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HERBERT: A SECOND GENERATION MOBILE HOBOT

Bodney A Brooks, Jonathar B, Conrell and Peter Ning
B &

Abwtract. In mobile robot resenrch we bellove Lhe struciors of the dlatform, s vapabil
ities, the cholee of senzors, thelr capabilitios, and the choice of processors, both onbosrd
and ofboard, greatly constraing the direction of research activity ventered on the platform.

We examine the design and tradeoffs in a low vost mobile platform we have built while
paving careiul abtention to dssues of sensing, manipulation, onbemed provessing and dibug-

gability of the total system. The robot, named Herbert, bs 2 completely autonomons mubile
robot with an onboard parallel procesior and spocial hardware support for the snbsumption
architecture [Brooks {19881, an onboard munipulator and o laser range scanner. All pro-
cossars are stople low spead 8: b8 micro-processors, The sobot 18 capabile of el e theee
dimensional vision, while dombtaneosly cateving put panipnlator and navigation tasks,

Acknowledpments, Thisreport describes research done at the Artilicisl Intelligence Lab-
weatory of the Massachusebts Institute of Technology, Support forthe resesrch s provided in
purt by the University Besearch Initintive under Office of Noval Bosearch oondeact NS4
A6 B -DBEB, in part by a grant from the Systems Development Foundation, and in part by
the Advanved Research Projecis Agency under Office of Naval Researeh vontract NOSOLL-
S5 124,

) Mussnchnsetts Institute of Tedhnology 198¥




Forbert the Robet 3

Figure 1. The robot Herbert, showing three wheeled base, 24 processors, luser Hght striper and

&Y.

1. Introduction

4, for indoor nse,

1

> rohiol i pleture:

We have built » conmpletely aulopnomous

hased on the design presented in [Brooks, Connell and Flynn {198

ully carried out

in Bgure L AH s subsysters are now operabionsl and B has succe

navigation, recogaition and manipulation tas

The major innovations in its design have been an onbward bosely coupled paralled pro-
cessor, a Hghtweight manipulator and a shple bt vobust laser dep

ions uselul for bullding » sipall indoor mebile

&

th scanner, This paper

<

gn optimiz

gives an overview of some de

robotb for experimental use. The theme of the deslgn has always been simplicity and relia-
hillty at the local level, with high global performance heing prodursed by careful integration

of such componenis,

2. Hardware Implementation of the Rubsumption Architecturs
i £

The subsorption architecture [Brooks {198 s based on loosely coupled networks of finite

b tndividual roachine can have some tmers {olocks that signal an evers

o pnachines, B

a limited eomputation engine 1o do
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Flgure 2. Provessorn

o Hituchy UMOS 48005 snd are lnkad vig two conducior cables, transmiiting

ages and e distytbated patch panel

sipppe arithmetic amd geometric compuiations, Thess finite state machines are connected

by low bandwidth wives, over which messages can be sent,

In ouy frst boplemerdativn of the subsovption architecinre we used 5 conventional uni-
sine where sach simdated proc

b
3

frite siate machine, This shoulation was sufficient to suncessfully o

processor Lo stmmlale a paraliel macl nysor was precisely one

munonstrabe the fanda
mental utility of the sabsumption seohiteciure, but i suffered from a nnber of deawhacks,

g The mmplementation did pot denwonsirate the lack of contral conirol and data that is
inherent ip the subsumption archidecture. With the existenze of the central processor
and shared memory i reguired faith on the part of the nhserver to helivve that there

really was no need for sharing or svochronization.  (In faet it turns ont that in the

experiments reported in Brooks {19863 there was a subtle rellance on the simulation

ansd ite mnechanism for time sharing, In later boplomentions the partivular networks we
used there had to be modified shightiv.)

¢ The vomputer wsed for shimlation was too large to mount opboard the robot so we
neetded to ran it at all thmes with either a cable or a radio link, The former was not
very satisfactory operationally snd the latter was not very relinble, Hoth introduced
vansiderable latency into the sysiom,

#  The nplementation was not indefinitely extensibler we soon ran into performance con-
straints when we added the shnulation of more and more Hulte state machines un » single
processor. As we inoreased the capabilities of the robot I starbed to miss s real-tims

performance goals,

frur new hingdementation suceessfully vvercomes all these drawhascks,

Figure 2 shows 2 close up of part of the tmplemeniation. We lmplement the subsumption
arvhitecture on a collection {of unlimited size) of small 8-hit rdernprocessors {Hitachi 8361,

which are a CMOS bhuploaseuttion of the 8800 architectnre . The only shared resource for
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Figure 3. Each standard processor board has o 6800 with i1s 128 hvtes of onboard BAM, an unnsed

cadedfor BE bytesexpansion, and aosappression nords,

the processors s power, There Is no global clock, po shared memory, no shared backplane,
and 1o global commurdention network.

Hach standard board {as pletured in figure 33 includes 2 processor and o supnression

node, The processor has 128 bytes of anbomrd RAM, and aceepts an 8K byie piggy-hack

of BAM has been suffivient for our applications, but »s a

safety measure there is a socket for an extrs 2K bytes of BRAM. The provessor and support
ships are all CMOE-low power consmnption is critical for an antonomens mobile robot,

The processor chip has a large number of reconfigurable parallel port bits, We use

a number of these together with software running on the precessor to lmplement serial
interfaces o the processor card, Bach processor has three inpub serial Upes, and three
surput serial Bnes. Bach serial line hag two signals; & control line and a data line, A falling
eontrol signal specifies that a 24 bit data ressage is about fo be delivered ou the data line.
As there is no global clock, the data messages are self vlocking, 24 pulses are sent, and

fength of each of them specifies whether cach of the 24 bits s 2 8 or & 1. The cdocks of the
sending and receiving cards need only be within 20% of a common freg

ueney for this scheme

to work., The software on the processurs polls the parsilel port bils every hall
o the serislization, We
packets per sevond},

mitlisecond

fvees

b hand rab case transmdssion speed is roughly 280 baud {about 12

There are two additional special lnput Hoes on each card. One s a reset Hner any
The other

message arriving on this lne will respt the processor to the power-up state
s oan inbubit Hner s roessage seriving on this line inhibity output messages on the first of
the card’s three output Hnes for a pre-specified time period. The tirme period is controlled
by a potentiometer on the card and can range from Bactions of a second to bundreds of
seconds, For hoth these special fuputs the dats Hoe s actually ignored; only the contral

e i tmportant, The remaindng three input lines oo each card, as deseribed above, can all

deliver comnplote messages to the provessor,
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Figure 4. Some processor bonrds replace the suppression node with an Bt purallel port for

vomimanieaiiong with 170 devices,

inally we planned to have each individual processor sirulate precisely one finite sinte

wachine, We later realized that was rather wastelu] and now have ench of them shonlate
soane hounded .Ez»;zrgesr nursher, When we want to add new finile state machines, and hence

ssxor board has some sdditional

Brocks {10861, ?m device allows one mundule to override

T

i s O standand boapds this space is
neenpied by a suppresser nods 2

>

for a pre-spercified amount of thme.

the putput of another module he thne constant can

he adjusted by » potentiometer on the boapd,

On a sall suiraher of cards the suppressor node is not present. Rather, as shown in figure

4 there is an 8-bit parallel port. These ports are needed fo communicate with input/outpant

Csueh as the locometion serve computer, the manipulator anslog servo card, the
ssing cards. Additionally,
% this board space to house o UART and an H5-232

devices

infrared

proximity sensor driver card, and the laser seanner prog

we have one processor card which uses

serinl line so that a dlagnostic terminal van be plugged ito the robot,

v

ROV P, pictured in figare 5 that are used to support the processing of depth b

sor eards, called Line Oviented Viswn FProvessors

there is a special olass of proes

£y

%’s‘e:ms. the laser scanmer, We deseribe these cards in more detadl in ;Séz&.?.mﬁ 4,

5. Effectors

Herbert has fwo effectors: a drive mechanism snd a manipulstor
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Figure H A thisd {ype of provessor board, the Line Ouisnted Vision Processor, bas the same
mivropronssser, bub dncludes s bigh speed 2K byie RAM. The boards can be Haked in 2 tuw fo
butld woserpentine image memery with pipelined processing. Four DOV Paareshown in this picture,

Divive mechanism

s

sedd from Beal World Interface and bs ideniival

£8

The drive mechanism of the robot was purcha

ta the drive mechanism of Allen, our carlier robot [Brooks {1986}L The base comes with a

servo computer and its own seb of lead-acid gel cells for power. Physically, the base I 18

i

inches in dimmeter and stands sbeut 12 inches tadl. There are thres whesls which abws

point in the same direction, as does the top plate of the robuwt base, The orlentation of these
ig cantrolled by a chaln deive mechanism. The three wheels are all powered by a single drive
motor, again through a chaln drive mechanismm, The robot is thus able to turn in place and,
a3 it does, the torso we have bulll on top of the base top plate also turns. The laser scanner
and manipulator always face in the forward direction of mwtion of the robot,

The upper part of the robot, which we builh, s powered by 16 silver-gine cells, These
have an extremely high power density and power the parallel processor, the laser soanner,
the iufra-red progimity sensors and the manipulator. The total power consuwmption of the
roshod s about 100 watis, These hatteries et the robot operate for approzimately ong hour,

Munipulgtor

To allow Herbert to do more than wander around passively we dechded o indude an arm
srboard, There were two choices: place a commernial arm snboard or build one ourselves,
We decided that a commercial anm was not a viabhle option because all such army were
either too beavy or not did not have a workspace that extended much over the side of the
rohot, We wanted a lyhtweight anm with a large workspace, We decided that the arem
should he capable of plek and place operations both at ground level and at table-top level,
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Figure §. The onbosrd manipulator bos o long reach, and can plek sud place oblests at beth
ko) E - 5
o gmound devel and table top devel. The hand is laden with stmple sensors whicl allow it home in on

and wrasp obletadn snceriain lootions.

The anm, pietured in figure 6, has only two degrees of freedom plus a parallel jaw gripper

which i alwave orlentesd with the jaws vertioal, The gripper can move In a vertical plane

which runs through the center of volation of the robot base. Thus by redating the base we
s provide a side to side motion fur the gripper. The gripper can be moved to all points
i a workspace which is 40 Inches hizh by 18 loches deep.

Each

generate 80 oz-dn of torgue which is farther increased by a chain drive. Although this allows

Joing, plus the gripper, s driven by a lightwelght DO gesrhead motor. These muotors

the ammn to warry 8 paviead of up to 2 pounds, it means the arm moves falrly slowly: full

i

wn b full up takes abont 6 seonmds ab top spesd.

Bolted to the side of the arm are three identiea! analoy position servos; one for each of the
twe arm joints and one for the gripper. These are interfuced to a subsmmption architecture
processor through an 8-bit parallel port. The processor con read the jolnt angles and the
gripper separation throught this port. 1t alse has avcess to the serve loop ervor voltages. To
control the arm, the processor sends a veloolty comumard to the arm servo which integrates
thii
position of the arm o a resolution better than the joint sngle encoders and also gives us

s copmsnd over thne o generate a desired position. This setup allows us to contes] the

gond vonirol of the instanianesus velodty of the gripper.

4. Rensors

Allen, our earlier robut [Brooks {1986}, relied on somar as its primary sensor, For Herbert
we primarily ase two types of sensors: Infrared proximity sensors for local ohstacle detection
and avoidance. and a laser trlangulation scanner for longer range ohlect recognition. There
iw also s cluster of specialized sensors on the hand ibself
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nste. In practice we

Figure 7. The nfra-red proximity sensors provide » very coarse depth w
ssimplyonse them to determine the presence of nearby oljects.

Prorimity Ne

The infrared prozimity sensors plotured in Hgure 7 redurn ntensity based depth estimates.

We axteact only twe bl

nation from each sensor, We have established empivically

i

that this v sulficlent acouracy for shyple obstacle avoldance (both meving and stalionmy

|

shatacies

The malor advaniage of infrared proximity sensors over sonar Is the fast response thme,

weors are only Hmited

Sonars are Hmited by the speed of sound, but of conrse onur proximity se
by the speed of Bght, This lets us complete a full 386 degree scan of the environment guickly

without warrying about sdiscent

wirs interfering with each other.

; are mbensity

The major dissdvantage of osur infrared proximity sensors are that th

e pod appesr as close as

hased. This menns, that they are slheds sensistive ~ dark oble

lghter colorved ohjects, Furthermore, the visual angle subtended by an obstacle also affects

the return intens The sensur gets the same resding for a small pearby object as for a

farger, further away object.

Laser Bungpe Scanner

The laser range scanner i the privnary sensor used as the basis for intelligent action. 1t is
pictured in Hiue 8

A4 T mW He

fnto o fat plane which is reflected off & woveabls

n laser is mounted vertivally, A eylindrical lens spreads the heam

irror bo generate a horizonial stripe.
The mirror seans th 4%
helow, A CUD camera {316 x 492} pixels with an optical broad-band interference filter is

stripe dewnwards in a range frome 10° above the horizuntal to

s pointing about 209 dowrnewards, The camers is turned on

mounted on the side of the la

thiat the normal “horizontal” scan Hnes run vertivally,

s side so
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swans & plane of laser light over the scewe every

s e hanio

Figure & The laser Hght stel

seeond, A sHaparity map 2588 p wide, by 3% pluxels deep, by 8 bits per pixed v delivered fo the

firat LOYVP

The camera runs at 88 Hz providing 38 frames of interlaced odd/even fislds every second,

We lgnore the data in odd fields, However, we take this feld’s vertioal synchronization palse

£
per step, The laser beam b thus detlected L8 per step. The stepper motor was chosen o

fromu the camera and use B to delve » sper mntor which moves the scanning mirror .97

be as fast as possible, and the mass of the mirror was kept as low as possible so that the

stion settles in about ¢ milliseconds, minbnizing vibration during the CUIDVS integration

Proring the second sistieth of a second of a frame we use the even Held of the ramern

to provide depth data. At the start of earh camers sean Bne we resel a counier which is
then neremented during the scanning of the line nsing the horizonial pizel dlock from the
camera. We stop the counter when sn analog elecironios Biter snd threshold deviee detects

!

vertieal direction). The farther away an oblect 15 the closer the detected laser line io £ the

which, rempensher, is physically in the

the laser bearn in the camern’s hordzonial scan line

d for each line to create

start of the scan line, These vounter values are huffers
buage. BEvery thirtieth of a second therelfore we pet a 2
These are fod throngh to the first in a tree of Line Oriented Vision Proce
A complete depth mage consists of 32 vuch disparity arra;

a eomplete
bwide set of 8 Bit disparity readings.
ALOVPsL

5, one for each position of the

stiped ol

faser Hght.
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»
k-

Four LUV P are shown o figure 5. A LOVP has the same size and same prooe

SRS

all ooy other processor cards. & LOVE bas a 2K byte bulor and twn high spued - tranier

P oshanbd tosintaln twe sean Bres of data Beom the

ports., The ideais that sach 1.0

o each pixel one for raw data and theee for temporary results, Thus 4 % 206 b

LR bytes, are transferved in Tromn the previons processer and 1k bybes are t e
to the succeeding provessor. This whole process takes only 1 milbsecond and s done once

svery 33 milliseconds. In the remaining 32 milliseconds, the %.hit processer can so

data to carry out various image processing functions. The LOVEs can fan oul inoa frai,

enabling ns to earry vutb many high level vision functions in parallel,

Besides the pipeline mueanory and assodated input/output ports, each LOVE has an 8-bit

paraliel port compatible with the other B-bit parallel ports used by Herbert, This is how the

results of the vision processing, such as the loeation of shijests, are reporterd bo the normal
Brocessors,

Hand Sensors

The hand itsell s equipped with a number of sensors. There are mechanical contact switches
~on the tips of the two fingers and » conventional “hreak beam” type sensor between the

At the dront of the hand are fwo infra-ved proximity sensors similer to those installed an
the base of the robot. The beams from the two sensors are crossed at 45 degrees and angled

abntl 1 degrees downward., The crossed sensors are operated in both an intensity hased

mode, like the body s, and o geometsic ranging mode. The tdes s to use the vty
wrsection of thelr beams, We do this
by checking whether the left sensor can ser light emitted by the sight sensor and vice versa,

of the two sensors 1o tell when an oblest s in the i

5. Debuggebility

Our previons experience with rescarch robots had shown us that most of the time 4 given
mwobile robot is stripped down for modifications, and even when operativnal there 1s a ver ¥

short mean time hebwesn necessary repairs and minoe ad stinenta,

Ease of necess and subsystem removal is then of primary buportance, We therefore made
such eapabilitios o primary goal in buibling Herbert. Al cireuit boards snap anbo plastic
supports and are accessible with no disassembly of the rabet, Al signnls 1o thaw are via
sumple connectors. All chips and olher somponents are mounted in chip sorkets and are
individually removable. All o

wehanical subsystems, such as the manipulator, Iaser seanner

and infrared progimity sensors, can be removed in less than 30 seconds without using tools,

Through careful choles of connectors and mechanical nterfices we have built 4 bt
where trivial adinstments really are trivial to make.

8. How the Hardware Combines to Bupport the Mission

bs we have Tor Herbert fo for 3 bo wander araund colb

Oneolthe o

Eivg tnite
with bis manipulator and then bringing them back 4o a contral location

pesting obiecis

. We plan on doing
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Ehis in oo oumpber o stens,

E

Herbert, on our earhier robot Allen, oron susbsytems of Herbert before they were inteerated,

wh ol these steps has alvesdy hesn demonsirated elther on

s First, Herbert wanders arouund nsing his body 1Rs and tight striper to follow walls,
trsverse corridors, and go through doors, While he iy doing this a rough vecorid iy kept
of the i

we he drives snd angles be turns using the encoders on the hase,

e Meanwhile, the lght striper is looking for collections of ohiects ab some height off the
flaor (it can’t relinbly find small objects from far awayl, When it finds » Bhe
satrol deives Toward .

¥oarea, the

& Un o the way to its goal, the hody [Rs and, to some extent; the lght siriper, keep the
robot from hitting any intervening obstacles.

»  When it gets close enough, the light striper can detect abjects suitable for grasping. It
coprnands the arm to move in the vight peneral direction.

s Once the hand gets in the viciaity of the object to he grasped, the specialized loeal
sensors take over to control the fine pog

tioning of the hand and the setual acouisition
af the ob bect,

s ‘The armis then retracted and the robot uses the path mermory it oreated while wandering
to get i back to its original location. At home it deposits the object and goes outl in

seareh of abhers,

The interesting aspect of this set of behaviors Is that no goals or intents are commmunicated
internally hetween them, Rather the ohservalile state of the world and the robot is used to

frigger what 1o do pegt.
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