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Abstract 
I n  this paper we present algorithms for  planning 

the motion of robotic Molecules on  a substrate of 
other Molecules. Our approach is to  divide self- 
reconfiguration planning into three levels: trajectory 
planning, configuration planning, and task-level plan- 
ning. This paper focuses on  algorithms for  trajectory 
planning, moving a single Molecule f r o m  a start 10- 
cation to a goal location, and configuration planning, 
moving a set of Molecules from a starting configu- 
ration to a goal configuration. W e  also present our 
scaflold planning approach in which the interior of 
a structure contains three-dimensional tunnels. This 
allows Molecules to move within a structure as well 
as on  the surface, simplifying Molecule motion plan- 
ning as well as increasing parallelism. I n  addition, we 
present a new gripper-type connection mechanism for 
the Molecule which does not require power to  maintain 
connections. 

1 Introduction 
A self-reconfiguring robot consists of a set of identi- 

cal module that can dynamically and autonomously 
reconfigure in a variety of shapes, to  best fit the 
terrain, environment, and task. Self-reconfiguration 
leads to versatile robots that  can support multiple 
modalities of locomotion and manipulation. For ex- 
ample, a self-reconfiguring robot can aggregate as a 
snake to  traverse a tunnel and t,hen reconfigure as a 
six-legged robot, to  traverse rough terrain, such as a 
Lunar surface, and change shape again to  climb stairs 
and enter a building. 

We build on the ground-breaking work of [FK90, 
Yim93; MKK94, PC+96] who introduced the first, 
robot systems capable of self-reconfigurat,ion. We have 
designed a small robotic module we call the Molecule 
capable of self-reconfiguration in three-dimensional 

space. The Molecule (see Figure 1) is capable of 
independent movement on a substrate of identical 
Molecules, including straight-line traversal and 90 d o  
grce convex and concave transitions to adjacent sur- 
faces. 

The design of this module and the individual 
Molecule control are describcd in detail in [KR+98]. 
In [KR98] we presented algorithms for Molecule struc- 
ture relocation, a language for dcscribing Moleculc 
motion, and an algorithm for Moleciile motion syn- 
thesis. In this paper we present our new gripper-type 
connection mechanism which reduces power consump- 
tion and improves robustness (Soct,ion 2.1). We de- 
scribe our hierarchical approach to  Molecular reconfig- 
uration planning, consisting of three planning levels: 
trajectory planning, configuration planning, and task- 
level planning (Section 3). We present our algorithm 
for trajectory planning and show that t,his planning 
level, thc lowest, in the hierarchy, can be performed 
in linear time (Section 3.1.1) and describe our trajec- 
tory plan parallelization algorithm (Section 3.1.2). We 
also int,roduce our scaffold planning approach which 
increases rcconfiguration parallelism and reduces plan- 
ning complexity (Section 3.2.1) and outline an algo- 
rithm for configuration planning (Section 3.2.2). Fi- 
nally, we describc our Molecule simulator and our sim- 
ulation experiments (Section 4). 

1.1 Previous Work 
We are inspired by previous work in modu1a.r 

robotics and in self-reconfiguring robots. 
Related work in designing modular robots includes 

[PK93, PK95, NS96, HS961. In [PK95] a method for 
designing various robotic arms with different, reach- 
ability properties out, of t,he same set of 7 mod- 
ules is proposed. The modules get, aggregated by 
hand. [NS96, HS961 dcscribe the TETROBOT mod- 
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Figure 1: The robotic Molecule. The Moleculc is com- 
posed of two atoms, connected by an right-angle rigid 
bond. The Moleculc has 4 dcgrccs of frecdom: t,wo 
rotational dcgrces of freedom about the bond and onc 
rotational dcgrce of freedom per at,om about a single 
inter-Molecnlc conncctor. The connectors have been 
implcmented with clcctromagncts. 

ular robot which can be assemblcd by hand into 
many different configurations while still bcing con- 
t,rolled by the same hardware and software architec- 
ture. Relatcd work in sclf-reconfigurable robots in- 
cludes [FK90, Yim93, Yim94, CY99, NG+OO, MKK94, 
YM+97,MK+98,YM+98,YM+99,MY+99,YK+99, 
PC+96, CPE96, PEC97, VR99, WC+99]. In [FK90] 
a cellular robotic system is proposed to coordinatc 
a set of specialized modules. (Yim93, Yim941 stud- 
ies mukiple modes of locomotion that arc achieved 
by composing a few basic elements in different ways. 
[CY99, NG+OO] present planning algorithms for self- 
reconfigurablc robot systems. [MKK94, YM+97] con- 
sider a system of modules that can achieve pla- 
nar motion by walking over onc another cxploiting 
changes in the polarity of magnetic fields. In [MK+98, 
YM+98, YM+99, MY+99] a three-dimensional self- 
reconfigurable module and algorithms for distributed 
reconfiguration arc presentfed. [YK+99] proposes a 
planar self-reconfigurable module using shape memory 
alloy actuators. [PC+96, CPE96, PEC971 describes 
two mctamorphic robot systems that can aggregatc 
as st,ationary two-dimensional structures with vary- 
ing gcomet,ry. The modules are deformablc hcxagons 
and non-deformable squares which move relative to  
a stationary set of modules. In [VR99] a self- 
reconfigurable robot, module is proposed that per- 
forms reconfiguration by selective compression and 
expansion. [WC+99] consider mctamorphic robots 
based on thcir CONRO modulc. In our previous 

work [KR+98: KR98, KR991 we describe our robotic 
Molecule which can aggregate with othcr identical 
Molecules as arbitrary thrce-dimensional striictures 
and present sevcral global motion algorithms as well 
as a language for describing global Molecular motion. 
[MR98] dcmonstrates a reduction of a syst,em com- 
posed of Molecule robot,s to the metamorphic robots 
of [PC+96]. 

2 The Self-reconfiguring Molecule 
2.1 Architecture 

A Molecule robot [KR+98] consists of two atoms 
linked by a rigid conncction called a bond (see Fig- 
ure 1). Each atom has five inter-Molecule connection 
points and two degrecs of freedom. Onc degree of 
frecdom allows the at,om to rotat,e 180 dcgrecs rela- 
tive to its bond connection; and the other degree of 
frccdom allows the atom (thus the entire Molecule) 
to  rotate relative 180 degrees relative to one of t,he 
inter-Molecule connectors a t  a right angle to the bond 
connection. 

We have already prot,otyped the Molccule (see Fig- 
ure 1.) 

Figurc 2: The prototype gripper connection mecha- 
nism. The gripper is a male-female design. The malc 
componcnt is in the upper lcft and the female compo- 
nent is in the lower right,. Molecules will either havc 
all male component,s or all female componcnts as con- 
nectors. This does not cause a problem because the 
Moleculc design naturally partitions 3D space into two 
regions. A single Moleciilc can only occupy one of t,he 
rcgions and can only conncct to Molecules in thc othcr 
region. 

Our currcnt, design uses R/C servomotors for the 
rotational degrees of frccdom. A new featurc of our 
prototype is the use of a gripper-type connection 
mcchanism (see Figure 2). In our previous design we 
iiscd clectromagnets as the connection mcchanism, but 
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electromagnets have several disadvantages including 
continuous power consumption to maintain connec- 
tions and requiring a sheath to prcvent iinwant.cd rota- 
tion about the axis of connection. Since a sheat,h must 
extend bcyond the bounding sphcre of the atom to al- 
low it to intcrlock with it,s mating sheath, a binding 
condition in introduced restricting mating motion to 
a facctc-facc approach (a sliding approach, in which 
the two mating faces come into contact by sliding past 
each other is not possible because of sheath collisions). 
A gripper-type connection mechanism, in which the 
gripper arms can retract into thc bounding sphere of 
the atom allows sliding face-to-face approaches and 
atom rotations in place. Also, since the gripper arms 
are driven by a non-backdrivable worm gear mech- 
anism, they will maintain thcir grip when electrical 
power is no longcr applied, decreasing the power con- 
sumption of Molecule self-reconfiguration. 

The rotating connection points on each atom are 
the only connection points required for Molecule mo- 
tion. The other conncction points are used for attach- 
ment to other Molecules to creat,e stable 3D struc- 
tures. Each Molecule also contains a microprocessor 
and the circuitry needed to control the servomotors 
and electromagnets. The diameter of each atom is 4 
inches (10.2 cm.), making the atom-atom distancc in 
the Molecule approximately 5.7 inches (14.4 cm.). The 
weight of the Molecule is 3 pounds (1.4 kg.). 
2.2 Molecule Motion 

tion capabilities: 
An individual Molecule has the following basic mo- 

0 linear motion in a plane on top of a lattice of 
identical Molecules, irrespective of the absolute 
orientation of the plane; . 

convex 90-degree transitions between two planar 
surfaces composed of Molccules; 

concave 90-degree transitions between two planar 
surfaces composed of Molecules. 

The details of controlling these motions using the 
4 molecular DOFs are provided in [KR+98]. Figure 3 
illustrates the linear walk algorithm. 

3 Planning Algorithms 
Our approach to Molecule planning is to divide the 

task into three hierarchical levels: trajectory planning, 
configuration planning, and task-level planning. Tra- 
jectory planning synthesizes motion plans for a single 
Molecule robot moving from some start position to a 
goal position. This the lowest, level of planning. Con- 
figuration planning synthesizes motion plans for a set 

Figurc 3: A linear walk sequcncc. The checkercd sur- 
face represcnts a plane of Molecules. An atom with a 
black dot, is attached to the Molecule below it. The 
left image represents the init,ial configuration. A clock- 
wise rotation of 90 dcgrces about thc connected atom 
produces t,he next image. The atoms then swap at- 
tachmcnt as indicated by the movement of the black 
dot,. Finally, a counterclockwise rotation of 90 degrees 
produces the right image. Anothcr attachment swap 
would return the Moleculc to its initial posc, trans- 
lated by two squares in the vertical direction. A sim- 
ilar sequence could bc used to translate the Molecule 
horizontally. Thus, these sequences of moves are suf- 
ficient for Molecular translation to any pair of white 
squarcs in the plane. 

of Molecules moving from some starting configuration 
to a goal configuration, and uses trajectory planning 
as a component of the planning algorithm. Task-level 
planning is the highest level of planning and involves 
selecting various configurations of Moleculcs to per- 
form different tasks such as locomotion or manipula- 
tion. The task-level planncr uses configuration plan- 
ning to assist in the planning process. Section 3.1 will 
focus on the details of of our trajectory planning algo- 
rithms and Section 3.2 will discuss our configuration 
planning algor it hms . 
3.1 Trajectory Planning 

Motion planning for a singlc Molecule, M ,  is the 
task of finding a traversable path from a start loca- 
tion to a goal location, given a fixed substrate, S, 
of Molecules on which M can move. The ability of 
M to movc on S is limited by two factors: the color 
constraint and the blocking constraint. The color con- 
straint is a result of the Molecule gcometry which ef- 
fectively partitions 3D space into two regions or colors 
(see [KR98]), and restricts conncctivity to inter-region 
connections only. Since Molecule movcment is based 
on making connections to the substrate Molecules, thc 
color constraint restricts the possible traject,ories from 
the start, to goal locations. Thc blocking constraint, de- 
scribes t,he inability of a Molecule, M t,o move from 
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one valid posc, P to another, P', duc to a physical 
obstacle (which can be internal or extcrnal to M )  or 
due to limitat,ions in the rotational degrees of frccdom 
of M (the current, Molecule DOFs support only 180 
degrees of rotation). In the next section we analyze 
our search-based algorithm which solves the trajcctory 
planning problem in linear time. The following section 
describes our current, approach to producing parallel 
trajectory plans. 

3.1.1 llajectory Planning Algorithm 

In our previous work [KR98] we described a graph 
model for thc motion synthesis of Moleculc movement. 
In this method, the Molccule structure can be viewed 
as a graph, allowing a linear-time scarch to discovcr 
the shortcst path from the start to goal location (The- 
orem 7). Thcre the shortest path was the minimum 
internode distance from thc start location to the goal 
location, where nodes represented accessible Molecule 
faces. As a result of our experiments, we have deter- 
mined that a better measure of trajectory complexity 
is the number of rotations and connections necessary 
to move from the start location to the goal location. 
The complcxity of a planner using t,his metric is givcn 
in the following theorems. 

Theorem 1 Let S be a Molecular structure of k 
Molecules. Let M be a Molecule on the exterior of 
this structure. Let a bridge pose of M ,  be a pose of 
M on S such that at least one face of each atom of M 
is in contact with some faces of some Molecules in S 
or multiple faces of a single atom of M are in contact 
with some faces in S and at least one them is a rotat- 
ing connector. Then the size of the set of all bridge 
poses of M on S ,  BM, is  O ( k ) .  

Proof: Since a Molecule has a constant num- 
ber of faces, the number of faces in S is O(k) .  A 
Molecule connected to any face, F ,  has at  most a con- 
stant number poses, PF, which it can take because the 
number of degrees-of-freedom is a constant and each 
DOF can only assiimc three positions, -90-dcgrees7 0- 
degrees, and +gO-degrees. Therefore, because the set 
of bridge poscs M can take while connectled to F is a 
subset of PF, each Molecule face in S can only partic- 
ipate in a constant number of bridge poses. Thus the 
set of all bridge poses of M on S is O ( k ) .  0 

Theorem 2 Let S be a Molecular structure of k 
Molecules. Let M be a Molecule on the exterior of 
this structure. Let a simple trajectory of M on S be a 
trajectory which can be achieved by  a reorientation of 

the the DOFs of M without changing the connection 
status of M .  Let a non-simple trajectory of M on S 
be a trajectory which requires a Molecule to change its 
connection status at least once. Then any non-simple 
trajectory of M on S can be viewed as a simple tra- 
jectory (possibly needed to reorient M from the initial 
pose, PI,  to some bridge pose), a sequence of bridge 
poses linked by the intermediate rotations and connec- 
tions necessary to move f rom one bridge pose to an- 
other, and a simple trajectory (possibly needed to moue 
M from the final bridge pose to  the final pose, PF). 

Proof: A non-simple trajectory requires M to 
change its conncction st,atus. A change in connection 
status which does not disconnect, M requires M to at- 
tach at least one unconnected face to a facc in S and 
detach at  least one facc which was connected to a face 
in S. Thesc connection swaps must occur at  a bridge 
posc. Therefore M can only move on S by transition- 
ing from one bridge pose to another. If PI (or PF) is 
not a bridge pose then, if the trajectory is achievable, 
a simple t,raject,ory must exist which can reorient, M 
into a bridge pose (or reorient M from a bridge pose 
to PF) because if PI (or PF) is not a bridge posc and 
cannot reach a bridge pose it cannot move except to 
reorient itself with respect to its current connection. 
0 

Theorem 3 The maximum number of rotations and 
connections necessary to link one bridge pose to an- 
other is a constant. 

Proof: For any two bridge poses, Bx and By, 
of M a link exists between Bx and By if there is a 
simple trajectory from Bx to BY (and therefore from 
BY and Bx since any trajectory is reversible) that 
does not pass through any othcr bridge pose. The 
only connection changcs that, could occur from Bx to 
By are when M is at Bx or BY since there are no 
bridge poses between thcm, therefore the maximum 
number of connection changcs is a constant since the 
number of connectors is const,ant. The tot,al number 
of rotation changes is also a constant, since each of the 
four DOFs has only t,hrec rotation states. Thus, the 
total number of rotations and connections that, could 
occur between two bridge poscs is a constant. 0 

Theorem 4 Let S be a Molecular structure of k 
Molecules. Let M be a Molecule on the ezterior of 
this structure. Let PI be an  initial pose and PF be 
a final pose for M .  Let a shortest path f rom PI to 
PF be a trajectory in which the number of 90-degree 
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rotations plus the number of connector activations is 
minimized. Then the shortest path from PI to PF can 
be computed in O ( k )  t ime worst case. 

Proof: Let G be a graph in which the set of 
all bridge poses of S ,  Bs,  are the vertices and the 
edges are the links betwcen the elements of Bs. Lct 
the weight of an edge be the number of rotations and 
connections necessary to link the two bridge poses. 
Then the shortest path from PI t,o PF can be found 
in O ( k 2 )  time using Dijkstra's algorithm since the size 
of Bs is O ( k )  by Theorem 1. However, this bound 
can be improved. Dijkstra's algorithm requires two 
data structures, a priority queue, Q, of nodes to be 
processed and set of nodes, L, for which we have path 
length estimates. The set L can be implemcnted as 
an array indexcd by the faces of the Molecules in S 
which the bridge pose spans plus t,he rotation states 
of the four degrees-of-freedom. Array access time is 
0(1) worst case. If Q is implemented as a traditional 
priority queue then the extraction time of the min- 
imum element will be O(n),  where n is the number 
of items in Q. However, by Theorcm ref/link-size we 
know that there is an upper bound, m, on the path 
length estimates derived from processing any element 
extracted from Q. Wc can use this to implement Q as 
a circular buffer of m normal queues which have O(1) 
worst casc insertion and extraction times. For any 
element, e,  extracted from the queue currently hold- 
ing the set of minimum length bridge poses, Qmin, 
we know that, the new bridge pose estimates derived 
from e can be placed in one of the other m - 1 queues. 
When we empty Qmin, Qmin+l becomes the new Qmin 
and the old Qmin becomrs Qmin+,--lr the new Q,,,. 
This data structure essentially implements a priority 
queue based on a counting sort for which each inscr- 
tion and extraction takes O(1) time. Therefore, since 
each bridge pose is processed by the algorithm at most 
once and the amount of work performed is 0(1) worst 
case, the running time for generating a trajectory plan 
is O ( k )  worst case. 0 

In practice, using an array for L would require 
O(k2)  storage space. If a hash table were used instead 
the storage space would be O ( k )  and the running time 
would be O ( k )  on average inst,ead of worst case. This 
may be a good tradeoff if the number of Molecules is 
large. 

3.1.2 Trajectory Plan Parallelization 

Currently, when a set of Molecule t,raject,ories nccd to 
be generated, they are done serially bccause the cur- 

rent vcrsion of our planner cannot, plan parallel trajec-. 
torics. However, parallelism is an important feature in 
any self-reconfigurable robot, systcm in order to insure 
scalability. Therefore we have developed a paralleliza-- 
tion algorithm which can merge mdtiple serial trajec-. 
tory plans into a single parallel plan. The algorithm is 
based on the fact that the trajectory planner can ver- 
Zjy parallel plans even though it  cannot generate them. 
The parallelization algorithm works by sequentially 
merging serial plans into the current parallel plan. Ini- 
tially, the current parallel plan is just the first serial 
plan. The second serial plan is then merged to the 
first using a binary search algorithm which searches 
for the valid merge point with the maximum overlap. 
The result becomes the new current parallel plan. The 
remaining serial plans are then merged one by one in 
the same fashion. 

This algorithm works well in practice, producing 
parallelizations that are, on average, 117th the total 
length of the sequential serial plans. However, the 
parallel plans are not guaranteed to be optimal, even 
though each serial plan is optimal. This is because 
the optimal parallel plan may require non-optimal se- 
rial plans in order to increase the amount of paral- 
lelism. Although optimality cannot be assured, we 
find that this algorithm produces acceptable paral- 
lelizations with a reasonable amount of computation. 
The running time of our parallelization algorithm is 
O ( n  lg(m)) worst case, where n is the number of se- 
rial plans to be parallelized and m is sum of the length 
of the serial plans. 
3.2 Configuration Planning 

Configuration planning is the process of determin- 
ing a plan which allows a Molecule structure to re- 
configure, transforming itself from some initial struc- 
ture SI to a final structure SF.  If SI and SF are 
overlapped, meaning that they share some common 
module(s) , then the configuration planner can move 
non-overlapped Molecules from SI to non-overlapped 
Molecule positions in SF until the reconfiguration is 
complete. Otherwise, the reconfiguration of structure 
SI to structure SF can be seen as a locomotion of SI 
from its starting position to a position which overlaps 
SF,  followed by a reconfiguration. The locomotion 
phase may involve many other structures optimized 
for movement,. Assuming some overlap betwcen SI 
and SF,  thc general steps for a configuration planner 
are: 

1. Finding a set of Molecules, M I ,  in SI which are 
movablc. 

2. Finding a set of Molecule locations, RF,  in SF 
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Figure 4: Two views of a 54-Molccule scaffold tilc. Thc tilc is composed of a planar array of Molccules and four 
towers made up of thrcc Molcculc pairs each. Whcn this structure is used to tile three-dimensional space the 
towers create voids in the structure, allowing Molecules to move through the structurc instcad of being restricted 
to the surface. 

which arc rcachable given the current, overall 
structure, and 

3. Finding a member of M I  for which a valid trajec- 
tory, T ,  exists to some member of RF and moving 
the module using T.  

The constraints on configuration planning arc a su- 
perset of t,hose in trajectory planning (scc Scction 3.1), 
since Step 3 requires the generation of a trajectory 
plan. Thc additional constraint in configuration plan- 
ning is structural. Care must be taken when asscm- 
bling or disassembling a structure to not overstress 
the load bearing capability of Molecules by creating 
long unsupported structures. However, even if the 
structural constraint is ignored, configuration plan- 
ning is more complex because the reconfiguration or- 
der itself may produce color or blocking constraints. 
For examplc, a movement of somc Molcculc, M,, to 
location R, may creat,e a blocking constraint which 
prevents Molecule Mj from reaching its goal location. 
Thus, the configuration planning problcm is gcncrally 
viewed as a matching problem, i.e. finding an ordered 
mat,ching of Molecules in SI and SF which do not, 
violate the blocking and color constraints. Unfortu- 
nat,ely, producing such a matching is computationally 
very expensive, perhaps NP-hard. Therefore we pro- 
pose our scaffold planning approach which eliminates 
blocking and color constraints, reducing the compu- 
tational complcxit,y of configurat,ion planning '. The 

'The scaffold planning approach was independently devel- 
oped in [NG+OO]. However, our method describes a specific 3D 
tile (inetamodule) which can be used to build 3D structures 

next section describes our scaffold planning approach. 
The following section discusses configuration planning 
using the scaffold planning method. 

3.2.1 Scaffold Planning 

The goals of scaffold planning are threefold: 

1. Provide 3D movcment conduits (tunnels) in the 
interior of Molecule structures which allow for in- 
creased Moleculc movcment, 

2. Provide regular, repeatable surfaces within thc 
tunnels which allows individual Molcculc trajec- 
tories to be precomputed, eliminating the need 
for online trajectory planning, and 

3. Eliminate blocking and color constraints. 

Our approach toward achieving these goals is to use 
groups of Moleculcs as tiles which can self-reconfigure 
on a meta-scale (see Figure 4). 

Most self-reconfigurable robot systems achievc re- 
configuration by moving modiilcs on a siibst,rate of 
other modules (a notable exccption is [VR99]). If 
the structure is a solid mass, then the exterior of the 
structure is the only substrate available for movement. 
However, the surface area of a structure does not scale 
as the volumc of thc structure increases-there is pro- 
portionally lcss surface area per module. This is an im- 
pediment to parallclism, causing a decrease in recon- 
figuration speed as the number of modules increases. 

One way to avoid this bottleneck is to allow move- 
ment within tho st,riicture. The key advantage of the 
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Notation: SI is the init.ia1 Molecule tile structiire. 
SF is thc final (goal) Molecule tile structure. 
SO is the overlap bctween SI and SF (this algorithm assumes that there is an overlap betwcen SI 

and SF) .  

Input :  SI and SF.  

Configuration Plan: Compute SO from SI and SF.  
Assign ID numbers to the Molecule tilcs in SI and SF based on thcir gcometric 

While SI - SO is not empty, select a tile from the maximal ID set and move it, to a 
distance from SO (larger ID numbers equal a larger distance from the overlap area). 

location in the minimal ID set of SF - SO. 

Figure 5:  The serial configuration planning algorit,hm using the scaffold planning method. 

tiles is that when they are joined they naturally create 
three-dimensional tunnels in the structure. These tun- 
nels can be viewed as a 3D subway system, allowing a 
large increase in parallcl Molecule movement. 

In addition to t,he increase in parallelism, scaf- 
fold planning eliminates the need for online trajectory 
planning. As we have shown in Section 3.1.1, trajec- 
tory planning can be done in linear time in thc number 
of Molecules. However, in practice the constants arc 
high, making trajectory planning a time consuming 
part of Molecule planning. But since the interior of 
a scaffold structure is an engineered space, motions 
within the interior can use precomputed trajectory 
plans. These plans can be put into libraries which 
are used by individual Molecules to move within the 
structure. Furthermore, since the interior is regular, 
short library sequences for movement in the x, y, and 
z dimensions can be composed to enable Molecules 
to move anywhere within the structure without doing 
online trajectory planning. 

Finally, our prototype scaffold t,ile eliminates the 
blocking and color constraints. We have demonstrated 
in simulation t,hat the Molecules composing a tile can 
travel through the interior of any lattice of tiles, using 
individual trajectory plans in an order determincd by 
a constraint-based search procedure. Once the tra- 
jectories and their order are determined, the color 
constraint, is totally eliminat,ed and the blocking con- 
straint is eliminated at the Molecule level. We havc 
also shown in simulation that tilcs can be disassembled 
and assembled without infringing on any space e x t c  
rior to the t,ile itself. This result, together with the 
Moleciilc blocking constraint result, totally eliminates 
the blocking constraint. 

Using these concepts, a self-reconfigurable robot 
can be viewed as a lattice of tilcs, ignoring t,he indi- 
vidual Molecules that compose the tilcs. Reconfigura- 
tion is then a set of tile movements from one location 
to  another. Tiles can disassemble themselves at one 
location, travel as a non-connectcd group of individ- 
ual Molecules through the structure using the offline 
trajectory library sequences dcscribcd above, then as- 
semble themselves a t  a new location. The result is 
that tiles appear to dissolve into the structure and 
pop out again at some other location. An apparent 
disadvantagc to this scheme is the increase in granu- 
larity of the system. Our prototype tile contains 54 
Molecules and is approximately 100 times the volume 
of a single Molecule. However, if finer surface detail is 
necessary a hybrid system can be used. In this case, 
the interior can be composed of tiles surrounded by 
outer layers of non-tile Molecules. This still preserves 
much of the benefit of a scaffold-based system. Scaf- 
folding can also be seen as a framework for structure 
formation. If greater Molecule density is desired a t  
some location, perhaps due to structural constraints, 
individual Molecule can fill in the scaffold tunncls, in- 
creasing the strength of the structure. 

It is importrant to note that the scaffold planning 
approach is not limited to the Molecule architecture. 
Any self-reconfigiirable robot which has blocking con- 
straints can benefit from a tile-based approach, al- 
though the specific tile structure will vary according 
the robot architccture. 

3.2.2 Configuration Planning Algor i thm 

Using the scaffold planning approach reduces configu- 
ration planning to a simplified matching problem (de- 
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Figiirc 6: The three main windows of t,hc Molecule simulator. On t,hc lcft is thc simulation window showing 16 
Moleculcs and a sct of cubes arranged as stairs. The cent,er image is thc console window which is used to interact 
with thc simulator. The console also can function in a non-interactivc modc, sending commands from a tcxt file. 
On the right is t,hc Geomview window. Geomview is a scientific visualization program used as the 3D display 
engine for the simulator. 

ciding which tiles should relocate to whcre) and a 3D 
Manhattan routing problem (how docs a tile get from 
the start location to the goal location). Thc scaf- 
fold matching problem is much easier than thc non- 
scaffold problcm because there are no blocking or color 
constraints. The only constraint is structural. The 
3D Manhattan routing problem is trivial in the non- 
parallel case, but bccomes more complcx when many 
tiles are in motion, all competing for space in the tun- 
nels. For thc serial casc we propose the algorithm in 
Figure 5. 

Since there are no blocking constraints in the scaf- 
fold planning approach, the Molecule movement, order 
only affects the structural constraint. This constraint 
is overcome by asscmbling and disasscmbling tiles in a 
layered method relat,ive to  So. A breadt,h-first search 
can bc used to assign ID numbcrs to tiles such that, 
tilcs farther from the overlap area have larger ID num- 
bers. Then tilcs from SI in order of largest to smallest 
ID numbers are moved to tile locations in SF in order 
of smallest to largest ID numbers. The rcsult is a lay- 
cred disassembly of SI and assembly of SF,  with tiles 
moving through So. 

4 Experiments 
Wc have implcmented our trajcctory planner as a 

component of our Molecule simulator which displays a 
threedimensional projection of a Molccule system on 
a computer display (see Figure 6). Using the simula- 
tor, Moleculc structures can bc created and individual 
Molecule relocation trajectories can be planned (sec 
Figiirc 7). Our current version of the trajcctory plan- 
ncr uses the standard vcrsion of Dijkstra’s algorithm 

with a running time of O ( k 2 ) ,  although in the near fu- 
turc we will make modifications to  reduce the running 
time to  O ( k )  as described in Theorem 4. Using the 
current vcrsion, we find that Molccule trajectory plan- 
ning timcs can vary from approximately 2 minutes for 
a 16-Molecule systcm to 55 minutes for a 162-Molccule 
system. Wc also have a heuristic version of our trajec- 
tory planner which estimates the number of rotations 
and connections ncedcd to  reach the goal and uses the 
sum of the currcnt path length plus the estimate as 
the indexing criterion for thc priority queue. The re- 
sult is not guarantecd to be an optimal trajcctory but 
in practice it is usually close. The heuristic algorithm 
reduces the running time thrccfold on average. 

Our configuration planning expcriment,s have been 
performed as part of our scaffold planning research. 
Wc have relocated a 54Molecule tile in thc 2, y, and 
z directions, verifying that, this t,ile is capable of gen- 
eral relocation on a scaffold structurc. Future work 
will consist of creating the precomputed composable 
relocation sequences that enable relocation along ar- 
bitrary Manhattan pat,hs. 

5 Discussion 
We have prcscnted our trajectory planning and 

configuration planning algorithms for the self- 
reconfiguring robotic Molecule. We have shown that 
trajcctory planning can be done in linear t,imc in the 
number of Molecules in the structure. Wc have also 
described our trajectory plan parallelization algorithm 
which prodiiccs parallel trajectory plans from multiple 
serial plans and our scaffold planning approach which 
enginccrs the intcrior of a Molccule structure in or- 
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Figure 7: Thrce snapshot,s of an intcractive trajcctory planning session for a system of 16 Molccules. The left 
image shows the initial state of the system. The center image shows the structure after 9 Molecule trajectory 
plans have been executed, and the right image shows structure after all Molecules have bccn rclocated. 

der to optimizc Molecule relocation. Wc havc shown 
that scaffold planning incrcascs parallelism, eliminates 
t,hc need for online trajectory planning, and rcmovcs 
blocking and color constraints from thc configuration 
planning problem. 

Much planning work remains to be done. We are 
currently developing thc low-lcvcl offline movement, li- 
brary for our scaffold planncr. Wc are also implc 
mcnting our scaffold-based configuration planning al- 
gorithm and wc intcnd to extend it to generate parallel 
rcconfiguration plans. 

Our new gripper connection mechanism is currently 
in the prototype stage, but once it is completed we 
plan to use it on our four prototype Molecules. Al- 
though four Molecules are not enough to implement 
scaffold planning algorithms. we will demonstrate the 
ability of Molccule robots t,o pcrform the motions nec- 
essary to achieve largc scalc rcconfigurations. 
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