values @ffrom 10 to 200.

each one would be prohibitive; for construction in settitigs outer space or un-
derwater, where building materials are likely to be highigaalized and expensive
to begin with, a processor may represent an insigni canftaxthl cost.

More capable blocks can lead to signi cantly improved perfance, in a num-
ber of respects. One measure of performance is the totalndistrobots need to
travel in the course of building a given structure, whichlsely related to the to-
tal time required. Because the distance robots travel ti feew blocks and bring
them to the structure will be roughly the same regardlesseokind of blocks used,
it makes sense to focus on the distance robots travel aleqagthmeter of the struc-
ture, searching for valid attachment sites. The best andtwase can be calculated
for a given structure, and the average case determinedimqreally. For square
structures oh  n blocks, Table 1 shows that more capable blocks allow for much
more ef cient construction [43, 50].

Another measure of performance is the opportunity to exfhei parallelism of
the swarm [50]. At any given moment, there will be some nunatbeimultaneously
eligible sites where robots could attach blocks. The latger number, the more
tasks that different robots could be performing at any gitiere, so that a larger
swarm can potentially be more useful. With inert blocks duse of the need to nd
the single landmark before attaching a block, a structuogvgiin such a way that
only one site is eligible for attachment at a time. With wleablocks, work can take
place simultaneously on one row along each edge of the steyathich can mean
many sites available at once for complicated shapes. Wittnzonicating blocks,
the structure can grow in a still less constrained way, shahrhany more sites are
typically available; moreover, unlike the cases with nanoaunicating blocks, the
number of such sites increases with the size of the structineresult is that when
building with communicating blocks, a larger constructtask can be effectively
addressed by putting a larger swarm to work on it.

2.5 Hardware implementations

To demonstrate proof of concept for this approach to autedhatnstruction of solid
2D shapes, prototype systems with inert and writable blbek® been constructed.
The rst [43, 48] (Figure 5) is based on Evolution RoboticER1 platform, with
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Fig. 5 ER1-based system (robot and block).

a laptop computer driving a wheeled base with a gripper. A €ilo2 mounted
pointing downward gives visual feedback about objects &vdrand to the left of the
robot; a RightTag RFID read/write transceiver allows iat#ion with tags. Blocks
are 8.5” square, made from sheet metal, with neodymium magised to achieve
self-alignment and attachment; a foam column on top act®#sadhandle for the
gripper to grasp and a mounting point for RFID tags.

This system demonstrates the key elements of the approathasncommuni-
cating blocks: the ability to maneuver to a cache, pick upalband bring it to the
structure; perimeter-following; recognition of block exgand sites where block at-
tachmentis valid; attachment of blocks at desired locatiand, for writable blocks,
the ability to read and write coordinates. A user is able teci#p a desired 2D
structure as a bitmap, and the robot can build that struetithout needing further
instructions or intervention (Figure 6).

While this rst system demonstrates the feasibility of tieoach, it could make
its point more strongly in some respects. As a system witmgleirobot, it lacks
something as a convincing demonstration of a swarm. Moyewvieite the robot's
capabilities and behavior are fairly simple, it gives thgpegrance of substantial
complexity due to its laptop and camera.

A second system addressing these shortcomings uses LEG@stdims [33]
(Figures 7, 8). The approach, component design, and robaviie are very similar
to the rst system. The camera is replaced by three light sexnghe computer is
replaced by two Mindstorms RCX control units. Blocks are stdm polystyrene
foam to reduce their weight, and marked with a pattern oflbtactangles as visual
references for the robots. This system builds only withtib&ycks, and constructs
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Fig. 6 Process of adding one block to the structure, using writhldeks. The cache is at top,
structure in progress at bottom, with the seed block at ifeupght. Inset: the robot's knowledge
about the structure's progress and its own position: desitreicture in gray, known existing blocks
in white, robot location (if known) shown as arrow.

(A) The robot, traveling toward the cache from the vicinifytioe structure, initially knows only
that the seed block must be present.

(B) Using the line on the oor as a reference, it maneuvergim gicks up a block from the cache.
(C) Once at the structure, it can use its RFID reader to déterits position, and its camera to
follow the perimeter. Existing blocks can be added to thetebmap as it observes them.

(D) Eventually the robot reaches an empty site where a bledesired, and where one may be
attached according to Algorithm 1.

(E) It maneuvers to attach its block at that site, droppingtd place...

(F) ...and writes the block's new coordinates to its tag.

solid two-dimensional sheets rather than arbitrary upecised structures. Robots
operate within a black workspace bounded by a white bordém, tiwe structure at

its center (Figure 8). Free blocks are placed around thesaafghe workspace; after
attaching a block, a robot heads straight outwards ungdathes the border, which
it then follows in order to nd its next block.

This LEGO system emphasizes that very simple robots careaehihe neces-
sary functions. Moreover, it lets a robot be duplicatedlgasid inexpensively. The
resulting two-robot system, while still very small from tperspective of swarm
robotics, takes a critical step beyond the one-robot systelots now must operate
in a dynamic rather than static environment. As a resuly; greounter changes to
the environment besides those they make themselves; apththeencounter each
other, and need to be able to resolve such encounters. A seingi sensors [32]
lets the robots detect collisions and react appropriately.
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Infrared senso

Fig. 7 LEGO-based system (robots and block).

Fig. 8 Bump sensors let two robots be simultaneously active indh@esvorkspace.

3 Extensions

A system capable of building only two-dimensional solidustures with a single
kind of material would be of limited use in real constructegplications. This sec-
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tion outlines extensions of the system towards more gesgmattures of greater
interest.

3.1 Multiple materials

Modern human structures are generally not built from brikse, but from com-
ponents of a variety of materials and form factors—woodemié, metal beams,
drywall sheets, etc. The approach described above doesamsfér directly to the
use of such varied components. However, in keeping withdea of increasing the
sophistication of environmental elements, one can imalginkeling not with low-
level materials like these but with higher-level units—gpyefabricated sections of
wall with plumbing and electrical wiring already incorpted into them, or even
entire rooms built in a factory and then transported to a taoson site and as-
sembled into a building there. The latter approach is ajree@d in construction
projects in many countries, not only allowing signi cantvsags over traditional
methods in total cost and construction time but even windiegjgn awards for the
results [2].

With higher-level blocks of such a kind, the approachesiilesd above can be
applied directly. The rules about whether a given block camattached at a given
site now check not only whether a block is ultimately supplasebe located there
and whether the separation rule is satis ed, but whethewoalkbbf that particular
type can be accommodated at that location. The latter questin be handled in
different ways. The most straightforward is for the shap twaspecify a block
type for each site in the desired structure, providing alfllkeprint. Alternatively,
the choice of blocks for a given site may be less constraialéalying for adaptive
building of structures that are not fully prespeci ed, asalissed in the next section.

3.2 Adaptive structures

In some cases, an application may not require a structure tmimpletely deter-
mined in advance, but instead can allow a certain amount pémyc exibility
during the construction process. Two types of exibility ow structures can be
built arefunctional adaptivityandshape adaptivity

Functional adaptivity [47] applies in cases with multipypés of blocks. Con-
sider an example of building a temporary research statiaewater, with high-
level “blocks” that are complete rooms of various functibiyaes: living quarters,
laboratory space, etc. The precise layout of the differeatr types within the sta-
tion may not be important; instead, the designers want toigpgonstraints on their
relative locations: all living units should be located in@atiguous block, no unit
should be more than three hops from an escape pod, etc. Irastade, the system
can be given that set of constraints rather than a full binegFigure 9). Differ-
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Fig. 9 Specifying functional constraints on the relative locati@f multiple block types, rather
than full blueprints, allows structures to be built adagiyy with the details varying from one
instance to the next. In this example, one xed set of funwiaonstraints gives rise to variability
in the placement of “blood” and “bone” blocks.

Fig. 10 The shape of a struc-
ture (e.g., a protective barrier)
can be determined by envi-
ronmental features (e.g., a
hazardous waste spill) rather
than speci ed in advance.

ent types of constraints can be enforced with varying legéksase by writable or
communicating blocks. Satisfying constraints dynamycdilring the building pro-
cess in this way can lead to substantially increased ef@jeand reduced construc-
tion time, compared to fully prespeci ed designs. Adaptoaanstruction can also
let structures be built in ways that respond to environmetaditions unknown in
advance.

Shape adaptivity [49] builds on this latter point: the eamiment can affect the
shape in which a structure is built. For instance, immovalistacles may make
it impossible to complete a structure as it was originaltginued, so that the best
option is to build as much of the prespeci ed structure ashiggically possible and
give up on the rest. In more extreme cases, the shape of thetmeture may be
entirely de ned by environmental elements. For instancesaan of robots may be
tasked with building a protective barrier of a given thicks@round a hazardous
chemical spill. Only the thickness of the barrier is set imatte; the shape is deter-
mined by that of the spill (Figure 10).

Adaptive structures more closely address the buildinglprolsolved by real ter-
mites. Insects do not have the goal of producing a partiqukespeci ed structure;
rather, they build some structure which satis es the neddbecolony subject to
the environment in which it is located. The use of adaptivieding also raises the
possibility of dynamic structures whose form changes aftiéial completion and
during use, for ongoing maintenance as needed or to adjobttging conditions.
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3.3 More general shapes

One way to ease the restriction on what structures can beidtdl require greater
capabilities of the robots. The reason for the above lifaiteto structures without
holes and with potentially wide alleys is the assumptionttblaots cannot attach one
block directly between two others (Figure 3). Suppose wairednstead that robots
must be able to transport blocks to, and attach them at, apsiqaily reachable
location—that s, a site becomes inaccessible only if ibimpletely closed off, with
no tunnel from outside the structure leading to it (e.ge Bitin 3 is inaccessible,
but E can be reached). This requirement makes things mucé difogult when it
comes to implementing these robots and building materigdahlife—robots have
to be able to carry material down narrow, winding tunnels, Blocks might need to
be compressible in order to ensure they can t down such gassand still reliably
be attached at any grid site. However, under these assumptimy structure in
two dimensions can be built, without restrictions as to litapge [49]. There is thus
a tradeoff involving the expressivity of the system (in tsraf the limitations on
the class of structures that can be built) and the sophiigticaf the capabilities
demanded of the components (with the associated challdmgelementing them).

3.4 Three dimensions

The major physical challenge in moving from two to three disiens is dealing
with gravity. As a simplifying rst step, then, consider cstruction not in terres-
trial settings but in the underwater or outer-space enwiremts highlighted early in
this chapter as places where automated construction systéirbe of particular
value. These environments, of course, have the attraeateife of weightlessness,
allowing us to ignore the problem of gravity at rst.

3.4.1 Weightless environments

Sidestepping the physical challenge of gravity for now E#ves us with an algo-
rithmic challenge: how to program robots (and potentialbcks) such that they will
provably build arbitrary user-speci ed structures, warkfrom a three-dimensional
shape map. This problem can be decomposed into two subprsti&) determining
where block attachment is allowed at any partial stage ofptetion; (2) transport-
ing blocks to those allowed sites. We consider each in turn.

(1) As before, the shape map speci es which sites in a cuhit gfrould ulti-
mately be occupied or left empty. The problem of nding a @@rrdering on block
attachment that will provably let the desired structure bdt,bhowever, is more
complicated in three dimensions. Now the separation rul@isuf cient to ensure
that construction cannot get stalled (Figure 11A). Addirgeaond constraint, the
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Fig. 11 In three dimensions, obeying the separation rule alone esuitrin situations where no
further blocks can legally be attached. The example on thesh®ws a structure that has been
built while obeying the separation rule, where no additidsiacks can now be attached at the
starred sites without violating that rule. These situaioan be prevented by adding the “plane
rule”: in any planar slice of the shape map, blocks meant tpdre of a contiguous group can
only be attached contiguously with already-present blaokihe same group. For instance, the
twelve labeled blocks in the example structure on the righinftwo contiguous groups in the
same planar slice. In building this structure, if block A wéhe rst in this plane to be attached,
attaching block F next would violate the plane rule, becahsdwo are in the same group but not
contiguous; attaching block B or C would be allowed, becadgbeir contiguity to the already-
present A; attaching any of G through L would be allowed, beeahose are in a different group
from A.

Fig. 12 Snapshots from a simulation of ten robots building a presgmstructure in three dimen-
sions with two types of building blocks. Background image®¥courtesy of nasaimages.org.

“plane rule” (a higher-dimensional analogue of the sepamaule, Figure 11B), is
enough to guarantee the correct completion of any adméssthiicture [52].

Each candidate attachment site is associated with one placiéwo rows in
which the presence of other blocks affects whether attanhimallowed. Collecting
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the corresponding nonlocal information, and ensuringitais current while other
robots act, can be areal challenge for robots; howevegisisiple matter for blocks
[52]. Thus this framework lends itself best to the use of camimating blocks. In

outer space or underwater applications, the building riedseused are likely to be
highly specialized, so that communicating blocks shoul@&@nomically feasible
as discussed earlier.

(2) Finding the valid attachment sites is a harder task foot®searching in three
dimensions than in two. For two-dimensional structuresatekess robot can start at
any point on the structure perimeter, follow it counter&letse, and be guaranteed
to visit every candidate attachment site exactly once. Riaetdimensional struc-
tures, in general no such path along the structure surfastsgd4]. As a result,
robots must generally either revisit previously rejectiéess or rely on the blocks to
tell them not only where attachment is allowed but also whiely to go in order to
reach an allowed attachment site. A tradeoff again exisis time between unnec-
essary robot movement and amount of communication reqbeegeen blocks in
the structure [52].

3.4.2 Terrestrial environments

When gravity is a factor, hardware challenges increaseiderably: robots need
to be able to reach higher sections of a large structure f&tance, by climbing
on the structure in progress), and intermediate as well as structures need to
hold together against their weight (and that of any robatsliihg on them) without
falling or breaking apart. More than ever, careful consatien needs to be given
to robot and block capabilities from the beginning, if a phgsimplementation is
to be feasible. And again, there is a tradeoff between theessjvity of the system
and the ease of implementing it.

A realistic starting point is to limit buildable structuresthose where each block
is supported by a stack of other blocks down to the ground verete each stack
of blocks has at least one adjacent stack whose height glfifem its own by at
most 1. The rst restriction ensures that the system needleat with cantilevers
and other overhanging features; the second means thasroblytneed to climb a
height of one block at a time.

These limitations make the problem more tractable, and sipalysystem for
autonomous construction of such structures has been emghg31]. Careful de-
sign of the robots and blocks allows a robot to perform kegfioms (like climbing
on and adding blocks to the structure) with high reliahijléty is necessary for suc-
cessful completion of large-scale structures without huimgervention. Figure 13
shows one robot autonomously building a structure 18 tittse®#n volume.

Distributed control algorithms in the style of those desed above for 2D sys-
tems allow an arbitrary number of robots to provably buildrspeci ed structures
from a large class of possibilities, even when using puradytiblocks [53]. Adopt-
ing shared conventions about travel again lets robots relpcal information only,
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Fig. 13 Snapshots of a climbing robot building a 10-block 3D struetucollecting new blocks
from a (manually reloaded) station at left.

Fig. 14 Snapshots from a simulation of ve climbing robots like thatFigure 13, building a
prespeci ed 3D structure.

acting independently and without explicit communicatiamg still be sure of build-
ing the desired target structure (Figure 14).
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4 Related work

The work reviewed in this chapter has focused primarily @oathmic global-to-
local problems within collective construction: how to pram robots so that they
provably build user-speci ed structures, subject to constive assumptions about
their physical movement and other capabilities. Other workollective construc-
tion often focuses on other important aspects of the probBame studies are con-
cerned with the hardware design of robots and building redtfs, 8,17, 37, 38].
Others focus on the use of communication between robots poowve the perfor-
mance of a system [19, 41, 57], or on cooperation in teams pifiistcated, of-
ten heterogenous robots [34, 36]. Some constructioneitidies do not have the
goal of building any speci c target structure [27, 30]. Irhet cases where building
a particular structure is the goal, the user may need to geoxifull sequence of
low-level building steps as input [19, 41]. Other studiespdavide methods for au-
tomated construction from high-level speci cations, stimes under assumptions
that may be dif cult to realize in physical robotic swarmsich as high-accuracy
localization [24,42,57], fully centralized control [245F or the ability for robots to
pass through building material [26].

A number of studies consider building truss structures7924, 29, 56,57]. One
reason trusses are of special interest is because of thedigahopenness: a robot
may be able to maneuver through a truss structure wheredcaosaiwould block its
movement. Appropriately designed hardware may also aliogststruts to be in-
serted directly between already-present elements, etmngstrictions on material
placement [9,17]. The approaches described in this chaptebe applied directly
to the less-restrictive task of building truss structuds [although approaches de-
signed for the latter case may not be applicable without mation for systems
with more restrictive movement constraints.

A closely related area of inquiry looks at local-to-globaégtions. These studies,
often more speci cally concerned with modeling insect syss, start with low-level
rules and examine the structures that result from theirngiat[4, 20, 39, 40]. Such
systems use the classic notion of stigmergy in the sensecaf tmn gurations of
material triggering agent actions. Evolutionary algarithcan also be used to try to

nd low-level rulesets that generate particular desireghhievel structures [16, 25].

Alternative approaches to automating construction othan the use of swarms
of mobile robots have been proposed. “Contour crafting”] [2&d similar ap-
proaches [6] involve erecting a gantry above a desired ingjldite, and extruding
and otherwise manipulating material to form a desired &tinecin the equivalent of
large-scale rapid prototyping. An automated “factory bf#,29] tiled with robotic
arms could manipulate material to build a structure onerlaya time, lifting it up-
ward after the completion of each layer to work on the nexgriter to construct
three-dimensional artifacts without requiring robots ¢éorbobile.

The research area of programmed self-assembly [1,12, 183181, 23,51, 54]
is intimately related to that of collective constructiomo§ammed self-assembly is
the problem of designing a collection of elements with (ptigdly dynamic) edge
binding properties such that, when mixed randomly, they hinform desired re-
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sults. Its focus is typically on the microscale, where thelramergy or ambient uid

forces provide the random movement. However, algorithmsédf-assembly may
potentially be applied directly to construction scenafiwih robots providing the

movement force) or vice versa. In particular, self-assémghtiles that can change
binding properties and communicate with attached neigham effectively identi-

cal to communicating blocks.

One step further is the area of self-recon gurable moduddnotics [35, 55], in
which units can move under their own power, subject to sorhefseotion con-
straints (e.g., always remaining connected to the groap), én effect, the distinc-
tion between blocks and robots is removed, and the struigumeilt out of robots.
While this may be considered a possible approach to the mtisin problem, it
is unlikely to be an ideal one in practice. Units required ¢b&s both robots and
blocks will not be optimal for either role: the capacity foouement requires ex-
pense and complexity that will go to waste once a structuommsplete, and will
likely interfere with desirable structural propertiesdigtrength, insulation, etc. The
separation into mobile and structural elements lets eguoh I specialized for its
purpose, increasing the effectiveness and lowering theafabe overall system.
The same separation means that approaches developed faremare typically
not directly applicable to the other, due to differencesim inotion constraints for
system components. Nevertheless, principles and appgeagveloped in the con-
text of modular robotics can be valuable in automated caogtn, in terms of both
algorithms [14, 15] and hardware [28].

Finally, the overarching topic of this volume suggests @ering engineered
morphogenesis as a related area [7, 45]: programming liwélig to develop into
desired structures, the way an egg grows into an animal. @hisrging research
area involves constraints and tools signi cantly differémm those of collective
construction. For instance, passive blocks cannot beaeged within a structure
once attached, while cells can rearrange their con gurgétiwmoughout morphogen-
esis and produce or eliminate units deep within the strectonversely, while po-
sition information is critical in morphogenesis as it is ionstruction, deformable
cells cannot embody a coordinate system as directly andc@kpbs rigid blocks.
However, as biologically inspired problems of structureration in engineered
distributed systems, the two topics are strongly similaairor and goals. Perhaps
one day a person looking to build their dream house will hbeechoice of having a
swarm of arti cial ants assemble it from parts, or plantinged and letting it grow
directly into that form.

5 Conclusion

In this chapter, | have outlined current progress towarcgtbed of collective con-
struction: algorithms for robot swarms to build user-spetistructures without
human intervention, extensions toward structures of gregeneral interest, and
hardware prototypes demonstrating that such systems gaimiziple be built. Still,
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we have a long way to go before the day fully automated swamsterys are rou-
tinely building artifacts for us. A number of open questi@msl topics for ongoing
research remain:

The above treatment describes a tradeoff between the ditipalof the robots
and the class of structures that they can build. Howeves ttadeoff is based on
known algorithms, not necessarily on possible ones. Carganithm be found,
for instance, that respects the conservative assumptions adlock attachment
of Figure 3 yet allows the construction of any structure esiclg arbitrarily-
shaped holes, or conversely can it be shown that no suchithlgoexists?

While the use of high-level prefabricated building blockstie most straight-
forward way to incorporate multiple building materialsdrthe approaches dis-
cussed here, in some cases it may be preferable to worklglivétt lower-level
materials. In the case of elements like pipes and beamg ti#snvolve shapes
other than identical squares. How can the approaches oftiister best be ex-
tended to accommaodate building blocks of different shapes?

Robots in this chapter act independently, interactingadiyeonly to the extent
of getting out of each other's way; a single robot could cagtghn entire build-
ing project alone. Can explicit cooperation be used to lebtdeams accom-
plish tasks they couldn't manage individually [10, 34, 36s-in the way ants
collectively transport food items too large for them to b their own—or for
increased ef ciency, letting\ robots achieve more than &hkfold speedup?

The topic of adaptive structures is far from exhausted. Hawfanctional con-
straints involving nonlocal relationships be satis ed byots building with non-
communicating blocks? What other situations exist in whtod desired shape
of a structure depends on its environment, and how can thagtessed? How
can robots modify a structure in an ongoing way in responsecttanging envi-
ronment, as termites modify their mounds over time?

Developing hardware systems to bring automated construcint just off the
page and into the physical world, but out of the lab and int #id, is a ma-
jor undertaking. It's important that work in theory and inrde&are go hand in
hand. Real-life considerations are critical to ensurewWist's studied in theory
is of real-world relevance; in the work reviewed here, aalraftention to what's
feasible in reality during the initial problem formulatigmwhat has made it pos-
sible to later build simple prototypes that work. Conveystieoretical studies
can provide important principles that direct hardware tgwment, as well as
quantitative estimates of how useful certain capabilittesild be in practice and
thus how worthwhile they would be to pursue.

Current and future work in these areas brings us closer taldélyewhen not just
this printed volume, but the library in which it is storede @roduced automatically
from high-level designs by robotic systerhs.

3 Or, since you may very well be reading this chapter on younjagpossibly outdoors: ...not just
the computer displaying this electronic document, but thié&dimg to which you will eventually
return to plug itin”.
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