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There a n nny dif foront - mota of u f o t y t o oonrldor *a ut l l ls l tu a robot
in an indurtrlal appliortion. In (On0~81, houovor, thoro e m k oategorized

the l a t e r oategory and pre8ents m e appmeh of providing equipment aafety
through the use o f an auxiliary oaplputer t o monitor operation8 i n tho
work8ktlon. Such a oanputer rystom oan be wed t o oheok robot operations
during programin@, wtcl l l r t ia ayaling, md d a w Ellld mmir t o prevent

inrplwwntation o f 8Uah an auxi l iary oocgutor on a robot - rating in a
machining workatation are deaaribad here.

i n t o the WM8 O f per8onnel MfOty md equipment M f O t p . ?hi8 WpOP addrerres

unwanted o o n d i t h a ?MIooaurring. The l m l a e &Sim Urd

CoQnrsrolal equipment ir Ident i f ied i n this paper i n order t o 8dequately
describa tbe sy~temathat were developed. .In no ome doe8 auah ident i f i ca t ion
imply rooommendation by the N8tion81 BUM~Uo f Skndardr, nor does it imply
th.t this equip~arnty.b n O O O 8 8 8 r i l y tho best aVai18blO t o r the purpO80.



1. Introduction

One approach o f 8ddresalng this problem i s t o um M8uxill8ry 88foty
computer t o monitor robot opwatloa8. The purpose o f ths mfety-tor I s t o
prevent the robot tra wingi-lf or ury of the oquipwnt urd mon80rs
mounted on, and mound the robot, %atho.vent of 8 b8rdmro .rlt\motion,
aoftuaro bug, or oper8tor error. To do thirr, tho 8afety oogutor maltom 8

bources. If the information that the safety omputor modtor8 doe8 mot rut180
certain oonditions, the safety m u t e r rtop8 the robot and aot l f lo r the
operator.
~UuIbePO f 8t8tU8 urd WLI(I0I. input8 iror theOOlltPOllOI'*th. robot, urb 0th.r

2. Safety Computer Features

The safety uomputer, re fer red t o & the U8tuhdog Slfaty Coaputor (WDSC),
I s a stand-alone doroooarputor 8yrtem
in the workatation. The purpoao o f t
are outside the range o f norm81 oondltlom and t a.top tbs robot k f o r o 8
co l l i s ion 'o r any damage t o the robot oan 000~.TheinitialImplamonktion o f
this oomputer system i s on 8 Cincinnati fil80ron T3 robot %mkllodin the
Automated Manufacturing Reuaroh P lo l l l t y (-1 8 t the IJ8tioarJ. Bure8u of i
Standards. In this applimtlon, the UDSC l s usod to monitor the individual
Joint and toolpoint motion8 o f the T3 robot md vlrious rt8tu8 sigrals from
the hydr8ulic pump unit and the T3 oontrollw. The VDSC n m w e 8 the mount o f
rotat ion f r o m a hewn mhomeuposition, tho rokt loarr l velooitp
rotat ional acceler8tion o f each o f the six robot Joints. X t o
measurement8 with a set o f m8xinaa v8lue8, uhioh are opemtror  leat table, and
if the amximunr value8 are oxoeoded, halts the robot. The uR3C also perform8 a
similar set o f oomparlsons f o r the toolpolat oe lw i t y urd aeoeleratlon. The
hydraulic pumpunit 8nd T3 robot O W i t r c O l l c l l rt&tus oRook8 8ro simple go/no-go
tests. Figure 1 shows a block diagr8m o f this lmplemantation o f the WDSC on
the T3.

WFrobobrul8k
t o bkot op.

These maximum value and status Check8 are also made by the T3 control ler,
so that, i n th is case, the WDSC i 8 a redundant byatem. One difference i s that
the individual jo int lippits 8re operator selectable In the YDSC, which i s an
added convenience during Syllt- testing. The redundancy 8ctual ly goes one
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Also inoorpor8ted i n tho YDSC I s II forbidden volume
are region8 i n the work V O f W , 8UOh 88 8 I r a C h i n O tool,UI
workstation, or the floor, in to whiob the toolwint of the
enter. The volumes are formed by mpmmntlng the rrurfr0es of the obJect with
from one t o six planes. These plan08 uw p in to the WDSC by moving
the t o o l point o f the robot t o thres pahts surfme o f mob plane. A t
eaoh o f these points, the UDSC ooeputee tho toolpoint looation in world
aoordlnates 8nd from them, the 1 orimkrtlos of the plane i n rpaoe.
For each plane, 8 Mfe ty rprrqin 1
XWqUlmd t o 8tOp the robot. If t
one o f these forbidden volumes, tho VDSC halts
WDSC I s not a redundant 8y8tom sinoe the T3 oontroller doom not provide 8uch
forbidden volume oheoks.

for the distmoe
t attempt8 t o enter. In this 0.80, the

A 8 presently oonfigured, the UDSC
control ler I s In the auto mode. This o
robot i a pewforming 8 taught pro@%m an
bring controlled by the
operating, does not ha1
t o l imi tat ions I n the T3 control ler &I

many lnstanoes becawe thr aim may mttle down on an objoot urd o1uae more
damge than i f the oper8tor I 8 8ilWed t o oorreot tho riturtioa.

t i o m when the
tho robot I s

8 h U t d O a e Stoppine the robot by dl-b

3. T3 Robot Desor i~ t ion

The T3 I s a aix-cui8 rervo -oontrolled rokot by hydraulic
aotuatora. It i s m u f a c t w e d by tho Cincinmti Milremn caarp.nY loaated i n

rotat ional actu8tor8. The 8otrutor on the elbow i 8 8liacrr pilton type
aotuator. All of the Joints, includiq t;b. ezlwu, 81% rot r t lona l and give the
T3 s i x degrees o f freedom. The 8c tu r to r~rupj~rtand move the mas o f the T3
whenIt I s I n operation and provide a rated llft'iaguapaclty o f 100 pounds.

CinCinMti, Ohio. A 1 1 O f the 8OtU8tOP8, OXoept the thr dhow joint, are

Uhaa kt&ehydraulio power t o the T3 I s of f , the upper arm o f the T3 rests
on a "shot pin" 8 t the shoulder Joint. The 8hot pin utoada automrtioally when
the hydraullo power I s of f , preventing the shoulder Jointhmttllng past a
point approximately 45 degrees above horizontal. If,however, the T3 I s
already below the shot pin, there i s nothing t o prevent the T3 from sett l ing
down wainst the floor. The T3 oould 08uae a good deal o f damageIf It sett led
on the end-effector or 8ny o f the oqulpment around the robot.
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One of the M J o r re8e.rah topi08 being purnted in the AMRF i 8 tbe
development o f 8 generio robot o
System (RCS) I s being used t o run
sending o-ds t o tb. T3 oontro
This link i s supported in
External Path Control (DEPC),

Robot C o n t r o l
oon tm l r the T3 robot by
oamurm8tiallink.

led Vi. 8 8eri.l
icat ion link with an e x t o m i l

This feature i s funationrl i.in the wto

J tholow level
mode.) In the future, f 3 willk run exolUsit.1 this ooatrol
link.The NB!3 RCS wiUpfiorl&..the leve l o
aemo control willbe lu i t t o the T3 0sntrol.l.r.
running in auto .ode m a t o f
the T3 i s bring powstvd up OIL aut,
Hold/Set .

As shown i n Figure 4, the oper8tor ter8ln8l i s oonneuted to the 8yrtd
through a ser ia l por t on the single baud UOIDpUtW. The Joint po8ition datr
frola the resolver eleutronics are in to the 8y.t- through 8 paral le l
port also located on the single board ooopukr. Tbu T3 8t8tu8 d8t8 and the
Hold/Set and Emergency Stop output onrrmda 8re trurrraitted

block shown i n this diagram i s tbs RCS. The hardware and the nm3orlty o f
the software fo r this intsf faue have b.+a irplembted, but have not basn
completely tested and debugged a t this ti#.

isolator I / O panel to one of the on the p u r l l e l I / O

The safety coaputer i s located In it8 OWXIohwsis so thatit i 8 isolated
from other systems oontrolling the robot. In this uonfigurrtion, the aafety
computer has sole contro l o f the 8ystem bus, and thus 8 V O i d 8 the problem o f
multi-prooessors using the same bus. Th i r will inoreme 8ystem r e l i a b i l i t y and
eliminate the possibility o f the b wbeingtied up by another prouessor. If it
shared the bus with the #Bs RCS f o r e-ple, 8 aalfunution In the RCS could
qu i te easily oauae the aafety computer t o mltunct ion as well.
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Tho T3 um8 two different log10 V O l h g O 8 , 120 WAC and 24 VDE, neithor o f
whiah lr oaappatlble with the TTL log10umd by the r r fo ty m u t e r . The
opt ica l lrrolator I / O pan01 i s used t o oonvert botweon tho T3*r log la voltages
and the safety oomputer's TTL 10810. Thlr panel ha8 8 tot81 o f 24 I / O l ines
which are configured (AC o r DC voltage 8nd input or output) by aelooting
appropriate driv ing or t o r m i ~ t l n gmu lea . Tho mdulea oonvort from AC or DC
t o TTL, and vi- verb.. ?he lnterf'aee ktwm thia pan01and tho mie t y
oomputer lr through the par811e1 I / O board. Both input d8ta urd output
oommands are transmitted over thlr intorfaoe.

The operator task bandla8 a l l e--mioationa w i t h tho r f o t y aomputer'a
terminal, and henoo tho u8.r. The v.
i n the operator ta8k rxoopt when tho
user v ia the operator tmk. The t o r m l ~ li s
progrm; It i s only ab10 to print out 8bout one oh8r8oter we- oi l l iamond a t
9600 Mud. Thus, WSsclge8 g.LLIM fsst g program 8ro stored i n a
message queue unt i l they aan k p Wt. tho tatohdo6 progrrn ha8 put
a message, or mearrage8, i n t o the nsmge queue, lt lnst ruo t r the operator task
t o run a program that will l i s t out the oontontr o f tho mou.01 a t the
terminal f o r the uror t o aeo.

The tatohdog program, rumin@i n tho mtohdos ark, fr aotivatod ovary
50 millisooondr (ma) by r timr Interrupt. Thir intormrpt lr a rignrl t o tho



watchdog program t o aheok tho rtatur o f tho T30 The program 0%8mIne8 the data

vio late any o f the T3's operatloarrl oomtr.iRtS, t$rnrt ds
the T3 t o atop. The vrrtahdog progmm i n 8 t r ~ o t 8the oporator task t o print out
messages indicating the 8tatw o f the mtohdog ProSna and any error oonditiona
that it has deteoted.

it POUOiVO8 and decide8 whethor the T3 i 8 O p W 8 t i r y t a O r U l l y e If the d 8 k

The watohdog pr0gr.r~18 bro&on dawn into thma
oomputations, and outp~t. Emh o f them fmatiwulb
number o f more 8peoifio tasks. The input blo& mads joint d.
resolver electronlo8 and st8tu8 data irolr the T3 oontrollor. The oomputation
blouk cheoks for t w and I / O orrora, eomort8 the data iror
into jo i n t q l e s , oumputes thoporritiaa,rolooity urd raaol.rr
and ohwk8 for disorep8noies in tho T3'8 motion. ?bo output

nds t o the T3 oontroller (RoldBot .#I aWrg8my Stap),
urd 8 k t U 8 WSSwe8 t o the Umr Via lW-0 qU@UOo A tOp 1OVOl f l o W diyp.u
o f the watchdog program i s &own in ?-80

I n order t o exg18in h
allowing the uaer t o inter
multitaaking enviro-nt o
multitasking scheme. ,All
called the mltitaakl~round rob
l i s t processing eauh k
asleep. When a taak 18 a
and aontrol i s paased on
the task irr awake, the pro~p'uIn
The CPU aontinues exeaut
return t o the multitaaking round robin. Tho CPU am k r81-d mxplloltly by
the program o r lmplioitly by oert8in PORTEI wordm. tbrr wocd. primwily
responsible for relea8ing the 8 0 are thow bollo.mod withkninrl X/O.
Whenever a oharacter, or string o f
terminal, the task i 8 put t o sleep
tasks i n the round robin. While th
accepts or transmits data t o the to-1. ~ h . at& iroorplrk,

again i n the round robin.
interrupt wakes the taak 80 th8tIt 196uyOporatioa i t a kum00...

The CPU alterrutes back and forth botwm the tat
The operator releasea the CPU whenIt 18 lry for

the CPU when it has no new data t o pm3e.1. Im data 8m r w d i n frolp the
resolvers every 50 ma by a routine tri&pmdby 8 timer interrupt. Uhen the
interrupt routine has read in the re8olver data,it lnoremetnta the 'new-data"
flag. This indicates t o the watohdog task that there u.0 new data to be

i s i n the prwess o f writingout t o tb8 a r l o T

processed, and that the next time aontrol o f the CPU I 8 p8a
task it should execute the watchdog progrrpr. When the - to

tOhdog
ha8

been activated by the interrupt, it ool lmta a l l the other data nscrrrarary to
make it8 decisions. I n the pI%#OElt version O f tb M f O t y - h F pt h m S &PO
the T3 status data.

When a l l o f the data has been oollacted and the amputation8 oompleted,
the watchdog program decides whether t o atop the T3 baaed on the ourrent state
o f the safety computer and the operating oonditions o f the T3. The operating
conditions o f the T3 are given by the T3 control ler statu8 aignals and the
position, veloci ty, and acceleration values oalaulated from the resolver data.
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4)

Hold/Set Id le -- A n error lw boen dotootad and tho mtahdog p m
8 Hold/Set. The Hold/Set l i n e i s iarative. (The Hold/Set

1) Joipt veloalt ies below nut-
2) Joint ~aoe lemt ionrblow
3) Joint position w i t h i n ruu+
4) Too l point relooitybelow.urlmum
5) Tool point aaaalrrotionbelaw 88xlmum
6) Tool point outside a l l forbidden volumes

IfUrp O f them aOmStr8int8 i 8 violated, the 88fOty ooPpUtOP Will isSue a
Rold/Set. Eaah o f these error ehmka ttul be lnd io idu l l y earbled or disabled
by tbe user appropriately r e t t O r rvartt ing the oomsponding enable flag.
The vslooities and roaelerat i u". aheoked by aoop.rln# the ourrent value t o
the rsapuotire all- ble l u t e mOsSdAw %hi8lhlt ib OOMidWOd M
error aondition. Slailarlp, jo int position i s empared t o 8 range o f allowable
values. Moving the jo in t outside th la-e l a oonaidered an error aondition.
The current toolpoint laoationi s amparod to the l i s t o f forbidden VOlUmS8.
M o v w the toolpoint Inside the 88fety margin o f any o f the plures which make
up these volumes ir aonaidarod an error oondition.



h e n a ?iold/Set i s i l lUld, the r r f o t y omputor entors tbe flold/Set
operating mode. While i n the flold/Set d o , the 88fety oooputor oheoks t o m e
if the T3 has actually 8tOpped. Sinoe the T3 28 V O W M 8 8 i V O and the response
t i n e of the safety ooarputer i s f i n i t e , the T3 willnot OQIO t o rest
imPrediately. To take this in to aooouat, the Mfety oooputor ~ 8 0 88 s toppw
threshold t o decide if the T3 has reapondad t o 8 ttold/Sot o n d o The
stopping threshold specifies how far the T3 I 8 81lowed to t m v d 8f ter a
Hold/Set has been issued. Ifthe T3 tmvels fw tho r tbur thib8topplng
threshold, the safety aomputer assume8 th8t the Eold/S.t did not work 8nd an
Emergency Stop i s issued. Thia oh& o m k dlaablad by -8OttI!l# tho
oormsponding enable flag, ue-stoplm@, This may ba do8lmblo during o o r k i n
types o f test ing when an operator i.p-at t o mnmlly hit
w i t c h if necessary. However, l a ywt-8 thisuillnot be
the stopping thresholds wereeapirleally o b s m 80 th.t there &d k 80 b.lm
triggering.

8
W

In the Emergency Stop mode, the hydmulio powor t o tbnI'~_Is&%utcff, A8
result, the T3 wills1owly 1J;cllnp,mmttl
,th no power to the T3 th

ktr.FimkfawIt.
* bO-emktW&-

motion. The only check f o r8enay Stop i s t o rrrriM tho appropriate s t a t u
l i n e t o see if the oontrol ler i s re8pondiag prop.rly. If it I s not lae,
there i s no action that OM be taken on tho P.rt of ttm n f o t r waput@~,mibe
from notifling the operator.

6. Resolvers

The safety cmputer'b main fmotioni s to &tor tho -tionof the T3,
This i s done by monitorlag the position o f the t with six roaolver8, nhioh
are mounted in the T3.8 PositionhlugPniU ( 1. B.oh P I 0 aontaim a
resolver and tachometer which provido jo in t pobltfon .bd v8looity ioodkok to
the T3 controller. An additional re8olvor vld 8db.6 to mob PAP to protido 8n
independent source o f j o i n t position data for the mfo ty ooguter. Thoso Joint
angles are used t o compute the various aotion parametera oheoked by the mfo ty
computer. Each resolver returns an analog 8-1 wbioh indimtes tho angular

analog s l p a l i s converted t o digital form by an IUD ( 1V8l' t o dwkl)
oonverter i n the resolver eleotronios pok8ge desl~gned built a t Ic83, lb
R/D converter generates a 14 b i t number wbiobi.ropre8aa!katiro o f tho n 8 ~ l v o r
angle. A block diagram represent8tlon o f the ruwlver Olootroaior i 8 rbowl b
Figure 9.

posit ion O f the resolver md thus, th0 pO8itiOtl O f tb. robot; Joint. mi8

Due t o the gearing In the PAUs, the resolvers go thraugh a number o f
revolutions while the joint travels through i t 8-8 o f rotation. The R/D
converters only provide the - le o f the resolver. To get the =le o f the
joint, the number o f revolutions o f the resalvers mrst be taken i n t o account,
This i s done by the resolver electroaics paakage. The mmlver elemtronics has
a three b i t revolution counter f o r mch resolver and 8dJUbt8 the revolution
counter appropriately when the R/D oonverter output ro l ls over. The three b i t s
are combined with the 14 b i t R/D output t o produce 8 17 b i t result. In order
f o r the resolver electronics t o provide a oonslstont result, the revolution
counters must be in i t i a l i zed every tiara the resolver eleotronios are powered
up. This i s done by moving the robot to a known nboaew loo8tion and then
set t ing each revolut ion counter t o the oorrect revolution oount. The
revo lu t ion count a t the home posi t ion i s chosen 80 that the 17 b i t resolver
output will vary continuously over the rMge of the j o i n t (l,e., so that i t
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willnot r o l l over in tha add lo o t tho Joint'r t r r v01 )~ Thir 11 dono maually
from tho front p m o l of tborvrolnr o l o o t r o a l ~ r ~

B = 2 p i / 2 ** 14 = 0.000383495 r8d/bit

The &oar ra t io 8eowntr f o r the #mr'iRg in the PA0 ktrecren the robot j o i n t
and the rosolver. Tho #oar rat io8 f o r I) r i x Joint8 8ro #lmn i n Table 1.
The gear r r t l o a I n this table have 8 nrgrtiva rimIf tho pWi t iv8 direetion Of
rot8t ion o f the resolver and tha forvlrrd trursfom r o k t l o n ocl.n~entionsdo not
wree. Thia i 8 dl8ou88ed ftwther in the nsxt motion. The rrrrolver o f fse t i s
used t o mke the Joint .ne108 .grao with the oonventiona o f the forward
truwform. The emot v8luer o f tho offmts depend on the phyrlO8l or ientat ion
o f the resolver with mspeat t o the Joint, and have t o k roo8loulated any time
this orientation 11 ad, o.g., when the PAU oonblnin# tho rosolver i s
nmoved or adjurted. The f O m ~ 1 8for OdaUl8ting the rerolvor o f f r e t la:



Base

Elbow
Pi tah
Yaw
R o l l

. Shoulder
8

-8
-4

4
-4
I

I n addition t o almoking the motion o f tho indiw3.drt.l Jolnta, it i s
Important t o ahoak the mtim o f th.toolpoirrt, &.@rL tb. point 8 t tho ond o f

i s 8 canbination o f the motion o f 811 tho joint8, it i s not . u s u n d dlroot ly
but rather oalculated. The formula u8ed t o-ut. tholooatleao f tho tool
point i s called the forwud tr8nafon. Tho f'arwud tt..nrforr i m b.Hd 013 tho
physioal geometry of the robot, i n o l u d w howIt is jointod .ad hat long tho
linkages are betvsrn t;br! Joints.Thc foc#rd t m m f o mItIImppfal iror joint
space t o robot apaoe. Tho joint apaooI8 defined by the josnt u y l o s o f tho
robot, and the robot apaoo 18 doflmd by tho-an ooorda te r of tho tool
point and the or ienkt ion givon by three 8ng108 o frotationabaut tho x, J,.&
t a X 8 S o f

the robot gripper where 8a ob3eot A 8 # r 8 8 p d 0 S t& .otloaof thir point

The forward tranaform OUI be oomidemd aa aoorbinrtiaa o f simple
transformation8. Eaoh t r ~ a l r t i o nandrot8tloar e m be tharght o f 88 a
transformation irom one mordirute s y 8 t r t omother. Eaob lldcage o f the

transformation toahan&.
translation M d rotation. By
COmpo8 i tO tran8forrrrtion that
robot coordinate ayatem 08x1 be oonatruoted.

robot l a thought of a8 hr 8J8k., Urd

The present version of the rufety m u t e r oaly h..61 th8 perltion o f the
t o o l point, not the orienktion. Thia a8n be ob-d by 8pplylng the
transformation Just described t o the toolpoint. This 1s the origin i n the
t o o l coordinate system. In the 88fety aomputer, tho lndlvidu8l l inkage
transformations are applied t o the toolpoint t o t m f o n the aaordinatss of
this point from the tooloOOrdiMt0 8y8tm to the robot OOOrdinate 8ySt-0
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Axis o f rotat ion

J
8
x

IC
x
J
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Tran8f ormat ion

x truurlation
x rotation
x t ramlat ion
8 rotat ion

. x tramlation
y rotat ion
x tmnalation
y rotat ion
x trurrrlatioa
y rotat ion
s rotat ion

tool point torollJob t l.ngth
Fell joint-1.
rollJoint to yaw joint length
yaw Joint mglo
yaw Joint t o pitoh Jobtlrngth
pitoh Joint -10
pitoh joint to olbow Joint l o m h

elbow jo in t to boulder jo in t length
shoulder goa t w e
baae jo in t angle

elbow Jointmgl. I

9. Forbidden Volume Algorithm

The forbidden volume routine provide8 a method f o r the a8fety uomputer t o
impose restriotions on the positioning o f the too l +Into In a betme, it i s
the three dimensional analogo f the Joint llmits. The forbidden volume routine
8llOWs the safety ooaputer t o prevent the robot from-1ng i t s e l f by
co l l i d ing with ame objeot i n I t s work 8pace.
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In oawnoo~ tbo forbiddon vo lun mtlm uwa l a m l o World modolw t o
prodiot whon tho robot l a in brwor of oollidln#with 8a ob30ot. Th i r world
.ob01 ooarlrt8 O f l arukr O f 'forbiddon vo1u11a~WhiOhoorro8pond t o M11
O b j O O t r i n tho Work # P ~ O O O moa tho robot l a .bout to PUI i n t o mthm, it
willOFOII tho r ~ r f 8 O O o f UO obrj~ot '# V o l W * T b -1- QUL bO
dofinod largor thrn tho ob3oot ao thrt tho robot nrohor tho rur i roa boundary
o f tho forbiddon volumo boforo oo l l i d iw wlth tho objoot. Dy dr f tho
forbidden volume to bo l8ra.r than tho r o t a obJoot, 8 W o t y .uyh i s
provided t o allow for tho tlmit klr08 tbo r r fo ty aogutor t o po
calculations, detect 8x1 error, md output the appropriate Oontrol
T3, and for the robot t o actually stop. Thlm mapotme tima m d
the robot will deterrine how f'ar the robot will tr8vel b f o r u be- stopped,
and thus, the naoessary 8120 of the mfety mqln. Shea the disknee traveled

the uafety oomputer i s to r l r e the aafety rrgin for tho forbidden volumes 8
ftmction o f velocity. Thw, faator the T3 8pprorohoa 8 forbidden volume,
the larger the - fey
required t o stopmotion.

i n this t- 18 8 Of the VelOaity O f th6 PObot, th. 8pprorsh klrm h

t for tho longor d i r knoe

The 8oturrl h8lf 8pmo formal8 is speoified by tho inoqurrlity:

A x + B y + C z s D (15)

Given 8 point (X,Y,Z), the point 11.8 i n thehalf 8p.00 if it 88t i r f ies the
half spme lnequ8lity givon 8bove. The forbiddon volu# routine8 8ubstit;ute
the robot'8 toolpoint i n to the half spa00 inequality. If it u t i r i f i e s the
qurtion, then the toolpoint i s within tho h8lf plmo. Ifit u t i r i f i o s the
equ8tion f o r 8l1 o f tho ob300t 9s h8lf rpaoo8, It i s within tho forbidden
volume.

The half rp.oor f o r tho objootr 8r0 (;on8~8kd urw four points. Three
points 8ro ruffioiont t o dofino tho p l ~ o ,m d tho fourth point i 8 w e d t o
defino whioh r id0 O f tho p-0 l a on tho OUt8idO O f tho O b j O O t o Tho80 point8
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POP2 = P2 - PO

where mPOw, 8nd *P2" a m the three points on tho plule, and uPOP1u and
aP0P2a are the two veotors pamllel to the plane. Iftho Or088 product o f the
two vectors para l le l t o the pl8ne i s klren, tbe Nsultmti8 8 rootor nom1 to
the plane:

N x POP1 X POP2

where all* i s the reator n-1 t o the plane. Thla noxnl n o t o r lr tho bas10
f o r the ooeff ic ientr *Aa, aBu, urd Wa, *fob form tho norrulfmd n o m 1 no to r
f o r the plane. The fourth ooefficient, qU,i.found by tak- tho dot produot
between one o f the point8 an the phne and the n o r n l notor :

D = N o P O

which i s the 8am0 i o n 88 the p l wOqtl8tlonitmlf, 6th ~ x ~ = ~ A ~ ,Wya+V*,
8nd *NzarmCn. Thus, atla give8 the valuer fo r tho plum ooeffiolontr aAa, 'Ba,
8nd V a . Allof the owf f io ient8 8ro then Wed 80 thrt tbo born1 motor
beoomes lunit vector. This l a aaoolrp1iah.d by divldAngalltbo eooffioients
by the factor:

which i s the magnitude o f tho noral. This h8a tE#offoot o f mallng tho
equation so that 8 simple addition of 8 O- k n tto tho parmeter aDa will
shiftthe plane by 8n equal amount in the dimation o f thenormal.This allaws
a *safety margina t o be added diroatly onto t o rhift the plane of the
volume out from the aoturl surfaoe. The final rtrp in doton in i rq~tho
coefficients i s t o take the orientation o f the half spa@@inkt aaoaunt. Tho
orientation I s determined by the fourth %utride polnL U The outrido point ir
substituted in to theh8lf plane imquality (BQrutiOn 15) t o 800 if thehalf
plane i s oriented oormctly. If the inequrlity ir rat isf led by the outside
point then 811 of the aoeffiaief~tsmst be negated to W e the inequality agree
with the known f 8 C t 8 . The rifeat o tnqptingthe owf f io ien ts i s t o reverse
the half space 80 that what u88 inside i s now outride, and vice Ver8a.

As mentioned earl ier, the 88fety -gin i s deflned 88 8 function o f
velocity. This velooi ty dependenoe i s amounted f o r bymodifyingthe value o f
"DW. A t present this i s done by takin6 the ooeponent of the r e l w i t y normal t o
the plane (obtained by taking the dot produot o f the veloaity and the plane
normal), scaling it,and adding the magnitude o f the rorult t o OD". This has
the e f fec t o f adding a veloci ty dependent aafety aprgin t o a l l o f the forbidden
volumes, e f f ec t i ve l y oausing the volumes t o elongate in the direct ion of
motion. The scaling factor i s ohosen empirically t o provide enough stopping
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F i y r r 2. Layout o f the horlcontal mohlning workatation i n the AMRF.
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Figure 4. Watchdog Safety Computer hardware aonflguration.
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Figure 8. Block diagram o f the watchdog program i n the WDSC.
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