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Abstract—For the in-space assembly of structures, there
can be challenges to precomputed or teleoperated assembly
solutions. These potential difficulties can be avoided by the
agents reasoning in-situ about the assembly graph of the desired
structure. We propose an algorithm in which the robotic agent
performing an assembly considers two constraining character-
istics, the first involving the structural/material properties at
each step of the assembly process and the second concerning the
motion/trajectory of the robot required to add an element to the
partially assembled structure. Together these form an assembly
sequence which represents the order in which elements are
added and the associated concatenated motion plan. We propose
an any-time algorithm that seeks to reconcile these two aspects
of the problem while retaining the theoretical guarantees of the
underlying motion planning algorithms, including probabilistic
completeness and asymptotic optimality.

PROBLEM CONTEXT

B %Xg B
iy

Fig. 1. Assembly graph of a planar triangle consisting of 3 elements.
The set of blue edges and vertices denote an individual assembly
sequence.

The assumption of being able to calculate an assembly
sequence a priori is not a given for in-space assembly (ISA)
tasks. Problems include communication difficulties [1], costs
of teleoperators/astronauts [2], and hardware limitations [3],
which must be overcome by the agents reasoning locally.
Adapting to changing conditions or structural failure requires
autonomous agents to replan assembly sequences using the
previous assembly sequence information. Additionally, these
agents can perform maintenance/servicing operations using
similar logic by reversing the assembly sequences.

Assembly sequence generation can be decomposed into a
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series of unrelated motion planning and structural charac-
teristics problems solved independently. However, the robot
can take advantage of the well-structured nature of the
assembly process to make informed decisions. Fig. 1 shows
the assembly graph of a planar triangle and all possible
vertices and edges, as well as a feasible assembly sequence.
The primary concerns for a robot building a structure are 1)
the structural properties at intermediate steps in the assembly
process and 2) the actions taken by the robot in order to place
an element into position. However, in most situations, these
values are not known to the agent a priori.

We propose an algorithm that builds on our previous
research [4] to use the structure of an assembly graph as
the basis for any-time autonomous structural assembly. We
believe the proposed algorithm will allow an agent to take
a structural plan and find an initial sequence then refine this
sequence with the remaining allotted time while retaining
the theoretical guarantees of its internal motion planning
algorithm.

RELATED WORK

The field of ISA has garnered increasing interest in the
last decade, for both lunar/planetary surface operations and
on-orbit applications. For surface structures, there has been
research into prebuilding habitats for astronauts [5], lunar
power generation [6], and the construction of large-scale rail
systems [7]. For on-orbit structures, the primary concerns
have been focused on telescopes [8], [9], [10] and stationary
platforms [11], [12], [13], [14]. Automated assembly has also
received a great deal of attention, from modular structure
assembly [15], [16] to other methods that try to leverage
the assembly graph or structural properties in generating
sequences [17], [18].

CURRENT RESEARCH

Our previous work was limited to structures with simpli-
fied structural/vertex costs which could be precalculated for
all sub-assemblies. However, sub-assembly costs are often
computationally expensive in real-world situations, such as
finite element analysis. We chose a vertex cost bounded set of
edges to sequentially check without considering the structure
of the graph. Our new work remedies those concerns by
limiting the number of calls to the vertex cost function
and the edge cost function, first by performing a greedier
forward search to find an initial solution then switching to
an exploratory search to improve upon that solution.

We present the following Algorithm 1, which takes an
assembly graph G = (V,E), where V is the vertex set



associated with partially assembled sub-assemblies and E is
the edge set associated with the transitional space between
two sub-assemblies with a single element difference. It also
takes an edge cost function ceqgc : € — k where e € E, £
is a transitional cost associated with a trajectory through the
configuration space, a vertex cost function Cyerter @ vV — @,
where v € V and ¢ is a structural cost associated with that
sub-assembly, a total time to plan tpian, and cyerter,maz
the maximum structural cost. The algorithm returns an
assembly sequence s* which is the set of the vertices and
edges needed to be traversed to assemble the structure. The
functions in Alg. 1 forwardSearch, exploreSearch,
makeConsistent, and getSequence can be consid-
ered, in order, as depth first search (DFS), upper confidence
bound [19] (UCB), a standard graph update, and iteration to
find vertex parents and update the assembly sequence.

Algorithm 1 Any-Time Sequencing Algorithm

Reqlﬁl‘e: G = (Vv E), Cedges Cvertex tplarm Cyertex,max
Ensure: s*
e.cost «— oVe € E
v.cost < 0o, v.costToCome + coVv € V
§* 4 D, Scost — 0O
while t.psed < tpian do
if s* = & then
ecurr ¢ forwardSearch(G)
else
€curr < exploreSearch(G)
if e, .endVertex.notVisited then
€curr-endVertex.cost < Cyertes (€curr-endVertex)
if ecyrr.endVertex.cost > cyertes,mas then
continue
if (ecurr.cost > Cedge(€curr) then
€curr-COSt — Cedge(ecurr)
makeConsistent(G)
if G.endVertex.costToCome < s, then
s* < getSequence(G)
Scost < G.endVertex.costToCome
return s*

One gap in our previous work was the lack of inheritance
of theoretical guarantees that are typically achieved by such
algorithms, e.g., probabilistic completeness and asymptotic
optimality. By ensuring that these two traits are inherited by
the sequence planning outer loop, the proposed research will
investigate an algorithm that evolves forward in time and
checks edges and vertices as they are approached to provide
an iteratively better solution. The probability of selecting
any individual edge will never go to zero allowing for the
exhaustive exploration of the search space given enough
time.

The inclusion of revisiting vertex costs warrants investiga-
tion, especially in the context of recalculating structural costs
at finer levels of detail. Careful exploration of the combined
Pareto frontier of the vertex and edge spaces is necessary
to do so, which will be fuzzy due to the asymptotic and
thus unknown costs involved. Some notion of minimums or
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Fig. 2. For the assembly sequence colored blue in Fig. 1, the
edge transitions are denoted red and vertex sub-assembly properties
are denoted green. Edges represent individual motion planning
problems for the placement of a single element in a configuration
space given by the preceding vertex/sub-assembly. The vertices

represent specific configurations of elements for sub-assemblies and
their associated structural characteristics.

maximums of costs to start (such as the trivial lower bound
for the motion planning problem, the distance from start to
goal ignoring collisions) can be used to explore inside this
Pareto frontier.

Our research will begin with the assumption of depth
first search, but there could be advantages in using other
algorithms. Once the initial solution is found, the algorithm
will need to effectively balance between updating known
nodes and exploring promising new nodes. If this exploratory
search has weights proportional to best solutions and unex-
plored spaces, as long as the probability of selecting any edge
never goes to zero then both probabilistic completeness and
asymptotic optimality should be inherited from the edge cost
function.

Our previous work and the initial work on this project
employs a graph search on a directed acyclic graph (DAG).
A sparse adjacency/distance matrix could be leveraged to
update sequence information. This formulation might prove
to be advantageous over the current DAG based search.
This alternate construction allows for interesting inquiries
using tropical geometry beyond the min-plus algebra used in
distance matrix multiplication. An assembly graph with edge
weights that have values representing probabilities could be
manipulated using max-times multiplication to find the most
probable assembly sequence. We are also considering other
formulations that might require separate queues for each cost
or an n-dimensional queue such as a KD-heap.

In addition to different data structures used to represent
the problem, the authors have identified areas of interest that
could use this structure to find solutions. These areas include
classic simultaneous task and motion planning testbeds like
sokoban and other problems that require simultaneously
solving transitions between states where both have unknown
values, such as critical path analysis.

We plan to run experimental trials of this initial version
of the algorithm and report them at the workshop.
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