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*7his paper Jdescrites the énowle?;eibascd apprgachd
to program acquisiti _3vnthesiy, 13 Yase
upog ag earligr work/lGreefi I‘EECungofgi. Several
diverse pctential aoplications are mentioned,
including synthesiziag the haraonice-set formation
30dule ol an acoustis signal understanding system
Tor kacowiedge tased snip classification, creating
resrieval and analysis prosrams for snip
classifization nypothesis structures, and azaking
opega:ing systess and pregraasing languages zore
sortaclel

Zrogress in knowledge based systeas i3 exemplified
oy a descripticn of 2SI, a xnowledse based
Srograzsing systea that acguires highelevel
lescripticns ¢f prodrams and croduces efficient
implegeatations of thea (Green=-79]. Sizple
syatolis computation prograns are specified
through dialogues that include natural languags,
inpyt-output pairs, and partial traces. Le
progrags nroduced are in LIS?. but experidents
have sacwn tnhat the system can be extenced to
praguce coce in a blaek structured languade such
33 PASCAL.

A xncw.edge based progranm synthesis system works
33 follows. Ine user wanis a perforzance prograa
cf soze :yge, for example, 3 news story indexing
Jregraa. he user aust be versed in the
apeiization area, though need not bé an expert at
programaing. The user conducts a dialogue, usin
nacural lan;uafc as well as traces, exaiples, an
very nighelsvel languages to descride the desired
sroZrad. Trom thls specificaticn the knowledge
Saseéd svstam syntheslizes an efficient
raplezentation of tne program. Since prograa
specifizaticn and use is an eveluticnary grocess.
eacn 3uccessive version of the candidate target
srogran is tested oy the user, Modifications in
ssedifizacisn resull in successive versions of the
tirgset Prograd as new requirements develop or
previous requirements 3are clarified.

The prototype 2SI systea has beer designed and
igpiesented. [t perforas as cescribed aoove. In
zarzicular, prograss have been generated from
inglish dialogues for a variety of domains. Among
cthese prograas ars

® CLASS, a sizple pattern classification
crograg whicn reguires tuch of the
programming xnowlecge necessary for acre
comglex prciraas;

® NZAS, an {nfcrzaticn retrieval prograa;

* TF, a theory forlation progras which
"learns”® (fc5r3s, 1n internal model of a
oncept dy repeatedly exasining examples
of the concept; and

® 3orting prograas, using efficlent
tecanizues for specific sorting
requirssents.

A new systea. CHI, is veing leveloped at Systezs
Zantrol for scze of tne ;itential applications
3iscussed (n the following sectilons.
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One new applicaticn of knowledge based programming
is in %he area of knowledge based snip )
classification via the processing °f acoustic data
{rom a3 iistributed sensor network. Specilically,
we are investigating trs autogatic generaticn of
the naraonic-set formaticn gorticn of tne SIAP
system .Drazovich et al.=73]. In addition, we are
working on casic issues 30 tnat siailerly
developed systems can be applied in ctner
izportans military mission areas, zuca as radar
ship classificavion.

*n the yndersesa surveillance application area the
signal understancing progran is desizned tc
produce a descripticn of tne ocean scenario,
cnanging witia tize, that indicates the platfcras
in the Qcean that are generating tne signals ceing
perceived by the sensors of the undersea
surveillance syster. The ships and supmarines
Deing dezected anc tracgked are in a noisy ocean
envirfonment that zay also comtain other 3nips of
ro interest to the surveillance systea.

Suppcse an analyst is attespting to analyze
signals being received by nydrophones directed
toward a group of suomarines and other platfcras
in a noisy environment, The anaiyst must lind =he
location and type of each s=nip and associate eacn
frequency found with a likely scurce., This task
is known to be quite difficult. It far exceegs
the capabilities of any straightforward rparanetris
classification or pattern recognition system. Ut
is at the limit of what is achievaole oy knowleige
based 31§na1 understanaing systems coasisting of
large rule bases and prograas that 20del the
sources (tlades, shafts, pumps, etc.), harzonic
and ratio relations of scurces, types of sources
on platforas, operaticnal patterns, the ocean
environgent, the noise sources, saxizsua speeas »f
the platforms, whether the locatlons are shippirg
lanes, and so forth.

If the platforms decide to change their scund,
they could disguise themselves effectively oy
changing their source characteristics (e.g., by
using tone altering synthesizers, running slcse
vogether, using alternate pumps ana acoustic
masking devices, running near sound reflect
structures, anc altering their coerating
patterns). The situation can be further
complicated by the introduction of new types cf
aicrophones or signal srocessing systems, diin
these kinds of changes happening, the problem is
challenging indeed., The rrodlem is that tne
sigral understanding preograa woull have to e
Jreprcgranmed to anticipate each possiole znange
in data rates, harmonic structures, ampli:uce ian
frequency modulation, etc. Similarly, any
approach usin learning would alse have to
anticipate all of the tyges cf changes that scull
be expected and have to be able to searcn the very
large space of possible changes to find new_
patterns, It is guite uniikelv that il will te
pessible to anticipate all such caanges.

A TZore reasonable approach zight be to allow the
signal understanding syste@ to De reprograadeq
respond to new patterns. The d4ifficuliy row
reprogramming and debugging 1 complex svstexs
the snort tine allowed ia a tastical situation.
The necessary reprograzming ang debugging is =7
course a slow prccess. A scluticn 6 the
repregranaing prodlem is to use a prograc
synthesis systea to automatically reprograa :r
aodzfz existing programs and data structures ::
aee’ the new requirements.

A sceraric for the response to new signal
cnaracteristicy aight cefin With the sizna.
undnrstnndini system failing %c respond, crovising
inforsation Inconsistent wilh other coservaticns,
or reducing certainty factors for identified
sources. we assuze that the apprepriats cortion
of the axisting signal understarding cyacea was
itself automatizally syntnesized, and tnat
asscciated explainer aodule could geacrice
English the perforaance of the system 2~ help
pinpoint the :y:e of signal changes that are
causing the prsblenm,
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The user reaquests, in Znglish, probes into the
data to 120k for any patterns that characterize
sources tnat seem tO cause troudble. A user 3zay
4«now rrom another ooservation the identity and
location of a particular source. If so, the user
could request a learning g:ogran to find patterns,
expressed as rules that characterize that source.
The siinal understancing systea would then de
auteomalically reprograzmed to use the new rules
and reanalyze the siznals. This interactive
process is repeated until a satisfactory
understanding of tne aignals is achieved.

s more 4ifficuit situation cccurs when the truth
sf a situation 2annot ce 28zadlizned by neans of
any controlled experidents, which is frequently
tne 2ase, For axazple, in a noisy ocean
environment cne can never positively identify all
the piatforas o determine wnat is reall

pregucing the signals. 3ince cne cannot ascertain
truth, one can cnly Jjudge that a given signal
analysis {3 satisfactory according td scme set of
sriteria. Then the prograa nust still find new
ruies that produce some satisfactory model of the
situation, according to criteria that an adeguate
nodel of the situation would satisfy.

The difficylty is compounded, in that it will not
in zeneral oe pcssiole to anticipate what criteria
cr leta-rules a satisfactory zodel 2ust satisfy,
For exaeple, the analyst aight suddenly notice
chat the aumper of subzarines has drastically
increased. JOne 3izht add a constraint not
anticipated oy the systes designer that it fsn't
gossible for subaarines to replicate theaselves.
The cause for the increase in sound sources amizht
ce that some sound generator wWas altered and che
naraonics produced were taken as separiate sources.
It would then 2e appropriate to relax the
constraints on groupings of narmonics so that
previcusly disallowed hRarmonic structures would oe
acceptaole if they arise from the same locatic..

Another situation might be that the sounds raren’t
recognized Secause tihe subzarines began moving at
soeeds that were not anticipated. One aight nave
the systen zenerate its test nypothesis that
assuzes that anything asoving very guickly or
erratically is not really a sutmarine, but instead
a Qeccy. ne could also add constraints for a
nypothesis that Dest explains all possiole sound
sources or is least lixzely %o 3iss especially
interesting ones.

The first major task for ocur new system (called
ciI) in undersea surveillance is reprogramming the
sarzonis-set forzation module iliustrated in
rigure 1. The system we develop wiil input the

el sL%nal classification module, plus new signal
classification rules in a language natural for
ex;ressing thea. CHI will Eroduce as output a
zodification of tne original siznal classification
program Whizh appropriately makes use of these new
rules. The classification program (s, in this
:ase, pridarily a harmonic-set formation prograa
shat partitions the set of frequency siznals into
a anaraonically related group produced by one
source cf one platform. The classification
prograa will use as priaitive operations (1)
exisiing prizitives of the target programuing
-arguage, (2) sigral retrieval commanas to a data
managedent systez, and (3) subroutines in a siaple
atatiatics library.

4 zore difficult task is the writing of a aodule
that learns or aypothesizes new pattern
classification rules on its own. The input for
this tasx is a list of constraints that all rules
3ust satisfy. The output is a program thal
zodifies 213 rule sets dased upon new signal
inforaation about known situations.
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A knowledge based programming system would aid an
intelligence analyst Dy creating retrieval and
analysis prograas that probe into the snip
classification knowledge dase and hypothesis
structure for the current situation. Such
structures are :ypiclll{ very large and coamplex,
and the operational environment is constantly
changing. Thus, no general-purncse snip
classification systes pased upcn prestored
knowledge will oe capable of always presenting the
sorrect interpretaticn or set of feasibie
interpretations., Therefore, 1 user such as a
tactical assessaent officer snould be al.iowed to
interact witn “he system to confirm its current
anypethesis and to exp.ore adgitional possipilities
vased upon his own past experience plus knowledsze
of unique properties of the current situation.

Such exploration might include requests for a

sums based upon retrieval of a totally novel
combination of data., For example, if zany vessels
aren’'t deing identified decause an izportant
characteristic is miasin% ar dccluded, it gight
indicate that such vessels have bDeen nodified. A
series 5f jueries to the systeam via the knowledgs
based prograaming f{rontena zight reveal izmportant
correlaticns, e.g., that all such vessels are of a
particular type and all recently visited a
particular port for an extended pericd.

The user should also be allowed to hypothesize
certain constraints, e.g., tc atteapt to fill in
aissing data. The systea would then be rerun to
provide an anal{sia of the new hgpcthctieal
situation. If tae system is to De a fully
accessible assistant, the user should be able to
nake a comglicazed examination of its chain of
reasoning to verify system credibility and zaxe
the system less opaque.

The only way tc allow such ‘ateractions to occur,
without narrowly restricting thea a priori to 2
small number of fixed formats, is %0 use a
Knowledge bSased programming systez to construct
==ograms which represeat the required action. A
human ;rogrumner who pjossesses the required
expertise would be too expensive to assizn to each
ship classification system at sea, and would
prodadly prove to be toco slow at the task anyway.

4. Quher Potazzial Aoplizaticny
Another application area of interest is the
automatic generation of transportable operating
gnscena an rograaming sgsteas e.5., complilers).
T 1ght be a comblnation of

@ target " anguafc" -3
cne or more of a high~level language prograa,
2achine language prcgranm, sicrocode, and very
large-scale integrated (VLSI) circult soard
design. The particular ianguages ;roduced and
their combination would be tailored to each
specific computer coanfiguraticn presented.

The feasidbility of zany other appliczations aay not
be far off. The promise lies in our appreac:,
namely, that of building a large knowledge based
systea that emphasizes the codiflcation of
underlying programming principles coabined with
application-specific expertise, Some enerality
has already been demonstrated by extending PSI to
deal with ostensibly different xinds of prograas,
using essentially the same knowledge dase.
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9?SI1 is organized as a collection of iateracting
30dules or progracmed experts, as displayed in
Figure 2. A simplified view of tne data paths is
snown in Figure 3. There is one input data path
for eacn specification zethod. Currently tnese
are zagiish, input-output exasples, and partial
trades. A 2ore conventional 3ethod, tnat of a
very highe=level language, is_a planned addition to
2SI, as shown in Figure 3. :hese specificaticns
are integrated intd a single structure at the
prograa net and crogram ancdel levels.

be_¢co

2)

Day nveniently factored into
Figure 2): the ; 3
\those 13cdules shcwn left 3f the

whion acjuires the z2cdei, and the
wnicn procuces a prograd {rom the

b o

35I's cperatisn
tWo parts (see
Progras 20de.s/,
L]
el.

In the acquisition phase, sentences are first
parsed, then ipnterpreted and stored as a ?rogrtn
net structure _Ginsparg-73]. The parser Iis a
;eneral rarser wnica liaits searcn by
incorporating considerable knowledge of Englisn
usage. The interpreter is more specific to
prograd synthesis, using program descriptioam
Kn0wledze, as well as knowleage about tne question
asked ard the surrent topis, to facilitate
interpretation into the prograa net.

The iilalogue moderator guldles trhe iialogue by
se.ecting or suppressing juestions for the user.
It artezpts to «eep PSI and the user in azreement
2 the curreant topic, provides a review and
sreview cf topics wnen the topic changes, helps
tne user wno sets 19st, and allows initiative to
=ift Detw een PSI and the user.

The explainer module generates reasonably clear

iaglisn questions about ana descriptions of the

prograaz net as it is acauircd. in order to help

verily that the inferred program lescription is

the one desired. It is also 2esigned to explaia
tne how and wny of the acquisition and syntnesis
crocess tc the interested user.

Another input spgcifica:ien method is a partial
trace [Phillips-77]. A trace includes as a
special case an exasmple Lngnt-ou:pu: pair.
Z«amnles are useful for iaferring cata structures
1ad 3iaple spatial traansfcormatioas. Partial
traces of states of internal and I/0 variables
allow %he inductive inference of control
structures. 1The trace and exasple {nference
exzert infers a loose description of a prograa in
the fora of a prograd net, rather than a prograa
3odel 3r sther true algoritha. This tecanligue
allow dcmain supgort =5 disamdigzuate possidle
inferences and 1130 separates the issue of
efficient izplementation frc@ the inference of the
sser's intention.

Various types af programming knowledge are
distributed througnout tne sodules of the
acquisition pnase. Ia contrast, knowledge
specific o one particular appllication domaia
(e.2., knowledge adout learning prograas) is
soncentrated 1N the 2omain expert, wnish supplies
domain support ov coasunisating with other
acguisition aocdules tarsugn the prograx net.

The grogrsn net and ;rogral 20del (see Fifurc 3)
Ire tWwo of-the 2ajor interfaces within PSI. Both
arfe nigh-level ;ragras ana iata structurs
Jescription languages. he prograz acdel includes
soaplete, consistent, and interpretadle very
nigh-level algorithm and inforzation structures.
Tre pregran net, on the other hand, forms a looser
progras cescrxpfion. Fragments of the prograad net
3Jan ve visited in %he order of cccurrence in the
1ialogue, rather than in execution order
alizw less cetailed, local, andg only partial

specificatiocn of the program. Since these

) {ragaents correspond rather closely %0 what the
user sais they ease the burden of the
sarser/ néerpreter, as well as the trace and
axazple inference IJodule.
)
O N LA A A A ‘.-.:.-,'..-\‘.-.:.-_:- '.-_:- Ao '.\:.-\‘.' _‘..-;.-

The Er@graa nodel builder (McCune-77) applies
«nowledge of correct grogram aodels to convert the
fragnents intc a Jodel. The mogel duildcer
processes fragzents, cnecking for ccmpleteness and
correctness, fills in detail, corrects Rincr
inconsistencies, and adds cross-references. It
also generalizes the prograa desc¢ription,
converting it into a form that allows tne coder to
lock for good implementaticns. The completed
prograa nodel aag be intertreted by the aocdel
interpreter to chéck that it perfcras as Jesired
oy the user and also to gather infcraation needed

oy the efficiency exgeqt such as statistizs on
%:gtgizes and prooao litles of the zutcomes o

After the acquisition phase is coamplete, tne
synthesis phase bezins. This phase 2ay be viewed
as a series of refinements of the prograa aodel
into an erficient progras, or as a neuristic
search in a refinement tree fcr an efficient
progras that satisfies the program zodel.

The coder [Barstow-77] has a dody of prograa
synthesis rules (Green & 2arstow=75, reen &
Sarstow=77] wnizh are applied o zradually
transfors the prograa zcdel froam aostrect into
zore Jetailed constructs until it is in the target
language, The algorithm ang Jata structures are
refined interdependently. The :oder deals
prizarily with tre nctions of set and
cerrespondence operations and can synthesize
progdrams iavolving sequences, .oops, siaple input
and output, linx iists, arrays, and nash tasies.
lanning

The refinesent tree effectively forms a

pace that proposes only legal, btuc poasibly

pefficient, nrogragds. This tree structure is
hared b¥ the coder and the efficiency expert
{ant-77]. when tne coder proposes zore than one
refinenent or izplesentation, the efficilency
expert reduces the searcn oy estizating the
tize-space cost product of each gro osed
refinement. The detter path s follcwed, 2and
there is no dackup unless the estizate later
proves to be very bad. An aaditional method to
reduce the size Of thne searcsi space is the
factorization of the prograa into relatively
independent parts so that all coabinations of
inplesmentations are not considered. An analysis
for bottlenecks allows the s{ncnosts effort to
concentrate on the acre critical parts of the
prograa.
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