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Abstract Social insects build large, complex structures, which emerge through the
collective actions of many simple agents acting with no centralized control or pre-
planning. These natural systems inspire the research topicof collective construction,
in which the goal is to engineer arti�cial systems that buildin a similar way, with
swarms of simple robots producing desired structures. In this chapter I review work
on the design and realization of such systems. Robots in these systems act indepen-
dently, in unknown numbers and with no �xed timing, using only local information
and no explicit communication; the system takes a high-level design as input, and
is guaranteed to produce a structure matching that design, without requiring the de-
tails of the construction process to be speci�ed. Stigmergy(indirect communication
through manipulation of a shared environment) and convention (tacit agreement due
to the use of a common set of rules shared by all robots) are useful principles for
implicit coordination that make these collective behaviors possible. I outline current
progress in this area and future directions.

1 Introduction

Termites are capable of extraordinary feats of construction. They build towering
mounds several meters high (Figure 1), with architecture that not only re�ects a
complex layout (with features like gardens, nurseries, anda bewildering network
of tunnels) but also performs functions like atmospheric regulation for the colony.
The insects responsible for these mounds are millimeter-scale creatures, all acting
independently, with no central supervisor directing theiractivities, no knowledge
of what's going on beyond their immediate vicinity; most termites are even blind.
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Fig. 1 (Left) The author with a termite mound in Namibia. (Center) The termites that build such a
mound. (Right) A robot swarm inspired by such swarms of social insects (credit: James McLurkin).

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

The human approach to construction is very different. We begin with careful
blueprints, making detailed plans for each step of the project. Foremen direct the
work, coordinating the activities of the workers and the overall progress of the struc-
ture. Unlike nearly every other human activity geared toward producing artifacts,
automation is largely absent.

Could we harness the power of the swarm? Imagine a collectionof robots, indi-
vidually capable of only a few simple tasks, that together can build any structure you
ask them for—working from a picture or other high-level representation, not need-
ing detailed instructions about what to do or when, and acting independently with
no explicit coordination and no predictable timing—such that you areguaranteed
to get the structure you requested. This is the goal of collective construction.

Here I review work toward this goal, describing how simple robots using spe-
cialized building material can assemble user-speci�ed structures from large classes
of possibilities, in two and three dimensions. Algorithmically, these approaches can
be proven to generate the desired results; practically, they have been demonstrated
with hardware prototypes for building both two- and three-dimensional structures.
Ultimately, the hope is that such systems will be useful in performing human con-
struction projects—particularly enabling exploration and settlement of places like
undersea or extraterrestrial environments, where human presence is dif�cult or dan-
gerous and no traditional construction process currently exists.

1.1 Challenges and opportunities with robot swarms

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

The limitations faced by mobile robots are especially signi�cant 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 wherethey are
in any global coordinate system. GPS is expensive, not available in all settings,
and not always reliable even when it is available. Odometry (trying to estimate
position by integrating estimated velocity) is notoriously unreliable, especially
in messy settings like construction sites where wheels are likely to slip or other
perturbations may easily occur. And yet if a swarm of robots is trying to build
a single structure, all of them need to agree on a common coordinate system, or
else their efforts may con�ict.

� Communication—Establishingand maintaining ad-hoc communication networks
is an open research area for mobile robots. Network structure changes as robots
move; messages may be dropped; individual robots may lose contact with the rest
of the network, or the network can otherwise fragment into multiple disconnected
units.

� Manipulation—Manipulating physical objects is another major open research
area for robots. In controlled settings like factories, theenvironment can be reg-
ulated extensively enough that robots only ever encounter afew predictable situ-
ations; but in real-world, unconstrained environments, even sophisticated robots
have real dif�culty manipulating objects. Of course, for construction tasks, very
precise alignment of building materials is likely to be required.

Swarm systems present additional challenges. Algorithms have to be robust to
unspeci�ed and potentially variable numbers of robots, which may act with no par-
ticular detailed timing or speci�ed order, and some of whichmay be lost during the
course of completing the task. Central coordination or monitoring, even if available,
may not be feasible for very large swarms, with a centralizedagent acting as a com-
munications bottleneck as well as a single failure point. And individual robots in a
swarm will likely lack capabilities available to more sophisticated robots.

Perhaps the most signi�cant challenge is that of connectingthe low-level behav-
ior of the individual robots with the high-level behavior ofthe swarm. Emergent
behavior—where the local actions of many simple units collectively give rise to in-
teresting global outcomes—is the hallmark of complex systems [3], and in general
is not predictable from studying the components of the system in isolation. In the
context of construction, the local-to-global problem is topredict what structure will
be built given a set of rules for individual robots to follow.While it may not be
possible to predict more than very general attributes of the�nal structure [39], it is
at least straightforward to �nd out what low-level rules will produce by executing
them. By contrast, the global-to-local problem—�nding a set of low-level rules that
guarantee a particular desired high-level result—has no such straightforward means
of addressing it. Nevertheless, the problem can be solved: it is possible to design a
set of low-level rules that, together with a high-level structure speci�cation as input,
specify individual agent behaviors that will provably generate that structure.

The swarm approach can then carry a number of potential advantages over those
using one or a few more sophisticated robots. Because no robot is assigned any
particular task or role, the system is robust to the loss of individual robots; many
or even most robots can break without preventing the swarm from completing its
task. Decentralization removes the likelihood of communication bottlenecks, and
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the necessity for high reliability and/or long latency in passing messages over long
distances between speci�c senders and recipients. The large number of robots gives
the opportunity for massive parallelism and very signi�cant speedups over individ-
ual robots. Even the simplicity of the robots can be an advantage: a robot with fewer
components or capabilities has less that can go wrong, and somight be less likely to
malfunction than a more complex robot. Further, simpler robots could more feasibly
be scaled down, a critical consideration for those interested in micro- or nanoscale
robots that could be used for familiar futurist goals like assembly and disassembly
of artifacts or maintenance within the human body.

1.2 Key tools from nature

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

Social conventionlets all agents (insects or robots) be assured that the othermem-
bers of the swarm follow the same rules as themselves. This guarantee lets them
take certain matters for granted without having to establish them through explicit
communication. An analogy from everyday experience is the convention of all cars
driving on the same side of the road; it's not necessary to discuss it or to expect to
encounter exceptions. The result is in general needing to beable to deal not with
any conceivable situation, but only with those that can arise from the shared con-
ventions; exceptions arising from occasional errors can bedealt with as rare special
cases.

Stigmergyrefers to storing information in the environment, which acts as an indi-
rect form of communication. An analogy again from driving isthe street signs that
tell drivers where they are, giving street names and numbersthat identify the cur-
rent location. Termites use stigmergy in construction by leaving building material
and chemical pheromones in the environment, which can evokecertain responses
in other termites that come to that location later; for instance, a deposit of material
tends to lead to the deposit of additional material to accompany it, giving a positive
feedback process that contributes to the formation of pillars in the nest [11]. Robots
can use stigmergy by looking at the local con�guration of building material and
using that to determine whether and where to add additional material [39]. Or, in
extended stigmergy, more sophisticated building material can be used to store addi-
tional information, such as location in a shared coordinatesystem, or even directions
to reach a place where more material is needed [50, 52]. This idea is elaborated in
x2.2–2.4.

More broadly, exploiting the environment provides the key to overcoming the
limitations of mobile robots discussed above. Localization need not be solved in
general when precise location information is needed only inthe immediate vicin-
ity of the structure, and the structure itself can provide positioning cues. Explicit
communication can be forgone entirely, with all communication taking place purely
implicitly, through modi�cation of the shared environment. Building material fabri-
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Fig. 2 In the basic problem discussed here, mobile robots collect square building blocks and use
them to build some speci�ed structure starting from a “seed”block (lighter shading).

cated with self-aligning features can be responsible for ensuring precise alignment,
with robots needing only to move the material to its approximate destination and
push it roughly into place. In general, it can be much more effective to take ad-
vantage of environmental elements than to try to improve theagents in a complex
system directly [46].

2 Case study: two-dimensional solid structures

This section discusses a system where an arbitrary number ofrobots build user-
speci�ed two-dimensional structures out of identical blocks. The idea is for robots
deployed in an obstacle-free workspace to collect square blocks and use them to
build a speci�c structure requested by a user, who provides only a high-level de-
scription of the desired �nal result (Figure 2). The discussion covers the setup, as-
sumptions, class of admissible structures, algorithms used, and proof-of-concept
hardware prototypes. Section 3 will discuss extensions to cases such as multiple
types of materials, adaptive building according to environmental conditions, and
three-dimensional structures.

Appropriate assumptions made about component capabilities in the model are
critical when the time comes for translating the approach from theory to practice
(x2.5).Robotsare assumed to have the following capabilities: move in any direction
in the plane, avoiding collisions; �nd, pick up, and carry free blocks in the environ-
ment; �nd the structure in progress, and follow its perimeter; and attach blocks to
the structure, either along a �at wall or in a corner (Figure 3). Additionally, robots
should have either a compass, or the ability to identify at least one unique landmark
in the structure (e.g., a colored edge of a specialized blockindicating where con-
struction is supposed to begin). These simple capabilitieshave 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).
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Blocksare square and can be attached to each other on all four sides.Some form
of self-aligning connectors can enable precise alignment without requiring robots
to be responsible for that precision. A single block acts as the “seed” from which
the structure grows; this block may, if desired, be specialized in various ways (e.g.,
containing a beacon to help robots �nd it in the workspace, having one distinct edge
that can act as a unique landmark, etc.).

Figure 3 illustrates the conservative assumption about thephysical constraints on
block placement: a space one block wide directly between twoblocks is too con-
strained to require robots to be able to maneuver and attach another block there.
This assumption makes a physical realization of the system much easier. Moreover,
preventing such con�gurations from occurring has the useful result of also prevent-
ing more complicated situations, where a block might have tobe maneuvered down
a long narrow tunnel, or where a site might become entirely closed off and inacces-
sible.

The assumption about one-block-wide gaps being un�llable leads directly to the
“separation rule”: two blocks must never be attached in the same row or column if
all sites between them are ultimately intended to be occupied by other blocks. Oth-
erwise, while it may be possible to continue to add blocks forsome 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 being able to determine
whether a given site should ultimately be occupied by a block, or left empty for-
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ever. Attaching blocks at all of the former sites and none of the latter is synonymous
with successful completion of the desired structure.

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

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

The proof [43] runs along the following lines: (1) The structure will be built
in such a way that no partially completed stage can physically restrict robots from
reaching sites meant to be occupied. This is because the onlyways for a site to
become physically inaccessible involve breaking the separation rule or building an
alley too narrow for robots to travel down, both of which are forbidden by hypothe-
sis. (2) Deadlock—a state where robots could physically proceed with construction,
but are prevented from doing so because at every site where they could potentially
attach a block, attachment is forbidden by the separation rule—will never occur.
This can be demonstrated by contradiction; in any situationwhere attachment at a
given site is forbidden by the separation rule, it can be shown that another site must
exist where attachment is allowed, and hence deadlock has not occurred.

Thus any structure from the permitted class will successfully be built, if robots
can answer the two following questions for any site where they consider attaching
a block: (1) Is this site supposed to be occupied in the �nal structure? (2) Are there
separated blocks already present in the same row or column asthis site, such that
all the intervening sites are supposed to be occupied? Both of these questions are
relatively high-level; in particular, both require obtaining nonlocal information.

The two questions can be addressed in a variety of different possible ways. One
way to characterize different approaches is in how the sophistication of the sys-
tem is apportioned between robots and building blocks. I begin with an example in
which blocks are capable of passively storing information (x2.2), and later discuss
alternative approaches using simpler or more complex blocks (x2.3).

2.2 A low-level approach withwritable blocks

As stated earlier, a human using a robot construction systemas envisioned should be
able to specify a desired structure using some high-level representation, designating
where building material should end up without requiring anyinformation about how
it gets there. Call this representation theshape map: a description that speci�es, in
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some coordinate system, which sites should ultimately be occupied and which left
empty. Robots can all be given a copy of this shape map; if theycan then determine
a site's location in a single shared coordinate system—generally not an easy task for
mobile robots—then the �rst question about the site (whether it should be occupied
in the �nal structure) can be trivially answered by consulting the shape map.

Stigmergy can solve the problem of localization. If robots are able to write in-
formation to blocks, then each one can serve as a unique landmark. The analogy
to street numbers is apt: the landmarks need not be arbitraryand unorganized, but
can stand in a predictable relationship to each other. Robots building with square
blocks assemble a coordinate system as they go, and as each block is added, it can
be marked with its coordinates in that single common reference frame. In this way,
robots around the perimeter of the structure can always determine their location;
robots further out in the workspace have no way of knowing their exact position,
but neither do they need to.

One way of making blocks writable is with the use of RFID (radio frequency
identi�cation) tags. These circuits can cost on the order ofpennies, measure on the
order of centimeters, and store on the order of kilobytes rewritably and inde�nitely
without requiring a power source. A robot's transceiver provides the necessary en-
ergy to power the tag, enough for it to process a request and send back a reply.

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

Algorithm 1 gives a low-level set of instructions for robotsto follow that will
provably [43] result in correct completion of the desired structure, without un�llable
gaps or deadlocks, regardless of the number of robots or the order or timing of
their actions. Intuitively, robots follow the perimeter and either continue building an
existing row of blocks, or start a new row after checking thatno blocks are already
present in that row. The structure is built up by layers, on all sides at once (Figure
4).

2.3 Building with inert or communicating blocks

The above scheme can be adapted to the case where blocks do nothave the ability
to store information, so that the construction materials are in effect identical bricks.
The simplest way to achieve localization in this case ofinert blocksis to make one
side of the seed block distinct, so that it provides a single unique landmark, and
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Algorithm 1 Pseudocode procedure for assembly of a structure of writable blocks.
An `end-of-row' site is one where the robot is either about toturn a corner to the
left, or the site directly ahead is not supposed to have a block according to the shape
map.

while structure not completedo
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-okand (at end-of-row)))then

10: attach block here
write coordinates to that block

else
if at end-of-rowthen

row-ok  true
15: end if

follow perimeter counterclockwise
end if

end while
end while

Fig. 4 Simulated construction of a sample structure of writable blocks, showing successive snap-
shots during the process of construction by ten robots. White: blocks; light gray: robots carrying
blocks; dark gray: empty cells where blocks should be attached; black: empty cells that should be
left empty.

to have the shape map specify the seed's location such that the marked edge lies
along an edge of the �nal desired structure. Then robots following the perimeter of
the structure at any stage of completion will eventually encounter that landmark,
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giving them initial location information.1 Thereafter, they can keep track of their
position as they move along the perimeter, by reference to the structure: as before,
square blocks embody a coordinate system; by noting the edges of blocks as they
pass them, a robot can update its location in this coordinatesystem as it goes. The
separation rule can be enforced by having robots run Algorithm 1 exactly as in the
case of writable blocks.

Rather than simpler blocks, we can consider more complex ones. Computation
is cheap nowadays; we can envision putting a processor into every block, with the
physical connections between blocks being the basis for a data line, so that blocks
can reliably and unambiguously communicate with their physically attached neigh-
bors. In this case ofcommunicating blocks, the blocks rather than the robots can be
responsible for determining which potential attachment sites are valid. Blocks store
the shape map and enforce the separation rule (details in [43,48]); robots only need
to bring new blocks to the structure and follow its perimeter, until 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, robots building with the sim-
plest (inert) blocks use cues based on the con�guration of already-present building
material in order to determine where to add more material. The idea ofextended
stigmergyis that increasing the capabilities of environmental elements (in this case,
building blocks) can improve the performance of a system more easily and effec-
tively than trying to increase the capabilities of the robots. For instance, equipping
the blocks with self-aligning connectors is far more feasible than making simple
mobile robots capable of very precise manipulation.

Upgrading inert blocks to writable or communicating ones lets them take over
some of the building responsibilities from the robots. Withinert blocks, robots keep
track of their location, store the shape map, enforce the separation rule, and trans-
port blocks. With writable blocks, the location information is stored instead in the
environment. With communicating blocks, the structure is responsible also for the
shape map and the separation rule, and robots do nothing but move blocks around.2

These different variants can be compared quantitatively, in terms of measures
like cost and performance. More complicated blocks will be more expensive than
simpler ones. They might not be much more expensive—RFID tags, as discussed,
cost as little as a few cents each. Processors for each block would increase the cost
more, but how signi�cantly they would do so depends on the application: for a ter-
restrial construction project with tens of thousands of bricks, adding a computer to

1 The seed block can even be identical to all other blocks, so that no such distinct landmark is
required, if robots have a compass (details in [43]).
2 One could imagine moving even further down this path and making the blocks responsible also
for their own movement—that is, erasing the distinction between robots and blocks, and building
the structure out of robots directly. This idea will be discussed inx4.
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Block algorithm Best case Worst case Average case

Inert 2n3 � n� 1 5n3 + 3n2 � 4n� 5 � (2:99� 0:04)n2:986� 0:003

Writable n2 + n� 1 O(n3) � (0:99� 0:06)n2:954� 0:014

Communicating 0 O(n3) � (1:3� 0:4)n2:56� 0:08

Table 1 Summary of best, worst, and average cases for total distancerobots travel along the struc-
ture perimeter while building ann� n-block square. Average-case results are based on simulation
experiments with values ofn from 10 to 200.

each one would be prohibitive; for construction in settingslike outer space or un-
derwater, where building materials are likely to be highly specialized and expensive
to begin with, a processor may represent an insigni�cant additional cost.

More capable blocks can lead to signi�cantly improved performance, in a num-
ber of respects. One measure of performance is the total distance robots need to
travel in the course of building a given structure, which is closely related to the to-
tal time required. Because the distance robots travel to fetch new blocks and bring
them to the structure will be roughly the same regardless of the kind of blocks used,
it makes sense to focus on the distance robots travel along the perimeter of the struc-
ture, searching for valid attachment sites. The best and worst case can be calculated
for a given structure, and the average case determined experimentally. For square
structures ofn� 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 exploit the parallelism of
the swarm [50]. At any given moment, there will be some numberof simultaneously
eligible sites where robots could attach blocks. The largerthis number, the more
tasks that different robots could be performing at any giventime, so that a larger
swarm can potentially be more useful. With inert blocks, because of the need to �nd
the single landmark before attaching a block, a structure grows in such a way that
only one site is eligible for attachment at a time. With writable blocks, work can take
place simultaneously on one row along each edge of the structure, which can mean
many sites available at once for complicated shapes. With communicating blocks,
the structure can grow in a still less constrained way, such that many more sites are
typically available; moreover, unlike the cases with noncommunicating blocks, the
number of such sites increases with the size of the structure. The result is that when
building with communicating blocks, a larger constructiontask 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 automated construction of solid
2D shapes, prototype systems with inert and writable blockshave been constructed.
The �rst [43, 48] (Figure 5) is based on Evolution Robotics'sER1 platform, with
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ER1 wheeled base

Gripper

CMUcam2Block

RFID tag

reader/writer
RightTag RFID

Fig. 5 ER1-based system (robot and block).

a laptop computer driving a wheeled base with a gripper. A CMUcam2 mounted
pointing downward gives visual feedback about objects forward and to the left of the
robot; a RightTag RFID read/write transceiver allows interaction with tags. Blocks
are 8.5” square, made from sheet metal, with neodymium magnets used to achieve
self-alignment and attachment; a foam column on top acts as both a handle for the
gripper to grasp and a mounting point for RFID tags.

This system demonstrates the key elements of the approacheswith noncommuni-
cating blocks: the ability to maneuver to a cache, pick up a block and bring it to the
structure; perimeter-following; recognition of block edges and sites where block at-
tachment is valid; attachment of blocks at desired locations; and, for writable blocks,
the ability to read and write coordinates. A user is able to specify a desired 2D
structure as a bitmap, and the robot can build that structurewithout needing further
instructions or intervention (Figure 6).

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

A second system addressing these shortcomings uses LEGO Mindstorms [33]
(Figures 7, 8). The approach, component design, and robot behavior are very similar
to the �rst system. The camera is replaced by three light sensors; the computer is
replaced by two Mindstorms RCX control units. Blocks are made from polystyrene
foam to reduce their weight, and marked with a pattern of black rectangles as visual
references for the robots. This system builds only with inert blocks, and constructs
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Fig. 6 Process of adding one block to the structure, using writableblocks. The cache is at top,
structure in progress at bottom, with the seed block at its upper right. Inset: the robot's knowledge
about the structure's progress and its own position: desired structure in gray, known existing blocks
in white, robot location (if known) shown as arrow.
(A) The robot, traveling toward the cache from the vicinity of the structure, initially knows only
that the seed block must be present.
(B) Using the line on the �oor as a reference, it maneuvers to and picks up a block from the cache.
(C) Once at the structure, it can use its RFID reader to determine its position, and its camera to
follow the perimeter. Existing blocks can be added to the robot's map as it observes them.
(D) Eventually the robot reaches an empty site where a block is desired, and where one may be
attached according to Algorithm 1.
(E) It maneuvers to attach its block at that site, dropping itinto place...
(F) ...and writes the block's new coordinates to its tag.

solid two-dimensional sheets rather than arbitrary user-speci�ed structures. Robots
operate within a black workspace bounded by a white border, with the structure at
its center (Figure 8). Free blocks are placed around the edges of the workspace; after
attaching a block, a robot heads straight outwards until it reaches the border, which
it then follows in order to �nd its next block.

This LEGO system emphasizes that very simple robots can achieve the neces-
sary functions. Moreover, it lets a robot be duplicated easily and inexpensively. The
resulting two-robot system, while still very small from theperspective of swarm
robotics, takes a critical step beyond the one-robot system: robots now must operate
in a dynamic rather than static environment. As a result, they encounter changes to
the environment besides those they make themselves; and they may encounter each
other, and need to be able to resolve such encounters. A set ofbump sensors [32]
lets the robots detect collisions and react appropriately.
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Block

Gripper

RCX "bricks"

Pneumatic
pump

Infrared sensors

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

Fig. 8 Bump sensors let two robots be simultaneously active in the same workspace.

3 Extensions

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

3.1 Multiple materials

Modern human structures are generally not built from bricksalone, but from com-
ponents of a variety of materials and form factors—wooden planks, metal beams,
drywall sheets, etc. The approach described above does not transfer directly to the
use of such varied components. However, in keeping with the idea of increasing the
sophistication of environmental elements, one can imaginebuilding not with low-
level materials like these but with higher-level units—e.g., prefabricated sections of
wall with plumbing and electrical wiring already incorporated into them, or even
entire rooms built in a factory and then transported to a construction site and as-
sembled into a building there. The latter approach is already used in construction
projects in many countries, not only allowing signi�cant savings over traditional
methods in total cost and construction time but even winningdesign awards for the
results [2].

With higher-level blocks of such a kind, the approaches described above can be
applied directly. The rules about whether a given block can be attached at a given
site now check not only whether a block is ultimately supposed to be located there
and whether the separation rule is satis�ed, but whether a block of that particular
type can be accommodated at that location. The latter question can be handled in
different ways. The most straightforward is for the shape map to specify a block
type for each site in the desired structure, providing a fullblueprint. Alternatively,
the choice of blocks for a given site may be less constrained,allowing for adaptive
building of structures that are not fully prespeci�ed, as discussed in the next section.

3.2 Adaptive structures

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

Functional adaptivity [47] applies in cases with multiple types of blocks. Con-
sider an example of building a temporary research station underwater, with high-
level “blocks” that are complete rooms of various functional types: living quarters,
laboratory space, etc. The precise layout of the different room types within the sta-
tion may not be important; instead, the designers want to specify constraints on their
relative locations: all living units should be located in a contiguous block, no unit
should be more than three hops from an escape pod, etc. In sucha case, the system
can be given that set of constraints rather than a full blueprint (Figure 9). Differ-
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Fig. 9 Specifying functional constraints on the relative locations of multiple block types, rather
than full blueprints, allows structures to be built adaptively, with the details varying from one
instance to the next. In this example, one �xed set of functional constraints 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 levelsof ease by writable or
communicating blocks. Satisfying constraints dynamically during the building pro-
cess in this way can lead to substantially increased ef�ciency and reduced construc-
tion time, compared to fully prespeci�ed designs. Adaptiveconstruction can also
let structures be built in ways that respond to environmental conditions unknown in
advance.

Shape adaptivity [49] builds on this latter point: the environment can affect the
shape in which a structure is built. For instance, immovableobstacles may make
it impossible to complete a structure as it was originally intended, so that the best
option is to build as much of the prespeci�ed structure as is physically possible and
give up on the rest. In more extreme cases, the shape of the �nal structure may be
entirely de�ned by environmental elements. For instance, ateam of robots may be
tasked with building a protective barrier of a given thickness around a hazardous
chemical spill. Only the thickness of the barrier is set in advance; the shape is deter-
mined by that of the spill (Figure 10).

Adaptive structures more closely address the building problem solved by real ter-
mites. Insects do not have the goal of producing a particularprespeci�ed structure;
rather, they build some structure which satis�es the needs of the colony subject to
the environment in which it is located. The use of adaptive building also raises the
possibility of dynamic structures whose form changes afterinitial completion and
during use, for ongoing maintenance as needed or to adjust tochanging conditions.
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3.3 More general shapes

One way to ease the restriction on what structures can be built is to require greater
capabilities of the robots. The reason for the above limitation to structures without
holes and with potentially wide alleys is the assumption that robots cannot attach one
block directly between two others (Figure 3). Suppose we require instead that robots
must be able to transport blocks to, and attach them at, any physically reachable
location—that is, a site becomes inaccessible only if it is completely closed off, with
no tunnel from outside the structure leading to it (e.g., site D in 3 is inaccessible,
but E can be reached). This requirement makes things much more dif�cult when it
comes to implementing these robots and building material inreal life—robots have
to be able to carry material down narrow, winding tunnels, and blocks might need to
be compressible in order to ensure they can �t down such passages and still reliably
be attached at any grid site. However, under these assumptions, any structure in
two dimensions can be built, without restrictions as to its shape [49]. There is thus
a tradeoff involving the expressivity of the system (in terms of the limitations on
the class of structures that can be built) and the sophistication of the capabilities
demanded of the components (with the associated challenge of implementing them).

3.4 Three dimensions

The major physical challenge in moving from two to three dimensions is dealing
with gravity. As a simplifying �rst step, then, consider construction not in terres-
trial settings but in the underwater or outer-space environments highlighted early in
this chapter as places where automated construction systems will be of particular
value. These environments, of course, have the attractive feature 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 still leaves us with an algo-
rithmic challenge: how to program robots (and potentially blocks) such that they will
provably build arbitrary user-speci�ed structures, working from a three-dimensional
shape map. This problem can be decomposed into two subproblems: (1) determining
where block attachment is allowed at any partial stage of completion; (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 cubic grid should ulti-
mately be occupied or left empty. The problem of �nding a partial ordering on block
attachment that will provably let the desired structure be built, however, is more
complicated in three dimensions. Now the separation rule isnot suf�cient to ensure
that construction cannot get stalled (Figure 11A). Adding asecond constraint, the
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Fig. 11 In three dimensions, obeying the separation rule alone can result in situations where no
further blocks can legally be attached. The example on the left shows a structure that has been
built while obeying the separation rule, where no additional blocks can now be attached at the
starred sites without violating that rule. These situations can be prevented by adding the “plane
rule”: in any planar slice of the shape map, blocks meant to bepart of a contiguous group can
only be attached contiguously with already-present blocksin the same group. For instance, the
twelve labeled blocks in the example structure on the right form two contiguous groups in the
same planar slice. In building this structure, if block A were the �rst in this plane to be attached,
attaching block F next would violate the plane rule, becausethe two are in the same group but not
contiguous; attaching block B or C would be allowed, becauseof their contiguity to the already-
present A; attaching any of G through L would be allowed, because those are in a different group
from A.

Fig. 12 Snapshots from a simulation of ten robots building a prespeci�ed structure in three dimen-
sions with two types of building blocks. Background image NASA/courtesy of nasaimages.org.

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

Each candidate attachment site is associated with one planeand two rows in
which the presence of other blocks affects whether attachment is allowed. Collecting
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the corresponding nonlocal information, and ensuring it remains current while other
robots act, can be a real challenge for robots; however, it isa simple matter for blocks
[52]. Thus this framework lends itself best to the use of communicating blocks. In
outer space or underwater applications, the building materials used are likely to be
highly specialized, so that communicating blocks should beeconomically feasible
as discussed earlier.

(2) Finding the valid attachment sites is a harder task for robots searching in three
dimensions than in two. For two-dimensional structures, a stateless robot can start at
any point on the structure perimeter, follow it counterclockwise, and be guaranteed
to visit every candidate attachment site exactly once. For three-dimensional struc-
tures, in general no such path along the structure surface exists [44]. As a result,
robots must generally either revisit previously rejected sites, or rely on the blocks to
tell them not only where attachment is allowed but also whichway to go in order to
reach an allowed attachment site. A tradeoff again exists, this time between unnec-
essary robot movement and amount of communication requiredbetween blocks in
the structure [52].

3.4.2 Terrestrial environments

When gravity is a factor, hardware challenges increase considerably: robots need
to be able to reach higher sections of a large structure (for instance, by climbing
on the structure in progress), and intermediate as well as �nal structures need to
hold together against their weight (and that of any robots climbing on them) without
falling or breaking apart. More than ever, careful consideration needs to be given
to robot and block capabilities from the beginning, if a physical implementation is
to be feasible. And again, there is a tradeoff between the expressivity of the system
and the ease of implementing it.

A realistic starting point is to limit buildable structuresto those where each block
is supported by a stack of other blocks down to the ground, andwhere each stack
of blocks has at least one adjacent stack whose height differs from its own by at
most 1. The �rst restriction ensures that the system need notdeal with cantilevers
and other overhanging features; the second means that robots only need to climb a
height of one block at a time.

These limitations make the problem more tractable, and a physical system for
autonomous construction of such structures has been engineered [31]. Careful de-
sign of the robots and blocks allows a robot to perform key functions (like climbing
on and adding blocks to the structure) with high reliability, as is necessary for suc-
cessful completion of large-scale structures without human intervention. Figure 13
shows one robot autonomously building a structure 18 times its own volume.

Distributed control algorithms in the style of those described above for 2D sys-
tems allow an arbitrary number of robots to provably build user-speci�ed structures
from a large class of possibilities, even when using purely inert blocks [53]. Adopt-
ing shared conventions about travel again lets robots rely on local information only,
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Fig. 13 Snapshots of a climbing robot building a 10-block 3D structure, collecting new blocks
from a (manually reloaded) station at left.

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

acting independently and without explicit communication,and 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 on algorithmic global-to-
local problems within collective construction: how to program robots so that they
provably build user-speci�ed structures, subject to conservative assumptions about
their physical movement and other capabilities. Other workin collective construc-
tion often focuses on other important aspects of the problem. Some studies are con-
cerned with the hardware design of robots and building material [5, 8, 17, 37, 38].
Others focus on the use of communication between robots to improve the perfor-
mance of a system [19, 41, 57], or on cooperation in teams of sophisticated, of-
ten heterogenous robots [34,36]. Some construction-related studies do not have the
goal of building any speci�c target structure [27,30]. In other cases where building
a particular structure is the goal, the user may need to provide a full sequence of
low-level building steps as input [19,41]. Other studies doprovide methods for au-
tomated construction from high-level speci�cations, sometimes under assumptions
that may be dif�cult to realize in physical robotic swarms, such as high-accuracy
localization [24,42,57], fully centralized control [24,56], or the ability for robots to
pass through building material [26].

A number of studies consider building truss structures [9,17,24,29,56,57]. One
reason trusses are of special interest is because of their physical openness: a robot
may be able to maneuver through a truss structure where a solid one would block its
movement. Appropriately designed hardware may also allow truss struts to be in-
serted directly between already-present elements, easingthe restrictions on material
placement [9, 17]. The approaches described in this chaptercan be applied directly
to the less-restrictive task of building truss structures [43], although approaches de-
signed for the latter case may not be applicable without modi�cation for systems
with more restrictive movement constraints.

A closely related area of inquiry looks at local-to-global questions. These studies,
often more speci�cally concerned with modeling insect systems, start with low-level
rules and examine the structures that result from their execution [4,20,39,40]. Such
systems use the classic notion of stigmergy in the sense of local con�gurations of
material triggering agent actions. Evolutionary algorithms can also be used to try to
�nd low-level rulesets that generate particular desired high-level structures [16,25].

Alternative approaches to automating construction other than the use of swarms
of mobile robots have been proposed. “Contour crafting” [22] and similar ap-
proaches [6] involve erecting a gantry above a desired building site, and extruding
and otherwise manipulating material to form a desired structure, in the equivalent of
large-scale rapid prototyping. An automated “factory �oor” [9,29] tiled with robotic
arms could manipulate material to build a structure one layer at a time, lifting it up-
ward after the completion of each layer to work on the next, inorder to construct
three-dimensional artifacts without requiring robots to be mobile.

The research area of programmed self-assembly [1, 12, 13, 16, 18, 21, 23, 51, 54]
is intimately related to that of collective construction. Programmed self-assembly is
the problem of designing a collection of elements with (potentially dynamic) edge
binding properties such that, when mixed randomly, they bind to form desired re-
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sults. Its focus is typically on the microscale, where thermal energy or ambient �uid
forces provide the random movement. However, algorithms for self-assembly may
potentially be applied directly to construction scenarios(with robots providing the
movement force) or vice versa. In particular, self-assembling tiles that can change
binding properties and communicate with attached neighbors are effectively identi-
cal to communicating blocks.

One step further is the area of self-recon�gurable modular robotics [35, 55], in
which units can move under their own power, subject to some set of motion con-
straints (e.g., always remaining connected to the group, etc.). In effect, the distinc-
tion between blocks and robots is removed, and the structureis built out of robots.
While this may be considered a possible approach to the construction problem, it
is unlikely to be an ideal one in practice. Units required to act as both robots and
blocks will not be optimal for either role: the capacity for movement requires ex-
pense and complexity that will go to waste once a structure iscomplete, and will
likely interfere with desirable structural properties like strength, insulation, etc. The
separation into mobile and structural elements lets each type be specialized for its
purpose, increasing the effectiveness and lowering the cost of the overall system.
The same separation means that approaches developed for onearea are typically
not directly applicable to the other, due to differences in the motion constraints for
system components. Nevertheless, principles and approaches developed in the con-
text of modular robotics can be valuable in automated construction, in terms of both
algorithms [14,15] and hardware [28].

Finally, the overarching topic of this volume suggests considering engineered
morphogenesis as a related area [7, 45]: programming livingcells to develop into
desired structures, the way an egg grows into an animal. Thisemerging research
area involves constraints and tools signi�cantly different from those of collective
construction. For instance, passive blocks cannot be rearranged within a structure
once attached, while cells can rearrange their con�guration throughout morphogen-
esis and produce or eliminate units deep within the structure; conversely, while po-
sition information is critical in morphogenesis as it is in construction, deformable
cells cannot embody a coordinate system as directly and explicitly as rigid blocks.
However, as biologically inspired problems of structure formation in engineered
distributed systems, the two topics are strongly similar in�avor and goals. Perhaps
one day a person looking to build their dream house will have the choice of having a
swarm of arti�cial ants assemble it from parts, or planting aseed and letting it grow
directly into that form.

5 Conclusion

In this chapter, I have outlined current progress toward thegoal of collective con-
struction: algorithms for robot swarms to build user-speci�ed structures without
human intervention, extensions toward structures of greater general interest, and
hardware prototypes demonstrating that such systems can inprinciple be built. Still,
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we have a long way to go before the day fully automated swarm systems are rou-
tinely building artifacts for us. A number of open questionsand topics for ongoing
research remain:

� The above treatment describes a tradeoff between the capabilities of the robots
and the class of structures that they can build. However, this tradeoff is based on
known algorithms, not necessarily on possible ones. Can an algorithm be found,
for instance, that respects the conservative assumptions about block attachment
of Figure 3 yet allows the construction of any structure enclosing arbitrarily-
shaped holes, or conversely can it be shown that no such algorithm exists?

� While the use of high-level prefabricated building blocks is the most straight-
forward way to incorporate multiple building materials into the approaches dis-
cussed here, in some cases it may be preferable to work directly with lower-level
materials. In the case of elements like pipes and beams, these will involve shapes
other than identical squares. How can the approaches of thischapter best be ex-
tended to accommodate building blocks of different shapes?

� Robots in this chapter act independently, interacting directly only to the extent
of getting out of each other's way; a single robot could complete an entire build-
ing project alone. Can explicit cooperation be used to let robot teams accom-
plish tasks they couldn't manage individually [10, 34, 36]—as in the way ants
collectively transport food items too large for them to lifton their own—or for
increased ef�ciency, lettingN robots achieve more than anN-fold speedup?

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

� Developing hardware systems to bring automated construction not just off the
page and into the physical world, but out of the lab and into the �eld, is a ma-
jor undertaking. It's important that work in theory and in hardware go hand in
hand. Real-life considerations are critical to ensure thatwhat's studied in theory
is of real-world relevance; in the work reviewed here, careful attention to what's
feasible in reality during the initial problem formulationis what has made it pos-
sible to later build simple prototypes that work. Conversely, theoretical studies
can provide important principles that direct hardware development, as well as
quantitative estimates of how useful certain capabilitieswould be in practice and
thus how worthwhile they would be to pursue.

Current and future work in these areas brings us closer to theday when not just
this printed volume, but the library in which it is stored, are produced automatically
from high-level designs by robotic systems.3

3 Or, since you may very well be reading this chapter on your laptop, possibly outdoors: “...not just
the computer displaying this electronic document, but the building to which you will eventually
return to plug it in”.
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