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Ab stract: CA LIN CA- ve hicles are au to no -
mous whee led mo bi le trans port plat forms 
for in do or en vi ron ments in ten ded to exe -
cu te not only lo gi stic tasks but also ma -
nu fac tu ring pro ces ses on the trans port
plat form it self. The spe cial fea ture of the
CA LIN CA- ve hicles are the small phy si cal
di men si ons and the me cha ni cal lin ka bi li ty 
to form ri gid struc tu res of mul tip le ve -
hicles for sca la bi li ty of trans port units ac -
cor ding to pay load weight or pay load
area. With this con cept a fle xi ble co ope ra -
ti ve trans port so lu ti on for ma nu fac tu ring
pur po ses is pro vi ded e.g. as an al ter na ti ve 
for belt- dri ven pal lets. 

INTRODUCTION

Fu tu re scena ri os of co ope ra ti ve ma nu fac -
tu ring sug gest mul tip le mo du lar au to no -
mous trans port ve hicles and au to no mous 
mo bi le ro bots (AMR´s) cou pling to ge ther
and as sem bling the parts du ring trans -
port. Ren dez vous and doc king of trans -
port ve hicles and AMR´s is the re fo re as
im portant as co or di na ted mo ve ment of
com pli ant or ri gid lin ked ve hicles to re ach
the goal of co ope ra ti ve ma nu fac tu ring
(Levi, 1994).

In case of au to no mous mo bi le ro bots
(AMR´s) co ope ra ti on will en han ce their
capa bi li ties but it is ne cessa ry to add
some fea tu res and/or to change their be -
ha viour. A com mu ni ca ti on bet we en
AMR´s is cru cial for co or di na ti on of mo -
ve ments. 

Re se arch stron gly de pends on the de gree
of co ope ra ti on which re aches ge ne ral ly
from very lo se ly simple geo me tri cal co -
ope ra ti on to the ri gid cou pling of AMR´s.
(Oza ke et  a l ,  1993)  descr i  bes the
ACTRESS sy stem whe re a ra dio com mu ni -
ca ti on sy stem is used to syn chro nize the
mo ti on bet we en the AMR´s wi thout any
link. The COM ROS- Pro ject at Stutt gart
(Levi, 1994) con sists of 3 co ope ra ting
AMR´s Athos, Port hos and Ara mis which

are ba sed on the same Ro bo ter- plat form.
Dri ving as a con voi and a ren dez vous- ma -
neu ver with a stan ding AMR using com -
mu ni ca ti on was the re se arch aim of this
pro ject.

Se veral re se arch pro jects apply ro ta to ry
or trans la to ry jo ints bet we en the AMR´s
and mea su re the re la ti ve dis pla ce ment for 
con trolling the po si ti ons re la ti ve to the
other AMR´s. The ME TROS- sy stem
(Hashi mo to and Oba 1993) con sists of
AMR´s with a pris ma tic link in clu ding a ro -
ta ry jo int to hold the trans por ting ob ject.
The Gun ryu ro bots (Hi ro se, Shi ra su and
Fu kus hi ma, 1996) have a hand ling arm
which is uti li zed to at tach to another Gun -
ryu ro bot on the grip stud.

A com pli ant lin ka ge bet we en two trucks is 
rea li zed in the Om ni Ma te mo bi le ro bot
(Bo ren stein and Evans, 1997). The lin ka ge
has two ro ta to ry and one trans la to ry axis
equip ped with sen sors to mea su re the re -
la ti ve dis pla ce ments bet we en the two
trucks. Each truck has it´s own po wer
supply, mo tors and odo me try sen sors.
This is used to cor rect odo me try er rors of
one truck by using the other truck as a re -
fe rence.

The AMR´s Fred and Gin ger at Sal ford
(Eu sta ce, 1993) are cou pled with a 6 de -
gree of free dom com pli ant lin ka ge. Each
of the two has 2 trans la to ry and a ro ta to ry 
lin ka ge of the ri gid tra ver se bet we en
them.

Doc king of ve hicles was al rea dy sub ject of 
re se arch to po si ti on an AMR re la ti ve to a
fi xed tar get ac cu ra te ly (e.g. doc king ter mi -
nal for loa ding/un loa ding, another still
stan ding AMR). Vandor pe, (1995) descri -
bes a doc king pro ce du re for their AMR
LiAS to a doc king sta ti on and re aches an
ac cu racy of 1cm side di stan ce and 0,5° in
ori en ta ti on with tri au ral sonar and vi sual
ran ging.

The de ve lop ment of a com pact auto no -
mous  l in  kab le  in te l  l i  gent  ca r r i  e r
(CALINCA) led to an au to no mous trans -
port ve hicle that ful fills the mechani cal
and electro ni cal pre con di ti ons to dock
with a ri gid lin ka ge to other CA LIN CA- ve -
hicles and to move co or di na ted and syn -
chro nized mul tip le lin ked CALINCA´s.
This pa per descri bes achie ved re sults in
de ve lo ping the CALINCA hard wa re- plat -
form. This will be the ba sis for furt her re -

se arch on ren dez vous and doc king as well 
as com mu ni ca ti on, real ti me task dis tri bu -
ti on and exe cu ti on to re ach co or di na ted
mo ve ment.

Af ter pre sen ting the con cept of CALINCA
the me cha nics, electro nics and na vi ga ti -
on sub sy stems of a sin gle ve hicle fo cus -
sing on the to pics ne cessa ry for doc king
and lin ka ge are descri bed.

1. CONCEPT

The main con cept of CALINCA is the lin -
king of mul tip le small ve hicles to a lar ger
clu ster of ri gid cou pled ve hicles to in crea -
se the pay load weight and pay load area. It 
is the re fo re ne cessa ry to have a flat top
moun ting and pay load area. Lin king of
many small ve hicles forms a lar ge flat pay -
load area. The four si des of a sin gle CA -
LIN CA- ve hicle has to fit to a side of
another CA LIN CA- ve hicle with a doc king
me cha nism en su ring not only a withdra -
wable ri gid me cha ni cal cou pling but also
a num ber of electri cal con nec ti ons for po -
wer supply and com mu ni ca ti on pur po ses.

Mo ving of clu sters of ve hicles with a ri gid
cou pling need co or di na ti on and syn chro -
niza ti on of the stee ring and dri ving mo -
tions of the sin gle au to no mous ve hicles
cou pled to ge ther which is done with com -
mu ni ca ti on bet we en the pro ces sors of

the ve hicles. This is done with high speed
com mu ni ca ti on link ports of the on board
SHARC DSP capable of 40Mbaud each.
Lin king of CA LIN CA- ve hicles forms also a
two di men sio nal mul ti pro ces sor- array of
DSP´s (fig.1) and en ab les par al lel pro -
ces sing espe cial ly to co or di na te na vi ga ti -
on, sonar and mo ti on.
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Fig. 1: two di men sio nal mul ti pro ces sor-
 array built with high speed com mu ni ca ti -
on link ports by doc king of mul tip le CA -
LIN CA- ve hicles



Espe cial ly when mo ving along a bent path 
re qui res that each of the wheels of the ve -
hicles of the clu ster has its own cor rect
stee ring ang le de pen dent on the cen ter -
point and the ra di us of the cur ve. 

To re du ce the forces applied to the me -
cha ni cal doc king me cha nisms the CA LIN -
CA- ve hicle has four wheels with a spring
sus pen si on. This gua ran tees that eve ry
wheel has con tact to the ground an can
trans fer forces (gra vi ta tio nal forces of the
ve hicle it self or of the pay load).

The de ve lop ment of the CA LIN CA- ve hicle
has led to the fol lo wing cha rac te ri stics:

l pay load 10 kg

lmi ni mal pay load area 320mm x 320mm

l net weight 16 kg (8kg sto ra ge bat te ries)

l height 160mm, ground clea rence 10mm
(with ma xi mum pay load)

lma xi mum ve lo ci ty (flat ground) 0,5m/s

lma xi mum clim bing gra di ent 10%

l bat te ry po we red with 12h ope ra ti on time

l 4 in de pen dently stee red wheels with
spring sus pen si on and en co ders

l 2 wheels with in de pen dently con trollable
dri ving mo tors

l in de xing capa bi li ty through 4 in si de co nes

l 4 doc king me cha nisms on each side

l ul traso nic sen sors for ori en ta ti on and col -
li si on avoi dan ce

l na vi ga ti on with odo me try, ul traso nic sen -
sors and sto red maps

2. MECHANICS

The chas sis of the CA LIN CA- ve hicles con -
sists of a top moun ting pla te, 4 side tra -
ver ses, 4 wheel sus pen si on units, the dri -
ving gear bo xes and the bat te ry hol ding
con struc tion (see fig. 2). 

Each wheel sus pen si on unit pro vi des a
com pli ant spring sus pen si on for the
wheel and in clu des the gear box for the
stee ring worm gear, the in de xing in si de
cone and the fi xing of the stee ring po si ti -
on sen sors the side tra ver ses and the top
moun ting pla te. The stee ring gear box is
moun ted on the chas sis the stee ring
forces are trans mit ted with a te le sco pic
chock- shaft to the up and down mo ving
wheel be a rings or the dri ving gear bo xes. 

The side tra ver ses con nect two wheel sus -
pen si on units on the ends and also holds
the doc king in ter face. It is there fo re very
easy to en lar ge the size of the ve hicle by
only in crea se the length of the side tra ver -
ses. The sha pe and the size of the wheel
sus pen si on units and the wheel be a rings
or the dri ving gear bo xes re ma ins the
same. In case of in crea sed net weight or
pay load ca pa ci ty of the ve hicle the wheel
sus pen si on units have to be re con struc -
ted for appli ca ti on of stron ger mo tors.

The top moun ting pla te can be easy dis -
moun ted from the ve hicle by only 4
screws. Appli ca ti on spe ci fic me cha nisms, 
part hol ding struc tu res but also ac ti ve
ele ments like ro bot arms can be moun ted
on the top of a CA LIN CA- ve hicle. 

The electro nics is si tua ted bet we en the
bat te ries and the top moun ting pla te and
is easy ac ces si ble when the top moun ting
pla te is re mo ved.

2.1 Me cha ni cal doc king in ter face

A ri gid con nec tion bet we en two CA LIN -
CA- ve hicles is esta blished with the me -

cha ni cal doc king in ter face. A me cha nism
was de ve lo ped using a sin gle mo tor only
for mo ving a cone sha ped doc king bolt
into/out of the me cha nism and to chock
the doc king bolt from the other me cha -
nism. The doc king me cha nism is self- cen -
te ring to al low a re la ti ve po si tio nal ac cu -
racy of 5mm du ring the ap proach and
doc king ma neu vers.

Figure 3 shows the doc king me cha nism.
The mo tor mo ves the sli ding car ria ge with
a threa ded bolt. This cau ses the doc king
bolt to move out or into the doc king me -
cha nism. In sta te 1 the doc king bolt is
com ple te ly in si de the me cha nism. Mo -
ving from sta te 1 to sta te 2 the doc king
bolt mo ves out and re aches the ma xi mum 
out si de ex ten si on but the chock is not co -
ve ring the doc king hole. When the dok -
king me cha nism is in sta te 2 it is pos si ble
to cou ple two CA LIN CA- ve hicles. They
have to take a po si ti on aligning their dok -
king me cha nisms and must in the next
step insert the doc king bolt in the doc king 
hole of the other me cha nism.

The me cha nism is self- cen te ring be cau se
the doc king- bolt has a co ne- top and the
doc king- hole has an in si de- co ne. This is
ne cessa ry be cau se of the ho ri zon tal and
ver ti cal po si ti on un cer taini ty of the ve -
hicles. Af ter in ser ti on of the doc king-
 bolts both me cha nisms have to tran sit
from sta te 2 to sta te 3 

which mo ves the chock in the mill outs of
the doc king bolts. The CA LIN CA- ve hicles
are then choc ked and forces can be
applied to them. Du ring re lea sing the sli -
ding car ria ge is mo ved from sta te 3 to sta -
te 1 sim ply fre e ing the chock and retrac -
ting the doc king bolt.
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Fig. 2: Cross- sec ti ons of a CA LIN CA- ve -
hicle

Fig. 3: Me cha ni cal doc king me cha nism



3. ELECTRONICS

The electro nics of a CA LIN CA- ve hicle in -
cor po ra tes a dual pro ces sor sy stem to
per form the ne cessa ry tasks. A floa ting
point DSP is used main ly for nu me ric and
plan ning tasks and a mi cro con trol ler dri -
ves the ac tua tors and reads and con verts
the sen sor- va lues. The pro ces sors are de -
cou pled with a dual- port- RAM. The re fo re
both pro ces sors have un li mi ted ac ces to
their address- and da ta- bus ses and are
syn chro nized via in ter rupts (see also
figure 4).

All the electro nics is in te gra ted to a sin gle
cross- sha ped 4- lay er prin ted- cir cuit-
 board with parts pla ced in sur face mount
tech no lo gy on both si des. 

3.1 SHARC di gi tal si gnal pro ces sor

The ADSP-21060 SHARC from Ana log De -
vi ces is used for nu me ric and plan ning
tasks of the CA LIN CA- ve hicle. The SHARC 
DSP- co re can calcu la te with 32 to 40bit
floa ting point num bers and its in ter nal
IO- pro ces sor hand les the two se ri al I/O
chan nels, the 6 link ports with 40 Mbaud
each and the trans fers over the 32bit
address- and the 48 bit da ta- bus ses (see
also Ana log De vi ces 1995 for more de -
tails). The se fea tu res make the SHARC
best sui ted for the CA LIN CA- ve hicle be -
cau se the link ports are used for high -
speed ve hicle to ve hicle com mu ni ca ti on. 

The SHARC ge ne ra tes the wa ve forms of
the sonar trans mit ters and reads the
echo- da ta of the three re cei vers on each
side. The calcu la ti on of the echo- lo ca -
tions, the com pa ri son with the map- in for -
ma ti on, the col li si on de tec tion and avoi -
dan ce is done by the SHARC.

A Flash- ROM of 1Mx48bit holds the al go -
rithms, pro grams and data for the SHARC
and the en vi ron ment in for ma ti on in form
of maps. It is easy to re place them in case
of pro gram up da tes and chan ges of the
map in for ma ti on. 

In the fu tu re it is plan ned to in te gra te an
IrDA com pa ti ble in fra red com mu ni ca ti on
on each side for ve hicle- to- ve hicle com -
mu ni ca ti on on- the- fly, for re mo te con trol
of pe ri phe rals (like ele va tors) and for
com mu ni ca ti on with a note book PC to
esta blish a man- ma chi ne- in ter face. A
qua dru ple UART will be used to rea li ze the 
IrDA com mu ni ca ti on.

Be si de the pro ces sing of the sonar data
the SHARC plans the path of the CA LIN -
CA- ve hicle from the buil ding- level down
to the room- level and calcu la tes the com -
mand va lues for the stee ring and dri ving
mo tors. They are sto red in the dual- port-
 RAM and are re trie ved by the 80C167
which wri tes back the ac tu al va lues of the
mo tor- po si ti ons and the other sen sors.
With the ac tu al sen sor- va lues the odo me -
try calcu la tions are exe cu ted.

3.2 Mi cro con trol ler 80C167

The main task of the Sie mens 16bit mi cro -
con trol ler C167 is to read and con vert the
sen sor va lues, per form the con trol- al go -
rithms of the 4 stee ring and 2 dri ving mo -
tors with an over all cy cle time of 2ms. The
con trol al go rithms , pro grams and data
are sto red in the C167- in ter nal Flash-
 ROM.

The en co der si gnals are in ter po la ted to
re ach a 4 ti mes hig her re so lu ti on and are
fed to the ti mer- in puts of the C167. The
mo tors are con trol led via pul se- width-

 mo du la ti on out puts with the PWM- or
cap tu re- com pa re- u nits of the C167.

The C167 uses an ex ter nal 12bit ADC for
con ver si on of the four stee ring and four
sus pen si on sen sors (po ten tio me ters) to
have a bet ter re so lu ti on than its in ter nal
ADC. The in ter nal ADC is used for mo ni to -
ring the po wer supply li nes, mo tor supply
cur rents, tem pe ra tur and hu mi di ty sen -
sors. An ex ter nal real- time- clock (RTC) is
used to store im portant data and to ge ne -
ra te wa ke- up in ter rupts for the C167.

Pre ci pi ce sen sors are built with in fra red
re flec ti ve sen sors and a pre ci pi ce is de -
tec ted when the light from the IR-LED is
not re flec ted by the flo or and can thus not 
be de tec ted by the IR- fo to tran si stor. In
this case an emer gen cy stop is in vo ked.

Bum pers are also ad ded to the CA LIN CA-
 ve hicle but they do not swit ch- off the dri -
ving mo tors di rectly by hard ware (as re -
qui red by law) but via soft ware of the
C167. This is ne cessa ry du ring the dok -
king at the front and rear si des be cau se in
the doc king pro ce du re the bum per- si -
gnals must be over rid den.

3.3 Electri cal doc king in ter face

The electri cal doc king in ter face con sists
of a ze ro- force con nec tor with 22 pins.
With spring con tact pro bes 11 pins are
rea li zed and the other 11pins are simple
pads. The con nec tor con tacts the ground, 
the 12V and 6V char ge li nes as well as the
6 li nes to esta blish a link port con nec tion
bet we en SHARC´s of dif fe rent ve hicles. 

A pro xi mi ty sen sor is ad ded to con trol the 
last mil li me ters of the ap proach and dok -
king ma neu vers.
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Fig. 4. Sche ma tic over view over the CA LIN CA- ve hicle electro nics



3.4 Electri cal po wer supply

The CA LIN CA- ve hicle has two sto ra ge
bat te ry- sub sy stems. One with 12V to
supply the dri ving, doc king and stee ring
mo tors and the 6V bat te ries for ener gi zing 
the electro nics. The ca pa ci ty of the bat te -
ries are cho sen in or der to gua ran tee a
lon ger supply for the electro nics than for
the mo tors to get a fail- safe be ha viour of
the ve hicle. In case of a low mo tor energy
the electro nic is still ac ti ve and can com -
mu ni ca te with other ve hicles to call for
help. It is pos si ble for a ve hicle to tow
another ve hicle with low electri cal po wer
supply. This is done by doc king the two
ve hicles to ge ther and the ve hicle with
much energy trans fers its energy via the
electri cal doc king con nec tor to the ve -
hicle with low energy.

The cur rent con sump ti on is mea su red in
eve ry con trol cy cle and thus the amount
of the re mai ning energy can be calcu la -
ted. If the re mai ning energy in the bat te -
ries is low the SHARC is in for med that a
re char ge is ne cessa ry. Du ring re char ge the 
CA LIN CA- ve hicle docks to a re char ge- ter -
mi nal whe re the doc king con nec tor con -
tacts to the 12V and 6V char ge line and
the C167 con trols the char ging pro cess of 
the bat te ries. To ma xi mi ze the char ging
cur rent the SHARC, the C167 and all their
pe ri phe rals are put in the idle sta te. The
RTC awa kes the C167 in cer tain in ter vals
to con trol the re char ge pro cess. The char -
ge li nes are fed through the ve hicle so
that each ve hicle con nec ted to a char ging
ter mi nal can ser ve as char ging ter mi nal
with its doc king in ter fa ces.

4. NAVIGATION

A CA LIN CA- mo du le na vi ga tes with in ter -
nal sen sors (odo me try) and sen sors mea -
su ring the en vi ron ment (sonar). Lo ca liza -
ti on is done with odo me try in con junc tion 
with sonar si gnals which are com pa red to
sto red in for ma ti on about the en vi ron -
ment (maps). 

4.1 Odo me try

En co ders moun ted di rectly on each of the 
four wheel- a xes mea su re the re vo lu tion-
 angles of the wheels. The en co ders on the 
free run ning wheels are used for more ac -
cu ra te odo me try pur po ses due to mi ni mal 
slip pa ge com pa red to the en co ders on
the dri ving wheels. The si gnals of the en -
co ders moun ted to the dri ving wheels are
only used to con trol the mo tors.

The stee ring an gles and the spring sus -
pen si on mo ve ments are mea su red with
po ten tio me ters which si gnals are fed to
the ex ter nal ADC of the C167. The ver ti cal
mo ve ment of the wheel spring sus pen si -
on is used to cor rect une ven mo ve ments
of each wheel se pa ra te ly (and to de ter mi -
ne the pay load weight). A de tai led

descrip t i  on is found in Stu ben vol l
(1998b).

The ab so lu te sen sors for the stee ring po -
si ti on and the spring sus pen si on must be
ca li bra ted and the zero po si ti on must be
sto red per ma nently to get a cor rect po si -
ti on in for ma ti on for the con trol ler of the
stee ring an gles. Ca li bra ti on must be done
in cer tain time in ter vals and af ter ex ces si -
ve me cha ni cal forces have been applied
to the wheel sus pen si on. 

4.2 Sonar sen sors

For our re se arch con cerning mo bi le trans -
port ve hicles we use a sen sor, ba sed on
the time- of- flight (TOF) of the ul traso nic
si gnal. Ad di tio nal ly by ana ly zing the time
dif fe rence bet we en the re cei ved si gnals
on each re cei ver 3- di men sio nal lo ca liza ti -
on of the re flec ting ob jects can be achie -
ved. One trans mit ter with three re cei vers - 
whe re the trans mit ter also ope ra tes as re -
cei ver - is suf fi ci ent for rea liza ti on (si mi lar
to Rencken 1995). The ho ri zon tal di stan ce 
bet we en the re cei vers is as lar ge as pos si -
ble to get a hig her re so lu ti on of the ho ri -
zon tal lo ca liza ti on of the echo.

The sen der emits an ul traso nic si gnal
which pro pa ga tes like a sphe ri cal wave.
This wave is scat te red back by va rious ob -
jects in the en vi roment and is re cei ved by
the three re cei vers with a time de lay to
the sen ding si gnal and re la ti ve to each
other. The se time de lays of the re cei ver si -
gnals are the ba sis to calcu la te the di stan -
ce, ho ri zon tal and ver ti cal ang le of the re -
flec tor re la ti ve to the trans mit ter/re cei ver
pla ne.

To avoid mu tu al distur ban ce of ve hicles
ope ra ting in the same room or very clo se
to ge ther the ul traso nic sen ding si gnal of
each ve hicle is fre quen cy mo du la ted dif -
fe rently from each other. The re cei ver and
the DSP of the ve hicle can then easy de -
tect if the re cei ving si gnals have the own
mo du la ti on or was trans mit ted from
another ve hicle (see also Stu ben voll and
Di mitro va 1998a).

4.3 Sto red en vi ron men tal in for ma ti on

It is ne cessa ry to pro vi de maps of the en -
vi ron ment for lo ca liza ti on and ori en ta ti on 
of the CA LIN CA- ve hicles. Maps available
in an Au to CAD for mat can be edi ted to
clas sify the buil dings, rooms and ob jects
in the rooms in terms of their func tion and 
of their sonar ap pea rence. A num ber of
pre de fined ob jects are available which
have to pa ra me te ri zed to re pre sent the
real ob jects. Such pre de fined Ob jects are
walls, do ors, desks, stairs, ele va tors, etc.
whe re it is as su med that they move very
ra re ly. Ob jects like chairs, trash- cans,
small bo xes, etc. are mo ved very of ten
and do not ap pear in the en vi ron men tal
in for ma ti on. A col li si on with the se easy

mo vable ob jects must be done on line du -
ring mo ve ment of the CA LIN CA- ve hicle.

The pa ra me te ri zed ob jects and the geo -
me tri cal in for ma ti on of the Au to CAD map 
of the buil ding or room are con ver ted by a 
post pro ces sor to a CA LIN CA- rea dable
for mat. The se con ver ted maps can be
down loa ded to the CA LIN CA- ve hicles by
doc king via link ports or via fu tu re Ir DA-
 com mu ni ca ti on chan nels and are sto red
in the Flash- ROM.
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