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Abstract 

While implementing a d iagnost ic expert system, 
FAITH, we have developed a new language, FCL, for 
c o n t r o l l i n g the f i r i n g of product ions. FCL grea t ly 
s i m p l i f i e s the task of the user to d i r ec t t h i s 
f i r i n g in a coherent and purposeful way without 
s a c r i f i c i n g some of the main advantages enjoyed by 
product ion systems. One of the i n t e r e s t i n g 
features of the language is the use of dec la ra t i ve 
forms to d i r ec t the f i r i n g of proper product ion 
sequences in a d iagnost ic expert system. 
Declarat ive forms which represent c i r c u i t diagrams 
and problem fam i l i es con t ro l goa l -d i rec ted 
processes l i k e t r ac ing through c i r c u i t s and 
searching f o r symptoms to conf irm or deny c lose ly 
re la ted problems. Because we have the FCL f a c i l i t y 
at our d i sposa l , we have been able to incorporate a 
la rger than usual number of d iagnost ic s t ra teg ies 
in FAITH, w i t h the assurance that they w i l l be 
employed under the r i g h t circumstances. 

In t roduc t ion 

Ever since the advent of product ion systems, one 
of the key issues in using them has been the 
d i f f i c u l t y experienced i n c o n t r o l l i n g the f i r i n g o f 
sequences of product ions, Davis and King o f f e r an 
extended discussion of the subject which is s t i l l 
re levant [Davis 7 7 ] , They mention many con t ro l 
methods, l i k e order ing r u l e s , tags, and meta-ru les. 
With the growing popu la r i t y of expert systems 
organized around thousands of product ion r u l e s , the 
issue of con t ro l has become even more press ing. 
Recently both Davis and Genesereth have introduced 
d iagnost ic product ion systems that employ s t i l l 
other con t ro l s t ra teg ies [Davis 82, Genesereth 8 2 ] , 
Genesereth has used the " l i n e a r input s t ra tegy" , 
and the " u n i t preference s t ra tegy" f o r c o n t r o l l i n g 
a resolut ion-based d iagnos t i c ian , terms defined in 
[N i lsson 8 0 ] , A l l of these methods have been more 
or less ad hoc, and the need f o r a more systematic 
and o rder l y way to speci fy f i r i n g s has remained. 

During the course of implementing an expert 
system d iagnos t i c i an , FAITH, we have developed a 
more o rder ly method, a language we are c a l l i n g the 

the FAITH Control Language or FCL, One element 
in the operat ion of FCL is the use of extended 
dec la ra t ive forms which represent c i r c u i t diagrams 
and system block diagrams, to enable the reasoning 
engine to choose ru les and d i rec t the cor rect 
i n s t a n t i a t i o n of var iab les embedded in r u l e 
statements,** 

We sha l l c a l l these extended dec lara t ive forms 
r e l a t i o n a l maps. In FCL, the use of dec la ra t i ve 
knowledge f o r con t ro l purposes is combined w i t h a 
number of other devices to permit the design of 
coherent s t ra teg ies that d i rec t whole sequences of 
product ion f i r i n g s . Having t h i s power, we are able 
to employ many diverse diagnost ic s t ra teg ies in a 
s ing le system and are assured tha t they w i l l be 
used in con t ro l l ed circumstances. 

Other con t ro l elements of the FCL inc lude: 

the use of predicate keywords in l i t e r a l s to 
i d e n t i f y subsets of ru les re la ted to a given f i r i n g 
sequence. An example would be "OutputFaul t " , used 
to character ise ru les per ta in ing to upstream 
t rac ing through a c i r c u i t , 

specia l forms, "PreferredFor"s to assert 
const ra in ts and d i rec t r u l e choice. They are 
embedded in the ru les themselves, A cons t ra in t 
might be that the subsystem under suspic ion should 
be i d e n t i f i e d as an adder fo r the r u l e to app ly , 

special forms, "Modes", which name f i r i n g 
sequences d i rec ted in an order ly fash ion by a 

"Trac ing" is an example of a Mode, 

the use of typed predicates ca l l ed Given 
Predicates, which s ign i f y that a w e l l formed 
formula (w f f ) in a r u l e is to be taken as t rue i f 
it has a ground instance counterpart embedded 
somewhere in the r e l a t i o n a l maps. For design f a c t s 
l i k e "Part A is connected to Part B", Connected 
would be a Given Predicate, Rules which cannot be 
cons is tent ly i ns tan t i a ted when they conta in such 
statements are re j ec ted . 

*The research described in t h i s paper was 
performed by the Jet Propulsion Laboratory, 
C a l i f o r n i a I n s t i t u t e of Technology, under contract 
w i t h the Nat ional Aeronautics and Space 
Admin i s t ra t i on , 

**This form of con t ro l is the equivalent of the 
l i nea r input s t rategy used by Genesereth, He 
employs c i r c u i t diagrams " t o avoid drawing 
unwarranted conclus ions" . C i r c u i t diagrams serve 
t h i s purpose in FCL, but have another important 
con t ro l func t ion explained below. 
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The elements mentioned above can be put in 
one-to-one correspondence v i t h some of the elements 
of a procedural language. A Mode maps i n t o a 
f u n c t i o n . A PreferredFor v i t h cons t ra in ts maps 
i n t o a func t i on c a l l . Keywords i d e n t i f y the scope 
of a Mode by i n d i c a t i n g to the reasoning engine 
which ru les are to be considered when in tha t Mode. 
The r e l a t i o n a l maps provide a context in an 
execut ion sequence that spans across i n d i v i d u a l 
r u l e f i r i n g s , thus c o n t r o l l i n g which product ion i s 
to f i r e nex t . This is analogous to the way 
ord inary programming languages execute a sequence 
of statements. The process of composing a spec i f i c 
r e l a t i o n a l map and associated ru les re la ted to i t s 
use is the equivalent of coding a func t i on in other 
languages. 

Due to the very nature of product ion systems, 
there is no e x p l i c i t expression of a c o n d i t i o n a l . 
The e f f ec t is obtained by composing the r i g h t set 
o f ru les to f i r e in the given domain cont ingencies. 
Although elements corresponding to a procedural 
language are present , we emphasize that we are not 
s a c r i f i c i n g the advantage that product ion systems 
prov ide , f l e x i b i l i t y and the avoidance of FIXED 
sequences of executed statements. The product ion 
f i r i n g s are s t i l l d r i ven by the problem i t s e l f . 

For a r e l a t i o n a l map to provide the context in a 
f i r i n g sequence, a c e r t a i n s t y l e of r u l e 
composit ion must be adopted by the user. When t h i s 
s t y l e i s adopted, the system w i l l e i t he r f i r e ru les 
in the desired order , or f i r e the same r u l e many 
times w i t h co r rec t l y a l t e red i n s t a n t i a t i o n s . One 
aspect of the user s t y l e is to embed in a r u l e one 
or more Given Predicate formulas whose syntax 
corresponds exact ly to selected statements in the 
r e l a t i o n a l map. 

During execut ion, the reasoning engine can use 
p a r t i a l l y i n s t a n t i a t e d Given Predicate formulas 
w i t h i n the r u l e to f i n d the match w i t h a spec i f i c 
statement in the r e l a t i o n a l map. The engine 
completes the remaining i n s t a n t i a t i o n s from the 
matched knowledge. For example, i f the r e l a t i o n a l 
map has def ined a set of predecessor-successor 
re la t i onsh ips between objects in a s igna l pa th , 
then a r u l e under cons iderat ion which has 
i n s t a n t i a t e d a p a r t i c u l a r predecessor w i l l f i n d the 
correct successor. 

In exp la in ing the above ra ther abstract 
statements, we sha l l use examples from FAITH's 
opera t ion . This w i l l serve to make c lear why we 
have introduced the var ious devices, and t h e i r 
f unc t i ons . The knowledge bases from several 
domains w i l l be in t roduced, and FAITH's app l i ca t i on 
to the diagnosis o f a i l i n g spacecraft w i l l be 
inc luded. To make these examples easier to f o l l o w , 
we g ive a b r i e f overview of FAITH* The concepts 
under ly ing FCL are general and we w i l l discuss 
b r i e f l y t h e i r possib le extension to the con t ro l o f 
a p lanner. 

The Basic FAITH Operation Cycle 

FAITH employs predicate l o g i c in i t s reasoning 
engine, and a l te rna tes between two phases of a 
basic d iagnost ic cyc le . These phases are 

Explanat ion (Backward Chain ing) , and Conf irmat ion 
or Denial (Forward Chain ing) . During explanat ion 
we are searching f o r consequent matches of 
product ion ru les w i t h the l i t e r a l to be expla ined. 
Rules whose consequents match are used to es tab l i sh 
a subset of the antecedents as hypotheses. Only 
l i t e r a l s whose predicates are untyped are chosen. 
Examples of untyped predicates are " F a u l t " , 
"OutputFau l t " , e t c . The r u l e is chosen f o r f u r t he r 
cons iderat ion i f and only i f the remaining l i t e r a l s 
in the antecedent which are not cons t ra in ts can be 
matched w i t h l i t e r a l s taken to be t r u e . Once a set 
of possib le hypotheses has been determined, the 
conf i rmat ion phase is entered. 

During con f i rmat ion /den ia l we examine each of the 
selected hypotheses in t u r n , seeking to conf i rm 
one. We now search among the ru les fo r antecedent 
matches to the untyped predicates tha t are the 
hypotheses to be conf i rmed. Any ru le may be used 
which chains forward to speci fy one or more 
consequent predicates w i t h the type "measurable". 
Such predicates are l i nked to the antecedent 
hypothesis because they tend to conf irm i t i f t rue 
or w i t h i n def ined bounds, and deny i t i f f a l se or 
outside def ined bounds. These consequents 
cons t i t u te p red ic t ions about what should be 
measured i f the antecedent i s t r u e . Their t r u t h 
can only be establ ished by comparing the p red i c t i on 
w i t h an actua l measurement, which has to be 
suppl ied by an outs ide agency.* 

If a hypothesis is denied, the next one on the 
stack o f hypotheses is examined u n t i l e i t he r a l l 
hypotheses are exhausted, or one is conf i rmed. If 
conf i rmat ion occurs, say at l eve l - o f - exp lana t i on 1, 
we reenter the cyc le , seeking to exp la in the 
confirmed hypothesis. Conf irmat ion may occur fo r 
one of the hypotheses at l e v e l 1 wh i le others on 
the stack remain unexamined. I f t h i s is the case, 
we may go through several more cycles of 
explanat ion and conf i rmat ion a t l eve ls 2 , 3 , e t c . 
S t i l l l a t e r we may encounter a con t rad i c t i on 
between pred ic ted and measured tes t v a r i a b l e s , tha t 
f i r e s an inference con t rad i c t i ng the hypothesis at 
l eve l 1. FAITH then backtracks, and ac t i va tes the 
next unexamined hypothesis on the l e v e l 1 stack. 

This is an ove rs imp l i f i ed d e s c r i p t i o n , omi t t i ng 
compl icat ions such as measurements not being 
a v a i l a b l e , the hypothesis to be confirmed is i t s e l f 
a measurable, te rminat ing the cyc le , e t c . 
Nevertheless, i t does exp la in the main features of 
FAITH's opera t ion . 

♦During the development phase of FAITH, the 
outs ide agency has been the programmer. FAITH's 
i n i t i a l a p p l i c a t i o n i s t o the t roubleshoot ing o f 
spacecraft by moni tor ing the te lemetry stream 
t ransmi t ted to e a r t h . This te lemetry stream 
contains the tes t measurements from a wide v a r i e t y 
of subsystems. We have developed a module, the 
EXECUTION MONITOR, to read the te lemetry data 
stream, detect e r ro rs or out-of-bounds 
measurements, and automat ica l ly supply requested 
measurements to FAITH. 
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The FAITH Control Language (FCL) 

Control of a Simple F i r i n g Sequence: Traversing a 
Tree St ructure 

We sha l l consider a system requ i r ing diagnosis 
whose top l e v e l organizat ion can be represented as 
a t ree of subsystems. A t y p i c a l block diagram is 
shown in Figure 1, This is a s i m p l i f i e d 
representa t ion of the organizat ion of par ts of the 
VOYAGER spacecraft and ground system* Suppose the 
"present ing symptom", say "No Telemetry", causes 
the e r ro r detec t ion mechanism of the EXECUTION 
MONITOR to t r i g g e r . This symptom has a 
m u l t i p l i c i t y of possible causes scattered through 
the e n t i r e VOYAGER system. A human troubleshooter 
would want to systemat ica l ly t raverse the t r e e , top 
down, e l im ina t i ng the largest and most l i k e l y 
blocks or subsystems, u n t i l he has found one t ha t , 
from tes t measurements, ind icates evidence of 
possib le ma l func t ion . How do we i ns t ruc t FAITH to 
accomplish the same thing? 

Figure 1: VOYAGER System Block Diagram 

Recal l tha t the presence of a Given Predicate 
w i t h i n a r u l e l i t e r a l ind icates tha t a match is to 
be found in a r e l a t i o n a l map. Let us declare a 
p red ica te , "Conta ins" , as a Given Predicate, where 
(Contains A B C ) means "A contains B and C". Next 
we represent the t ree s t ruc tu re of Figure 1 w i th 
statements such as those of Figure 2, forming one 
r e l a t i o n a l map. 

The statements in Figure 2 are not in the form of 
l i t e r a l s needed f o r u n i f i c a t i o n w i t h those l i t e r a l s 
contained in the product ion ru les being processed 
by the reasoning engine. In the i n i t i a l vers ion of 
FAITH we have w r i t t e n a t rans la to r which creates 
selected subsets of proper l i t e r a l s on demand from 
the statements in the r e l a t i o n a l map. For example, 
the f i r s t statement in Figure 2 is t rans la ted i n t o 
two l i t e r a l s , (Contains System GroundSystem) and 
(Contains System Spacecraf t ) . 

(Contains System GroundSystem Spacecraft) 
(Contains GroundSystem DSS1 GCS1 TTSl) 

(Contains DSS1 AntSSI GReceiverl SDA1 88A1 TPA1 
CMF1 DI81) 

(Contains Spacecraft SReceiverl SReceiver2 
STransmitter1 Instruments ScanPlatform1 

PowerSupplies) 
(Contains SReceiverl TrackingLoopl 

Ampli f ierStages1 RPC1 Limi ter5 Fuse27) 

Figure 2: A Relat ional Map of a Tree S t ruc tu re : 
VOYAGER System Blocks 

Each of the predicates that requi res expansion 
has been declared as an expansion type and the type 
is placed on i t s property l i s t . From t h i s 
in fo rmat ion , the t rans la to r can select the cor rect 
t r a n s l a t i o n parse. Later versions w i l l have a more 
sophis t icated marker device in each expression so 
that expansion types need not be used. 

Suppose then, ve w r i t e a r u l e of the form shown 
in Figure 3. Note the correspondence of the 
Contains l i t e r a l in the r u l e to the syntax of the 
expressions t rans la ted from the r e l a t i o n a l map. 
Assume that we can s ta r t the r u l e f i r i n g proper ly 
at the top of the t r e e . Then, once i t got s t a r t e d , 
FAITH would process each subsystem at the VOYAGER 
top leve l (shown in Figure 2) in the order in which 
they were l i s t e d , declar ing a Fault in each u n t i l 
one of these hypotheses was confirmed as described 
in Basic Operat ion. Assuming one hypothesis was 
confirmed, say (Faul t GroundSystem), t h i s in t u r n 
would be asserted as requ i r i ng an explanat ion by 
backward cha in ing, and the next l eve l of subsystems 
d i r e c t l y attached to or contained in the Ground 
System would be successively declared at f a u l t , 
because only those subsystems are present in the 
Contains ground instances w i t h the term 
GroundSystem in the second p o s i t i o n . 

Figure 3: Rule fo r Traversing a Tree 

The con t ro l l ed f i r i n g of t h i s r u l e would continue 
to any depth, provided there were a Faul t confirmed 
at each l e v e l . Ve sha l l shor t l y describe ways to 
terminate t h i s sequence appropr ia te l y . Thus we see 
that we have formed a plan fo r a complete 
product ion f i r i n g sequence employing only a s ing le 
r u l e . This was accomplished by w r i t i n g the 
r e l a t i o n a l map of Contains statements. Ve c a l l 
t h i s pa t te rn of f i r i n g s tha t t raverses a t ree 
s t ruc tu re of subsystems "focusing'* and re fe r to i t 
as the Focus Mode. Mote that we have taken pains 
to make the user represent ion a form equivalent to 
tha t o r d i n a r i l y used by humans to describe system 
organ iza t ion . Thus i t i s p a r t i c u l a r l y easy f o r 
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humans to supply it. 

We t u r n our a t t e n t i o n now to how ve i n i t i a l l y 
steer the f i r i n g to the top of the t r e e . The 
mechanism used is the "PreferredFor" w i t h 
c o n s t r a i n t s * * * The cons t ra in t appl ied here is l i s t 
membership, w i t h the objects we know are going to 
be encountered in diagnosing the system declared in 
advance in the knowledge base as members of an 
appropr ia te Mode l i s t • 

A PreferredFor is present in Figure 3, w i t h the 
cons t ra in t tha t the i n s t a n t i a t i o n o f the va r i ab l e 
"?System" be a member of the Focus l i s t . Since 
GroundSystem i s o n t h i s l i s t , t h i s r u l e w i l l f i r e 
i f (Fau l t GroundSystem) is declared. An 
i d i o s y n c r a t i c r u l e to do t h i s i s eas i l y suppl ied 
and re l a tes the i n i t i a l l y presented symptom (No 
Telemetry) w i t h two hypotheses (Faul t GroundSystem) 
and (Faul t Spacecraf t )* Note tha t the Focus mode 
w i l l be invoked whenever an object at any leve l 
that is a member of the Focus l i s t is asserted to 
be at f a u l t . 

The method of te rminat ing a mode is to declare 
(Fau l t <ob jec t>) . A l l PreferredFors s t a r t w i t h 
t h i s l i t e r a l or a s im i l a r keyword • The convention 
enables the user to se lect the next mode by 
determining the o b j e c t ' s l i s t membership* This has 
the e f f ec t of throwing open the choice of Mode, 
ra ther than the choice of a l l product ion ru les* By 
s a c r i f i c i n g the complete freedom to choose any r u l e 
a f t e r each f i r i n g , we have gained a great deal of 
con t ro l and speed* 

T rans i t i ons Between F i r i n g Pat te rns : Mode Cal ls 

Focusing is a d iagnost ic pa t t e rn p a r t i c u l a r l y 
appropr iate f o r top l e v e l subsystems tha t have 
r e l a t i v e l y l i t t l e i n t e r a c t i o n w i t h each other* 
Eventua l ly , we w i l l reach a system w i t h i n t e r n a l 
s igna l f lows and chains of dependency among i t s 
subsystems* Faul ts may best be l oca l i zed in such a 
system by t r ac i ng * In FAITH, t r a c i n g includes a 
number of Modes in which the i n t e r n a l s t ruc tu re of 
subsystems is ignored, w i t h only the input /ou tpu t 
r e l a t i o n s described by a t rans fe r func t i on* The 
path to be fo l lowed is tha t of causal dependency* 
Normally t h i s is def ined by design s igna l paths, 
and those paths are i n i t i a l l y assumed by humans to 
s t i l l hold in a mal funct ion* Ve make the same 
assumptions in FAITH* Of course, we are not 
l i m i t e d to such design paths, and are present ly 
implementing thermal causal pathways involved in 
f a i l u r e s of a VOYAGER instrument* 

tha t eventua l ly one of them which is confirmed at 
f a u l t is a member of a d i f f e r e n t Mode l i s t * When 
t h i s happens Focus mode is terminated and the 
d i f f e r e n t Mode entered* 

(<=SvitchToTrace Inference 
((OutputFaul t ?Subsystem) 

(Por ts ?System (OutputPort ?Port)) 
(Connected (Out (?Pin ?Subsystem)) 

(OutputPort ?Por t ) ) ) 

( (Fau l t ?System)) 

(PreferredFor 
( (Fau l t ?System) 

(COND ((MEMBER ?System UpstreamTraceList) 
(SETQ Mode 'UpTrace) ) ) ) ) ) 

Figure A: Select ing a Trace Mode 

Here we have introduced a new pred ica te . 
OutputFault* OutputFault is a keyword tha t enables 
FAITH to r e s t r i c t ru les tha t are candidates f o r 
f i r i n g to those re la ted to t r a c i n g in the upstream 
d i r e c t i o n , against the s igna l f low. A l l ru les 
r e l a ted to upstream t r a c i n g conta in the keyword 
predicate OutputFault* 

Control of Simple Trac ing ; A Linear Chain 

If we add dec lara t ions in a new r e l a t i o n a l map 
de f in ing the input and output p o r t s , and the s ignal 
f l ow , we can con t ro l the f i r i n g of simple upstream 
or downsteam t rac ing which ha l t s whenever a f a u l t 
is found w i t h input ok and bad output. InputOR 
serves f o r scoping downstream t r a c i n g . Ve 
int roduce a Given p red ica te . (Connected A B ) . which 
is def ined by the property tha t a s ignal value 
appearing at A w i l l be shared by B, This can 
represent e i t he r e l e c t r i c a l wires or higher l e v e l 
s ignals passing between subsystems. 

Figure 5 shows the Deep Space Sta t ion or DSS, 
which receives transmissions from the spacecraft. 
The DSS may be represented by a group of subsystems 
s t a r t i n g w i t h the Antenna Subsystem, feeding i n t o 
the Ground Receiver which feeds in t u r n i n t o a 
subsystem designated the SDA. Signal f low may be 
considered good or bad depending on whether the 
synchronizat ion of the telemetry stream is locked 
or unlocked. 

Ve c a l l the UpstreamTrace Mode by using the 
PreferredFor mechanism w i t h the cons t ra in t tha t the 
suspected system be on the UpstreamTrace l i s t . 
Figure 4 shows the r u l e tha t accomplishes t h i s * 
Note tha t what has happened in our cons idera t ion of 
var ious systems dur ing f i r i n g of the Focus r u l e is 

**PreferredFor w i thout cons t ra in ts was used in 
the p lanner. DEVISER, to choose among several 
act ions t ha t might accomplish the same goal [Vere 
83]. 

Figure 5: The Deep 8pace 8 t a t i o n (DSS) 

The s t a t i o n may be represented in a r e l a t i o n a l 



L. Friedman 363 

(Ports DSS1 ( InputPor t D1) (OutputPort D2)) 
(Ports Ant881 ( InputPor t A1) (OutputPort D2)) 
(Ports GReceiverl ( InputPort Gl) (OutputPort G2)) 
(Ports SDA1 ( InputPor t SI)(OutputPort S2) ) 
(Connected ( InputPort Dl) ( I n (Al AntSSl))) 
(Connected (Out (A2 AntSS)) ( I n (Gl GReceiverl))) 
(Connected (Out (G2 GReceiverl)) ( I n (S1 SDA1))) 
(Connected (Out (S2 SDAl)) (OutputPort D2)) 

Figure 6: Re la t iona l Map of DSS 

map as in Figure 6. 

Two of the ru les that are used in the t rac ing of 
t h i s l i nea r chain are shown in Figure 7 and Figure 
8 . 

(<=Up8treamTerminatorl Inference 
((InputOK ?Subsystem) 
(Faul t TSubsystem)) 

((OutputFaul t ?Subsystem))) 

Figure 8: Rule that Detects a Possible Faul t 

Four ru les are required fo r backward chaining to 
t race through the DSS in the upstream d i r e c t i o n 
using the connection in format ion of Figure 6. 

The Po ten t ia l Problem Mode 

The d iagnost ic goal of the f i r i n g sequences 
described to t h i s point i s to l o c a l i z e the 
mal funct ion to the smallest subsystem possib le. 
Once t h i s has been accomplished, we may be able to 
character ize the problem w i t h i n tha t un i t more 
p rec ise ly than simply " F a u l t " . A great deal of 
d iagnost ic knowledge ex is ts about var ious un i t s 
such as rece ivers and t r ansm i t t e r s , and t h i s can be 
incorporated in the Problem knowledge base as 
another t ree s t r uc tu re . Such knowledge is taught 
in medical school as disease f a m i l i e s . Figure 9 
shows a simple representat ion of t h i s k ind of 
knowledge. 

"Potent ia lProblem" is a Given Predicate, and 
"Problem" an untyped predicate subject to 
con f i rmat ion . I f we introduce the r u l e shown in 
Figure 10, we insure making the proper t r a n s i t i o n 
when the appropr iate systems are encountered. 

"ValueOf" causes the func t i on "ClassMember" to be 
EVAL'ed. ClassMember is an inverse indexing 
f unc t i on tha t r e t r i e ves the class name such as 
"Receiver" when given a spec i f i c instance such as 
"GReceiver l " . With an add i t i ona l ru le s im i l a r to 

(PotentialProblem Receiver AmplifierStageProblems 
Osc i l l a t i ons TrackingLoopFailures Shorts 
PowerSupplyFailures) 

(PotentialProblem 
Transmitter AmplifierStageProblems 
SpacecraftMispointed Shorts PowerSupplyFailures) 

(PotentialProblem 
Shorts ShortsWithFuse ShortsWithLimiter/Fuse) 

Figure 9: Po ten t ia l Problems of Typical Un i t s , 
and a Problem Family 

(<=ProblemClassi f icat ionl Inference 
((Problem ?Class Problem) 
(ValueOf ?Class (ClassMember ?System)) 
(PotentialProblem ?Class ?Problem)) 

> 
( (Fau l t ?Sy8tem)) 

(PreferredFor 
( (Fau l t ?Syetem) 

(MEMBER ?System Potent ia lProb lemLis t ) ) ) ) 

Figure 10: T rans i t i on to Problem Character izat ion 

the one introduced in Figure 3 we can now t raverse 
the po ten t i a l problem t r e e , and in many instances 
can p in down the nature of the problem. 

Control of Complex Tracing 

We present a non-VOYAGER problem as a l as t 
example of the power of t h i s method of c o n t r o l l i n g 
product ion system f i r i n g . The problem posed is a 
d i g i t a l subsystem discussed in [Davis, e t a l 8 2 ] , 
which also uses design knowledge ex tens ive ly , but 
appl ied to generate tes ts rather than to e x p l i c i t l y 
cont ro l product ion f i r i n g . I t is easy to see that 
if a subsystem of t h i s type were present in a 
VOYAGER system, FAITH might declare it at f a u l t by 
the methods of focussing or t r a c i n g . We now 
consider the con t ro l of product ion f i r i n g s in the 
attempt to l oca l i ze the problem to a component 
w i t h i n the subsystem. 

Davis employed procedural methods to represent 
the design and simulate the workings of the complex 
c i r c u i t of m u l t i p l i e r s and adders shown in Figure 
1 1 . 

We represent t h i s c i r c u i t diagram as shown in 
Figure 12. A ru le fo r represent ing the t rans fe r 
func t ion of an adder is given in Figure 13. An 
assumption we make is tha t only the input por ts and 
output ports are ava i lab le fo r measurement, so tha t 
i nd i r ec t in ferenc ing is required to determine 
possible candidate f a u l t y components. The 
assumptions that there is only a s ing le f a u l t , and 
no i n te rm i t t en t f a u l t s are also being made in t h i s 
case. 

To perform t h i s diagnosis in FAITH, we introduced 
some seventeen ru les and add i t i ona l f i r i n g modes. 
One of these add i t i ona l modes is s imu la t i on , 
introduced by a PreferredFor. With ru les tha t 
def ine t rans fer funct ions f o r the adders and 
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(Contains D i g i l Mu l t l Mult2 Mult3 Add1 Add2) 
( M u l t i p l i e r Mu l t l Mul2 Mult3) 
(Adder Addl Add2) 
(Ports D i g i l 

( inpu tPor t A B C D E) (OutputPort F G)) 
(Connected ( InputPor t A) ( I n (1 M u l t l ) ) ) 
(Connected ( InputPor t B) ( I n (1 Mul t2 ) ) ) 
(Connected ( InputPor t C) ( I n (2 M u l t l ) ) 

( I n (1 Mu l t3 ) ) ) 
(Connected ( InputPor t D) ( I n (2 Mul t2 ) ) ) 
(Connected ( InputPor t E) ( I n (2 Mul t3 ) ) ) 
(Connected (Out (1 Mu l t l ) ( I n (1 Add l ) ) ) 
(Connected (Out (1 Mult2) ( I n (2 Addl) 

( I n (1 Add2))) 
(Connected (Out (1 Mult3) ( I n (2 Add2))) 
(Connected (Out (1 Addl)) (Outport F)) 
(Connected (Out (1 Add2)) (Outport G)) 

Figure 12: FAITH representa t ion of 
D i g i l c i r c u i t diagram 

(Addit ion=> Event 
((OK ?a) 

(Adder ?a) 
(MeasuredValue (1 ?a) ?x) 
(MeasuredValue (2 ?a) ?y) 
(ValueOf ?z (p lus ?x ?y) ) ) 

> 
((Out (1 ?a) ?z) ) ) 

Figure 13: Rule Representing 
Adder Transfer Function 

m u l t i p l i e r s (Figure 13) , using repeated forward 
chain ing in the s imula t ion mode, and guided by our 
w i r i n g diagram (Figure 12 ) , we can generate 
pred ic ted normal outputs from measured i npu ts . We 
are thus s imula t ing the normal c i r c u i t opera t ion , 
and can detect e r ro rs by measuring d i f f e r e n t output 
values than those pred ic ted* 

Having accomplished t h i s , s t i l l another f i r i n g 
mode is requ i red. This mode propagates back from a 
detected e r r o r , guided by the w i r i n g diagram, to 
f i n d the poss ib le sources of e r ro r among the adders 
and m u l t i p l i e r s . Each time such a source of e r ro r 
i s l oca ted , an e r ro r i s hypothesized in tha t source 

and propagated forward to a l l possib le output 
p o r t s . The pa t te rn of e r ro rs produced by the e r ro r 
hypothesis is then compared w i t h the ac tua l pa t te rn 
produced, and, i f the pat terns match, the 
hypothesized source is added to the l i s t of 
candidates f o r f u r t he r analys is . (These methods 
w i l l not work f o r c i r c u i t s conta in ing feedback 
loops . ) 

A l l o f these complex product ion r u l e f i r i n g 
sequences and t r a n s i t i o n s are successfu l ly 
con t ro l l ed by the use of the methods descr ibed. 
The great advantage is tha t FCL's con t ro l 
mechanisms are qu i t e genera l , and we can analyze 
other c i r c u i t s by a l t e r i n g only the ru les tha t 
represent the t rans fe r funct ions of the subsystems. 
Thus we have made ava i lab le to the user a f i l e of 
ru les tha t are always read i n t o FAITH and 
s u f f i c i e n t l y general purpose as to be usefu l fo r 
many d i f f e r e n t diagnoses. These include a l l of the 
modes discussed above. 

A l t e r i n g Re la t iona l Maps 

U n t i l now we have been consider ing the r e l a t i o n a l 
maps as given and unchangeable f a c t . The 
d iagnost ic performance t h i s produces is o f ten qu i te 
inconvenient and clumsy compared w i t h an 
experienced human t roub leshooter . For example, a 
l i s t of p o t e n t i a l problems is processed by the 
reasoning engine in a f i x e d order , whereas a humar, 
would a l t e r the order of cons iderat ion based on 
measured evidence. Changing the order of 
cons iderat ion of problems on the basis of newly 
confirmed evidence is an important fea ture of many 
medical d iagnost ic systems, such as PIP [Szo lov i ts 
7 8 ] . 

To understand how t h i s con t ro l feature is 
implemented in FAITH, we have to describe another 
aspect of i t s opera t ion . FAITH permits making 
forward-chain ing inferences on the basis of 
confirmed tes t measurements. The ru les tha t are 
employed f o r these inferences are segregated from 
other r u l e s , so tha t these ru les w i l l not f i r e in 
normal forward or backward chain ing. This makes it 
possib le to i n f e r , from evidence gathered in a 
p a r t i c u l a r con tex t , that the most l i k e l y cause of a 
problem is something other than the current l i n e of 
i nqu i ry . 

Using such an in fe rence, we have included a r u l e 
in a VOYAGER knowledge base whose e f fec t is to 
change the order of items in a l i s t to make the 
most l i k e l y cause f i r s t , and to abandon the current 
l i n e of i nqu i r y . The l i s t is one pe r ta in ing to 
p o t e n t i a l problems. This can be general ized so 
tha t dec la ra t i ve knowledge about symptoms can be 
consulted using "symptom" predicates ra ther than 
Given predicates to i n s t a n t i a t e va r iab les in 
formulas about symptoms* 

This suggests the p o s s i b i l i t y of implementing in 
FAITH the k ind of dec la ra t i ve t ree s t ruc tures used 
in CASNET [Weiss 78] to r e l a t e symptoms to 
in termediate states (pathophys io log ica l s t a t e s ) . 
In t u r n , the intermediate states are grouped i n t o a 
disease category as par t of the d iagnost ic process 
f o r the var ious forms of glaucoma* This is the 
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inverse of the reasoning process employed in FAITH 
of hypothesizing a disease cause and then looking 
fo r a set of symptoms to conf irm i t . The inverse, 
using symptomatic pat terns and groupings to suggest 
a diagnosis is employed as read i l y by physicians 
and t roubleshooters as is the hypothet ica l method. 

The FCL feature of being able to modify the 
r e l a t i o n a l maps g rea t l y extends the power of t h i s 
d iagnos t i c i an . For example, we can hypothesize 
that a short has occurred and determine i t s 
l o c a t i o n . I f that is confirmed, we can a l t e r the 
o r i g i n a l c i r c u i t diagram to include a connection 
tha t represents the shor t , and even run a 
s imula t ion of the changed c i r c u i t to determine the 
s tate changes i t produces w i th expected inpu ts . 
The state changes r e s u l t i n g from the use of the 
a l t e red c i r c u i t can then be simulated to determine 
i t s behavior. 

Planning 

We have j u s t begun to consider the app l i ca t i on of 
FCL to the con t ro l of our planners, DEVISER [Vere 
83] and SWITCH [Porta 8 5 ] . Two examples tha t we 
have implemented are the planning of a t r i p , and a 
problem in avoid ing i n e f f i c i e n t backtracking in a 
VOYAGER s e t t i n g . The t r i p planner uses 
cartographic map in format ion represented as a 
number of "Connected" statements to def ine the 
rou tes , very much in the manner of the c i r c u i t 
diagrams employed in d iagnosis. By con t ras t , the 
i n e f f i c i e n t backtracking problem requires a 
somewhat d i f f e r e n t approach than those we have 
descr ibed, although we s t i l l employ add i t i ona l 
dec la ra t i ve knowledge to render the backtracking 
e f f i c i e n t . More extensive i nves t i ga t i on is needed 
to determine whether we sha l l have to incorporate 
many new features in FCL and make corresponding 
changes in the planner s reasoning engine to have 
the desired degree of con t ro l over the planning 
process. 

Non-Monotonic Logic: 
Changing Axioms and Removing Rules 

As in any expert system, diagnosis is l i m i t e d by 
the assumptions under ly ing the causal models 
employed. These under ly ing assumptions o f ten are 
not e x p l i c i t l y s ta ted , but are used to support the 
v a l i d i t y of many of the r u l e s . Thus a p a r t i c u l a r 
l i n e of inqu i ry may lead to a s ing le l o g i c a l 
conclusion based on the current axioms, and 
subsequent t e s t i n g of the conclusion ( f o r example, 
by ac tua l l y rep lac ing a suspected u n i t ) may reveal 
that the conclusion was wrong. In t h i s case we 
i n f e r tha t at least one of the current axioms is 
wrong. 

We are cu r ren t l y a l t e r i n g FAITH so that we can 
r e l a t e given r u l e sets to t h e i r under ly ing axioms, 
and make it possib le to r e t r a c t axioms and 
subs t i t u te o thers . Concomitantly, we w i l l be able 
to withdraw ru les from considerat ion tha t were 
l i nked to the re t rac ted axioms and br ing up f o r 
cons iderat ion new sets of ru les l i nked to newly 
subs t i t u ted axioms. The e f fec t is to redef ine the 
Modes, which depend on the ru les ava i lab le f o r 
t h e i r execut ion. This permits us to consider 

successively less l i k e l y causes fo r the problems 
encountered which require new ru l e sets to pursue, 
whi le keeping the of ten cont rad ic tory ru les 
segregated. Note that the order of cons idera t ion 
of the less l i k e l y causes is suscept ib le to dynamic 
reorder ing on the basis of evidence, as explained 
e a r l i e r . 

We are also using meta-rules that depend on some 
of our axioms. For example, we have a r u l e tha t 
says, "When we assume that a f a u l t is located in a 
subsystem, prefer ru les that mention the subsystems 
e x p l i c i t l y . " These too w i l l become i nac t i ve as 
t h e i r support ing axioms are withdrawn. 

Discussion 

We have presented the present ly implemented 
features of a new con t ro l language, FCL, which 
great ly s i m p l i f i e s the task of the user to d i r e c t 
the f i r i n g of productions in a coherent and 
purposeful way without s a c r i f i c i n g some of the main 
advantages enjoyed by product ion systems. Several 
users, know led gable in A I , who were unacquainted 
w i t h the i n t e rna l coding of FAITH, have been able 
to code extensive VOYAGER r e l a t i o n a l maps and many 
ru les in a matter of weeks f o r an actua l VOYAGER 
instrument in much greater d e t a i l than the 
s imp l i f i ed examples used in t h i s paper. FAITH has 
produced the desired diagnoses and dup l ica ted 
s a t i s f a c t o r i l y the performance of the exper t . The 
t r a i n i n g the AI users required was min imal . There 
have even been users w i th minimal AI knowledge who 
have successful ly used FCL. 

Because we have t h i s f a c i l i t y at our d i sposa l , we 
have been able to incorporate a larger than usual 
number of d iagnost ic s t ra teg ies i n to FAITH, w i t h 
the assurance that they w i l l be employed under the 
r i g h t circumstances, and we expect to continue to 
enlarge the scope of d iagnost ic techniques 
ava i lab le in a qu i te general manner. Because i t 
possesses many diagnost ic s t ra teg ies , FAITH is 
approaching operat ional usefulness in a r e a l 
engineering environment, and is undergoing t e s t i n g 
in tha t environment. The philosophy under ly ing FCL 
is ce r ta in l y not l i m i t e d to d iagnosis. I t may be 
appl ied f r u i t f u l l y to other product ion systems and 
we are beginning to do so. 
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