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fAbstract: *
Keliabtiitv ot robot networls 15 giscussed and
tachniques a:ven for 1ts evaluation. Expressions
are cevaloped four the reliabibity ot the most basic
recot networls useful 1n automated nanufacturinn.
Tnese expressions are evaluated in tne case of @
tyrved punber, &, 8¢ networked rooots and used Lo
chtain MIBF's for the practical cosparicen of the
netwarks discussed, The results show a general
sreference toward *he'lattice structure.
[. Introduction
Due to the precence of micromracesso~s, robots
are rap:dly beccming the worb-horses of autonated
ranutacturing, Since manutacturing preocesses can
inval.o mary steps. and since inzividual robots are
generally programmed to casrv out but a few of

these stepe, 1t 14 slear that for complete
sulomatioan a nuamber ¢ robote wiil ve involved. ie
fecrlitate the final production :% is alse ciear

that th2s2 robots wil)] need o cornunicate, and,
harce, wWwith *hetr communicatian systiens wilf tore 2
robgt netwarl.,

Tewar¢ an analvsics of such svstems wme can
regresent @ qiven robot netwark by several
d1<faront qraphs to incorporate different concepts
¢+ interest. Here we will use the overview gragh an
w-ich zach dictinguisned robot 1n the networl s
renresented hy a node and the cermunicatien Bbinks
netween nodal entities by 2 3ranch. In teras of
this overview grsp~ there are several
confiqurations of nrinary interest, 3% 15 the case
with electrical {11 ¢n' computer (2] networks.

Among the mast Gasic of these graphs are the
tallowtng "3!: ab star (for ges'ral purposes with
naster ccmouter ceoatroll, ring {for cycl:ic
aroduction iires). =' orotected ring (for highly
} reliatle cyslic oreductront, dr linear {for open
g-zdustion lines), =} crotected linear (the
etendard for hiaokly reliable first-in-f:irst-out
paroductren:. f1 dauble linear (for a corplete spare
i tack-up systenl q) lean-frag (for ezse of
rezonfigering for multiple tasbel, hy feed-forward
vfo= ozen araduction lines with oarallel
congtrucltanes. 1} tattice léer efricient and
versitile multiple purpose productiont, b star
wth ring t#or aood contral ir z.clic productioni.

The reliacilitv of these robot notworke wii!l
E determine their cverall cest efiectiveness and in
] turn will, we bel-zve, he 2 bey facter in the
3 snecidiration of eutomated ranufacturing plants.
Tollgu:ng tne ncticns develepes in [4] w2 tafe the
- reitas:leiy of ¢ robut netwe-i o be the
srotab:lity that aptaor: will nerfcrm 2
cezernined tati within soecid:pg tolerance trnits.)
“wis reliabrlity mav charce with the tash ang,
since a Qtuon rcbet netwarl aav DT USEC LT saveral
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tasts, there may be several reliabilities tor the
network. hawever, tor this papér. both fcr
csipnlicity and for ease of toaparisen; we aSSule &
ar1ven robot networl has a sincle reliabritty, Since
the netwecrk 15 made.up cf ccamonaication links,
reprecenteéd by branches in the netwark graan, ang
robote, represented by nagec 1n the networi @raph.
we calculate tne petwork reliability 2ssuming tne
relishidity L far 2 prirar, coamunication link, ¢
tar back-up links ‘'called here curve links énd ror
which we generally assuse Cil),and # fcr the rasot
nades Lexcept My 15 used for the master rabet
controller in the cases of star ang star-rinc
networksl. .

In Table t we give the reliabilities for L = C
t N ¥ N, while 1n Tzhle 2 we reduce these unger tne
assumctiens that 2li .rabots have the sams
reliability and all links have the sadEe ’
reltatbilitv., For ceomcarison purposes these ave
evajuatad tn iable 3 which also corntains the Hean
Tires Hetween Faillure ‘MTEFY for tne various
configurations.. He use the conbinaterial fath
grumeratian technigue {31 to eviluate the
reliab:lities of the mentioned robot networis.

it. Coaponent RBeliabalaty

An underctarding of how components, ReUes. and
itnks fail 15 essential te tmproving «nd evalua‘irg
tte reliability of a networb, Indeed it :s througt
#he relrability of the parts entering into 3
rabot's construction “hat the relisbilit’ or a
robot is ceterained. see for encapiz [&, p.541
where reliability dat2 on a Umization reoet is
qiven. & compeonent. a node. or & link zz2n fa:l
aither a ratestraphic, or an intersaittent acde.
Electrical part failures are usuallv due s open ar
short circelts with tne fariuere comng from & bas:ic
phvstcal change that results ra an identifiaole
failure node. Early failures are often linkea to
design and manviacturing flaws or ta a flaw 1n
reliabitity testing 1iselfd,

Examples of earlv failures are wire boncs, DIEr
connectiuns, or.bad protective coet:inge, well as
tncorrect positigning o+ cosponents. For eiectreaic
camponents the most destructive stresses are
eucessive val-age and “emperature ranges., either
csteady=state or changing at rapid rstes. St-onc
vibrations alzo contribute tec stres:z related
fatlures esgeciatly 1n rndustrial robois.

Failures ci a tomponent can uscaliv be
dascribed ‘ar reliakility purpeses “hrough the
component s ta:zlure rete. the farivra rate i thie
rese beping the sn.eree of the HIBF end dend.ed by
%, with the M8TF found by naking 2 large nuaber
tests to #a:lure of the component. Far a col.eciian
of camponents, such as a rohob, the HISF can be
caleuiated as the average fime to farlure. the
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probability used tn the averaoing beinre the
relyabilaity Kt Thus

. o0
MTEF = jF-taui
Q

Wnet the reltabilany re eupoaential,. ae éor an
irgistdusl comeseert, tnen HIEF = 3. Gther
refi1earidtts reietes -srcests ai interect are the
Nazard rate, which 3 detined as the rate 94 cndrge
ur toe nuaber ai coaponents that mave {fariee st oa
cartiiular Lame divided oy the nugoer cr unoepenonts
svrsivine (7). ang itfe ceEr1al. uhien s
Charactervzea Ly sqtrezs ralatea r1atlures,

Te calcudzns farlure crobanijee
reoot fros o rargtgaeat saxrjura
aralvers mose]| can e puilt. Eech comoorent s
groamraed Al owtrh o sroots 22dE wn patarcing all
tertars tTat Qelermine the batjura for each nngp
and fyndo1n the netwuori, Fhe raltamiiities sor each
node and eath ling camhined -to detersine the
reliztitsty do tne total rogot netwer® in the
TANnEr we gare. out 1a the pert gectian,
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190, Mevtuory Selbpeaprliaty

Herg wa actiine the sethods used o obtain
les bne ED3LE reasQns carrving out the
culztione anlv tar *he lebtice netwerl, the
ulatigne +ar others being c10itar. 2o that a
caaparison aav 2 made w2 cvsure trat all
Orkg under J1ECUES10R w32 €it rocats. thst
aasun® these are st nodes 1n each gradh,
LcAsiger 3 path, tu ce now called an event £,,
from tnput tec ocutput: the reltabiiity for
eragection 3long thre path wili ke the oroduct pf
retiet)tities af the nodes and linle coamprising: -
this gath. i+ there are n pascible paths., €,,
En, tren tne relysbibity R, far

w%1ii be glven by
Fa s POE, 4 Eg ¢ En’ )
where F 15 rel:abllltv';rubab:11tv ang + denotes
uhion af the events.

We ne:xt evalvate the system reliabilitv for the
£ir node lattice network for which we will ar1ve twe
tnterpretaticns, In both ceses we assume that the
prinarv zZredustypn process has i1nputs at roce 1| and
<utputs ab rede 5. in the first case, thouch, we
aszuae that iints can oniv be ‘raversad tn the
torward directicen and that nodss 2 ard & fora
alternate 1nputs and ouipute 10 case the pricary
ereduction line fails: i this
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the averzll systen

in essence
tnterpretation 1€ that of a baclup production line
in oarallel with the primary one except that
ConMpllAG Bu1ste hetween the two to allow for
increased efficiency cf-use of ecuipment. Ia the
secons case lncuts 2r= limited ta being 2t nocde ! -
and outpute are alwevs at neode S with the other
nodes beino considered ag beind srimar:lv availatle
With backwa-ds traversal of links herna possible,

Under tna fircer interaretation the si» node
tattice of Fig. 2 tas the folleowing faur events

E, = NIL|”_1:3”-‘ 13ar

E2 = Rl talolg 134

£ ¢ ot zMal 4N, : ., $3e
£a = Rzlatal sk t3d)
ihe svstes reivtabilitty eroressicn 1s then
He = “{E v83483+Ea)
= FIE r + Fi€x1+ PiExd + FIEL)
P B P AE L P IE €ad =P (Enf g EUE4Eq =F tEEy

292

“PEAEZE ) 4P {E \E2Ea) 4P (E EyEa) 4F(EqEoEat

“FlE\EoExEL} (da:
la terms of W, L, and { thig 1s

Fa = ZNPUC34LZ) ~ (NSS40 420N+ N4y (CL3 22
+INSCFLZ4CT4L3) - yeCep e Lab s
[f E=L this g
Fa = H3L2-208L4-207 2210 oy jyepeayer s tde]

For tne MTHF this latter can be evaluated ag a
functian of time using the fdilure rates %w and 3,
for tnhe nodes .and links, resoectivelw.

Fatty = derpl=tlawtZadti =Zesnl-1dsgbdn bl

“2enpl-tSruvds dt) ~levpl- et uedd bt ]
, therpl=(ointang It) —expl-iern+Br it} 15a,
From equation (1} the MTBF 13 easilv calcularted
HTEF = L4/ 03042000 ) = (27 (d%n4d100)
L2745 hm#dn 1) = [20 t8hutdng ]
A7 Cohmt3, 1) =D 1r v 93 grBh, | ] 1+

For the Untmate 204y robat which has 3 MIBF = 505
hours (b, p.83) we have %y = 1970510 %rhours whteh
after e hours gives N'= (.73 wmile from (6, p.32]
we vuze L = 0,99 which when considersd as pupt=i =t
evaluated at 2o hre. vields % = 338010 %/hre. and
@ MTPE of 2551 hre, Usthg these 1n the sbove
formula for the iattice MTBF we get 277 houre.

in the second interoretatian gf the lattice the
procedere is the same for evaluating reliability
and RTEF except that tne events are ditierent. Ir
this case the previous Ey % £5 hold but EBe & Ea
not oresent. in place 0f Ey & E. we have 4
ot other paths, as follows

are
nunter

Ex' = NiCyNalzNaCaNal ot toal

Ea' = HilyN3CalMalaNoCata 168

Es = N:Cl”-laNsCsNztsna L

Bo = MiL NalaoNalolaCuNg® - ted)
There 1s also £,

F NG HalaNaCalNalatl My N,
which, however, we yonore since 1t has a return to
N4 and, hence, path £z could have been used
already. Calculatigng as befare vield a HIBF = 194
hrs tthe decrease being due to inputs restricteo ‘o
rabot cne; if we ailow node two as an rnput the
MTBF appears to increase Yo about 270 hrs,). ke
aleo compare these results with using sir ropote in
twa disjoint linear production lines, one being a
bacl-up for the other. For a linear prodectian !ine
of three equal noces and two equal links we have %
= Jan#2% which for the numbers used atove gives
HIBF, = 72 hrs.. Bv acding an :dehtical back-up
line we fing, from R{t) = 2expi-at)-expi-21t)
since fa = PUEyY ¢ PIEg) - PLEEg} = NI pfer s
that MTBF = (3/2YMTEF, = {1 trs.. From these
caiculations we can see that good improvement in
svstem perfornance can result by qoing over to the
iattice production line structure,

The Tanles give the results for the various
configurations of Fig. | where for the
distinguished rubots 1| we have used a failure rate
equal to that of the links even thovadh we believe
1t will be verv hard to achieve in practice. We
elso aste that the results do not 1aprove in theorv
1f retern paths (that is paths which tecuch & g:ven
ngde aare than once) are considered. However, there
arpear to be situations where there may be a
possthility for 1mpravement, Thareiore. a theory Lo

‘hardle such situations tc under developaent,
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TABLE-1

Rohgc _gecvork _ Reliability of Basic Robot Ketworks (LACHNAN,)
23| Protected ring | Re= NOLO#NCcCan®L 30 - 2301 cP- 2nPL e 24 PLOCO
b)| Protected linear | pga NSCS+N6L%+N6L2C3-N6L2C5+N6L3C2-N6LJCS—NGLSCZ-N6L503+N6LSCS
¢)| Leap-frog Ree N6L3+2NALC2+3N5L3C-JﬁSLJCZ-ZNGLBC3+2N6L3C&-QN6L402—2N6L&Cﬁ
+3N6L5c+3N6L5c2+2N615c3 :
e bl
d) | Fimd-forward Rs= N crn Le-noLetn L lc-ant L Ze et L 2e YL de g oL de ke 2L 3 2wt 3
+N6L&C-3N6Lbc2+6N6LAC3-&N6LAC“+N6L5-6N6LSC+19N6L5C2-10N6L5C3
R R
e)| Lattice- 2 Re= 8oL 24t3ct-n L2 Zeand L2 an L 2e 3 de et 3e 3o a0 3 deanr 3c - anbr 4 ch
£)| sac-ring 2s= u‘szZ-N1N3L3—NlN“L4-NINSLS-ZN1N5L2c5+n1N5L3c5+N§N3L“+NfN‘L6
+N?N5L8+N505.
TABLE-IT
Rnb?§=g?tw°rk Reliability of Basic Robot Networks (L=C#N#NI)
R i
a){ sear Re= NlN“L‘-NINJLJ—NlN“L'-NlN’L’+NiN’L“+NfN“L°+NTN3L”
- b){ Ring Rg= N6L6
¢)| Protected ring Rg= 4N6L6—6N6L9+N6L1:
d}| Linear Rs= N6L5
e} | Procected Lincar |Rs= w1 +3n01 281 T_onB 846 10
£)| beuble linear D= 2HiL2-36%“ -
e} reap-frog ns LAl an L o0 ConBy Tkl 0
h)] Feedfsrward LT N2L+H3L2-N3LJ+N4L3+36LJ-2N4La+N5L&-JN51P+3N5L6—H5L7+2N6L5-9N6L6
#1680 - 1O 6O 0L 10
T4 h f
i)| Lactice-1 Rs= 4n-L7-2n L oL b on®L Yhan L67N6L3
14 4 8
)] Latcice-2 ns= L et i ey Loran L0201 8446716, B
9 2 L
k)] Star-ring Rs= Nlﬁ“Lz—?lN3L3-H1N“LQ-NINSL5-2NlN5L74N1N5L8+NiN3L4+N3NAL6+N?N5LB+NSL“
) . TABLE-TIII
Robot Network ]Re?*ubility(EGhrs) Reliability (Z&hrs) VulnerabIlicy
{o=6) LeEytiiy LAC#x#N) HTEF (hre) {Survivabllity)
I a) b Sear 0.7868 157 gooc
b} | ping 0.5919 70.7 fair
c) { Procected ring 0.7335 0.72317 91.9 good
d) | Linear 0.6982 72.7 fair
e) | Protected linear | 0.7681 0.7489 94.8 goad
£} { Double linear 0.97471 110 very high
g} | Leap-frog 0.583158 ©.3617697 151.9 high
h} § Feed-fonward 0.9025 0.8727 Z41.1 very high
i} § Latcice-1 n.9891 277.2 super
i) Latcica-? 0.9025 ' 0.8894 191,93 very high
kY { Star-ring 0.800¢ 0.795E 162.3 hisgh
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