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Abstract. A self― assembling and self―repairing lnechanical syste】m is experi]men‐

tally studied to demonstrate its effectivenesse We developed a 2-D model of au―

tonomous lnechanical units capable of dynalnlc reconflgllratlon and inter―unit coHl―
municatlon,Self― assembly and self―repair experiments have been carried out using

a distributed algorithm developed under the constraints of the system's homogene―

ity and locality of information. In experiments, rnore than ten units successfully

conigure themselves and recovered froln a fault. Besides the research of the 2‐ D
model,a lnodel of 3-D system is also designed.

Key Words.E》 istributed Autonomous Machine,Homogeneous Mechanical System,

Self―assemblL Self―repair

l  lntroduction

We have been developing a distributed mechanical systenl composed oflnany iden―

tical autonomous units.The key issues to bulld such a hyper―distributed tlnechanical

systern are holnogeneity ofbott hardware and sottware,locality ofinforlnation and

dynarlllc reconflgllrability. C)wing to its homogeneous structllre, our system can

realize self―assembly and self―repair ttnctions.

It can be used as a versatile self‐maintainable machine,which can work as a mo―

blle robot,as well as a static smctlre in hazardous environments.

Many studies have been made on reconngllrable mechanical systems. Polypod

(Yim,1994)and TetrObot(H征 劇in and Sanderson,1996)are mOblle robots with

variable stmctllres,CEBOT(Fukuda α  α′.,1989)and a mOdular robot(Chirittian

冴α′。,1996)are capable ofreconiguring dynalnlcally.

In contrast to the above studies,our approach is characterized by its strict homo―

geneity in both hardware and software,such that the whole system is nexible and
robust against faults.Ano血 er important pointis the simplicity of the hardware and

the usage of local coHllnuniCation.

軸 is paper focuses on hardware experilnents to conflrin sel二asselnbling and self―
repairing capabllity using a hardware systeln composed of 20 1nechanical units

called``fractaF'Based on a distributed algorittm,self―assembly and self‐repair ttnc‐
tlons are validated by a series of experilnents.

me extenslon ofthe concept oflnodular machine to 3-D space is under way,We

wlll give a brief account ofits current stage of development.
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2 Unit Hardware

We bullt a system with twenty units whOse stmcture is shown in Figure l.The unit
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3 Selttasse】mbly and Self‐repair Algoridh】m

ln self―assembly and self―repair,each unit has tte same software and decides its

movement only according to local inforrnatlon. Under these cOnstraints,we have

been developing a difference_based ttgorittm(Murata ι r α′.,1994)and a nucleation
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3.l Connection Types

me``cOnnectlon type力 of a unitis introduced to describe the global connguratiOn.A

unit can be forlnally described as a hexagon with six possiblebonds.The connection

of a unitis classifled into 12 connectlon types shown in Figllre 2.The link between

two types denotes that they are transferable by a single step of unit lnotlo■. '「he

notlo■of``distance"between two types is deflned as the number oflinks between

them.

A``Inovable unit''is a unit which can rotate withoutcarrying other units and keeps

the whole systeln connected after the rnovement. A unit with connection type``e",
そ̀0",Or``c"is movable.

3。2  SelfHasseIIlbly Algorithm

me algOrithln consists of the following three procedures.Each unit

(1)CalCulates such measures as
● ``difference力between the current state and the goal.

● ``irritation''which increases during deadlock state.

(11)eStimates tte average difference around the unit using a difttslon process
through the inter―unit coHllnuniCation.

(111)if the unit has relatively large difference,it moves towards the direction to
make it smaller.

A“ step''ofthe algorithm is composed of above(1)一(111)pr09edureS,In the algo―
rithm,this step is iterated by each unit in parallel.

3.2.l  Goal description  We describe the goal formation using the connectlon

types.Let us consider a 10-uni`triangle shown in Figure 3.Any unit with the goal

type``K''is connecteQto 4 units whose types are{o,K,K,s}。呵miS Situation is
expressed in a“statement"K〈o,K,K,s}.In thiS example,血e go狙shape is written
as a collection of all such statements:

o{K,K}
K{o,K,K,s}
s{K,K,K,K,K,K}

Connec虜on typtt and Fnar

reFttonshつ
Figllre 3 DescrrpすOn Oflθ,unrと

由触gFe

Figure 2
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Connection types of statements in(1)are Sorted in increasing order ofthe number

of connecting units,Although there are cases where this description is not unique,

it sumces as long as the goal shape is nottoo cOmplicated.

3.2.2  Calculationofdifference  ln every iteration step,each unit decides its cur―

rent connectlon state in the forln of``statement''through local communicatlon.軸en
each unit evaluates the sum of distances between tte types ofits current state and
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closest goaユstatement.

3。2.3  E)iffusion Process  To lnake the group ofthe units converge to the desired

goal conflguratlo■,it is desirable for a unit which has relatively larger difference
to get a larger prlority to move than neighbors,We therefore introduce the follow…

ing diffuslon process.A dittlslon variableを (ぢ,サ)represents the average difference
around the unitガ.It is calculated as RDllowsl.

中 刊 =イtⅢり十  七 り=tM訳あり mal statel。

whtte ″|,つ:“nux力。f″律,つ血血e unitガ(=ΣE{密け)の一″|,つ})
」C neighbors ofガ

【  :diffuslon coettclent

五 :leak constant(effective for movable units only)

If″(ガ,サ)<Om(2),■ ls reset to z釘o,口拒 位血 立on vttiab陀ズ affects the vdodty
of the diffuslon,and tt helps to converge to goal by decreasing whole diffuslon

variables in the system.

3。2.4  Moving strategy  A unitis activated to move clockwise or counterclock…

wise by the following cOnditlon that the ratlo of difference to dilばus10n variable

( e S t i m a t e d  a v e r a g e ) i s  l a r g e r  t h a n  a n  a c t i v a t i o n  t t r e s h o l d  C t

C密(ぢ,サ)<diff(ガ,サ)              (3)

This lnakes units having relatively large difference move. 軸e motlom is stochastic
in such a way ttat the directiOn which gives slnaller difference after the movement

is chosen with larger probablllty.

If the goal conflgllration is accompllshed,the differences become zero in a1l of

the units and no more lnotion will be lnade.

3.2.5 tlntroduction ofirritation Solnetilnes tte self―assembly prOcess is trapped

in a deadlock state.The righttwo cOnigurat10nsin Figure 4 are in deadlock because

想l the movable type“o"units have the di郎釘ence O with proper neighbors{K,K}.
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By adding,therefore,a new activation conditlon(5)for mOvable units,deadlock

states can be dissolved in a local way.

3.3  Self‐rePair Algorithm

me above algorithHl can be accorrmodated to``self― repair"functlon by introduc―
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4 Selユ asse】mbly and Selttrepair ExperiElentS
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spare llmt
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cides whether a unit moves or not and the directlo■of the lnotion.In the real mech―
anism,a unit's motion requires other units' 10cal cooperatlono We have developed

a low―level control which consists of map generatlon,colllslon avoidance and coll

d r i v e ( T o m i t aビrα″. , 1 9 9 6 ) a n d  i n t e g r a t e d  i t  w i t t  t h e  u p p e r―l e v e l  a l g o r i t h m .

In the following experiments, a step til■e including ttese two control levels is

23.25[sec].me mOsttime― consuming part in the step time is the control of electro―

magnets. 軸 ey should be controlled by an appropriate sequence with sufflcient in―

terval,so that undesired lnotlon lnay not occllr. It is also necessary that resultant

connectlon type after the motion should not be unstable``e"type, me contr。l se―

quence consists of 18 steps,each of which takes l.0[sec].

me pictures in Figllre 6 are taken from one of the experilnents, Starting from a

two―line conflgllration,1l units fornl a 10-unittriangle with one spare unit based on

血e proposed self―assembly algorithm.This goal shape renlalns stable as long as all

血e units are working without faults.

The 1000 silnulations of this self―assembly resulted in the success ratlo 98。3%
w i血血e  a v e r a g e  c o n v e r g e n c e  t i m e  5 7 . 7  s t e p s . F i g l l r e  6 ( l e t t  C 0 1 u m n ) s h o W S  S n a p―

shots taken from the shortest case of 6 steps.

To verify the self―repair capacitレa simulated faultis given to one ofthe ll units

by cutting its electric power sollrce(exCept for“s"type unit).Each unit sends out a
``OXP'signal to its neighbors at the beginning Of each step while working properly.

me fault can be detected if a unit does not receive the expected``OXご'signal. In

this case,the unit reverses the polをrity Of the corresponding electro―Inagnet to cut

off tte faulty unit.

コ拒n s e l f―rep a i r  p r o c e s s  p r o c e e d s  a u t o m a t i c a l l y , E v e n  t h o u g h  t o t a l  u n i t s  i n  t t e

system has changed, 血 e global self―repair process is launched thanks to its dis―

tributed characteristics of the algorithm.We can see the origina1 10-unit triangle is

consttcted in the right coluIIlll of Figllre 6.

We exaIBlned the self―repair capacity by giving the silnulated fault to each of 10

units except the center``s"type. As a result,self―repair completed success3は1ly in
a1l ofthese 10 experiments and tte average self―repair time was 2.2 steps.

研沌 experiments demonstrate ttat a mechanical system consisting of rnany iden―

tical hardware and software can maintttn theFnSelVes using self―assembly and self―
repair ttnctions in a distributed lnanner.

鑑 ぎ孟逆K対 1陥 血刺
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5  Dゃvelopment of 3‐】D System

We are CLlrrently attempting to extend tte concept of our self―assembling modular
machine to 3-E)space.111ls sectlon outlincs its present developments stage.

5 , l  D e s i g n  o f  3‐D  U n i t

The dimculty of design lies in hOw bOth geometric complementarity and system

鞘 開
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明 is u s e d  a s  p o w e r  s o l l r c e  i n  a  u n i t
to reallze compact implementatiOn.Its torque is delivered by controlling solenolds

and elec廿o―Inagnetic clutcheso We conflrmed that a unit generates enough power to

lift another unit.

me motion of unitsis basically lnade by a pair ofthem.Consider two cOnnected
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connectlon to Z,By repeating this elementary step lnotiOn,varlous 3-D structLreS

can be cOnngLlred withOut external help.

5。2 Self‐ assembly of 3‐】D System

A self―assembly algorithm for 3-D units is being developed in parallel with tte

hardware development,We present here the current status of development.

We classifled the cOnnectlon types Of 3_D unitin l_neighborh00d system in cubic

猫 岳.aS Sh°
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Assu正ling that a unit rotates by 90[deg]at one step,a unit with type Cl has

maximum twO reachable positions.Othtt than cl,types C21 and C31 are also
regarded as mOvable here.

H e r e , a 3 - D  s e l f―a s s e m b l y  a l g o r i t h m  i s  u s e d  w h i c h  i s  d e r i v e d貯O m  t t e  d i f f e r e n c e―
based 2-D algorithm`

Figllre 7 Sttema」c ttew Of3-D
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n g u r e  9  c o n n e c t tθコryp t t  f O r  3 - D u減体

We silnulate a simple self―assembly tO cOnstruct a box with twelve units from the
initial ladder cOnflguratlon.Similarly as the 2-D algorithm,the goal description is

simply written asi

盟艦士批樹たり   o
Units calculate the probabllity of mOving tO each of reachable positions based on

Markov Random Field(MRF)according tO the caculated difference(Geman and

Geman,1984).Using a kind of simulated annealing mettod,units move uniformly

to every reachable positions in earlier steps,and less frequently as tilne elapses.

Figure 10 shOws a graphical view Of a simulation sequence. In 世 1ls exag耳)le,
血e systeln succeeded in self―assembly in 70 steps. cOnstruction of rnore complex

stmctllre will be tackled in our:uture work.

40 steps                  70 steps(completed)

FigLlre 10 Serf―assambFy srmura″ θrl of F2 unfFs

O step 20 steps

40 steps
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6  Conclusions

We presented experimental research on self―assembly and self―repair of a distributed

正leChanical systern,A2-D IItlode1 0f identical units cttledモ̀fracta力is used as hard―

ware which realizes dynaEIC reConflgllratlon and inter―unit coHlmunication.Based

on a distributed algorithm that allows a group of units to transform themselves into

a desired shape,we demonstrated tte self―assembly and self―repair functloned suc―

cess的1ly.恥is experim9ntal results conarmed the hardware feasibllity of the self―

repairing distributed lnechanical systern and opened its way to applicatlons such as

long‐running explorer or survelllantin hazardous environments.

As a的 『ther challenge,we are now on the way to 3-D system.We designed a

prototype unit and conSrmed its basic ttnctlon of reconflguratlon capacity. A self―
assembly algorithm is being implemented as well,whose potential effectiveness was

shown by computer sirnulations. The self―assembly algorithm is being reflned for

robustness and adaptabllity.
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