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Abstract— Self-reoonfigurable or metamorphic robots are modular robots
that can change their shapeand size Sud capabhlity is desimble in situa-
tions where robots may encourter unexpected obstaces or difficulties and to
performtasksthat are difficult for fixed-shaperobots.We wantto build homae-
neousmetamorpht robotswith intra andinter-robotmetamaphic capabiities.
Fulfillmentof this objective calls for small-size self-suficient and low power
modules, with enoughcompuing powerto run relatively sophistcatedcontol
algorithms, using mostly commecial-off-the-shel componaets. Sophsticated
programsneedto be uncoupéd fromhardware manajemento male themeasy
to develop andmaintain. Additiondly, the modules needan on-boad opemating
systemsmallin sizeand with a low overhead,able to run on a small-menory
microcontroller while still providing a suficient fundionality. In this paper we
discusghedesignof theelectrical subsystentheopermting systemandthecom-
municaion medanismsof the modulesof our robot.

|. INTRODUCTION

Self-recafiguralde robas could perform jobs suchasearth-
guale searchand rescue battlefieldsuneillance and scouting
and,spaceandinterplaretaryexploration,wheretherobotsmay
faceunexpectedsituationsor obstaclespr mayneedto perform
taskstoo difficult for fixed-staperobots.To performthesetasks
theroba hasto be self-suficient wherewe usethetermto de-
scribearobotwith theon-boardhardwareneededo operae un-
tethered.

We want to build metamaphic robots with both intra and
inter-robot metamorpic capabilities[6]. The requilementof
self-suficiengy requres that robas formed by a split (i.e., an
operatim in which a roba is divided into two smallerrobas)
are self-suficient. Sincethe simplestsplit operatia is onein
which a robot splits a single-malule robot then eachmodue
mustitself be self-suficient: it musthave a CPU, power supply
andcortrol overits sensor@&ndactuatorsin addition themod-
ulesneeda communication systemto coordnate their actions
for global contrd of theroba andotherintermaodulecommuni-
cation.Thissystemmustprovide anerrorcorrectionmecharsm
thatwould permit interrobot communicationin noisy erviron-
ments whereretrarsmissionis not aneffective option.

Our robdas are homaeneos, i.e., all modulesareidentical
andherce the positionof a module in the roba deterninesits
function. Thismakesourrobotslargerin sizecompaedto meta-
morphic robotswith hetergeneais modiules. In gereral, we
wanteachmodule to beassmallin sizeandweightaspossible,
sincesomeactionsrequre a single actuatorto move multiple
modues. Weightandsize consideationslimit usto usesmall,
low powerbatteriesto paverthemodues.
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The contrd of the robot can centralizedor distributed In
the centralizedcontrd, eitherthe CPU of onethe modilesor
aremde hostactasa master In contrast,distributed contiol
malkesuseof the collabaation of agens local to eachmodue.
Thedesignof themodue doesnotmake ary assumptionabaut
thetypeof globalcontrol. Still, differentcontrd methals place
different demand on the proessingpower of the CPU of the
modues. Typically, global controlwith aremde hostasmaster
requiesasmallcomptationalpowerwhile boththedistributed
contrd andthe centralizedcontol with a local masterusually
have high processingequilements.The CPU usedby themod
uleshasto be powerful enaughto meetthe requiementsof the
differentcontrd method in additionto beingableto contrd all
the actuatos andsensorandthe communicationsystemof the
modue.

We found that 16-bit microcortrollers provide an effective
compomisein termsof processingpower memorysize on-chip
periphegls, sizeandpowerconsumpon. Althoughmuchmore
powerful, 32-bt microcatrollers are not apprgriate alterna-
tivesdueto their sizeandpower consumption, andtheir assets,
high clock speedsanda wide variety of perigherals,would not
beusedby themodue.

With respecto thesoftware themodulesneedareal-timeop-
eratingsystem(RTOS) to facilitatethe developmen andmain-
tenanceof applicationprogamsby uncoupling themfrom the
undelying hardvare. The RTOS mustprovide a sufficientfunc-
tionality andbe predictalde, efficientandsmallsinceit hasto be
deployedon 16-bit microcantrollersthattypically have between
20-2 Kbytesof memoy.

Many comnercial vendrs have productslike RTXC [8] and
VxWorks [27] with small,real-timekernels.Unfortunately the
majority of thesevendrs suppot only 32-hit microcatrollers
andtherebrethey could not be usedasthe RTOS of our mod
ules. Furthermore,thosefew that were partially suitablere-
quireda substantiakffort to pott themto an unsugorted mi-
crocantroller. Hence,we decidel to develop a customRTOS,
relatively hardware independentandeasyto portto ary future
microcantrollers thatwe may use.Barringsomedeviations, we
usedthe UNIX [2] designphilosophyfor ourkernel,borronving
ideasandalgorithms from Chimera[11], Linux [4], REAL/IX
[9] andEMERALDS [28].

Ourwork alsoprovidessomeguidelines for systemdesignis-
suesin otherareasof distributedembediedsystemdik e sensor
networks andubiquitaus/perasive compuing. As the Interret
and computer networks becane more promirent and conne-
tivity beconesmoreeasilyavailable,theseareasarebecaning
increasinty feasibleandimportant. Like ourmodues,theseap-
plicationsusesmallmicrocontrdlers. To ensurehecorrectness
of theseapplicationprograms,usually soplisticatedand safety
critical, it is necessaryo usea RTOSthatuncaiplesthemfrom
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direct hardvare mangementandfacilitatestheir developmen
anddehugging[13]. Hence systemdesigrersin theseareaface
someof theissueshat we addesseduring our systemdesign
stages.

In the next section,we describethe electricaldesignof the
modues. Sections3 and4 describeour operatiig systemand
its perfamance respectiey. In Sec.5 we compae our system
with theHandyBoard[14] andEMERALDS [28]. Finally, we
presenbur conclwsionsin Sec.6.

Il. ELECTRICAL DESIGN

Our implementsion of a reconfigirable roba is called
CONRO. As shavn in Fig. 1, the five main units of its mod-
ules are the microcantroller and memoy, the comnunication
anddocking unit, the power supplyunit, the pitch andyaw mo-
tors,andthemodue sensors.

The first geneation of CONRO modues used the Basic
Stampll astheir CPU [5],[18]. Although this CPU presents
adwartagesfor protayping andwith respecto power consump-
tion, it hasshortcanings suchas a limited progam and data
memoy, a lack of interrugs, dedicatedPWM genergors and
ADC, andanumter of geneal puiposel/O portsthatis insuffi-
cientfor ourneeds.

Our secondgeneréion of CONRO modules,aimedto over
cometheseprobdems, is beirg desigred around the Motorda
68HC12B2 [17] and two external memaies, a 32K Atmel
AT28HCZ6 EEPROM [1] for persistentstorageand a 256K
ToshibalC55V2M1STI-&L SRAM[25]. Thisnew systensat-
isfiesall the requrementsof the module. It allows usto drive
theinfrared (IR) pair onthefacesof the modules usedfor serial
communicationbetweemmodulesanddoding taskg 6] andpro-
videsa RS-232link for comnunicationwith a remde host. It
providesinterrug capabilitiesthatallows the modue to hande
asynchonoistasks.Likewise,the68HC12 hasdedicatedWM
genergorsthatcontrd the pitch andyaw motors of the modue
which arehigh torque-to-weigh ratio commrercial-of-the-shé
FutabaS3102RC senwos. Finally, the CPU providesenowgh /O
portsto drive our module sensorsuchasa cameratilt or touch
Sensors.

I1l. OPERATING SYSTEM KERNEL

Our kerrel deviatesfrom the UNIX philosphy in that user
progamscanbe madeawareof hardwareeventsif they wantto.
UNIX providesuserprogramswith anabstracthighdevel view
of the hardware through thefile system.However, in real-time
systemssomeprogams may want to be notified of hardware
everts, sinceit maybetheonly way to ensue timely serviceof
suchevents. Hence,we designedour kerrel so thatthereis a
mecharsm by which userprogramsthat wantto reactdirectly
to hardvareeverts cando sowith very little ovetheadandin a
consistenmanrer.

The68HC12doesnot have ary hardvarememay protectio
mechaimsm. Thus, a processwith runtime erras can easily
crashotherprocessesr thekernelitself. Sinceapgicationcode
changsfrequently, we have to proted the kernelanduserpro-
cesse$rom run-time errorsin otheruserprocesses\e achieve
this by pagingthe extemal SRAM to give eachuserprocessits
own addessspace.

The 68HC12hasa 64K addessspace. The extemal EEP-
ROM, peripteral cortrol registersand the 68HC12s internal
SRAM andEEPROM aremappel to the upper 32K of this ad-
dressspaceasshavnin Fig. 2. Thelower 32K holdsoneof the
exterral SRAM pages.

Thekerné coderesidepermaentlyin theextemal EEPROM
whichis write protected Along with the kernelcode,the EEP-
ROM containsthe systemcall library codethatis sharecby all
userprocesses.The EEPFOM alsoholds execuable program
images.Theseimagesareusedto spavn userprocesseat sys-
temstart-upasdiscussedn Sec.lll-A. 1.

The kernelallocatesone of the eight available RAM pages
for its own use.Eachof the othersevenpagesenesastheuser
addressspaceof aprocessThiseffectively separatetheaddres
space®f all processefrom eachotherandfrom thekerrel data
segmen. Having one processper pagemears that the system
cansupprt a maximum of seven processest ary giventime.
We foundthis nunberto be quite sufficient for our use.

Thelimit of a maximunm of sevenuserprocessesneanghat
mary of thekerrel datastructuresanbe staticallyallocatedas
arrays. Also, in the absenceof ary hardvare supprt for en-
forcing protecti, thereis little thatthekernelcandoto curtail
actiities of malicioususerprogams. Hence,the kerneldoes
notsuppot accesgontol andauthenticion mechaisms.Both
thesefactordeadto smallerandfasterkernelcode thusredicing
thekerneloverhead

As seenfrom the memoy map(seeFig. 2), the kerrel code
is permamently mapped into the addressspaceof all userpro-
cessesHence theswitchfrom userto kernelmodeduringsys-
tem calls just involves a call to the entry point in the kerrel.
Thereis no needto usea trap to changethe processormock,
sincethe 68HC12doesnot have ary hardware meclanismsto
enforceprotectia. Thus, systencallshave overheadssimilarto
subrautine callsmakingthemvery efficient.

The kernelis fully preempive. It handes concureng/ by
usingsemapbresto reguate accesgo all its shareddatastruc-
tures. Kernelsemaphresusepriority inheritane [20] to avoid
theunbaindedpriority inheiitanceproblem [24].

We now describethe two main subsystemsn the kerrel,
the processontiol subsystenandhardvarecontrolsubsystem,
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A. ProcesgContml Subsystem

The process cortrol subsystemis resposible for process
schedulig, memorymanagment,IPC mecharsms andtimer
managment.

A.1 Schedier andProcessManagment

Duringinitialization, thekernelallocatesanarrayof 8 process
contrd block(PCB)entries.EachPCBentryis 128bytesin size
andincludesthe processkernelstack.

After the kerrel initializes itself, it createsthe null process
“by hard” usingPCB entryzerofor it. Thenull processreates
userprocessedy forking andexecirg the executalke imagesin
the external EEPROM. After spavning userprocesseghe null
procesgoesto sleepawaiting oneof thefollowing threeevents:
1) it is scheduledvhenthereadylist is empty 2) it is period-
cally schedied to run by the systemto remove zombiesand,3)
theslaballocata, discussedn Sec.IlI-A. 2, mayschedie it to
runwhenit runslow onfreeobjeds in a particularcache.

Figure4 shavs processstatesandstatetransitiors. New pro-
cessedeingcreatedby the fork() call arein the createdstate.
Whenfully createdthey transitionto thereadystate.Thehigh-
estpriority ready processis selectedy theschedier to run. A
runnng processmay entersleepstateto wait for anevert. Its
PCBis addedo thecorrespndingwait quete. Thekernelmod-
ule managig the wait quele wakes up the sleepingprocesses
whenthe evert occus andthencalls the scheduler A process
that exits entersthe zombe state. Its parentmay learn of its
termination by issuinga wait() call.

Thekerné hasanELF loade [16], [26] to handlethe exec()
systenrcall andtheinsmod] systencall thatis usedfor dynanic
devicedriverloading asdescriledin Sec.llI-B.1.

The schedule usestwo schedling algorithms (Fig. 5). The
maximun-urgeng/-first (MUF) algoithm [23] schedles the
critical set, thatis compued offline. All processein the crit-
ical sethave a 3-bit criticality [23], a 3-bit dynamicpriority [23]
andan optional 3-bit userpriority [23]. Thesethreevalues are
usedto computea 9-bit urgengy value[23]. Processesotin the
critical setare assigned criticality value of zero. Usersmay
specifya userpriority for suchprocesses.

Processesutsidethe critical setare schedled by a fixed
priority schedler basedon their assigneduserpriority. Pro-
cesseshaving the same priority are normally scheduledin
a round-radbin fashionby time-slicing where a time-slice is
409€us on a2MHz 68HC12. Time-slicingis optioral andcan
beturnedoff by userprogams.

TheMUF scheduleallows thefixed-giority schedlerto run
if thereis time left overafterall processe thecritical sethave
beenscheduled Thus, asfar asthe utilization of the critical set
is lessthanone,pracessesutsidethe critical setwill berun.

The fixedpriority schedler is also usefu becauseat gives
usersthe ability to usethe systemas an evert driven system,
efficiently. To implemen aneventdriven systemthe userscan
disablethe MUF schedier by settingthe criticality of all pro-
cesseso zero. Thekerrel will thenusethefixedpriority sched-
ulerfor all processesThisleadsto alower schedulingpvertead
compredto usingthe MUF schedulefor this purpose.

A.2 Memay Managerent

This modde consistsf the kerné memoy allocatorandthe
usermemoy marager asshavn in Fig. 6.

Thekernelmemay allocatoruseswo method, theslaballo-
catorandfirst-fit algorithm.

Theslaballocator[3] maintairs cache®f objectsof themost
frequently reqiestedsizes. This reducs internalfragnmentation
andmalkesallocationanddeallocgion fastandmalesit suitable
for handing real-timememay requestsAt systemstart-up the
slaballocatorallocatesachedor all commotty reqlestednem-
ory sizes.Device drivers may createtheir own objectcachesf
they have specialrequiranents.

As mentimed earlier the slab allocator schedles the null
processto allocateslabsrun wheneer it runs low on free ob-
jectsin a particula cache.However, after prdfiling the kerrel,
we have beenableto comeup with slabsizesfor thecomnonly
usedcachessuchthat they rarely run out of free space. This
is possiblebecaus®f thefixedandrelatvely smalllimit onthe
maximun numbe of processes.

Thefirst-fit algorithm[12] handesnonreal-timeblockmem-
ory reqiestsfrom theprogamloaderandhardwarecontmol sub-
system.It alsoallocatesnew slabsto objed cachesof theslab
allocatoronreceving regiestsfrom thenull process.

Theusermemay mapconsistof the proesscodeseggmen,
followed by initialized and uninitialized data of the process.
Thisis followed by the heap The stackpointeris initialized to
top of usermemay. Spacen the heapis allocatedanddeallo-
catedby brk(). Userprogam obtaindynanic memoy through
callsto malloc().

A.3 InteprocesCommurication

Interprocesscomnunicationmecharsms are signals,sema-
phoes,sharednemoy andmessag@assingFig. 7).

Signalsare basedon the sighalsemanticglefinedin POSIX
[10]. In addtion, signalshave priorities andmultiple signalsof
thesameypeareconsideedto bedistinct. Signalsalsoindicate
the evert or processthat gereratedthe signal. The priority of
arecevedsignalis a 16-bit value, the uppereight bits comirg
fromthepriority of theeventor processhatgenergedthesignal
andthe lower eightbits comingfrom the priority of the signal.



kernel level

User programs

C libr.

aries

System Call Interface (setpri(), setsched())

PCB array : 8 entries

Scheduler

Priority table
— ]

Maximum Urgency First (MUF)

— Schedules critical set

— 9 bit urgency value

]

Fixed priority scheduler

— Schedules non-critical set
processes

- Processes with same priority a
normally time-sliced

re

Fig.5. Schediler

User programs|

kernel level

C libraries

System Call Interface (brk())

Memory management module

User memory manager

Services brk() by manipulating
process heap size

Inter—process

Kernel memory manager

communication

User—driver interface

and
user event signalling

Slab allocator
- Fast

- Low internal fragmentation
— Can be used for real-time and

Interrupt handler%

non-realtime requests

ELF loader

First —fit algorithm

- Better memory utilization

Real-time timers

Dynamic driver loading
and

- Services block requests

— Cannot be used for real-time
requests

modularization suppor

Fig. 6. Memory Manage



User programs

C libraries

kernel level

System Call Interface

Signals

- Supports all POSIX
syscalls

User semaphores

semcreat(), semrm()

Shared memory

smcreat(), smrm()

Message passing

mbcreat(), mbrm()

p0, v() smattach(), smdetach() send(), recv()
read(), write()
Mailbox table— one table
entry per packet type
Kernel signal handling Kernel IPC mechanisms =]
. User semaphores Shared memory seg. | Packet handler 1
mechanism L
- Binary - Each segment protected Implements protocol —
by a binary semaphdre to send and receive [
. packets between —
- Counting robotic modules =]
| | Process mailb
|| for specific
0 pace
|
PCB array ‘
Kernel interface to IR
comm driver and bottom half
Fig. 7. InterprocessCommuni@tion Mechanisms
User programs
trap - - Tt C libraries
user level - T
kernel level

System Call Interface (tmcreat(), tmrm(), settm())

Resolution = 4.096ms
Max time = 4.5min

Memory manag

Slab allocat

Timer syscall handling
and

timer expiration notification

Timer lists
sorted by expiration timg

1]

Resolution = 32.768ms

kernel level

hardware level

Max time = 36min

Real-time interrup

bottom half

Timer interrupt

bottom half

Real-time interrupt
handler

Timer interrupt
handler

Dévice interrapt

6812 real—-time interrupt

6812 timer module:

Fig. 8. RealTime Timers



Thehighestpriority nonimaskedsignalis deliveredto a process
whenit switchesfrom kernelto usermode.

Both binary and counting semaphies are available to user
processes.Priority inheritarce [20] is usedto avoid the un-
bourdedpriority inversionprodem [24].

Sharedmemay providesa fastIPC mechanisnfor sharing
databetweermprocessesunring onthe samemoduleof aroba.
Sharednemoy seggmentsareallocatedin kerrel spaceandac-
cessedhrowghsmcreat()smattach()smrm(),read) andwrite()
systemcalls. They canoptiorally be protectedcby binary sema-
phoees.

As mentimedin Sec. |, contol of theroba canbe centréd
izedor distributed In centralizectortrol, themodulesof aroba
receve commandsfrom a centralcontrdler, thatthey execue
[7]. Distributedcontwol useshomonedq21], which arecontert-
basedmessages.The kernel provides a gereric inter-module
commuicationmecharsm throughmailboxes,thatcanbeused
with eithercontrolmethod.Processesreatea mailboxfor each
type of hornoneor comnmandthey wantto receve. Thekerrel
paclet handle placesa copy of a receved pacletin all mail-
boxes for that type of hormone or commail andforwards the
pacletto all the neightoring modues of therobot.

Thereis aneedfor errordetectiorandcorrectian capabilities
in thecomnunicationmechanismNormally, thekernelensures
reliablecommunicationby meansof a selectve repeatprotocd
[22]. Thisworkswell for intermodulecommunicationbetween
two modulesthatare partof the samerobot. In this configura-
tion, we hardlyencounterarny commnunicationerrors.However,
for inter-robotcomnunication theerras encounteredduring IR
datatransferdependon the distancebetweertherobotsandthe
noisein the ervironmen. We find thatevenfactorslike strong
fluorescenlighting leadto randam bit errorsin the datapack-
ets. If theselectve repea protacol is usedfor errorrecovery in
noisyervironmentsthe numter of retrarsmissionsequred has
meanvalueof threeanda maximun valueof eight. This means
thatthetiming requrementsfor comnunicationcanna be met
usinga selectve repat protool. Sinceincreasinghetransmit-
tedpoweris notanoption dueto theuseof low power IR LEDs,
we neederrorcorrectirg cocesfor inter-robot communication.

Thekerné useq24,12)extendel Golaycode[15] thathasthe
ability to correctup to threebit erras. Sinceerra correction
hascompuational and dataoverheads,ts usedepend on the
operatiig ervironment.Application progamscanexplicitly ask
the kerrel to useerror correctirg codesfor their messagesr
leave it upto thekernelto decide.In theseconctasethekerrel
monita's the errorrateof the communicationchamel anduses
error correding codesif the error rate crossesa threshold It
usestheselectve repeatpratocol otherwise.

A.4 Real-Time Timers

The kernel provides two typesof dynamic real-timetimers
bothvarying in time from 1 to 65535 ticks but differingin tick
duratio (Fig. 8). Thefirst varietyusesthe 6812’s real-time in-
terrupg [17] andhastick durdion of 4.096ms(maxtime appox
4.5min). Theothervarietyuse®812stimermodue [17] giving
timesin multiples of 32.68ms(maxtime approa 36mn). Both
timerscanbe one-sho or periadic. Thetimersare maintained
asa list sortedby expirationtimes. Thelist implenmentationis

simpleandefficient sincethe number of dynanic timersin the
kernelatary timeis quitesmall.

Userprogamscreateanddestry timersusingtmcred() and
tmrm(). There aretwo waysin which progamscanbe notified
abou timer expiration, they cansleepawaiting timer expiration
orthey canusetheusereventsignalingmecharsmof thekerrel,
asdiscussedn Sec.lll-B.2.

B. Hardware Contmol Subsystem

This subsysteninandes device driver moduarizationsuppat
anduserevert signaling

B.1 DynamicDriver LoadingandModulaiization

Device driverscanbecomypiled into thekerrel codeor linked
dynanmically with therunmning kerrel (Fig. 9). Dynamic linking
is preferedsinceit is notnecessaryo recomjle andreloadthe
kernelevery time hardwareis addedor removed. Thisis similar
to loadalte kerrel module suppot in theLinux kerrel [4], [19].
After new hardvareis addedo a modue, the objectfile for the
device driver is transfered from a remotehostto the modue.
Thekernelallocatesnemay in kernelspacefor the driver and
resolhesall refeencesto kernelsymbolsin the driver's object
codeby looking up its symbd table. The kernelthencallsthe
driver’sinitialization routine. Drivers areremoedby deallo@t-
ing theirmemay aftercalling thedriver's exit function.

B.2 UserEvert Signaling

Userproassesnay have to be notified of occurenceof cer
tain everts. For examge, if a processis driving oneof the mo-
torsandthetouchsensoiinterrugs the processarthenthe pro-
cesswill haveto benotifiedsoit canstopthemota. This notifi-
cationis perfamedthrowghtheuserevert signalingmechaism
(Fig. 10)thatis adapedfrom asimilarmecharmsmin UNIX [9].
Processethatwantto be notified of everts registera call-badk
function anda flag varialde with the kerrel for the appopriate
evert. Whentheevert occursthekernelcallstheregisterel user
function andsetstheflag variable in userspace.

This mechaism and the io_map() systemcall can be used
to implemen device driversin userspacevery efficiently. In
theabsencef hardwarepratectionmechaismsin the68HC12
userprocessescanaccesglevice registersdirectly at the same
speedasaccessinghemfrom thekerrel. Hence with ahander
registeredor thedeviceinterrypt, userspacedevice drivers will
bealmostasfastasdevice driversin thekerne.

Theio_map()call is usedto requestevice registersfrom the
kernel.Whenthekerné receves this call from auserprocessijt
checksthatthe registersbeingrequestedare not alreadyin use
by itself or anotler userprocess.If theregistersarefreeit grants
themto therequestingprocess.

C. Anaomyof a DeviceDriver

The 68HC12hasonly oneexternd interrug pin. The kernel
maintainsall registera interrypt handers in a chainandcalls
eachof themin turn whenaninterrupt is recevved. Hence,the
all interrypts remaindisabledat leastuntil the kerrel finds the
right hander for the interrypt. Thus, interruptscould be lost if
theinterrug hander codeis longandit keepsnterrugsdisabled
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during its execution. Oneapprachto alleviate the problemis
to perfam only critical actiorsin theinterupthander andhave
anothe modue do restof the processing associatedvith the
interrypt (Fig. 10). Hence,all device drivers, exceft the most
trivial ones, haveaninterrypt hander andabottomhalf[4], [19].

D. SystentCall Interface

The systemcall interface is implemerted as a userlibrary.
The codein the library checksthe systemcall parametes and
callsthe entrypoirt in the kerrel. It is alsoresposiblefor any
clean-yp to be donewhenthe call retums. Most systemcalls
passtheir parametes to the kernd through processoregisters.
If thenunberof registerss insufiicient,theextraparametesare
copiedto 68HC125interral SRAM thatactsasa bufferbetween
userspaceandkernelspace Thesystencall library coderesides
in theextemal EEPROM andis sharedby all processes.

E. Bootloader

On power-up, the 68HC12comesup in normal single chip
mode[17]. In this mode,it seesonly its internal memores.
Hencethe internd flash of the 68HC12hasthe initial bod-
loader that switchesthe 6812 to exparded narrov mode[17]
andjumpsto startof kernelcodein the exterral EEPROM. The
initial bootlcadercanalsoeraseandprogamthe externalEEP-
ROM, receving the necessargatafrom aremotehost.In add-
tion it canswitchthe68HC12to abackgounddelugmode [17]
thatis usefu for dehuggingthekerrel.

IV. PERFORMANCE

Thework discussedesultedin the constriction of protaype
hardware andan operatimg systemthatwill be usedby the sec-
ondgeneationof CONRO modules. We expectthefinal version
of the PCBto be about20-25% biggerin areathanthe PCB of
theBasicStamp.Theprotaypeboad dravs apprximately 70-
80mA at5V. Sinceit is poveredby a 6V K28L lithium battery
with a capacityof 160mAH we getopemrtingtimesof appoxi-
mately2 houss.

The kerrel codeis appoximately9 Kbytesin size. We use
a 2MHz clock for the 68HC12to keeppower consumgion at
a minimum. At this clock speed,reschedle operatim takes
156usand21us onthe MUF androurd-rokin schedulerespec-
tively. Theactualcortext switchtakes49us. Theinterrug han-
dling codein kerné is ableto serviceall interrugs without miss-
ing ary schedulingleadlires,with sevenuserproaesses.

Inter-module communication betweenmodules on the same
roba is very reliable and fails only when the hardvare fails.
With a (2412) extenced Golay code,we did not find ary er
rorsin inter-robotcommunicationduring our tests,evenin en-
vironmentswherewe were previously encainteringerra rates
as high as 20%. Hence,this schemeis fasterthanuseof re-
transmission$n noisy ervironmentseventhoud it hashigher
compuationalanddataoverhead.

V. COMPARISON WITH OTHER SYSTEMS

The Handy Board[14] is a 68HC11basedcontrdler board
designedor experimentalwork in mohile robotics. Progams
arewritten in a languag@ calledInteractive C, thatis compiled

by acustomcomipler into pseudaodefor a stackmachine The
HandyBoardhasaninterpreer for the pseud codein theform
of aresidenmmini-OS. Interactive C suppats multitaskirg using
arourd-rokin schedulei theresidentOS.Ther areC libraries
for hardvareinterfacingfunctionslik e motorcontrd, sensoin-
put,IR communication timermanagerantandtonegeneation.
An interpretedexecution ervironmentoffers the adwentagethat
progamscanbe checled for run-time errors. Thus,progiams
with run-time erras do not crashthe systembut this comesat
theexperseof progamexectuion speed.

By following the UNIX designphilosghyfor ourkernel,we
areableto suppot a richer functionality compaed to Interac-
tive C, without sacrificing program execution speed. Writing
progamsonly requiresa C compler capableof generatig ELF
execuablesfor the 68HC12 We addressn the issueof rurn
timeerrasin progamsby separatig theprocesaddresspaces
(Sec.lll). We arein the proessof extendng the detugging fa-
cilities of the kerrel sothatuserprogramscanbe deluggedon
the boad using the backgound dehug moce of the 68HC12
Thisshouldmaleit easyto trackdown andcorred ary runtime
errois in programs. In addtion, our kernel suppots schedi+
ing algoithmsthatenallesusto hande real-time deadliresand
everts, arich setof IPC mechanismsa powerful memoryman-
agemenhroutines andreal-timetimers. Userprogamsseehard
ware devices asfiles and accesshem using systemcalls like
read()andwrite(), andthe catch-allioctl() call. Thus, neither
the systemcall interfacenor the C libraries charge whennew
devicesareadded

EMERALDS [28] is a real-time microkernel for small-
memoy micromntrollers thatrelieson the preseie of a hard
warememay managmentunit(MMU) to enfocememay pro-
tections.As of date,noneof the 16-kit micromntrollers have a
hardwareMMU. But, in embeddedsystemsll processeareco-
operdive andtherearenomaliciousprograms.Hence,t is pos-
sible,by pagirg thememoy, to protect processeffom errasin
otherprocesses. As the memorychip-density-tecostratio be-
comesmorefavoralle this methal of memorypraectionlooks
moreattractive onthe smallermicrocontrdlers thatdo nothave
a hardvareMMU. It hasthe addedbenefitof reducimg the size
of thekerneldatasegment sincethereareno pagetables.

A secondlifferencebetweerEMERALDS andour kernelis
the suppot for modular device drivers. This enablesisto sup-
portdynamicrecoriguratian of modue hardware withoutusing
amicrokernelarchiteture.

VI. CONCLUSION

As we workedwith the current protaype,we found two lim-
itationsthatwe hope to overcomein the next geneation hard
ware.First, we wouldlik e our systemto work at lower voltages
to prolong batterylife andsecondwe would like to usea mi-
crocatroller with multiple exterral interrug pinsanda built-in
progammaltke interrypt controller We arelookingfor asuitable
3.3V microcoriroller.

Theoperding systemkernelis beingenhanedby addng er
ror andexception hardling facilitiessimilarto thosein Chimera
3.2[11] to our kernel.We will alsobe exterding thedehugging
facilities of the kerrel, so that userprogramscanbe delugged
ontheboardusingthe baclgrourd detug modeof the 68HC12



As micromntrollers becone more capale with advarcesin
VLSI technolgy andnetwork connetivity beconesmoreeas-
ily available,embedéd systemsfind new and interestingap-
plication areas,aswe mentionel in Sec. I. We hope that by
providing someinsightson systemdesignissuesn theseareas,
this paperspeedsip their developmert.

VIlI. ACKNOWLEDGEMENTS

We wish to thank RameshChokkalingan and Nestoras
Tzartzanidor theirwork ontheinitial designof theboard This
researchs sponsoed by DARPA/MT O undercontra¢ nurnber
DAANO02-98-C-D32.

REFERENCES

Atmel Corp. Atmel AT28HC256Datasheg Dec 1999.

Maurice Bach. The Designof the UNIX Operating Systen. Prentce-Hal
of India Pvt. Ltd., 1996.

Jef Bonwick. Theslaballocator: An objed-cacing kernd memoryal-
locator. In USENIXSummerl994 Technical Confeena, pages87-98,
1994.

Danid P. Bovet and Marco Cesat Understandng the Linux Kernel
O'Reilly andAssociageslinc., first edition, Jan2001.

Andres Castang RameshChokkdingam, and PeterWill.  Autonomous
and self-suficient CONRO modules for reconfiguable robots. In Proc.
5thint’l SympDistributed AutonomoudRoboticSystens pagesl55-164
2000.

AndresCastaw, Wei-Min Shen,and PeterWill. CONRO: Towardsde-
ployable robotswith inter-robot metamoric capabilities. Autonomous
RobotsJournal, 8(3):309-324,July 2000.

AndresCastinoandPeterWill. Representinganddiscovering the configu-
ration of CONRO robots. In Proc. of Intl. Conf on Robotic and Automa-
tion, May 2001.

EmbeddedystemProducs Inc. RTXCUser’s Manual 1995.

Borko Furht, Dan Grostidk, David Gluch, Guy Rabba, JohnParker, and
Meg McRobets. Real-Tme UNIX Systens: Design and Application
Guide Kluwer Academic Publishes, 1991.

IEEE. Portable Opefating Systen Interface for Compute Environments:
|IEEE Standad 1003.1, 1990.

Darin Ingimarson, David B. Stewvart, and Pradee K. Khosla. Chimea
3.2: The Real-Tme Opeiating Systen for Reconfjurable SensoBased
Control Systems-eb1995.

Donald E. Knuth. TheArt of Compuer Programming volumel. Addison-
Weslg/, Readng, Massachuss, third edition, 1997.

Philip Koopman. Problems facing embeddd systems. Talk Slides,
1999. Available on the web at http:/www-2.cs.cmu.edu/koop-
man/embedded.html

FredG. Martin. TheHandyBoard Technical Refeence Nov 2000.
M.J.E.Golay Noteson digital coding. In Proceedngs of the IRE, vol-
ume37,page657,Junel949.

Motorola Inc. M68HC12 EmbeddedApplication Binary Interface, first
edition, 1998.

Motorola Inc. M68HC12BFamily Advane Information, third edition,
2001.

Paralax Inc. BASIC StampProgrammingManual, secondedition, 2000.
Alessamiro Rubini. Linux Device Drivers. O’Reilly andAssociaeslInc.,
first edition, Feb1998.

L. Sha,R. Rajkumar andJ. Lehocky. Priority inheritance protocols:
An approzh to real-ime synchronzation. IEEE Trans.on Computes,
39(3)1175-11981990.

Wei-Min Shen,Yimin Lu, and PeterWill. Hormone-baedcontrd for
self-reconfigurale robots. In Proc. Intl. Conf Autonomousigents 2000.
Will iam Stalings. High-Sped Networks: TCP/IPand ATM DesignPrin-
ciples Prentie Hall, first edition, 1997.

David B. Stewart andPradeepK. Khosla. Red-time schedling of sensor
basedcontrd systems.In IEEE Workshopon Real-Tme Operating Sys-
temsand Software, pagesl44—-150May 1991.

H. Tokudaand T. Nakajma. Evaluaion of reattime synchrorization in
reaktime mach. In Secaxd Mach Symposim, pages213—-22.. Usenix
1991.

ToshibaCorp. ToshibaTC55V2001STDatashet, Mar 1998.

UNIX SystemlLaborataies. SystenV Applicaion Binary Interface, fourth
edition, 1995.

[27] Wind River SystemsVxWorks Programmers Guide 1993.

(1]
(2]

(3]

(4]
(5]

(6]

(71

(8]
[9]
[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]

[21]
[22]
[23]

[24]

[25]
[26]

[28] Khawar M. Zuberi andKang G. Shin. EMERALDS: A small-memory
reaktime microkernel. IEEE Trans.on Sofivare Engineering, 1999.



