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Abstract— Modular robots have the potential to achieve a In this paper, we present a decentralized algorithm for
wide range of applications by reconfiguring their shapes to the self-organization anvironmentally-adaptive shapésfe
perform different functions. This requires robust and scakble focus on a chain-style modular robot configured to form a

control algorithms that can form a wide range of user-specifd - A
shapes, including shapes that adapt to the environment. Her flexible surface [5], [6]; individual modules affect the glea

we present a decentralized a|gorithm for Se|f-0rganizing of through local aCtUation, and distributed tilt sensors i:d'ev
environmentally-adaptive shapes. We apply it to a chain-style environmental feedback. The desired shape is described in

modular robot, configured to form a flexible sheet structure. terms of regional constraints on orientation with respect t
We show that the proposed algorithm is capable of achieving a {he environment. We present a simple decentralized multi-

wide class of environmentally-adaptive shapes, and the mate . . ) ..
control is simple, scalable, robust and provably correct. e agent algorithm that has several salient features: (1)iése

algorithm is also sdlf-maintaining: the shape automatically ©On simple local rules for each module, (2) it is capable of
adapts if the environment changes. Finally, we present sen@@  achieving a wide class of environmentally-specified global
applications which can be a_chieved within this framework va shapes, (3) if the environment changes, the global config-
robot prototypes and S'm“('jat'ons' such aﬁasf'f'p?]'a”?'”%?bﬁ' uration automatically adapts, (4) it is both scalable and
In our experiments, we demonstrate the algorithm s highly robust, (5) the distributed control is provably correct: we

responsive and robust in the face of real-world actuation ad .
sensing noise. can guarantee convergence for the class of shapes in our

framework.

l. INTRODUCTION The ability to achieve complex shapes and adapt to

Modular robots are a class of robotic systems composéfe environment leads to many potential applications. We
of many identical, connected, programmable modules thgemonstrate several examples (Fig. 1) using a prototype
can coordinate to change the shape of the overall robefardware robot and a physics-based simulator, includilig se
This versatility allows a single robot to perform multiplepalancing furniture, a terrain-adaptive bridge, and dyisam
tasks, typically the purview of special-purpose robotghsu rendering for 3D media. Using our prototype hardware
as achieving different types of locomotion (rolling, craw,  robot, we present experimental results on convergencelspee
climbing) in complex terrains [1]. Modular robots also eleab response to environmental change, accuracy in the presence
new application areas, from adaptive bridges and shetters,of sensing and actuation noise, and robustness to actuator
3D physical dynamic rendering [2]. failure. These experiments demonstrate that the algorishm

The success of these applications requires the ability tighly responsive and robust in the face of real-world noise
program the behavior of the individual modules such thgh actuation and sensing.
the system, as a whole, achieves a global shape goal. AsThe remainder of the paper is organized as follows.
the number of modules grows, centralized control becomgge present related work in Section Il. The modular robot
intractable and slow. Recently, several groups have demogodel is described in Section 1. We present the distridute
strated decentralized algorithms for reconfiguration t#at shape formation algorithm and theoretical results in ecti
achieve large classes of user-specified shapes [3], [45€Thqy, followed by several example applications (Section V).

algorithms rely on simple module rules and, in some casesinally, we present our implementation of the robot and
are provably correct in the face of asynchronous modulgxperimental results in Section VI.

movement. However, these algorithms only address goal

shapes that are fully specified in advance — the environment Il. RELATED WORK

plays no important role in the final shape. For many applica- Several research groups have demonstrated the design of
tions, the shape may need to directly sense the environmenodular robots. A modular robot is composed of many
and conform its configuration to fit the environment. Foconnected, identically-programmed modules, where each
example, a modular robot forming a table (or a flat “road’'module can communicate locally with other modules that are
structure into a collapsed building) will have to adapt tghysically connected to it. One common style is the “chain-
the uneven terrain in order to keep its surface level; ibased” modular robot [1], [7], [8], where individual modsile
the underlying terrain changes then it may also need wan change their own shape through individual actuation
continually adapt to maintain the desired structure. (e.g. changing internal angles, Fig. 2(a)) and/or recondigu



Fig. 1. Several different types of shapes that can be adhiaithin this framework: (a) Chain-typed structure (b) Sedlancing table prototype (c)
Terrain-adaptive bridge simulation (d) Physical dynangndering simulation (face).

to change connectivity with neighboring modules. Anotheeach module’s consistently sensing environment and self-
common style is the “lattice-based” modular robot, whererganizing its own actuation. This process is also coredlat
overall shape change is achieved only through modulegth the consensus formation described in [14].
changing their local connectivity [3].

In chain-based robots, there are several centralized and a lll. MODULAR ROBOT MODEL
few decentralized algorithms for shape change [8], [9].SEhe In this section we describe our modular robot model, in
algorithms focus on fixed, pre-specified global shape goafsrticular the capabilities assumed of each module and how
and do not involve feedback from the environment. Howevethie modules are connected. Briefly, we assume that we have
there is also a considerable body of work on locomotionhain-based modules connected in a fixed configuration, con-
(dynamic shape change through module actuation) and $isting of a flexible surface with supporting legs (Fig. 2). A
this context there are a few examples of using environmentalodule can “compress” and “expand” its height by adjusting
feedback. For example, Yim et al. have demonstrated stdis internal angle. Shape change is achieved by groups of
climbing where a robot uses pressure sensors to confommpdules compressing and expanding. This concept of shape
to the stair height [10]. In general the feedback control haghange through deformation is similar to the foldable sheet
been closely tied to the specific locomotion task; our worlkand deformation models in [5], [6], but implemented using
uses similar feedback control principles but in the contéxt simple chain-based modules.
shape formation.

In lattice-based robots, there has been some work on dfg‘l Agent (Module) Model
tributed algorithms for shapes that adapt to the environmen Essentially, each module can be viewed as a single agent.
Bojinov et al. presented distributed algorithms for sevexa Each agent has four components:
amples in simulation, a hand that grasps an object and a table, Computation: We assume that all agents have identical
that supports a weight [11]. This work illustrates inteirggt programs, but may have different roles and thus behave
potential applications, but the algorithms are difficult to differently. Each agent within the robot has a unique
translate to real hardware. Rus et al. have presented genera ID. We assume that the computation power of a single
distributed algorithms for locomotion and shape formation agent is limited, and our focus is on simple local rules
over a terrain with unknown obstacles [3], [12]. In these that do not require complex calculations.
algorithms, modules treat obstacles as non-moving modules . Communication: Each agent can communicate with its
allowing the system to easily generalize to complex tegain immediate physically-connected neighbors.
However, this work solves a slightly different problem than o Actuation: Each agent is equipped with an actuator
the one we are interested in, since the goal shape itselttis no that allows it to change its angle, as shown in Fig. 2(a)).
specified with respect to the environment. Also it is not clea Later in section VI we describe how we implement this
how easy it will be to translate the abstract model of sensing in hardware.
to actual hardware. One limitation of lattice-based system « Sensing: Several agents are also equipped with ac-
is that shape change can only be achieved through module celerometers that allow the agent to determine its tilt
movement which is slow in hardware implementation. In  angle with respect to the environment.
chain-based systems, modules can quickly actuate to peoduc
large shape changes. Hence we focus on the latter style Bf Flexible Surface Model
modular robots in this work. In this paper, we assume that the agents are connected to

Distributed manipulation, e.g. [13], is another field thaform a flexible surface with supporting legs (e.g. Fig. 2(a))
shares similarities with our framework. Research along thiThus the agents belong to one of two classes of groups:
line tackles tasks like part transportation and reoriémat the surface groupsand thesupporting groupsThe flexible
through simultaneous motion of an array of actuators. Singirface is formed by all surface groups. A supporting group
it only considers static and known environments, the céntrés a leg of the robot. We note that, by using rearrangement
parameters are generally pre-computed. Our approactefurttalgorithms such as [15], one can make a chain-based robot
deals with uncertainties in the dynamic environment thtougreconfigure into this type of flexible surface model. In our
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to assume. There has been considerable work on distributed
algorithms for role assignment [6], therefore in the instef
space we only briefly describe the process. Pivots thenselve
can be identified via their physical connection, since they a
the only modules which connect with other modules both
horizontally (with other surface group modules) and verti-
cally (with a supporting group module). Similarly bottom
“feet” modules have only one connection. Both pivot and
feet modules propagate messages that allow other modules
to determine whether they are members of a surface or
supporting group, and what group identity label to assume.

IV. DISTRIBUTED SHAPE FORMATION
In this section, we first describe how a desired shape is

(b) specified in our framework. Then we present our distributed
Fig. 2. (a) Flexible surface model. Each agents is equippéd avservo,  feedback control algorithm which allows the robot to achiev
and one of the agent in the surface group is also equippedaiithsensor. the desired shape regardless of different initial envirents.

(b) An example group identity initialization, with pivot$X), surface groups ; . o .
(8%, supporting groupsR.), and tilt sensorsé,). It also enables the robot to maintain the specified shapewhil
facing changes in the environment.

A. Shape Specification

algorithm, we assume that this connectivity remains fixed , i o
Given our flexible surface, we define a shape by specifying

throughout. . . ;
A surface group is a basic element of the flexible surfacéhe desired tilt 6?”9'65 (_)f all surface groups. This "’?IIOW.S us
express a wide variety of shapes, as shown in Fig. 1

When all surface groups are linked together, they form 1o q s he <h ification d
layer of the flexible surface. Each supporting leg (group! nd Section V. However, the shape specification does not

consists of several agents that are vertically connectéoketo ranslate to a fixed module actuatlo!'l. Rathe_r the beha_wor
surface groups of the modules depends on the terrain on which the flexible

Shape change is achieved by the simultaneous actuationSé“r:]cace robot is placed. : .
or now, consider a simple case where our desired shape

the supporting groups. The surface groups play a mostly pas-
sive role in actuatioh However they are equipped with the 'S that the surface must be always level, regardless of the

tilt sensors and thus distribute feedback about the ofiienta underlying terrain. This case is illustrated in Fig. 3. We ca
of the system describe the desired goal shape via specifying the tilteengl

of each pivot's neighboring surface groups. In the follagvin

C. Group Initialization example, all desired tilt angle®’)* = 0.

In our distributed control framework, each agent needs tn
be initialized with its group identification. These grougd @ @ ?
tities remain fixed for a given robot configuration lifetime ®Ta
regardless of the desired shapes being formed. We assi
these identities are determined during an initializatibage

The final group identities are shown in Fig. 2(b). Surfac
group modules that connect directly to a supporting gro
play a special role. We define such a module apiadt’.
Each pivot has a unique identify;. The supporting group
underneath the pivoP; is denoted asRk;. Each surface o
group’s identity is determined by its nearest pivots; we usg: Distributed Feedback Control
S;? to denote a surface group between pivBtsandP;. Note Our algorithmic approach is as follows: once a desired
that these identities define the “locality” of informatiche shape has been specified, all modules coordinate to deform
sensor mounted ofi; constantly propagates the tilt an@’y the current shape until the desired goal is reached. As shown
to P; andP;; the pivotP; collects sensor information only in Fig. 4 (a), we can think of the algorithm as continually
from surface groups it is connected to, and affects only itéerating between two steps. .
own supporting grougR;. In Step 1, the sensor on each surface gr6yigransmits

During the initialization phase, pivots create messagis tilt angle é;i to the neighboring pivot®; andP;. Each
gradients to help modules determine which group identitgivot P; collects tilt sensor information from neighboring

surface groups and computes thggregated feedback
1In cases where the desired shape has a large slope, thecesurdaules

In Step 2, each supporting group; receives an aggre-
will need to be stretched. In our bridge and dynamic physieadering df pdb K f .pp . gEg h ’ dule in th 99 .
simulation, surface modules are connected to each othérelastic links gated teedback from Its pivot. Each module in the supporting

so they can be stretched passively. group uses this information to control its actuation. When

Fig. 3. An example of a shape specification.
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Fig. 4. (a) Step 1: Sensor on each surface group propagatesictilt angle to neighboring pivots. Step 2: Based on eggred feedback computed by
its pivot, each module in supporting group responds to tedkback by controlling its actuator. (b) Simulated link exdenof distributed adaptive control.

Top: current state of the robot. Down: goal state of the rofm)tRotational angles of the supporting group agents. Agenthe middle rotate two times

more than the top agent and the bottom agent.

the desired shape has been achieved (aggregated feedbackhe aggregated feedback for each pivot is computed in
is close to zero), modules no longer change actuation. & purely distributed manner every time step. Each pivot
the environment changes, however, modules will resportcansmits an aggregated feedback to the supporting group
automatically. underneath it.

Each agent has only a local view, and each of them has itsin some conditions, pivots might not know the distances to
own goal (achieving desired local shapes). When the whotheir neighbors or the distances have chadgeiight dif-
robot is placed on a new rough terrain, each agent will nderences between two pivots therefore cannot be computed.
be able to achieve its respective goal via merely one tim@ such cases, we can simply modify feedback contribution
actuation (since all agents are simultaneously changieig th 5;1 from P; in (2) as following:
configurations). This iterative sensing-actuation distied _ _ _
control scheme allows agents to collaboratively achieeg th §=(05)"—0; 3

goals. . . .
More specifically, our algorithm works as follows: 2) Supporting Group Actuation: At a high level, each

1) Pivot Aggregated Feedback: In this step, pivots aggre- sgpporting groupr; reacts to the aggregfated feedback from
gate neighboring sensor information to compute the aggrBVot P: by compressing or decompressing the whole group
gated feedback. Consider the example case in Fig. 4(b); tR¥ & small amount every time step. Aggregated feedback
initial shape is shown on the top, and the desired shape/s iS an indicator of whether supporting grodp; should
shown at the bottom. increase or decrease its physical length and by how much. If

Let us first consider the aggregated feedback for pivdt: > 0, it indicatesR; needs to be compressed (therefore,
P; whose neighboring pivots arg;,_; andP;,,. Let§i_, Itrequires Iarger_rotatlonal angle) anq vice versa. _
denote the current tilt angle from piv@t_; — P;. LetD!_, The compression (or decompression) is achieved by in-
be the horizontal distance betweBn ; and?; (i.e. distance dividual modules acting in an “accordion-like” fashion (as
on x,y plane). Then the height difference betwézn; and shown in Fig. 4(c_))._ In order to achieve this behavior, we
P; is simply Di_, 'fﬂm(éﬁ_ﬂ, which we denote aﬁﬂﬁ_l- need modules within a support group to actuate (rotate)
Analogously, we can compute the height difference betwedR 0pposing directions. We assume that in the initializatio
P;4+1 andP;, denoted asm%;fﬂ. phase, each module agent initializes itself to either chosk

In the desired shape configuration, we want to have tiRf counterclockwise alternatively, starting from the boit

angles(6{_,)* and (6%, ,)* with desired height differences “foot” module. In a supporting grouf; of m agents, we
(AH:_)* = Di , -tan((6i_,)*) and (AH§+1)* = D;.'H . denote the rotational direction of the® agent in it as

tan((0%,,)*) respectively. Af e {~1,1} (counterclockwise, clockwise). To maintain
In general, the aggregated feedbakk for all P, is stability of the supporting group, the top & 1) and bottom
computed as follows: (k = m) agents are programmed to rotate a half angle (as
_ shown in Fig. 4(c)). The rotational angle of th& agent in
Ki=a- Z 3 ) R (we denote it apF) is therefore updated as:
JEN;
where control gainy is a constant an@ < o < 1, andN; k oF+AFL K, if k=1,m 4
is the set of all neighboring pivots &?;. 5;1 is the feedback Pi { pF+2-AF.K; otherwise )

contribution fromP; and is defined as:

i_ iyx i
gj = (AHj) - AHJ’ (2) 2For example, two pivots do not know how many surface moduieset
e i i __ are between them. In our evaluation, the update rule bas€@)amequires
In our example,X; = &_; + &y, where g, = approximately twice as many iterations to converge to theirelé shape as

(AHL_ )" — AHL and&l , = (AHL )" — AHL,. compared to the update rule based on (2).



Algorithm 1 PivOT AGGREGATEDFEEDBACK

1 Input: 01,V P; €N,

2: I* N; : set of all neighboring pivots of?; */

3: [* R; : supporting group underneath the pivgt */

4: [* (%)* : the desired tilt angle to neighboring piv@; */
5. [ * Pivot P; computes aggregated feedback: */
6: for all P; € N; do

7. computeAH:

8 & = (AH;)" — AHj {or (65)" — 05}

9. if & < ethen =0

10: ICiZK:i-f—a-f;

11: end for

12: Send/C; to every agent irR;

Algorithm 2 SUPPORTINGGROUP ACTUATION
1. Input: ;

shape with either feedback contribution computation sehem
(Eq. (2) or (3)).

THEOREM 1 (CONVERGENCEH VP; and vP; € N;. If
current tilt angleé} is accessible taP; and H; is updated
based onk;, the algorithm will driveé;ﬁ to the desired
(65)", regardless of initial conditions and whether or not
D; (distance betweef®; and P;) is known.

PROOF see Appendix.

V. APPLICATIONS

Our algorithm for shape formation has several important
features: (1) The algorithm involves simple, local behavio
by each agent, which scales as we add more supporting
groups to the flexible sheet; (2) the algorithm is guaranteed

2: [* After receiving K;, k' agent inR; computes its
rotational angle */

cpF e pE NELK {20 K if k=1,m}

o if (pf < —Pmaz) then pf = ~Pmaz

o if (pf > Pmaz) then pf = Pmax

. k*h agent updates its rotational angle to ngfv

o O bW

Algorithm 1 and 2 shows the procedure of the distributed
adaptive contrél The intuition behind the algorithm is to
achieve local constraint satisfaction by collaboratinghwi
neighboring pivot modules proportionally to their “degree
of dissatisfaction”. This quantity is expressed as the dif-
ference between its current configuration and its desired
configuration. As each pivot simply computes the sum of this
guantity induced from each of its neighbors, one can see that
neighboring pivots with higher degree of dissatisfactial w
contribute more to the sum. This simple scheme allows the
robot to quickly achieve its desired shape.

C. Theoretical Analysis

Empirically, the update rule stated in (4) has a strong
convergence property to the desired shapes (as shown in
Section VI). In some cases, a pivot can calculate and control
its supporting group’s height. The control can be changed *
in such a way that the theoretical guarantees can be more
strongly stated. As described befdkg is an indication of
the amount thaRR; needs to be compressed/decompressed,
we usel; to updateH; (the height ofR;) directly:

Hi —H; — K %)

Theorem 1 shows that the distributed feedback control
algorithm based on (5) leads the robot to form the desired

3Additional constraints of the robot can be added to the obnies. For
example, line 4 and 5 in Algorithm 2, we enforce each moduletation

to converge to the target shape; (3) if the terrain changes, t
robot automatically adjusts to maintain the desired shape.

These features lead to many potential applications. Here
we describe some examples that we have constructed via
hardware prototypes or simulations:

« Self-balancing Chain/Table: Fig. 1(a) and (b) show

hardware prototypes of the self-balancing chain and
table respectively. In our demonstration, the top portions
of the chain and table remain level regardless of terrain
conditions. This could be useful in many circumstances,
e.g. stabilizing instruments on a boat.

« Terrain-Adaptive Bridge: In our framework, one can

achieve a modular robotic bridge that can adapt to dif-
ferent terrains. We constructed a terrain-adaptive bridge
simulator with Open Dynamics Engine [16] (Fig. 1(c)).
When it is placed on an unknown rough terrain, the
robot can automatically form a flat surface or a smooth
incline. Even if the terrain changes over time, the
modular robot adapts to maintain a level surface. Robot
locomotion over rough terrains has been a challenging
problem. A modular robotic bridge can automatically
form a smooth roadway over the rough terrain for the
other robots.

Dynamic Physical Rendering:Dynamic Physical Ren-
dering is an application where a modular robot forms
arbitrary shapes as a novel form of 3D media and
visualization. Our proposed flexible surface can act as
a “relief” display, since the distributed algorithm can
easily achieve complex shapes (as shown in Figure
1(d)). Applications in this domain require efficient trans-
formation from one shape to another. The distributed
property of our algorithm makes this high dimensional
control problem scalable and allows efficient shape
transformation (as shown in Section VI-D).

angle to be withinp,,qz.

“We illustrate a mechanism f@?; to control the height ofR;: as shown
in Fig. 4(c), the overall height oR; is simply: £ + (m — 1)L - cos(¢),
where £ is the length of a module. The anglethat leads to new; is
thus:¢ = cos™1( (glijf)_ﬁﬁ). Instead of sending’;, pivot P; propagatesb
to every agent ifR;. The update rule fok*" agent inR; is thus modified
to be:pk «— 2. AF . ¢ (if k= 1,m); pF — AF. ¢ (otherwise).

Note that our approach can be used in combination with
traditional rearrangement reconfiguration, e.g. a modular
robot can locomote quickly on smooth terrain using a track-
like configuration and then configure to form a bridge over
rough terrain. We also expect that this distributed control
approach can be extended to dynamic shape descriptions



IS

Tilt sensor on the board| |

4or ——Tilt sensor on the robot

35

Y .
S N

= “‘/T\wo Axes
Tilt.Sensor

30

25

20

i5f

10

Obstacle

Tilt sensor reading: [f|+ fy| (deg)

[e] 10 20 30 40 50 60 70 80
Time (sec)

Fig. 5. A self-balancing table robot. Each agent controletary servo. Fig. 6. The robot's response time to repeated environmeangds. The
A two axes tilt sensor (accelerometer) is mounted on thestabtface. robot was able to maintain its surface’s tilt angle withii —8 °© even when
the board is tilted30 ° — 40 ° over a few seconds.

and other types of sensing (e.g. pressure), opening up many ) _ _
application possibilities. hardware prototype robot is used in the experiments of the

next two sections.
VI. EXPERIMENTAL RESULTS

. . . . .B
In this section, we describe experimental results of our dis
tributed shape formation algorithm. We begin by describing In the first experiment, we examine how quickly and
the hardware prototype in Section VI-A. In Section VI-B, weaccurately the robot responds to consistent, rapid environ
present results from examining how fast the robot can adafitental changes. In this experiment, we fix the robot's four
to environment changes and how well it performs in differergupporting groups to a rigid board. We repeatedly changed
types of terrains. Section VI-C provides an analysis of th#he orientation of the board to examine the robot’s response
robustness of the algorithm towards servo failures. Ingise | (as shown in Fig. 7(a) - (d). One additional tilt sensor is
set of experiments, we examine the scalability properties éhounted on the board to record environmental changes. This
the algorithm in large scale shape formation simulations. sensor does not supply input to the robot. Empirically, the
Our experimental results show that our distributed alggse€nsors we use are somewhat noisy, especially under high
rithm allows the robot to respond to different environméntaspeed motion e.qg. first five seconds of Fig. 6.
changes effectively. In addition, it is mostly robust tovser ~ Agents are programmed to maintain a surface level sur-

. Environment Response Experiments

failures and scalable to a large number of agents. face; i.e. tilt angles in x axis and y axi, and¢,, equal to
zero at all times. Thereforéd, | + |6, is an error measure
A. Hardware Prototype of how far the table surface is from a level state.

We designed and implemented a self-balancing table robotFig. 6 shows the results of the experiment. We can see that
to test how well our approach works in real world scenariogven when the tilt angle of the floor is changed3oy — 40 °
The robot is composed of four supporting groups (legs), amaiver a few seconds, the table is able to quickly respond and
each composed of three agents. Since the table surfacekéep the surface level. The table never tilts more than8 °
designed to be flat, the surface group modules are replacaftier the initial correction.
by a single rigid surface (43cm X 43cm square) that forms In the second experiment, we examine how the robot
the table and has the tilt sensor mounted in the middle. iesponds to different rough terrains. As shown in Fig. 7(e)-
addition to its original role, the top agent of each supparti (h), the robot’s four supporting groups were placed on four
group is also programmed to be a pivot. obstacles of different heights. Each foot placement positi

Fig. 5 shows each component of the robot. Each agemas placed with several bricks(a brick’s thicknes8.iscm).
controls a Hitec standard servo which can perform a rotatiobhrough different combinations of bricks, we can generate
of 90 ° in either a clockwise or counterclockwise directiondifferent rough terrains. The robot's upper left suppatin
We mounted a two-axis (x and y) tilt sensor (Analogugroup position is denoted ddL, lower left is LL, upper
Devices ADXL311 accelerometer) on the table surface. Eagfght is UR, and lower right isLR. The number following
of the pivots can receive from this sensor, instead of havingach denotes how many bricks were placed at that position.
their own tilt sensors. Fig. 8 shows the robot’s response time to achieving level-

For simplicity of implementation, the distributed shapeness under different terrains. In the first five experimemnts,
formation algorithm is run on a laptop computer (2GHZegs on one side are lifted. In the last two experiments, the
CPU) that simulates purely distributed control. Althoupk t robot’s four legs are lifted simulating fully irregular tamn
distributed control is simulated, our hardware impleméimés scenarios. As shown in the figure, the robot is capable of
sensing and distributed actuation so that we can direcsly teachieving levelnessd,;|+|6,| < 3 °) within 2 seconds+ 40
the algorithm in the face of real-world noise. After eachraige iterations) in most of the cases. Experiment 6 is the onlg cas
computes the new angle of its servo, the control signal is sewhich takes the robat 2 seconds to achieve levelness, since
to the hardware robot via serial port. It takes approxinyatelits setup requires all pivot to collaborate with its neighbo
50 milliseconds for all agents to finish one iteration. This rigorously.



(b) (d)

Fig. 7. (a) - (b) The robot is fixed to a board. The robot keepssitrface level when we repeatedly change the orientaticheoboard. (c) - (d) The
robot is placed on obstacles of different height. It adaptdifferent obstacles and forms a flat surface.
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Fig. 8. (a) The robot’s response time to different initiahdiions. In seven out of eight experiments, it achiej@s + |6, < 3°, within 2 seconds
(30 iterations). (b) Robustness test results when one oagemts does not respond. The left, middle, and right figuresseenarios when top, middle,
and bottom agents do not respond respectively. It is mostalrivhen the middle agent fails.

We note that as the table surface is a rigid object andecause it is responsible for two times more rotation than
cannot be stretched, the horizontal between two pivots mighither top or bottom module (as shown in Fig. 4(c)). On
change in the process. Nevertheless, the algorithm still bpossible solution is to have more modules in each leg which
haves correctly even if we treat the horizontal distance asallows a greater flexibility to compensate for individual
fixed constant over the process. failure, as well as increase the range over which the leg can

i compress and uncompress.
C. Robustness Experiments

We also perform robustness experiments by observing tiie Scalability Experiments
robot’s reaction when one of the agents fails. We tested it The distributed algorithm can provably form arbitrary
under different task difficulties and in different posit®m shapes, and the pivot actions remain local even when the
the group. We tested two situations which an agent fails toumber of surface groups increases. Here we evaluate the
respond: (1) the agent’s servo is disabled and becomessealability of our system by observing how convergence
passive link, so it freely takes on any angle with no resigtan time is affected by a large number of surface groups and
to movement; and (2) the agent’s servo remains stuck at tdiferent shape complexities. We implement a simulation of
zero degree position at all times. We discovered that the fira 64x64 flexible sheet in MATLAB, which includes 4096
case does not affect the effectiveness of the algorithmlewhipivots/supporting legs (16384 agents) for tasks of forn@ng
the second case affects a few scenarios. It implicitly meamse-defined 3D shape. We assume surface groups are formed
the algorithm is robust to hardware failure of the first caseby elastic materials. In simulation, we added Gaussiarenois
We only discuss the second case here. to both servo actuation and sensor readings.

Fig. 8(b) shows the robot’'s responding time to achieve The robot is programmed to render six 3D models: a
levelness while different agents do not participate th&.tasstatue, teapot, knot, bunny, donut, and face. 3D depth in-
We lifted one side of the robot to 1 to 3 bricks highformation is used to transform these models into tilt angles
respectively. At each height, one of the three agents in tHer shape specification. We started the simulation by ptacin
supporting groups that needs to be compressed is disableé robot on a randomly generated terrain. We define the
(top, middle, or bottom). We repeated this process fourdimenitial state asl00% error to the desired shape ad@ error
and Fig. 8(b) shows the average of robot’s tilt angle acrosshen the desired shape is perfectly achieved. Table | shows
time. We can see from Fig. 8(b) that the middle agent'the mean and standard deviation for the robot to red@h
failure is more critical than top and bottom agents. Wheof error. In our previous experiments, the self-balancaige
the middle agent fails, the robot generally falls over in th€12 agents) achieved)% of error around 40 iterations. We
third experiment (3 bricks). When the obstacle is one or twoan see from Table | that our algorithm scales well with the
bricks high, it achieves: 4 © of tilt angle in~ 4 seconds. number of agents: when the number of agents increases from

We also observed that when the middle agent fails, 2 to 16384 and the shapes become much more complex, the
leads to a more unstable state of the robot. This is primarilpumber of iterations required increases only~1@5 times.
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We have presented a decentralized control framewofk ] “Open dy 9 [ ] g
that allows a chain-style modular robot to achieve various APPENDIX: PROOF OFTHEOREM 1
environmentally-adaptive shapes. The control algoritlsm i Pf((>0fi ﬂere we r'J:r_0V84;hfi‘ case \tl)vhen e_?ch pivot Pasdtwo nsighb?ring
. ivots (as shown in 1g. . It can be easlly generalize ® thse o
ShO\_Nn to provably converge.. it ,Ie_a,ds the rqut to ,form thgig 3. As the distances between two neighboring pivots aseiraed to
desired Shapes regardless of its initial conditions andemv pe unknown, the aggregated .feedback coptribution can oalgdmputed
mental changes. Through our experiments, we demonstréten the raw sensor readings; = (67)* — 07. We denote pivoP;'s set
that the proposed algorithm is effective in real world ap®' two neighbors asb; = {Pi_1; Pi1}. The desired tilt angles of the
L . . - two neighboring surface groups af@_,)* and(6;"")* respectively, and
plications. In contrast to centralized algorithms, it ismmo . . i—L o
labl d b individual dule fail F their current tilt angles are denoted @3 , and 6;"". We note that any
scalable and ro ust to individual module failures. uturgz_ — —0% in our coordinate system. We can revet8é, ,)* = —(0°+1)*
work will focus on gxte_ndmg our framework to other clfa\sseﬁndgz+1 — —6"*" accordingly. The aggregated feedback is therefore:
of shapes and applications. Furthermore, we are inter@stedy;, — , . (€ 4+ €] =a-[((00_ ) — 0 4)+((01,,)" — i, )] =
investigating how the robot can autonomously form shapes to. (¢ |)* —6i_,) — ((61*1)* — fi+1)].
achieve a specific task, e.g., generating a sequence ofsshapene defineAg; |, = ¢ |, —(0:_,)* andA§: ™! = g+ — (97T1)* 10
to transport people from a Collapsed building. UItimatWy, represent the difference betﬂeen curr_ent tilt angle a_ndidme(_j tilt angle,
. e . o . SOK; = a-[-A0:_, +A6;""]. Following (5), the height op; is updated
wish to elevate the user specification from describing désir ... ’ ’
shapes to higher levels of task abstractions. HI = HP — K = HP + - {A0I_, — AGTTY (6)

16384AGENTS TO REACH10% OF ERROR IN DIFFERENT3D SHAPES

The Lyapunov functiov™ 1 is defined as the distance measure between
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