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ABSTRACT
We identify barriers to a broader application of multi-robot sys-
tems to construction and deconstruction tasks, which represent
important real-world problems, such as repairing critical infrastruc-
ture of roads and levies after a disaster. We frame these tasks as
instances of the parallel bricklayer problem, where independent
agents must coordinate to concurrently manipulate aspects of a 3D
environment without deadlocks. We extract desirable properties of
graphs representing natural 3D structures and sketch a graphical
representation to model and reason about structures composed of
discrete cuboid blocks. We present a sample algorithm sketch for a
non-trivial structure utilizing our model.
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1 INTRODUCTION
We define the Parallel Bricklayer Problem (PBP) as a problem in
which robots interact with each other to concurrently manipu-
late objects in their environment, much like human bricklayers
work together to build something out of bricks or cinder blocks.
In addition to strictly additive changes, they can create temporary
scaffolds to be able to access or build certain parts of a structure by
adding/removing things. All activities must be coordinated among
the bricklayers to ensure overall correctness, which is non-trivial.

Two important real-world problems can be modeled as variants
of the PBP: construction and its counterpart, deconstruction [8]. This
dichotomy also includes their associated variants: cinderblock lay-
ing/removal, box stacking to minimize volume used, etc. The use of
individual robots for automation in simple variants of these tasks
is widespread, and robots can operate with minimal human super-
vision. However, for larger and more complex variants of the PBP,
autonomous Multi Robot Systems (MRSs) are needed for effective
operation without extensive human supervision.

Single-robot automation in these tasks is not trivial; multi-robot
automation exponentially more so. Successful robots must have
the ability to: (a) sense and manipulate assembly components;
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(b) interact with the desired structure at all stages of the assem-
bly/disassembly process; (c) satisfy a variety of precedence con-
straints to ensure assembly/disassembly correctness; and (d) en-
sure static stability and structural integrity throughout the assem-
bly/disassembly process. Modern engineering can develop individ-
ual robots with these abilities; however, robot control software
must also guarantee correct, deadlock-free operation with multi-
ple robots, which is exponentially more difficult—even in idealized
indoor environments. This lack of linear scaling in engineering com-
plexity because of coordination difficulties makes MRS solutions
muchmore difficult to develop. Because the environment of the PBP
is dynamic, and changes as time passes, to be successful robots must
model and adapt to these changes. However, there is no unified
modeling framework that provides the necessary guarantees so that
theoretical results developed for simpler single-robot approaches
can be leveraged to quickly develop algorithms for MRS approaches.
With these factors, it is not surprising that multi-robot automation
in construction and deconstruction tasks is largely absent.

2 MODEL SUMMARY
We represent cuboid objects to be manipulated uniformly as nodes
within a graph, and obtain properties of objects—such as size—from
the graph structure. See Fig. 1 for some examples of structures and
their graph representations. Our model enables fast development
of simple robot control algorithms while also allowing unparalleled
expressiveness for formally representing 3D structures. By lever-
aging the abstract power of graph theory, our model encompasses
construction, deconstruction, and multi-phase operations, allowing
it to be applied across problem domains. Within our model, we
take inspiration from the modular decomposability of structures
built by social insects to provide a mechanism for provably correct,
parallel manipulation of subgraphs from one state to another. We
achieve Ω(𝑁 ) parallelism by only requiring manipulations within
each subgraph to be serial; previous works enabled only Ω(1) par-
allelism. That is, regardless of the number of agents working on a
structure, few, if any, simultaneous attachments or placements are
possible [6, 9, 10].

The provable guarantees of our model do not require inter-agent
communication (except for stigmergic communication) in order to
derive agent controllers. Minimal local agent knowledge is required
for provable operation with the cuboid materials that are frequently
used in human construction projects—agents can even be purely
reactive and memory-less. Thus, by handling the complexity of
coordination in the model, rather that the agents, we enable agents
to be simple and reactive, and solve an important preliminary step
in realizing large-scale autonomous construction systems of cost-
effective robots.



(a) Complex levee structure. (b) A cube with a hole through
it (valid structure).

(c) A cube with overhangs (in-
valid structure).

(d) Cube. (e) (f) (g)

Figure 1: Examples of cuboid structures and graph representations. Fig. 1a sits on a bed of interlocking bricks and is heteroge-
neous; themiddle section could be a patch for a breached wall. Validity of Fig. 1b/Fig. 1f obtained through examining planarity
of graph “slices” along X or Y axis; vice versa for Fig. 1c/ Fig. 1g.

3 SAMPLE APPLICATION SKETCH
We consider the structure shown in Fig. 1a. Let G be the graph
representing the structure. We slice G along 𝑌 or 𝑋 every 2 units
to obtain a set of construction lanes (𝑔 ∈ G), each with the same
properties as G which can be constructed independently in parallel.
Each lane has entry/exit traffic flows within it on the left- and right-
hand sides of the lane. To construct our algorithm, we consider
works studying the construction process of structures found in na-
ture [1, 2, 4, 5, 7]. Within these works, agents manipulate structures
according to local stigmergic configurations of blocks that trigger
different behaviors [3]. Stigmergic configurations provide inter-
agent coordination, and are generally small and localized; large
configurations may rarely be encountered during construction [1].

Using this inspiration, it is easy to imagine a simple algorithm
suitable for parallel manipulation of structures which exclusively
uses stigmergic rules—no memory or communication needed. We
use Ω = {∪𝜔𝑖 (𝐶)} as the set of stigmergic rules which will trigger
a robot action; i.e., 𝜔𝑖 (𝐶) : 𝐶 →𝑚(𝑟𝑖 ) for some stigmergic configu-
ration𝐶 . ∥Ω∥ = 3: encountering a “filled” or empty lane will trigger
block placement at the back of the entry flow, and encountering
a gap in the exit flow will trigger a block placement in the gap,
which will in turn lead to the “filled” configuration for the next
robot. We assume robots (a) know the structure to build, (b) can
localize accurately within the structure, (c) can perceive everything
within 𝐷 = 3 cells around them, (d) can travel over “staircases”
by some mechanism. Before executing the algorithm, each robot
allocates one of the construction lanes 𝑙 = (−→𝑒𝑠 ,−→𝑒𝑒 ,−→𝑥𝑠 ,−→𝑥𝑒 ), defined

Algorithm 1 Block placement algorithm sketch for 𝑟𝑖
1: if 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 (𝑟 𝑗 ) and 𝑎ℎ𝑒𝑎𝑑 (𝑟 𝑗 , 𝑟𝑖 ) then
2: return WAIT // 𝑟 𝑗 is further ahead in flow
3: end if
4: if 𝜔𝑖 (𝐶) ∈ 𝐿(−→𝑟𝑖 ) then
5: return𝑚(𝑟𝑖 ) // place carried block
6: end if
7: if 𝑓 𝑖𝑛𝑖𝑠ℎ𝑒𝑑 (𝑚(𝑟𝑖 )) then
8: return Travel to −→𝑥𝑠 // block placed–time to go
9: end if
10: if 𝑎𝑙𝑖𝑔𝑛𝑒𝑑 (−→𝑟𝑖 ,−→𝑥𝑠 ) then
11: return Travel to −→𝑥𝑒 // in exit flow
12: end if
13: return Travel forward in entry flow // towards −→𝑒𝑒

by the starting and ending locations for each traffic flow (−→𝑒𝑠 ,−→𝑒𝑒 and
−→𝑥𝑠 ,−→𝑥𝑒 , respectively), and travels to −→𝑒𝑠 .

We make the following observations. First, this controller is ex-
tremely simple, and can be used effectively with structures and
MRSs of arbitrary size. Second, leveraging the power of graph the-
ory, the above algorithm is not tied to ground or flying robots,
and as long as a suitable decomposition exists for G, correct con-
current manipulation is guaranteed, and the algorithm is reusable.
Furthermore, the mechanism for guaranteeing correct concurrent
operation is simple: if 𝑟𝑖 gets too close to 𝑟 𝑗 in front, it will wait for
𝑟 𝑗 wait for it to move outside 𝐿(−→𝑟𝑖 ).
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