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Abstract— This paper addresses the design and optimization
robotically-reconfigurable structures from an aldimic point of
view. First, we address the algorithmic challengesedirching for a
sequence of structural modifications that can tfams a given
modular structure into a new target structure tisatves a different
function. The target structure is not explicitlyesgied, only its
desired function, and so the planning algorithmdset® account for
both design and the corresponding deconstructioth eanstruction
sequence simultaneously. A number of different rriate
representations are considered and compared. We dieenonstrate
the algorithm under uncertainty in resource availityy where
components may become missing during the buildalllfinwe
physically implement a robotically manipulatableusture design
and manually confirm the reconfiguration proces® $\ggest that a
combination of reconfigurable structures, robustcasfiguration
algorithms that function under resource uncertaintyand
reconfiguration robots, could open the door to atabelic process
where structures are decomposed and recomposed @autrsly to
meet varying needs for a variety of applicatiormririnfrastructure
recovery to space exploration.

Index Terms—reconfigurable mechanisms,
robotics

1. INTRODUCTION

Biological metabolism is the process by which agaoism
breaks down food into its constituent modular eletse
(catabolism) and then uses those raw materialse@ate new
tissue (anabolism). Metabolic processes demonstr
interesting properties that are difficult to replie in synthetic
structures, such as continual reuse of modularexsyrin new
organisms, autonomous disassembly and assemblegzes,
self repair, continuous adaptation to functionauieements,
and robustness to resource fluctuations. Dupligatinese
properties in a robotic ecology and composing, degxusing,
and then recomposing items out of such modular e
could have a wide range of applications, rangingmfr
infrastructure recovery to space exploration. Féglirshows a
concept image of a robotic ecology metabolizingsgru
structures in the proposed way.

reconfigurable

uma.es

of Machine metabolism is a long-term goal, consistofg
multiple challenges. In this paper, we addresdithetwo key
challenges: (a) a solution for the algorithmic peob of how
to transform an initial structure into an unknovesiled target
structure that optimizes a known desired new famcéind (b)
how to design a truss such that it is easily raiadiy
manipulatable. Finally we verify both the compondeasign
and reconfiguration process by physically testihgnt in
reality. The type of robot(s) that can perform tarsl its/their
motion plans have not been addressed yet, but bwth
reconfiguration algorithm and the design of thessrhave the
goal to be performed by robot(s).

Figure 1. Structural metabolism concept. Artist renditiohsevera
robots performing metabolism on a truss structusgructura
metabolism implements properties of biological rbetsm, such ¢
autonomous disassembly and assembly, sated design froi
encoded requirements, and robustness to resountadtions



2. BACKGROUND AND RELATED WORK morphing, both initial and target configurations given, but

Self-reconfigurable modular robotics traditionatgnsiders in our algorithm only the initial configuration given along
systems with homogeneous self-mobile modules thahge With some functional ~requirements that the target
their own shape by rearranging the connectivityheir parts configuration should meet. o
[1]. This mobility is important in a system intemteo Our WOI‘k.IS. als_o unique in its truss optimizatioiruss
reconfigure repeatedly or frequently, such as lastion over tOPology optimization is one of the most interegtand at the
different terrains [2] or playback of dynamic threeSame time difficult problqms in structural optintisa. The
dimensional systems [3]. However, in a system uhenfor Structure approach was firstly proposed by Dorn] j@Bere
the construction of static structures, self-mopilitis duality was used to formulate the optimal topolqpblem
unnecessary [4]. Additionally, static structuresd amobile (minimal weight subject to stress constraints) adinaar
constructor robots can be applied to a broader erapfy Programming problem. However, very technical and
problems. Although our algorithm resembles in psetf- complicated calculations had to be used. Genegorﬂalhms
reconfiguration planning algorithms it resolves eolgem p_roposed by Holland [11] are useful and effectioetfeating
fundamentally different. The self-reconfigurationaqming discrete variables and have frequently been usegréiblems
problem consists in the determination of a sequeate ©Of truss topology optimization [12-14]. Our work figvel in
motions that change an initial configuration intspecified that it optimizes a transformation process, able b
goal configuration. Our algorithm solves a subssdiyt accomplished by robotic manipulation, rather thampgy
different problem that consists in the determinatiof a OPtimizing the final structural design.
sequence of motions that change an initial conéigon into
an unknown desired goal configuration that optimizertain
known desired new properties or functions. Whelaaself-
reconfiguration planning algorithms both the iditiand

3. PROBLEM STATEMENT

The problem addressed in this paper is to obtasetaof
instructions to perform on a robotically reconfigble

desired configuration are used as input parametergur Structure to transform it from a given initial stture to an
algorithm the input parameters are the initial cqunfation unspecified target structure satisfying given fiowal
and the target function. Thus, the design of thgetastructure Cconstraints. Rather than simply specifying the itpmétion of
can remain unknown in advance, and can be optimiaed the final structure, the focus of our algorithmrighe process
both the functional requirements and for the elemer?f disconnection and reconnection of edges aloriy wie
available in the original structure, and changedtiom fly rotation of the substructures necessary for stractu
subject to resource fluctuations. transformation. N

The separation into passive and active units hamn be The truss structures we utilize can be abstracieal et of
considered previously. Werfel and Nagpal [4] présen €dges connected rigidly to joints in 3D space. Huges
decentralized algorithmic approach to automatichlljiding cannot vary in length (except in the process ofafisection
user-specified three-dimensional structures fromdutar OF reconnection from the joints, as described )aterd are
cubic units. Terada and Murata [5] present an aatimm indivisible units. The joints only allow edges te bonnected
assembly system based in passive cubic buildingkbland t0 @ certain number of fixed axes; we use jointshwi8
an assembler robot. Everist al. [6] present a system— SOckets that accept edges that are aligned todip@sixes. A
focusing on low-level control instructions for rabe-for in- joint can have zero or one edge per socket. Jaigtsalways
space assembly of 2D structures. Jones and Mafdtic Placed in space in the same orientation or in atimtally
present a coordinated multi-robot constructionesysbf cubic €quivalent orientation. Edges can accept a joineitmer end
bricks in a planar structure focusing in the comivation and OF at both ends. The joints that are placed inftber are
coordination of the robots. Butlet al. [8] present a generic tightly connected to it; we ensure at least tha@atg on the

model for lattice-based self-reconfigurable robuotsluding
several generic locomotion algorithms. The resuitsbe
presented here will differ from these studies @t tur robotic
system decomposes a given structure into constitughling
blocks and reassembles the same building blochsairarget
structure, and that our approach uses truss stasctather
than modular cubic units, allowing lighter struetsiand more
flexibility in reconfiguration.

The problem of graph morphing, the process
transforming a given grapB; into another grapls,, differs
from this work as graph morphing deals with isonmicp
graphs where the transformation is performed byingpthe
nodes of the graph smoothly in the space, presgrsome
constraints in the process [9]. In our problem, &esv, the

floor to guarantee stability. Edges and joints cdnbe
superimposed at any point in the structure. Thessstcaints
must be met at each stage in the reconfiguratioogss.

The reconfiguration process is accomplished
disconnecting edges from one or both of their pint order
to divide the structure in two or more sectionseifhthose
sections are reconnected (potentially after a imtabf the
section), forming a new configuration. (In orderkeep the
gpnnection axes of the joints invariant, the alldwetations
should be integer multiples of 90°.) These stepslivision
and reconnection can be repeated as many timescassary.
The number of edges cannot vary at any point dutire
reconfiguration. However, we allow the number ofifs to
vary freely; thus, the resulting structure doesmexd to have

edge lengths cannot vary and the graph connectiigty the same number of joints as the given structure.

allowed to change during the process. In additinngraph

by



The reconfiguration process should contain as minm
number of steps as possible. In order to quantify ¢ost
independently of the robots used to manipulatestheacture,
we assume the same cost to reconnect any typectbrse
independently of the number of trusses and jointomtains
and the distance that the section should be moMte
realistic performance costs will be determineduitufe work.

The resulting structure should meet defined fumetio
requirements or constraints. These constraint®pea to any
numerical measurement that can be performed ostitheture.
For example, constraints could require structurdth va
specific height, structures with a maximum heigitituctures
that connect a set of points in the space, stresttirat support
a specific load, etc.

Future work includes the design of the robots chgpalh
traversing and assembling and disassembling thetstes, as
well as the algorithms necessary for robotic cdntpath
planning, and coordination in order to accomplidie t
reconfiguration steps.

To the best of our knowledge this problem has resnb
formulated or solved previously. The number of [uss
configurations for a given structure of any numbgedgem
is exponential inn. As a result, for non-trivial functional
requirements or constraints, we have to look fouriséics
which can give near optimal solutions.

4. RECONFIGURATION ALGORITHM

Rather than using a direct structure representdtioch as
a graph with struts representing edges and nogessenting
hubs), our algorithm uses a construction tree as
intermediate representation. This section of thpepawill
present this construction tree, explain the opematithat can
be performed on this tree, and demonstrate theofisbe
construction tree in the proposed genetic algorithm

4.1.Construction Tree

Any structure can be deterministically represenbgda
construction tree specifying a series of assemiplgrations
combining primitive building blocks. A structure rcabe
regenerated deterministically from the constructiee, and
conversely, a construction tree (often non-uniqoah be
generated from a given structure.

A construction tree is composed of primitive uritdled
building blocks. A single building block consistf @ certain

(©)

(d)

Figure 2. Different types of building blocks can uxed to build a
construction tree from a truss structure. They taghlighted in
color. (a) Three building blocks of only one edgete (b) Three
building blocks of two edges each. (c) Three baddblocks of
three edges each. (d) The example structure coehpledmposed
of building blocks of one, two, and three edges.

starting point for building the construction treEhe built
construction tree varies depending on the stapgigt chosen.
Each node of a construction tree stores a builthiogk, its
orientation, and the joint that connects that hngdblock to
the building block of its parent node.

To obtain a construction tree from a structure,jttets of
the structure are traversed with a greedy algorittsing the
Blilding blocks as the guides to drive the seafidiie next
joints to be visited are stored in a queue. Thet faint that is
inserted in this queue is the one defined as thmlifoint.
The search proceeds extracting and processingithts from
the queue. To process a joint, the algorithm detesif a
building block, with edges not yet included in poasly
building blocks, can be found that uses that joifhe
available building blocks are stored in a queue cthis
searched linearly, starting with the most complexiding
blocks. The first building block that matches isretl in a new
node in the construction tree and the remainingtgoin the
building block are added to the queue of jointbeovisited. If
the new node is the first in the construction tiees the root
node of the tree; otherwise, the new node will Hee ¢hild of
the node whose building block added the joint t® tlueue.

number of connected edges arranged in a certa@dfixrhe process continues looking for other buildingchis using

configuration. Figure 2a-c shows different typesbaflding

blocks in an example cube-like structure. In eacheclike
structure, three independent building blocks aghlighted
with different colors. The building block consistsone edge
in Figure 2a, two edges in Figure 2b, and threesdy Figure
2c. In Figure 2d, the entire structure has beeidéd/ using a
combination of building blocks of three, two, andeocedge.
Different constructions trees are obtained from slagne
structure if different building blocks are used;nbe, an
ordered list of building blocks should be definegriori.

the same joint. If no building blocks match, thénjois
removed from the queue and the next one is exttagtel
processed. In this way, all the edges of the siredre visited
and represented in one of the building blocks oé th
construction tree. If the queue of building blodksludes
single-edged building blocks of each possible leagt
(typically as its last elements), it is assured #ay structure
can be traversed completely.

A step by step example of the generation of a cocisbn
tree using a simplified 2D structure is shown igufe 3. The

Additionally, an initial joint must be specified e used as a gjven structure is shown in frame (a). It has atjon every
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Figure 3. Construction tree representation of actiire. A step-bytep example of the generation of a constructiea simplified using a 2
structure. (a) The given structure with the inij@iht highlighted in blue. (&) Steps of building the construction tree. In e&eme, th
given structure with the edges processed so fam the left, and, on the right, the built constiorctree.

intersection of edges. The initial joint is in th@wer left, by coloring connecting joints the same color inbbabdes.)
highlighted in blue. In this example, a list of typmssible The same procedure is done in the rest of thetstei¢frames
building blocks has been used: one formed by twgesd (c) to (k)). Finally, frame (k) shows the completnstruction
connected in 90°, the second formed by a singlec.etly tree.

frames (b) to (k), the given structure is showteétwith the The reverse process, obtaining a structure from the
already processed edges highlighted in red. Thstagtion construction tree, is performed traversing the toton tree
tree built so far is shown in the right side of freme. Inside in preorder and connecting each building block thi@ joints
each node of the construction tree is a representaf the specified in each node.

building block contained by that node; the colodeds in the The use of construction trees is motivated by theersity
building blocks represent the connecting jointswieetn the of an intermediate structural representation coivdudo
building blocks of parent and child nodes. Joirftshe same algorithmic manipulation. There are other well $tad
color indicate a connection. Frame (b) shows thet fitep. intermediate representations that could have beed in this
The first building block is found (highlighted ird) and the problem, such as grammars or L-systems. Those
first node is added to the construction tree withe trepresentations, however, do not fit well with testriction
information about the building block and its oriin. The that the number of struts cannot change during the
other two joints of that building block are addedthe joint reconfiguration process, as it is not trivial tsid@ a grammar
gueue. There are no more building blocks that eariobnd or an L-system that maintains the number of edgeemted
from the first joint, so the next joint in the qeeis used and a after modifying it. The construction tree repres¢ion allows
new building block is found (frame (c)). A new nodeadded basic operators (see section 1.2) to change therlymh

to the tree as a child of the first node becausectinnecting structure without modifying the number of strutslditionally,
joint came from the building block of the first rmdlhe new the problem requires obtaining the representatioa given
node stores the building block used, its orientgtiand the structure, and that is easily achieved by the coason tree,
joints where this building block connects with theilding but not trivial by using grammars or L-systems.

block of its parent node. (Again, this is showrthe diagram



4.2. Structure Variation Operators

Alterations of the construction tree directly capend to
changes in the represented structure, facilitatieggeneration
of a reconfiguration process. We can thus represbat
desired reconfiguration process as a series abéitk@s on the
construction tree. Such trees have the key propbatyif we
only move the connection between the nodes in réne the
number of edges of the generated structure doeshauige.
This is a requirement of the problem.

Several operations that alter a construction tesel (thus
the represented structure) have been designed:

» Branch move A first node is selected from the tree and < 1

its parent is changed to be a second selected ofoithe
tree. The new parent cannot be in the subtreeeofitst
selected node in order to avoid cycles in the tree.

* Partial branch move. This operation is similar to a () (1)

branch move but a third node is selected from tixree
of the first selected node. The parent of thisdtimode is
changed to be the parent of the first selected .nbden,
the parent of the first selected node is changeaketthe
second selected node, as in the branch move.

o
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Figure 4. An example of the branch move and ratatiperators
applied to a construction tree. (a) An initial sttwre and its
construction tree. (b) The branch selected by thesembranch

* Branch swap Two nodes whose subtrees do not shaggerator and the structure edges codified by thandh are

any nodes (again, to avoid cycles in the treesatected.

highlighted. (c) The branch has moved accordintpéabranch move

The connections to their parent nodes are swappggrator by changing the parent of the root node@franch. The

between them.

resulting change in the structure is shown on iyte.r(d) A rotation

« Branch node rotation. A node is selected from the treeoperator is applied to the same subtree.

and all the building blocks in its subtree are texdaat the
same angle. (The angle must be compatible with
physical capabilities of the joints.) This causepgaat of
the structure to rotate around the joint that cotsi¢he
selected node to its parent node.

In addition to specifying the nodes in a branch ement
or swap, the operations also include parametetbefxact
joints of the building block where the new parehilat will be
connected. Also, in branch moving and swappin@tation is

taffected edges in the structure. In frame (c), hhench has
moved according to the branch move operator, whidnges
the physical structure as shown. Finally, framedliws the
rotation operator applied to the tree in frame [jg)this case,
the rotation is 90° counterclockwise and is appliedeach
node in the tree.

4.3.Morphology Search Process

performed in the subtree that has been moved. This A genetic algorithm was implemented to evolve the
necessary to connect the new subtree in an appteprieconfiguration sequence applied to the structurése

orientation. The rotation axis and degree (in iategultiples
of 90°) are also parameters in these operations. prbblem
of possible superposition will be addressed later o

The set of structure variation operators can tansfany
tree to any other tree with the same number of s108e, the
algorithm can achieve any block connectivity ang afock
rotation. Therefore, using trees with blocks of dge the
algorithm can transform any structure to any otsteuncture
with the same number of edges. The use of blocksnaie
than 1 edge brings faster computation in exchange
reconfiguration restrictions.

morphogenetic function, the process of obtainimhanotype
from a genome, proceeds first by building a comsion tree
from the given structure. Then, the constructioae tris

modified using the operations shown in section #iBally,

the resulting structure is generated from the niedif
construction tree and its fitness is evaluatedndsi$ in the
context of genetic algorithms quantifies the optityeof a

solution. Specifically in our algorithm, fitness aseires how
optimal a solution is in terms of the cost of trensformation
fnumber of steps) and how well the structure mebts
functional requirements. The first step is perfodma the

Figure 4 shows an examp|e of the branch move o;pyera(t:ommencement of the algorithm, and the other twepsstre

using the same simple structure and constructes tised in
Figure 3. Although the operators are applied ordy
construction trees, in order to clarify the proceabe figure
shows the structures that each intermediate cantigtrutree
codifies. Frame (a) shows the construction treé s built
in the example of Figure 3 and the structure thaodified by
it. Frame (b) highlights the branch selected by theve
branch operator in the construction tree and higité the

performed to each candidate individual of the ewgyv
population.

The genome of each individual starts with a gera th
encodes the structure’s starting joint for the gatien of the
construction tree of the given structure. This gisna natural
number in the range of 1 towheren is the number of joints
of the given structure. (Again, this is necessaryriake the
relationship between construction trees and phlystoactures



deterministic.) This is the only gene in the gensnoé the
initial population, and is selected at random faacte
individual in the initial population.

Secondly, the genome contains the list of operatamong
those shown in section 1.2 that will be performedthe
construction tree during the morphogenetic functi&@ach
operation will be encoded as a different gene aiticcentain
the necessary parameters to define it. The nunfbmveration
genes that are in the genomes of the individualsargable,
and hence the length of the genomes is variable.

The genetic operators used are one-point crossandr
mutation. The mutations that can be applied tormge are:

© B

« Mutate the first gene The first gene represents the initia - =

joint of the structure where the building of the(3) 0,'f

construction tree starts. This mutation will insext
random value in the range of 1 t§ wheren is the
number of joints of the given structure. Changihgs t
gene will result in a different construction tree the
morphogenetic function.

» Mutate an operator parameter. One parameter of a

randomly chosen operation genes is replaced tadom
value within the limits of that parameter.

» Delete a geneOne operation gene is chosen random

and is removed.

« Add a gene A position is chosen randomly and a ne

operator gene is inserted. The operator and i@snpeters
are also randomly chosen.

(d)
Egure 5. Truss elements allow order-independeserably: (a)
lements consist of an 18-axis threaded node (dethown in al)

\ﬁnd a long strut. This strut is split in the centéth a threading

mechanism (a2) and uses a threading mechanismtlogr side to
attach to the node (a3); (b) Elements can be ugeconstruct a
variety of structures such as this cube; (c) Thestrelements can be
accessed in a random-access manner by insertingaheacted

The selection method used in the genetic algoriism element between nodes (cl), twisting the two elerhaives (c2)

deterministic crowding [15], where offspring repmactheir

causing the center thread to lengthen and thelerdds to enter the

most similar parent if they have equal or bettereis and are nodes (c3). Note that all threads are right-hanttedads. (d) A

discarded otherwise. Population size (50),
probability (0.5), and crossover probability (O&Ave been
tuned empirically.

An optimal reconfiguration implies that the recguiiation
is done in the minimum possible number of steportter to

mutatidiysical implementation of node and strut.

6. RESULTS

This section gives results on various examplegrottire
reconfiguration demonstrating our approach. Theoritlymn

contemplate this, the fitness is specified as aealin has been implemented in Matlab (MathWorks Inc.)e Time
combination of the functional requirements specificthe t0 evolve the structures is about 10 hours runtiegcode in
problem and the number of genes in the genome.,Alddatlab in a conventional computer (Pentium 4, 3/2zG1
overlapping edges are not allowed in any step af tB memory, Microsoft Windows XP). Figure 6a shows t

reconfiguration. A very low fitness is given if hhappens in
an individual.

5. PHYSICAL IMPLEMENTATION

In order to demonstrate physical feasibility, weidaed a
set of truss elements capable of implementing thectsires
formed by our algorithm and suitable for roboticripalation.
The elements we designed consist of struts andsnoalgable
of assembling cubic trusses with face-centered adialg.
Figure 5a contains a close-up image of a strutrauk and
Figure 5b contains an example of a cube construatitl
such parts. The nodes consist of 18 threaded sotkeach of
the necessary axes, inserted into a 3D-printed esh@pe
struts consist of two identical carbon fiber rodgernally
threaded on both ends via threaded inserts fastes&te the
rods with epoxy. See [16] for details.

given three-dimensional structure used in thesemples,
with a height of 2 units. Joints fixed in the floare
highlighted in the figure by a larger size.

In these examples, we are attempting to maximize
height of the structure although minimizing the rfemn of
reconfiguration steps. So, our algorithm has ttiedind the
best reconfiguration steps that transform the gisgncture
into another structure that is as tall as possible fithess
criterion consists in a linear combination of treddht of the
structure and the number of steps in the recordigum, i.e.
the number of genes in the genome, because eaoh gen
represents a step in the reconfiguration. The wiefits of the
linear combination are 1 and -0.01, respectivehle Building
blocks used in the construction trees of these plesrare as
follows: first, two connected edges with 90 degrbesveen
them; next, two connected edges with 45 degreed; heo
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Figure 6. (a) Initial structure. Joints on the fl@we highlighted. (b-
i) Evolutionary reconfiguration results from thatial structure il
Figure 6a with the criteria of maximizing the heiglvhile
minimizing the number of reconfiguration steped arrows in (b,
d, e) show a set of minimum number of nodes thateaeliminate
in order to separate the structure; hence, the ruwibarrows is tt
vertex connectivity of thergph. (b, ¢) Two results with a heigh
14 units but a very low robustness (the vertex eotivity is 1
from two different evolutions. (d) Resultant struetuwith verte:
connectivity 2. (e) Result structure with vertex geativity 3. (f, g
Additional results structures with vertex connectivity 2 anijhie€
units. (h, i) Additional reults structures with vertex connectivit
and height 6 units.

connected edges with any angle; and if none oBbwe has
been found, a single edge. Figure 6b and Figurgh6ev two
preliminary results after two different evolutionsach of
5000 generations. Both structures have a heightdofinits,
improving the given structure by 12 units in a oaably
number of 8 and 9 steps respectively.

However, these structures lack robustness: it & d¢a
appreciate that there are parts in the structureravh single

== anl

i

(AT

height-based fitness
[6,]

2000 3000 4000 5000

evaluations

0 1000

Figure 7. Average maximum population fithess valoesr 15
evolutionary runs, with error bars indicating thestf and third
quartiles.

joint undergoes a large bending moment. In orderesolve
this problem, a new element is introduced in thieefs: the
vertex connectivity of a graph. The vertex connattiof a
graph is the minimum number of vertices that amessary to
remove in order to disconnect the graph. Since résalting
structure can be treated as a graph, it is postibéalculate
its vertex connectivity. The vertex connectivity dhe
structures of Figure 6b and Figure 6c¢ is 1, becags®ving,
for example, the vertex marked with the arrow caude
graph to be disconnected. Notice the structureb wdtrtex
connectivity 2 in Figure 6d and vertex connectivatin Figure
6e. The red arrows indicate a minimum set of vestithat, if
removed, disconnect the graph. In the fitness fanct
individuals whose vertex connectivity is below aided value
are penalized with a very low fitness.

Results with vertex connectivity 2 are shown inufey 6f
and Figure 6g with two structures, both with heigtunits.
(Again, 5000 generations were used in the evolatipn
algorithm.) Similarly, results for structures witkiertex
connectivity 3 are shown in Figure 6h and FigureTaiese
two structures have a height of 6 units. Figureh@ws the
average maximum population fitness values over
evolutionary runs. Figure 8 and Figure 9 show a
reconfiguration result in detail. Figure 8a showke t
reconfiguration trees in each step of the recoméigon
process. The genome contains the following opearatia
branch movement (the branch that moves is shovwgraan)
from the tree in (a3) to (a4); a rotation of th#é &tructure in
(a6); and a branch swap in the trees (a8) and(l@dyeen the
branches shown in red and blue).

The total number of operations in this solutior3.ig-igure 8b
shows the simulated structure reconfiguration. bhédding
blocks corresponding to the nodes highlighted nafa also
highlighted in (b). Figure 9 shows the same stméctu
reconfiguration using a physical implementationtale for
robotic manipulation (presented in section 5) asaestration
of physical feasibility.

15
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Figure 8. Detailed reconfiguration steps from anlation result. (a)
Reconfiguration trees in each step of the recondijom process. (b)
Structure reconfiguration in the simulation. Theilding blocks

corresponding to the nodes highlighted in (a) dse highlighted in

(b).

) @)

(6) (6)

) C) )
Figure 9. Physical implementation of structure réiguration. The
same reconfiguration steps from the evolution teshbwn in
Figure 8 using our truss elements as a demonstrafighysical
feasibility.

Other sizes of building blocks have also been triggsides
the building blocks of 2 edges used in the examplesvn
thus far, we have tried also building blocks oftjasedge
(Figure 10a) and of 3 edges (Figure 10b). Figura 4iows
the maximum fitness of 15 evolutions for each corabon of
vertex connectivity required (2 or 3) and the baigdblocks
used (building blocks of 1, 2 or 3 edges). Figutb Is
equivalent but displays the mean fithess and itdsrd
deviation among the same 15 evolutions per vertex
connectivity and building block combinations.

6.1.Resource Fluctuation and Complex Fitness

In order to demonstrate the robustness of the idhgowe
have performed experiments, using the same buildiagks
and vertex connectivity of 2, by randomly deleti@f6 of the
edges of the given structure (Figure 10c). Thanisnalogous
to a lack of proper nutrient resources in bioloboatabolism.
The average results obtained after 20 runs do egriadie with
this change, in terms of height. An example is ghaw
Figure 10d. The height of this structure is 10 sinihe same
that the structures obtained from the original gigructure.
This robustness demonstration is very important feal
problems with the robotic system where some trassbe lost
or broken.

Also more complex functional requirements have been
tested. A physics simulator based on springs hanbe
implemented to simulate realistically the resultistguctures
[17]. Figure 12 shows an evolutionary result usimg physics
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Figure 10. Evolutionary results using different ldimg block
configurations (a-b) and demonstrating robustndsthe algorithm
(c-d). The building blocks consist of (a) just lgedand (b) 3 edges.
Both results have a vertex connectivity requirenr@n®. (c) Given
structure with 10% of its edges deleted. (d) Reguméd structure
found by the algorithm from the given structurg(@). The resulting
structure does not degrade (in terms of heighteotex connectivity)
with the loss of edges of the given structure.
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8 2 edges 8 [ 2 edges
[ 13 edges [ 13 edges
2 6 2 6
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@ (b)
Figure 11. Comparison of different builditdpck types. Performanc
comparison using 15 evolutions for each combinati@invertex
connectivity required (2 or 3) and building bloglp¢ used (builthg
blocks of 1, 2, and 3 edges). (a) Maximum fitng¢b¥.Mean fitnes:
and its standard deviation.

simulator in the fitness function. The functionatjuirements
used in this example were modeled with the aimind &
bridge, maximizing the length of the structure taitthe same
time, minimizing the tension of the edges and tb#edtion of
the structure under its own weight. The fithessecon is a
linear combination of the length, tension, deflestiof the
structure and the number of steps in the recordigum. The
coefficients in such linear combination are 1,-11and -0.01
respectively. The structure tension is calculattha average
sum of the tensions of each truss.

The structure deflection is calculated as the dista
between the lowest node of the structure and tivedbfixed
node of the structure. Fixed nodes are those whic

Figure 12. Evolutionary result using a physics datar based on
springs as part of the fithess function. The fuor@l requirements
used in this example were modeled with the aimind & bridge,
starting with the structure in Figure 6a. They ésins maximize the
length of the structure but minimizing at the same the tension of
the edges and the deflection of the structure uitdeweight. The
colors of the edges indicate degree of stress: ibldieates tension,
red compression, and green indicates a relaxe@. stdte nodes
highlighted in black indicate fixed nodes.

coordinate is maximum or minimum, i.e. the mosttignd
most left nodes of the structure. The colors of Huges
indicate degree of stress: blue is tension, rezbimpression,
and green is relaxed. The black nodes are fixegt@gand on
either side of the bridge. In the fitness functitirg right-most
and left-most nodes of the resulting structure ianfiaed in
the physics simulator. The given structure in #xample is
also the structure shown in Figure 6a.

Figure 13 shows additional evolutionary resultsartgig
with the two short towers shown in Figure 13a, idd® using
the physics simulator (Figure 13b) and a tower thaximizes
its height while minimizing the number of reconfigtion
steps (Figure 13c) have been evolved separatejyré-il3d
shows a human-designed bridge from which a shéfter
covers maximum area above the ground (Figure 18d)aa
tower that maximizes its height (Figure 13f) areolegd
separately.

7. CONCLUSION

This paper has demonstrated an algorithmic protests
solves the problem of how to transform one trussctire
into another that achieves a specific functionalg@/e have
demonstrated the transformation process generagethib
algorithm on a physical truss.

Our algorithm successfully creates transformativeps
useful in robotic reconfiguration. It uses the acgpicof a
construction tree as a formal representation okthectures in
order to allow for tree transformation operatiogsiealent to
transformation steps in the structure. The funetion
requirements are specified in the evolutionary @diigm as
part of the fitness function. Finally, the quantdy struts is
conserved during the algorithmic manipulation.

The algorithm has been proven with several experime
using 3D structures. First, we presented experisnehat
reconfigured the given structure to new structume@simizing
their height while minimizing the number of recanfration

psteps. We investigated different parameters iratgerithm to
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Figure 13 Additional evolutionary results. From the two &n
structure 6 (a) a bridge using the physics simulator (b) andwel
that maximizes its heigtft) are evolved separately. In (d) is shov
handdesigned bridge used to evolve both (e) a shettectare

covering the maximum area above the ground, and (§werthat
maximizes its height.

test its performance. We also presented experintertest the
robustness of the system by deleting 10% of thesdd the
given structure and showing still successful reicumétions.

A more complex experiment was presented using &iphy

simulator in the fitness function to test severdysical
parameters. For example, we showed a result thesisted in
a bridge structure that maximized the length oftihidge but
minimizing the tension of the edges and the dafiectf the
structure.

Finally, we demonstrated physical feasibility byosing
physical truss elements in a step by step recorsigun
process designed completely by the genetic alguarith
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In future work, we will design the robots capablé o
traversing and assembling and disassembling thestates
and the algorithms necessary for robotic controdthp
planning, and coordination in order to accomplidie t
reconfiguration steps autonomously.



