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ABSTRACT 

The b l a c k b o a r d a r c h i t e c t u r e i s a p o w e r f u l e x 
p e r t systems a r c h i t e c t u r e . I t s main advantages 
a r e f l e x i b i l i t y o f c o n t r o l and i n t e g r a t i o n o f d i f 
f e r e n t k i n d s o f knowledge r e p r e s e n t a t i o n s and i n -
f e r e n c i n g t e c h n i q u e s . At our L a b o r a t o r i e s we 
b u i l t a b l a c k b o a r d s h e l l , based on the p r i n c i p l e s 
as deve loped in the system H e a r s a y - I l and the 
b l a c k b o a r d s h e l l s H e a r s a y - I l l and BB1. T h i s paper 
d e s c r i b e s how we mod i fy t h i s b lackboa rd s h e l l , i n 
o r d e r t o use i t f o r the c o n t r o l o f a r o b o t c e l l . 
T h i s c e l l c o n s i s t s o f a number o f independent dev 
i c e s , wh i ch w i l l have t o execu te t h e i r tasks c o n 
c u r r e n t l y . T h i s means a m o d i f i c a t i o n o f the 
b l a c k b o a r d s h e l l towards p a r a l l e l i s m . Ve see 
g r e a t p o s s i b i l i t i e s f o r u s i n g our system no t o n l y 
f o r s i m u l a t i n g r o b o t c e l l c o n f i g u r a t i o n s and p r o 
t o t y p i n g f l e x i b l e c o n t r o l o f r obo t c e l l s , but a l s o 
f o r o t h e r systems w i t h m u l t i p l e p r o c e s s o r s . 

I INTRODUCTION 

T h i s paper t r e a t s an e n g i n e e r i n g t o p i c wh ich 
i n v o l v e s two d i f f e r e n t s u b f i e l d s o f A r t i f i c i a l I n 
t e l l i g e n c e ( e x p e r t systems and r o b o t i c s ) . Ve 
chose to use an e x p e r t system w i t h a b l ackboa rd 
a r c h i t e c t u r e f o r the c o n t r o l o f a r obo t c e l l . 

B e f o r e we d e s c r i b e t h i s a p p l i c a t i o n we w i l l 
g i v e a n i n t r o d u c t i o n t o r o b o t c e l l s and the b l a c k 
board a r c h i t e c t u r e . 

A . Robot C e l l s 

A r o b o t seldom execu tes i t s t asks i ndependen t 
l y o f i t s e n v i r o n m e n t . U s u a l l y the env i ronment o f 
a r o b o t c o n s i s t s o f a number o f d i f f e r e n t dev i ces 
w h i c h c o o p e r a t e to p e r f o r m a g i v e n t a s k . These 
d e v i c e s c o u l d i n c l u d e , among o t h e r s , v i s u a l and 
t a c t i l e s e n s o r s , s e p a r a t e p rocesso rs f o r e x e c u t i n g 
c o m p u t a t i o n a l t a s k s , o p e r a t o r s wh ich impor t o b 
j e c t s i n t o o r e x p o r t them ou t o f the env i r onmen t , 
and the a c t u a l r o b o t arm and g r i p p e r . The e n 
v i r o n m e n t o f a r o b o t even cou ld i n c l u d e o t h e r 
r o b o t s . The r o b o t t o g e t h e r w i t h a l l the dev i ces 
w h i c h c o o p e r a t e i n the env i ronment t o pe r fo rm the 
g i v e n t a s k a r e c a l l e d a robo t c e l l . I t i s obv ious 
t h a t a r o b o t c e l l l i k e t h i s r e q u i r e s a s u p e r v i s o r 
t o c o n t r o l t he c o r r e c t i n t e r a c t i o n o f a l l the com
ponents o f the r o b o t c e l l . For a d e s c r i p t i o n o f a 
r o b o t c e l l see e . g . (Kak , Boyer , Chen, Saf ranek 

and Yang 1986) . 

A t t h i s moment resea rch in the area o f r o b o t 
i c s forms a major t o p i c a t our L a b o r a t o r i e s o f the 
N e t h e r l a n d s PTT. Par t of the resea rch is done by 
d e v e l o p i n g a robo t c e l l t o t e s t the t h e o r e t i c a l 
f i n d i n g s i n a p r a c t i c a l s e t t i n g . Th i s c e l l needs 
a s u p e r v i s o r w i t h the f o l l o w i n g f e a t u r e s : 
1 . The s u p e r v i s o r has to be a b l e to d e a l w i t h 

m u l t i p l e components w i t h d i f f e r e n t 
f u n c t i o n a l i t i e s and d i f f e r e n t r e p r e s e n t a t i o n s 
o f these f u n c t i o n a l i t i e s . 

2. The s u p e r v i s o r has to be ab le to de te rm ine 
wh ich component shou ld per fo rm which task at a 
c e r t a i n moment, a c c o r d i n g to the c u r r e n t 
s i t u a t i o n o f the robo t c e l l and the task a t 
hand. T h i s a l s o i n c l u d e s the d e t e c t i o n and 
h a n d l i n g o f e r r o r s . 

3 . The way the s u p e r v i s o r r e a c t s to c e r t a i n 
s i t u a t i o n s i n the robo t c e l l must be e a s i l y 
m o d i f i a b l e i n o rde r t o exper iment w i t h 
d i f f e r e n t methods o f e x e c u t i n g c e r t a i n t a s k s . 

4 . I t must be p o s s i b l e to add , remove, and 
exchange components w i t h o u t chang ing the 
s u p e r v i s o r . 

5 . I t i s necessary t h a t m u l t i p l e components can 
be e x e c u t i n g c o n c u r r e n t l y . 

B . B lackboard a r c h i t e c t u r e 

Of the f i v e f e a t u r e s , wh ich were ment ioned 
above and which a re needed f o r the s u p e r v i s o r o f 
our r obo t c e l l , the f i r s t f o u r a re p r o v i d e d b y the 
b l a c k b o a r d a r c h i t e c t u r e . We b u i l t a b l ackboa rd 
s h e l l ( L i p p o l t , V e l t h u i j s e n and Vonk 1986) w i t h 
these f e a t u r e s , u s i n g a r t i c l e s about the system 
BB1 as our main g u i d e l i n e . The m a t t e r o f p a r a l 
l e l i s m remained to be examined. An a t t emp t to i n 
t r oduce p a r a l l e l i s m t o the H e a r s a y - I I system i s 
d e s c r i b e d in ( F e n n e l l and Lesser 1977) . (Ensor 
and Gabbe 1985) a l s o d e s c r i b e s how the b l ackboa rd 
can be m o d i f i e d to suppor t p a r a l l e l i s m . As these 
a r t i c l e s l i m i t themselves t o d i s c u s s i n g m o d i f i c a 
t i o n s o f the b l a c k b o a r d , we i n t e n d to focus on the 
r equ i r emen ts f o r the c o n t r o l u n i t , a l t h o u g h the 
m o d i f i c a t i o n s o f the b l ackboa rd w i l l a l s o b e i n 
c l u d e d . 

For i n f o r m a t i o n about the b l ackboa rd a r c h i t e c 
t u r e we can recommend the f o l l o w i n g a r t i c l e s : ( E r -
man, Hayes-Roth , Lesser and Reddy 1980) on 
H e a r s a y - I I , (Erman, London and F i ckas 1981) on 
H e a r s a y - I l l , and (Hayes-Roth 1985) on BB1. 
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I I PROPOSED MODIFICATIONS 

When imp lemen t i ng a b l ackboa rd system w i t h 
s e q u e n t i a l e x e c u t i o n o f knowledge sources (KSs ) , 
the f o l l o w i n g i m p l e m e n t a t i o n o f a success ion o f 
a c t i o n s can be used , as we d i d in our i n i t i a l 
b l a c k b o a r d s h e l l . 

D u r i n g the e x e c u t i o n of a KS, every change of 
the b l a c k b o a r d r e s u l t s i n the c r e a t i o n o f a spe 
c i a l f o r m a t t e d da ta o b j e c t , c a l l e d a n e v e n t , wh ich 
r e c o r d s the change. A f t e r the e x e c u t i o n o f a KS, 
the c o n t r o l u n i t checks f o r a l l KSs whether they 
a re i n t e r e s t e d i n the occu r rence o f one o f these 
e v e n t s , o r any c o m b i n a t i o n o f e v e n t s . I f t h e r e i s 
a ma tch , ano the r da ta o b j e c t i s c r e a t e d wh ich 
r e c o r d s the i n f o r m a t i o n s i g n i f i c a n t to t h i s KS and 
t h i s p a r t i c u l a r c o m b i n a t i o n o f e v e n t s . I n the 
l i t e r a t u r e t h i s i s c a l l e d a knowledge source a c 
t i v a t i o n r e c o r d (KSAR). A t t h i s s tage t h i s KSAR 
i s c a l l e d t r i g g e r e d . Next f o r a l l t r i g g e r e d KSARs 
the p r e c o n d i t i o n i s checked wh ich i s ment ioned i n 
t h e i r r e s p e c t i v e KS d e s c r i p t o r s . T h i s i s a p r o 
cedure wh ich can be used to t e s t whether t h i s KSAR 
r e a l l y i s a p p l i c a b l e i n the c u r r e n t s i t u a t i o n o f 
the p rob lem s o l v i n g p r o c e s s . T h i s p r o v i d e s a more 
s o p h i s t i c a t e d way o f c h e c k i n g the a p p l i c a b i l i t y o f 
a KS then when one would be r e s t r i c t e d to u s i n g 
t r i g g e r s . A l s o t h i s p r e c o n d i t i o n can be used to 
a c t u a l i s e the va l ues o f the parameters wh ich a re 
needed by t he KS. I f the t e s t has a c o n f i r m i n g 
r e s u l t , t he KSAR becomes what we w i l l c a l l i n v o c a -
b l e . Then f o r a l l i n v o c a b l e KSARs t h e i r p r i o r i t y 
i s d e t e r m i n e d and the one w i t h the h i g h e s t p r i o r i 
t y i s s e l e c t e d and e x e c u t e d . T h i s ends the con 
t r o l c y c l e . 

Our b l a c k b o a r d s h e l l was b u i l t a c c o r d i n g to 
t h i s d e s c r i p t i o n . A s i t s main f e a t u r e s i t f u r t h e r 
s u p p o r t s the use o f a b l a c k b o a r d f o r c o n t r o l p u r 
poses and an u n l i m i t e d number of b l ackboa rds f o r 
domain knowledge ( t h i s i s done t o f a c i l i t a t e the 
s t r u c t u r i n g o f the domain knowledge) and the use 
o f m u l t i p l e knowledge r e p r e s e n t a t i o n methods f o r 
the a c t i o n p a r t s o f the KSs ( t h e s e i n c l u d e the 
languages L ISP, PROLOG, and POP-11 and i t is a l s o 
p o s s i b l e to make use o f r u l e based, f rame based, 
and o b j e c t o r i e n t e d i n f e r e n c i n g t e c h n i q u e s ) . A 
b l a c k b o a r d i s s u b d i v i d e d i n t o b l ackboa rd l e v e l s 
and the l e v e l s a re s u b d i v i d e d i n t o u n i t s wh ich a re 
s e t s o f a t t r i b u t e v a l u e p a i r s . I n o rde r t o h e l p 
the knowledge eng inee r i n the t ask o f b u i l d i n g a 
s y s t e m , our b l a c k b o a r d system is equ ipped w i t h a 
w ide v a r i e t y o f ( o p t i o n a l ) t r a c e f a c i l i t i e s . A t 
one moment d u r i n g the c o n t r o l c y c l e i t i s p o s s i b l e 
t o examine a l l r e l e v a n t d a t a , such a s the c o n t e n t s 
o f the b l a c k b o a r d ( s ) , the even ts wh ich o c c u r r e d 
d u r i n g t he l a t e s t e x e c u t i o n o f a KS, the t r i g g e r e d 
and i n v o c a b l e KSARs, and the chosen KSAR. 

An a r c h i t e c t u r e as d e s c r i b e d here works f i n e 
i f a l l KSs a r e t o b e executed s e q u e n t i a l l y . But 
i t i s e v i d e n t t h a t i t i s no t s u f f i c i e n t i f m u l t i 
p l e p r o c e s s o r s a r e a v a i l a b l e f o r c o n c u r r e n t execu 
t i o n o f KSs. we can d i s t i n g u i s h t h r e e main a s 
p e c t s where t h i s a r c h i t e c t u r e has been m o d i f i e d to 
accommodate p a r a l l e l KS e x e c u t i o n . 

F i r s t , the c o n t r o l u n i t has t o be a b l e t o 
s e l e c t a s u i t a b l e KS f o r e x e c u t i o n any t ime a p r o 

cessor g i v e s a s i g n a l t h a t i t has f i n i s h e d i t s 
l a s t t a s k . I n the a r c h i t e c t u r e a s d e s c r i b e d e a r 
l i e r , t h i s i s no t p o s s i b l e because the c o n t r o l 
u n i t is no t an a v a i l a b l e p rocess when a KS is be
i n g e x e c u t e d . Second, the b l ackboa rd h a n d l e r has 
t o be a b l e t o s e r v i c e r eques t s f o r r e a d i n g o r 
w r i t i n g on the b l ackboa rd wh ich a r r i v e a t the same 
t i m e . Moreover , the r eques t s o f one KS can i n t e r 
f e r e w i t h the r e q u e s t s o f ano the r K S and , i f t h i s 
i s no t hand led p r o p e r l y , the c o n s i s t e n c y o f the 
d a t a on the b l a c k b o a r d can be v i o l a t e d when i n 
dependent KSs work on the same i n f o r m a t i o n on the 
b l a c k b o a r d . T h i r d , an env i ronment must be c r e a t e d 
wh ich makes i t p o s s i b l e t o execu te m u l t i p l e 
p rocesses c o n c u r r e n t l y . We w i l l d e s c r i b e these 
a s p e c t s i n more d e t a i l . 

A. A M o n i t o r i n g S c h e d u l i n g Mechanism 

The main m o d i f i c a t i o n o f the c o n t r o l u n i t , 
necessary f o r p a r a l l e l K S e x e c u t i o n , i s t o 
d e l e g a t e the e x e c u t i o n o f the KSs f rom the c o n t r o l 
u n i t t o the p r o c e s s o r s . 

I f a p rocesso r has t e r m i n a t e d a t a s k , i t sends 
a message t o the c o n t r o l u n i t t h a t i t i s f r e e t o 
accep t a n o t h e r t a s k . For a l l p rocesso rs these 
messages a r r i v e i n a s i n g l e l i s t . The c o n t r o l 
u n i t upda tes the s e t s o f t r i g g e r e d and i n v o c a b l e 
KSARs, u s i n g the e v e n t s , wh ich o c c u r r e d s i n c e the 
l a s t u p d a t i n g took p l a c e , and the c u r r e n t s t a t e o f 
the b l a c k b o a r d . Next the c o n t r o l u n i t checks 
wh ich i n v o c a b l e KSARs can be execu ted by the f r e e 
p r o c e s s o r s . For these KSARs a p r i o r i t y is 
computed, the most p r o m i s i n g i s s e l e c t e d f o r e x e 
c u t i o n , and a command is sent to an a p p l i c a b l e 
p rocesso r to execu te the chosen KSAR. A f t e r t h i s 
command, the c o n t r o l u n i t does not w a i t f o r the 
t e r m i n a t i o n of the KSAR e x e c u t i o n , but immed ia te l y 
c o n t i n u e s w i t h the s e l e c t i o n o f a task f o r the 
nex t i d l e p r o c e s s o r . I f no i n v o c a b l e KSAR was 
found f o r these p r o c e s s o r s , the o r i g i n a l message 
i s put back i n the l i s t . 

One can imag ine a s i t u a t i o n where KSs can be 
execu ted on d i f f e r e n t p r o c e s s o r s , but t h a t t h e r e 
i s , p o s s i b l y , a p r e f e r e n c e f o r one p rocesso r 
depend ing on the necessary p r o c e s s i n g c a p a c i t y . 
Our system i s equ ipped f o r t h i s . 

B. The B lackboa rd Hand ler 

A l t h o u g h the m a t t e r o f m o d i f y i n g the b l a c k 
board h a n d l e r i n o r d e r to be a b l e to cope w i t h 
c o n c u r r e n t access to da ta on the b l ackboa rd has 
been t r e a t e d e x t e n s i v e l y i n ( F e n n e l l and Lesser 
1977) and (Ensor and Gabbe 1985 ) , we t h i n k i t is 
u s e f u l t o summarise the v a r i o u s p o s s i b l e a d j u s t 
ments . 

We implemented the b l a c k b o a r d h a n d l e r as a 
p rocess w i t h a l i s t ( i n o r d e r t o hand le d i f f e r e n t 
p r i o r i t i e s ) o f r e q u e s t s f o r r e a d i n g , w r i t i n g , o r 
m o d i f y i n g u n i t s on the b l a c k b o a r d . T h i s way the 
i ncoming r e q u e s t s can be s e q u e n t i a l i s e d . For 
m a i n t a i n i n g the c o n s i s t e n c y o f the d a t a on the 
b l a c k b o a r d a few s u g g e s t i o n s a r e found in the 
l i t e r a t u r e . 
1 . A KS c o u l d ask the b l a c k b o a r d h a n d l e r to 
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f o rb id any other KS to read or wr i t e those 
un i t s which that KS is possibly going to use. 
Such locks could be res t r i c t ed to only one 
u n i t , but could as we l l be extended over 
e n t i r e leve ls and even blackboards. 

2. A KS could add a tag to un i ts which it is 
going to use. Whenever other KSs make changes 
to a tagged un i t a message is sent to the KS 
which placed the tag. 

3. Vhen a KS wants to make changes to the black
board the KS could check (a f te r the relevant 
sect ions are locked for reading) whether the 
informat ion on the blackboard coincides wi th 
the assumptions about the contents of the 
blackboard, made by th i s KS. If the assump
t ions are s t i l l v a l i d , a request for a w r i t e 
lock is made for those sections of the 
blackboard which are to be changed and then 
the blackboard can be changed. If the assump-
t ions are no longer v a l i d , the attempt to 
change the blackboard is cancel led. 

The f i r s t so lu t ion has one main disadvantage. 
Often i t is not possible to f o r e t e l l exact ly which 
blackboard un i ts are going to be operated on. This 
means that in some cases the locks could become 
very extensive, thus blocking the execution of 
other KSs. A disadvantage of the second opt ion is 
the high cost in overhead. It seems that the 
t h i r d opt ion is most promising. Option 3 needs the 
f a c i l i t i e s as mentioned under 1, but in th i s case 
the locks are i ns ta l l ed for a shorter per iod. 
A lso, in t h i s case, the locks of ten don' t need to 
be as extensive as under opt ion 1. 

It should be mentioned that in a l o t of a p p l i 
ca t ions , as in ours, the inter ference between d i f -
ferent KSs can be kept low by only se lec t ing KSs 
for concurrent execution which operate on d i s j o i n t 
sect ions of the blackboard. In order to be able 
to use opt ion 3 we implemented the f i r s t op t ion . 
The knowledge engineer is recommended only to use 
opt ion 3. 

C. Concurrent Process Execution 

To enable the blackboard system to execute KSs 
concurrent ly , we divided the system over various 
processes. This means one process for the cont ro l 
u n i t , one process for the blackboard handler, and 
one process for each of the processors which are 
to be represented. For s imulat ion we used a VAX 
under the operat ing system UNIX* and execute the 
processes in t imesharing. During the simulat ion 
stage the act ion parts of the KSs of ten only con
s i s t of a procedure which modifies the blackboard 
in a f i xed way a f t e r a cer ta in amount of t ime. 
This means that using timesharing doesn't create a 
r ea l l i m i t a t i o n . Vhen the system is being used 
fo r the actua l con t ro l of a robot c e l l a s im i la r 
set up w i l l be chosen. Then on the con t ro l l i ng 
processor, the processes for executing the KSs 
w i l l consist of gateways to the processors where 
the ac t ion parts of the KSs are ac tua l l y executed. 

*URIX is a trademark of AT&T Be l l Laborator ies. 

I l l CONCLUSIONS 

We described how we modified a blackboard 
she l l ( b u i l t along the descr ipt ions of Hearsay- I l l 
and BB1, as found in the l i t e r a t u r e ) in order to 
support pa ra l l e l execution of KSs. We showed why 
we th ink that a pa ra l l e l blackboard she l l is a 
useful too l for prototyping and simulat ion of 
robot c e l l cont ro l systems. We implemented th is 
she l l in a UNIX environment in order to simulate 
the execution of concurrent processes. A next 
step would be to implement a cont ro l system for 
actual robot c e l l con t ro l . Although the black
board arch i tecture might not be e f f i c i e n t enough 
for rea l time robot c e l l con t ro l , we are convinced 
of i t s merits during the development stage of 
robot environments. 
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