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The APE (Auto•attc Progra••tng Expert) 
executable and efficient prograMs fro• 
• algebraic speci f ications of abstract data 
• abstract algorithms given as conditional 

s ys te•s w1th ter• s bu1lt up fro• operat1on 
abstract data types 1nvolved. 

systea construct• 

types, •nd 
ter~ -rewrite-rule­

sy•bols of the 

The APE is an e•perl•ental syste• devised to develop •ethods 
for cod1fy1ng a rather broad extent of prograMming knowledge 
requ1red to construct 1•plementations of data types and 
at gor 1 th•s. 

for data type specifications, the APE ad•its hidden oper•­
tlons, conditi onal a x 1o•s, and para•eter1zed data types. The 
APE automaticall y iMplements al9ebraic specifications of all 
coma only known data types 1n terms of clusters of lNTERLISP­
functlons . The APE constructs executable implementations of • 
var i ety of sorting and searching algortthMs. 

As an exper1nental prototype, the APE deeonstrates that • 
knowledge-b~sed proor•••ing paradtau prov1des a useful tool 
for par~lally autoaating an 1•portant phase of software devel­
opaent. 

Keywords and Phrases . Abstract data types, autoMatic progra•­
Ming. cod1f1cat1on of prograMmtng knowledge, expert syste•a, 
knowledge representation, productton systeas. 

!• !~!~d~~~ti:~radiga of software destgn is to s~art ~tth 
abstract spec1ftcat1ons. and to gradually expand, reft~e, and 
transforM the~ to an appropriate level to obtain eff1c1ent t•­
pleme ntatlons. Th1s approach factors software des1gn into the 
constructions of abstract specifications, and the develop•ent 
of more concrete representations. Such a factortzat1on entaill 
a correspon ding structuring of destgn, val1dat1on, adaptton, 
and ~a1ntenance of software systeas. 

Algebraic spe cifications . [ADJ 76, HR 80) of abstrac~ data 
types (AOTs) allow to spectfy data types by characte~111ng the 
behavior of data obJects under characteristic operat10n1 wi~h­
out resorting to parttcular representattons. Hence . develop1ng 
algor 1 th~s at the level of man1pul~t1ng ObJects of algebraic­
ally specified AOTs prov j des .an opttmuM _of freedo~ fro• s~eci­
ftc spectf1cat1ons, facllttates the man1pulat1on of alg~rlth•• 
<program transformations), and allows prov1ng propertieS of 
algor1thas I ndependent of repre sentat~on details . The 
re•a 1ning task consists in imple~enttng such abstract 
algortthas 1n tera! of appropriate representations supported 
at the aachine level. 

Ieple•enttng an ACT-specification requires 
• to des1gn concrete representattons for encoding abstract 

dala obJects 1n thea . 
• to des1gn algortthms tapleaentlnl abstract operations on 

concrete representations. . 
For an AOT-spe c tfl c ation, (1) a concrete represe~tat1on and 
(Z) algortthms I mplementing all abstract operattons on con­
crete representations together fora a concrete tapleuentattoft 
of AOT - spectftcattons . To be run on coeputers. concrete 
representat 1 ons must be expressed in terms of an executable 
prog1· amming language . Hence, concrete representations aust be 
des 1gned 1n te r •s of the data structures supported by the pro­
grammlng Language. 

Given a programm1ng language, deve l oping a concrete tapleaen­
tat1on from an abstract algorithm usually cons1sts of a aultt­
tude of onl y p artlally Interrelat e d de s 1gn dec ts l ons _based on 
1051 ght, eMper•enc e. and t r a1n1n9 . Man y su c h d e CISIOn~ •r• 
1solated 1n that they are taken from different domains of 
knowledge. 1 . e. there are no well-struc tured transforaatton 
algor1th11s. 

we call knowledge contributing to develop concrete iapleaenta­
t1ons fro• abstract algorithas prograaatng knowledge. The na­
ture of program•1ng knowledge suggests to encode it in teraa 
of productton syst~~s [Dk 77]. A production rule e~codes an 
1solated piece of knowledge. A production syste• cons1sts of • 
productton b 3 se conta1n1ng product1on rules, and a productton 
control for sequenctng the application of product1on rules. 
systems of productiOn systeas are an appropriate tool for both 
encoding and utilizing loosely interrelated pteces of 
knowledge. 

Production syst••• are particularly ~ell suited for betng de­
veloped experiaentally : Start with an initlal set of produc­
tions, and try to apply thea to typical exa•ples. If the ini­
tial production syste• does not work, analyze what goes wrong, 
and add resp. change productton rules, or adjust the produc­
tion control. A resulting production systea •ay the in­
corporate all do•ain-specific knowledge of those ~ho have de­
veloped it. 

Aaong other approaches to auto•atic prograaa1ng, two syateaa 
have been developed along a statler paradlg• : 
<II DAEDALUS ["W 79) IS 1 rule-based syste• for dertvtng pro­

graMs froa descriptions of tnput/output-relations, gtvtng 
no 1nfor•at1ons about algor1tllMS to be e•ployed. The •atn 
contr1but1on of DAEDALUS are foraatton-rules for control-
structures (conditional-, recursion-, procedure-
for•atlon), and a generalization rule (for related 
results, see [81 79)). 

(2) PECOS [SA 78a.b), the coding expert of the PSI-systea 
[GR 76], generates Lisp-progra•s rroa algorith•s given as 
prograMs 1n high-level language adMitting so•• 
reasonably •abstract• data structures (such as sets). In 
the PSJ-syste•, PECOS is •eant to be supported by an 
effictency expert [KA 79] e•bodying knowledge about the 
effic1ency of various representations of data structures. 

The problea of generating concrete code froa algebraic AOT­
specif1cattons and abstract algorith•s has not been attacked 
before. Co•pared wtth what 11 achieved by PECOS, this is a 
~uch •ore challenging tar.k as w~ start fro• the •ost abstract 
level (ax1oaat1zattons> of s~ectfying d~ta types. 

we present the APE syste• (Autoaatic Prograaaing Expert> which 
cons1sts of two subsysteas: 
• AOTCOMP codes algebraic specifications of abstract data 

types as executable lNTERLlSP-prograas. 
• ALGCOMP constructs executable lNTERLlSP-progr••• fro• 

abstract algorithMs g1ven in terns of conditional tere­
rewrlte rules wtth ter•s made up fro• operatton sy•bols of 
abstract data types be1ng t•ple•ented by AOTCOMP. 

sect1on z surveys the structure of the APE. The specification 
language for abstract data types and abstract algorithas ia 
outlined tn Section 3 . The way the APE works ts explained in 
S~ct1ons 4 and 5, Illustrated by detailed walks through the 
1mptementat1on of an abstract data type specification and •n 
abstract progr•• · · The acco•pl1sh•ents of the syste• in its 
present state of developMent are summarized in Section 6. 

Further details on the AOTCOMP subsyste• are gtven tn 
(EKRT 80a,80b]. The APE is impleMented in INTERLISP and ts 
fully operational. The syste• With deta1led docuaentation (1n 
Ger•an) 1s available fro• the thlrd author. 
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2. Syste• Structure 

The structure of the APE 
Illustration : 

ts su•••rtzed tn the following 

Specifications of 
Abstract Data Types 

v 

Specifications of 
Abstract Algortth•s 

v 

AD Tc OIIP I ... I ___ A_L_G_c_o_"_P ___ -' 

v v 

Cluster of 
INTERLISP-Functions 

INTERLISP-Functtons 

USER 
INPUT 

SYSTEII 
OUTPUT 

Jn both ADTCO"P and ALGCO"P, progra••ing knowledge is codified 
1n ter~s of production rules. Both subsysteMs contain rule 
•anipuJatton p~ckages provtding an extensive Interface for in­
terac tive e xpertments and modif1 c at1ons of the production 
bas e s. As has been e xperienced i n the developMent of other ex­
pert sy s te~s, knowledge acqu1s1tion 1s the Most serious pro­
blem . As we do not see a feasible way of acquiring progra••ing 
knowledge autoMatically, an extensive dialogue and editing 
support turned out to be of crucial iaportance in the evolu­
tion of our syste!. 

A production syste• consists of 
• a production base containing production rules 
• a production control guid1ng the selectton of production 

rule s. 
• a d~ta base to which production rules are applied. 

Product i on rules operate on a data base . A production rule ts 
of the f or• <test>-> <action>. 
<test> 1s evaluated to a predicate wh i ch is satisfied or not 
by the da ta base . If the <test > 1s sat1sf1ed by the data base, 
the rule IS ;)pplled by e>eecut 1ng <a c t1on> on the data base. 
The effect of <action > 1s to 1 > os~ 1 b l y alter the data base. In 
many pr oduction s y stems , product10r1 rules may 3lso change the 
produc tion ba 5e <e . g. by add1ng / dclet1ng product i on rules), or 
the produc t1on control . In APE, however, production rules only 
affect the data base . 

The production control selects production rules to be checked 
for aoottcab1litv and subsequent application. In the siaplest 
fora of a production systea, the production base is just a 
l1st of production rules. and the production control aove1 
through the \1st from one rule to the next . Initially, our 
produc tion control used agendas. An agenda IS a control pro­
gra~ t o r srquenc1ng the order of cons1der1ng production rules, 
e .g. a renular exnress1on of na•es of production rules and in­
ter~edtate tests for branching . In the evolution of our sys­
te•, however, aore and aore •c ontrol knowledge- 1n agendas waa 
transf~rred to the organ11attor1 of production beses, and our 
present systea does not use agendas at all any aore. 

] . Specification liOQUIGt 

Specifications to the APE consists of 
• •lgebraic specifications of all dtta types involved, and 
• a set of product 10n syste•s each of which spect fy an 

abstract algoritha 
The pr oduction rules of an abstract algorith• consist of ter•a 
and as s ert1ons bu1lt fro• operatton symbols and sorted 
variables of the algebraic data t ype spec1f1cat1on together 
w1th operation sy~bols denoting the algorithm and au>eiliary 
algor1th•s be1ng spec1f1ed. 

.L.L_·~.J .. D.! bralc Data Tyee Spec if icat jona 

Ab~trn c t data type spec1f1cations are bas~d on the algebraic 
.-. pt•c lt lt . ~tt 10n t cc hn1q ut with 1n1t 1al ;, lg o:: bra se•antics as 
pr urn•c n •d l.ly the AU.J ·· fwoup IAOJ 76] . In 1t ~ !. rmplest fora, an 
"tqrhr · o~ r!' !. ll t" C: lfHAt 1nn ron!. 1St !. of i t sionature (S,f) and a 
•.r• t 1 ut eQuJitlons.. ,. SH p l ;,tur· ,. (S, ll "~ l.tbllshcs 11 syntax 
IIH' dtUICif IIIIJ uh)f'l ' l1 Of lh~ d.tt.t typ~, 01nd CUI1SI5tS Of 

• ,, ~ rt 5 o t so~ts . Sor · t ~ ;, r·e n~~es for tots or object• 
h~lli i\UIIlt) tel tfl~ d8tll typ~ . 

f M,,,n p lt• s • (o l1st , 1nt,at o11l 1s a set of three sorts for 
th e ov e n l1 s t ah s tro~ct 1on. o l1st IS a na•e for 
tile se t of all open l 1sts cnnststing of ato•s, 
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and 1nt~ ato• are names for the sets of all 
natural nulftbers resp. atoMs . 

• a set I of oper3tlon sy•bols • Taking each sort st::S to be 
a na•e of a set O.s of data objects, an ·operation sy11bol 
1n I 1s the na~e of a function among appropriate sets of 
data objects. To spec 1fy doma1n and range for each opera­
tion sy•bol f£I, an arlty 1s ascr1bed to f : 
arlty(f) ,. <s 1 • •• s,.,s) for sorts s 1 , .. . ,s .. ,s£S i ff f 
denotes a function f.O : O.s 1 x .•• x O. s -> O. s . Thls is 
wr1tten as f : <s 1 • •• s,.,s). A nullary operat1on sy•bol 
c : (A,s) denotes a value in O.s. 
~' I • ( add ' lolist nat atoa,ollstl, 

re•ove : (olist nat, olist), 
read : (ol i st nat,eto•), 
constr: (oltst atoii,Olist), 
E"PTY : oUst, 
UNOEF : oUst,atoe 

is a set of operation syabols for the open ltst d1t1 
abstract ton. 

Given signature (S,t>, we require that for each sort scs 
there is an 1nfinite set X. s of variable sy•bols s.t . for dif­
ferent sorts s

1 
and s 1 ins, x. s, and x.s, are disjoint. Fro• 

operation and variable syabols we can construct CS,I>-t•r•a by 
observing arittes : 

The set T.t of all ($,I)-teres is def i ned to be the le11t 
t .. ily T.I • IT.Isls£Sl s . t. 

111 Ys£5 . x.s u r.s c T.Is 
<Is stands for constants of sort s> . 

(2) Yn£NAT . Ys 1 , .. . ,s,.£S . Yt 1 £T.Is 1 , ••• ,t,.€T.Is. 
't'f : (s 1 • • • s,.,s)£[. f(t,, • • • ,t .. >£T.Is • 

An CS,I>-equatton p•q ts a pair of (S,I)-ter•s of sa•e aort. 
A conditional CS,I>-equatton · 

Q • tf p • p' then r, else r 1 fl 
consists of a condit1on p • p' and alternatives r, and ra a.t. 
p,p• and q, r

1
,r 1 are ter•s of saMe sorts, respectively. 

~: E • { add(e!pty,N,X) ,. tf N•1 
then constr<E"PTY,X) 
else UNDEF fl , 

add(constr(L,X),N,Y) • If Nz 1 
then constr<constr(l,X),Y) 
else constr<add(L,N - 1,X),Y) fl , 

reaove(E"PTY,X) ~ UNOEF, 
re•ove<constr<L,X),N) "'If N•1 

then l 
else constr<re•ove(L,N-1),)() fl • 

read(E"PTY,X) ,. UNDEF , 
read<constr<L,X),N) ,. tf N-=1 

then X 
elSQ read(l,N-1) ft 

is a set of (S,l)-eQuations for the open list data 
abstraction . 

This specification is an e>eaMple of a spec i fication cont1tntng 
a htdden operation constr whtch 1s not accessible to a user, 
but serves def1nit1onal purposes <establishing a congruence) 
only. 

data type specification as an tnput to the APE consists of 
the three sets s,I and E of sorts, operations (with arittea), 
and equatlons, with an indtcatton which operation' are htdden. 
such a spec1f1cat1on IS g1ven a na11e, e.g . OLIST for our above 
~M~•ole. Then , the COIIMand <I"PLE"ENT 'OLIST) causes the APE 
to construct a bundle of LISP-functions iaple•enttng the 
algebraic data type specification (see Sect.4). 
A paraMeter i zed data type specif1cat1on PSPEC is 1 pair 
PSPEC = <SPECO , SPEC11 s.t . PSPEC transforms any SPECO-algebrl 
A t o a SPEC1-algebra conta1n1ng A IS a subalgcbra <see e.g. 
[AOJ 80]>. In fact, •ost data types are paraMeter-ized. The 
coMmand <PARA"ETERIZE 'OLIST 'SPEC) causes the APE to con­
struct 1 LISP-i•ple•entatlon of the open l1st abstraction s.t. 
th e atoms stored 1n an open list arc LISP-IIIple•entationa 
belong1ng to the data type specified by SPEC . 

3.Z. Soecificwtton of Abstract Algortth•a 

Abstract algorithas are specified tn teres of the following 
syntax : 

<abstract-algor;th•> 
<header> 

<prod-syatee· 

<production-rule> 
(COilMent> 

: : . 

:: . 

<header><prod-syste•><co••ent> 
abstract aloorlth• 
<fcn - name><for•al-para•s-dcl> 
( relations <relatton> } 
{ procondlttons <assert1on> ) 
( eztorn~l <fcn-na•e> ) 
prodsysteu 
<f cn-na•e><for•ll-para•s-ltat> • 
set - of - <productlon-rule> 

<assertion> - > <ter•> 
<some explanatory te>et) 



<header> introduces 
the name of the algorith• <a function na•e> 
declarations for for•al para•eters consisting of a sort 
name, an identifier, and an optional 1n1t i al value. For•al 
parameters are partitioned into 
- user access1ble para~eter positions (Must be supplied wfth 

actual parameters) 
- 1nternal parameter positions (for Internal recursive 

ca ll s) wh1ch must not be supplied w1th actual para•eters 
'"a user call (Internal lnttlaltzatton) 

• prP. cond1t1ons on actual paraMeters (for user accessible 
parameter pos1t1ons only) 

• references to the e~ternal algorithMs invoked in thts 
at yo r1th111 . 

A <prod-systeM> i s a production syste• consisting of a set of 
produc tion rules, i.e. test/actton-pairs where tests are 
boote~n terMs, and actions are terms s.t. all terms are con­
struc ted from for ma l parameters and operatton/ function syMbols 
of ~ny of the abstract data types Involved, t he name of the 
abstract algortthm (a recursive application) and names of ex­
ternal algorithMs . 

UH.R.l..l.• 

user OPENLIST[INT] OL1 
tnternal tNT INDEX :• 1# 

BOOL BUBBLE? : • FALSE1 

CHANGE1 

pradsyste• BUBBLE-SORT (0L#INOEX#BUBBLE1) • 
(1) ( read (0L,INDEX>1l • UNDEF 11nd 

read (DL,INDEXl ! read (0L,INDEX+1l 
---> BUBBLE-SORT (0L,INDEX+1,BUBBLE?)J 

(2l read (0L,I NDEX+1l • UNDEF and 
read <OL,INOEX) > read (OL,INOEX+1) 

---> BUBBLE-SORT(CHANG E( OL,INDEX,INDEX+1l,INDEX,TRUE>1 
(J) read (0L~INDEX+1) • UNOEF and BUBBLE? • TRUE 

---> BUBBLE-SORT(OL,1,FALSEl; 
(4) read (0L,INDEX+1) • UNDEF and BUBBLE? • FALSE 

---> OL ) 

co••ent BUBBLE - SORT(OL) replaces the open list bound toOl 
w1th 1ts sorted version!! 

BUBBLE-SORT invokes the au•iliary algorith• CHANGE which is 
spec1fied as follows: 

abstract elgorfth• CHANGEJ 

precondltfons 

user OPENLIST OL, 
INTEGER INDEX1, 
INTEGER INDEX2J 

read(OL ,I NDEX1l + UNDEF, 
read(OL,INDEX2l + UNDEF1 

prodsyste• CHANGE (0L,INDEX1,1NDEX2l • 
(1) ( INDEX1 i INDEX2 

---> let OL add(0L,INOEX1,read(OL,INDEX2ll In 
let OL := add(OL;INDEX2+1,read(OL,INDEX1+1)) In 
let OL : ~ reMove( OL,tNOE X1+ 1) tn 
let OL :• remove<OL,INDEXZ+1) In Ols 

(2) INDEX1 > INDEX2 
---> CHANGE(0L,INDEX2,1NDEX1l ) 

co••ent CHANGE<OL,lNDEX1,INDEX2) e~changes the INOEX1st tnd 
1NOEX2nd ele•ent of the open list bound to OL!I 

4. Auto•atic Coding of Algebraic D1t1 Tvpe Specifications 

4.1. Syste• Structyrt 

Upon encountering an abstract data type spectftc1tton 
(posslbly paraMeterized)# APE works through seven phases that 
success1vely construct a LISP-i•ple•entatton of the data type. 
EMcept for the In1ttalizat1on- and LISP-phase, each phase In­
corporates spectf1c progra••tng knowledge and refines the tn­
teraed1ate constructions obtained fro• the previous ph•se. 

These seven phases are : 

(1) Init i alization <t-> Phase. The t-phase converts the Input 
spectftcation 1nto a LISP-representatton. 

<Z> Funct1onat1ty <->-> Phase. The ->-phase constder1 the 
stgnature of the input specification only. Conclusions 
fro• the operations' funct i onalittes are drawn# and the 
structure of liSP-functions i•ple•enttng these operation& 
1s established . 

(3) Axio11 (a-) Phase. The •-phase considers the axio•s of the 
input specification only, and Make tnferences fro• 
observations on the axioMs. 
After the •-phase, the input specification ts no longer 
considered. 

(4) Representation <R-) Phase. The R-phase co•bines con-
clus,ons of the prevtous phases to deter1111ne the data 
structure 1n which objects of the data type are 
represented. 

(5) Compile (C-) Phase . Using all infor•at 1on obtatned so 
far, the C-phase constructs actual LISP-code to •aka 
optiMiz ations and i•prove•ents. 

(6) Cleanup Phase. The Cleanup-phase reftnes and/or rearranges 
the LISP-code obtained fro• the C-phase to •ake optt•tza­
ttons and 111prove•ents . 

(7) LISP Phase. The LISP-phase constructs the final LISP-code. 
As LISP does not support a •odule-construct such as 
SlMULA-class or ALPHARO-for•, a correspondtng •echanis• is 
bu1lt up 1n the LISP-phase. 

Phases (2)-(6)# which actually apply progra••tng knowledge# 
are productton systeNs. Application of production rules ia 
c ontrolled by •eta-rules and attention focussing. These 
•echants•s and pattern Matching are not discussed in thia 
paper. 

4. 2. Walk through the Auto••tic I•ple•entatton or an 
Abstract Data Type Spectf1catton 

To e~pla1n how the APE works out an i•pler~entation, we present 
1 walk through the implementation of the algebraic specifica­
tion of the data type OLIST Copen list> as given in section 
3.1. F1rst, we show what the APE is doing in response to the 
co•mand <IMPLEMENT 'OLIST), and then we briefly explain how 
the data type open list io ieple•ented as a pore•oterized dot• 
type. 

Jn•tialization (1-l Phose. The input spociftcotion is con­
verted tnto an Internal LISP-representation, and the LISP­
atoas O,X,N,AOO#REMOVE#REAd# and CONSTR are associated with 
the following properties: 

D NAil£ OLIST (D is the internal data type na•e 
bound to the e~ternal naae OLIST) 
(ATOll and NAT ore paroeeter types) ATOll PARAIITYPE 

NAT PARAIITYPE 
X SORT 

T 
T 
ATOll 
NAT 
(IIIPLEII) 
( IIIPLEIIl 
(IIIPLEII) 
(HIDDEN> 

(X and N ""e identifiers of oort 
ATOM resp. NAT) N SORT 

ADD OP (AOO,REHOVE, and READ are access-
1ble operations to be ~apleaented. 
and CONSTR is a hidden operation 
which needs not be tapleaented) 

REIIOVE OP 
READ OP 

CONSTR OP 

FunctionalitY <->-) Phase. ->-rules check functionalittea of 
operat1ons to aake useful observat i ons . tn our eMa•ple# rules 
->01,->0ZA#->03, and ->08 apply : 

->01. tf •OP1 aaps 
.•Y-ob)ect 
and •Y 1s 

then •OP1 ; s a 

a 0-object and possibly a 
to a 0-object 
not 0 
singly continuable operation. 

- >D1 : Result . ADD CONTINUABLE 
CONTINUABLE 
CONTINUABLE 

(SINGLE) 
IS INGLE) 
(SINGLE) 

REMOVE 
CONSTR 

~· Match variables begin with an asterisk. 
An operation op is n-fald continuable iff op constructe 
fro• n a-objects another 0-object . 

->D2A. if •OP1 •aps D-objects and possibly other 
argu•ents to a para•eter sort •s 

then •OP1 reads contents out of o-objects. 

->D2A:Result. READ READS 

->OJ. If •DP1 works on D-objects using 
another para•eter of sort •S+O 

then •s is a sort of the ele•ents of which 
serve as selection criteria 

->DJ:Result . ADD SELECT-CRIT !NAT) 
REMOVE SELECT-CRIT (NAT) 

READ SELECT-CRIT (NAT> 
D SELECT-CRIT (NAT> 

ft.2..U. . If by rule ->OJ selection criterion is applied to 
o-ob)ects, ->OJ not only ascribes th1s tnforaation as 1 
property to the relevant operations, but too, too. Thta 
11 because the occurrence of a selection criterion 
heav i ly influences the choice of the representation of 
0-ob j ects in the R-phase . 
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Rule ->08 establishes the structure of the LISP-functions that 
w1ll be refined to i•ple•ent the operat1ons, and results tn: 

->08 , Result. ADO FUNCT ((LAMBDA <ON X) FORN 0)) 
REMVE FUNCT (<LAMBDA <D N) FORM 0)) 

READ FUNCT < <LAHBOA (0 N) FORM ) ) 

A•io• (•-) Ph1se. • - rules 1nalyse the 1•to•s of 1 spect­
f 1caton . 
The f1rst rule detects the ele•ent1ry construction oper1tor 
and deter•1nes wh1ch operat1ons e•tract constituents fro• 
ter•s bu1lt up by the ele•entary construction operator. 

,.;;Q1. If •OP1 is a re1d operation extracting 
ele•entary infor•at1on fro• a ter• constructed 
w1th operation •OPZ 

then •OPZ wr1tes ele•entary objects into objects 
•OP1 reads fro• wt11ch is noted by binding 
•OPZ to •E. 

•01,Result. READ READS <If(EQ N 1)) 
CONSTR WRITES (ELEM) 

•E DENOTES <CONSTR) 

•OJ detects all error exceptions and results in : 

•OJ ' Result. ADO UNDH (IF (EQ 0 DOl •nd <NEQ A 1)) 
REMOVE UNDEF (if(EQ 0 00)) 

READ UNDH (lf<EQ 0 00)) 

•04 detects operations which work recursively through the 
structure of date objects. 

•04. If the ele•entary construction oper1tion ts 
s1ngly cont1nuable, 
and •OP1 aoves inside •E-teras, 
and •OP1 is not an ele•entary instruction opera­

tlon 
then •OP1 works rec~rsively through a-objects 

•04 , Reault . ADD WORkSRECTHRU <IF<NEQ N 1)) 
REMOVE WORkSRECTHRU (lf(NEQ N 1)) 

REAU WORkSRECTHRU (lf(NEQ N 1)) 

Rule •06 observes whtch operations write and reaove ele•enta 
fro• D-obJects, and results in: 

•06 , Result. ADD WRITES <IF (EQ N 1)) 
REMVE DELETES (If (EQ N 1)) 

Rule •10 detects selection crtterie and observes how opera­
tions use selection criteria. 

•1D , Result. N SELECTCRIT (COUNTER) 
ADD COUNTS (If <NEQ A 1)) 

Representation (R-) Phase. There is a wealth of conclusions 
wh1ch can be obtained fro• the results of the previous phase . 
F1rst, rule R01 decides to i•ple•ent data types in ter•s of 
l1sts 1f the1r eleMents are constructed by a singly continu­
able construction operation: 

I R01:Result. D LIST 

For operations working recursively through data objects and 
si•ultaneously keeping counts, rule R06 establishes that their 
act1on affects the NEWEST ele•ent whtch had been added by the 
ele•entary construction operation. 

R06 . If •DP WORkSRECIHAU If •CONDITION 
and •or COUNTS IF •CONDITION 

then •OP COUNTS NEWEST IF •CONDITION 

A06 : Aesult. REMOVE COUNTS (NEWEST If <NEQ N 1)) 
ADD COUNTS (NEWEST If <NEQ N 1)) 

READ COUNTS !NEWEST IF <NEQ N 1)) 

Although RD1 h•s decided that open lists should be i•ple•ented 
as l1sts, 1t is still open what particular tnnd of list struc-

ture (such as singly or doubly linked lists) should be 
selected. For e~a•ple, the doubly linked list structure ts 
chosen when reading is done at one •end• of data objects, and 
a counting operation recursively works through the list froa 
the other end. To prepare this decision, we h.ave to find out 
whether operations work at the front rsp. back-nd. 

A11B. If 0 is to be i•ple•ented as a list but 
no direction has been established yet, 
and •OP ts ~n operat1on to be l•ple•ented, 
and •DP COUNTS the NEWEST (resp. OLDEST) 

ele•ent of a-objects 
<possibly under •CONDITION) 

then •OP COUNTS at the FRONT end of a-objects, 
and l1sts representing a-objects 

are directed now . 

R11B , Result. D DIRECTED 
READ COUNTS (fRONT If <NEQ N 1 l l 

Rule R13B establishes the position at which the el•••ntary 
construction operat1on bound to •E inserts new ele•ents, and 
R15B works si•ularly for counting operations : 

R1JB , Aesult . CONSTR WRITES lfRONTl 
R1SB , Result. R(HOVE COUNTS (fRONT IF (NEQ N 1)) 

ADO COUNTS (fRONT IF (NEQ N 1ll 

We have now collected ull infor•ation which •akes the next 
rule choose the singly linked list structure to represent 
a-objects : 

R21. If a-obJects are repre~ented as lists 
and there is no operation to be i•ple•ented 

wh1ch deletes or counts at the back end 
of l1 st s 

then 0-ob)ects are represented as singly linked lfsts. 

R21 : Aesult . 0 LIST (Sl) 

Finally, R29 establishes the LISP-representation of the baste 
a-object DO (the e~pty open list>: 

R29,Result. DO FUNCT INLAHBDA (fRONT) 
CSETQ FRONT (CONS)) 
(RPLACA FRONT FRONT)) 

Co•pi le (C-) Phase. C-rutes work on the FUNCT-property of 
operat1on na•es which is a pattern of the LISP-function to f•­
plement the respective operation. All strings 1n such a FUNCT­
pattern that are not LISP-ato•s are regarded as keywOrds to be 
expanded to LISP-code by C-rules. C-rules work fro• front to 
back ends ~f FUNCT-patterns. A C-rule inspects the neMt 
keyword after the current position. The •••-s1gn indicates the 
current pos1tion po1nter. We deaonstrate the Co•pile-phase by 
show1ng how the operation ADD is 1•ple•ented. 
Note that the Functionality Phase has already 
FUNCT-pottern <LAMBDA 10 N X) FORH 0 ) for 
current pos1tion po1nter 1s now initialiZed 
Mediately behtnd the for•al LAMBDA-paraaeters. 

established 
ADO, and 

to stand 

C02. tf 0 1s 1 list •nd •OP does 
•ACTION£(READS,OELETES,WRITES) •t the 
•POSJTIONt{FRONT,BACk)end, 
and •OP does not •ACTION •PLACE, 
or +OP ACTION If *CONDITION1, 
or •OP DELETES IF •CONOITION2, 
or •OP ~ORKSRECTHAU IF •CONDITIONJ, 
or •OP COUNTS FRONT IF •CONOITION4 

(there are more conditions on logic•l 
connections between +CONDITIONs) 

then in the FUNCT-pattern of •oP , 
FORM 1s replaced with 
ICOND UNDETERMINED l*CONDITION1 •ACTION FRONT) 

(CONOITIDNZ DELETES FRONT) 
<T !APPLY• •DP FRONT PARANS))) 

C02 , Rosult. ADO fUNCT<lLAHBOA 10 N X) ••• 
ICONO UNOETERHINEO 

llEQ N 1lWRITES FRONT) 
IT (APPLY• ADD FRONT PARAMS)))Q)) 

Seventeen applications of C-rules yield the final result of 
the Co•plle-Phase for ADO : 
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ADO FUNCT <LAHBOACO N XI 
CCONO((ANO !NOT <CDR Oll<NOT CEQ N 1))) 

<RETURN (QUOTE UNOEFl l l 
((NOT <CDR 0) l 

<REPLACE (COR Ol (CONS X (COR 0))) 

<AND CEQ (CAR UROl Ol 
IRPLACA URO (COR 0) l) 0) 

«EQ N 11 
!REPLACE !COR Ol <CONS X (COR 0))) 

(AND I EQ !CAR UROl Ol 
I RPLACA URO (COR 0)) l 0) 

(T (APPLY• ADO (COR Ol N X) l) D> 

Cleanup (CLEAN-) Phase. The Cleanup Phase agatn works through 
the FUNCT - propert y of operation names~ and makes opti•itattons 
and f1nal expansions. 
LISP-Phase. St•ulating a construct for operation-clusters tn 
LISP, the LISP-Phase generates the followtng LISP-code : 

<OPENLIST 
<NLAHBOA COP • OLISTEl 

CSETQ ARGUHENTE <COR OLISTE)) 
CSETQ OATSTRUK (CAR OLISTEll 
CSETQ OLISTE !APPEND !LIST <EVAL <CAR OLISTE))) 

<COR OLISTEl l l 
CPROG ((URO <CAR OLISTElll 

CCONO 
((ASSOC OP OPENLISTl 

Nlll 
(T (PRINTL ••••ERROR : • OP •ts NO• 

(QUOTE OPENLISTl "OPERATION I") 
CTERPRil 
<RETURN) l l 

<RETURN CEVAI.A (QUOTE (APPLY (EVAL OP) 
OLISTEl l 

OPENLIST» 
CRPAQQ OPENLIST (COO NLAHBOA <OBENl 

<READ LAHBOA CD AI 
(COND 

ISETQ OBEN <CONS)) 
CRPLACA OBEN OBEN)) 

<<NOT !CDR Dl l 
<RETURN !QUOTE UNDEFlll 

«EQ A 11 
I CAR <CDR Dl l l 

(T !APPLY• READ (CDR Dl 
CSUB1 A> 

CREHOVE LAHBDA CD Al 
<COND 

Dl 

(<NOT !CDR Dl) 
(RETURN (QUOTE UNDEf))) 

<CEQ A 11 
(AND CEQ <CAR URD) 

<COR Dl l 
CRPLACA URO D)) 

CRPLACO D <CDR <CDR D> 
CT <APPL Yo REHOVE <CDR Dl 

<SUB1 A> 

<ADD LAHBDA CD A XI 
<CONO 

((AND <NOT <CDR 01 l 
(NOT CEQ A 11)) 

<RETURN (QUOTE UNDEf))) 
((NOT (COR Dl) 

<RPLACD D ICONS X <CDR Dl l) 
<AND CEQ (CAR UROl 

D) 

CRPLACA URD (COR D))) 
Dl 

((EQ A 1l 
<RPLACD D <CONS X <COR Dill 
<AND CEQ (CAR UROl 

Ol 
<RPLACA URD !COR Dill 

0) 

CT (APPL Yo ADO <CDR Ol 
<SUB1 AI 
XI l l 

Q))) 

5. The Auto•atlc l•ple•entation of Abstract Algorith•s 

The second subsyste• of the APE ts called ALGCO"P, and con­
structs LISP-••ple•entatlons of abstract algortth•s given tn 
ter•s of a syntax as outltned 1n sect1on 1.2. Just ttka 
AOTCO"P, ALGCOMP t s an e•pert system with progra••1ng 
knowledge be1n11 cod1f1ed 1n terMs of production syste•s. In 
thiS section~ we g1ve an o~erv1ew of the structure of the a~a­
te•~ and then ekplaln how ALGCOMP works by g1ving a detailed 
walk through the 1Mple•entatton of the selection sort 
algorithM. Note that abstract algorithas are production ·~·­
te•s us1ng ter•s constructed fro• operation syMbOll of 
abstract dati types. IMplementations generated by ALGCOMP are 
based on 1aple•entat1ons of all abstract data types involved, 
as produced by AOTCO"P. 
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5.1. svste• Structure 

An abstract olgorith• input is processed by ALGCO"P in three 
phases : 

INPUT-Phose : The abstract algorith• is parsed end 
translated into an internal for•. A user 
is supported in debuggtng s~ntak errors. 
This phase constructs a LISP-LAMBDA-for• 
iapleMent1ng the abstract algortth•. 

I"PLEMENTATION-Phtse: 

LISP-Phese: The output of the previous phase is ex­
tended by an Interface according to the 
data g1ven 1n the <header>-sectton of 
the abstract algor1th• specification. 
The result ls a definition of a LISP­
function which can be invoked by sup­
plying data to the user accessible para­
•eter positions. 

Only the IMPLEMENTATION-Phase incorporates spectaltzed pro­
gra••ing knowledge in ter•s of production systeMs. This phase 
proceeds in st• successive steps: 

The test-e~pressions constitute the left-hand-sides of 
the productions of the abstract algoritha. Each test­
ekpresslon 1s decomposed to a disJunction or conjunc­
tlon of \lterals~ 1.e. ato•ic tests. 
Each literal IS converted to a LISP-for•. 
The outco•es of STEP-1 and STEP-2 are co•btned to pro­
duce LISP-for•s for all left-hand-sides. 

The re•aining STEP-4 to STEP-6 apply to the right-hond-aidel 
(actions) of the production rules. 

STEP-4 : General observattons about the structure of right­
hand-sides are •ade. Particularly~ all copying 
decis1ons are aade. Th1s is necessary because argu­
•ents in different para•eter pos1tions are independent 
of each other in the abstract specif1cation . For ••••­
ple~ if POP<s> and s <w1th s denot1ng a stack> occur 
in d(fferent pere•eter pos<tiona, applying the opera­
tion POP to s has no influence on the stacks at the 
other para•eter position. If~ however~ s is i•ple­
•ented as a specifiC stack object, POPp1ng this object 
May result in encountering the POPped stack object, 
when com1ng across the object 1•plemented for s at the 
second paraaeter position. One possibility to avoid 
such unwanted Side-effects consists in •aintatntng 
d1fferent copies of data objects at different posi­
tions. To avoid unnecessary copies~ the necessity for 
aak1ng copies~ resp. working with references without 
copying is establtshed in STE~-4. 

~: Recurs1ve calls to the algorith• are processed. In 
particular~ this involves substitutions and ••king 
~opies as established in STEP-4. 

STEP-6 : The results of all previous steps are asse•bled to 
construct a LAMBDA-for• t•pleaent1ng the algorithe. 

5.Z . Walk through the Auto•at1c l•ple•entatton of tbt 
Selection-Sort Algorjth• 

We consider the following input specification of the 
Selectton-Sort elgorith•: 

abstract algortth8 SELECTION-SORTJ 
parauaters user OPENLJST[INT] OLJ 

intern~! OPENLIST[INT] OL1 : • 
(JiliT OL1 OPENLIST[INT]l, 
OPENLIST[INT] OLZ :• 
<INIT OLZ OPENLIST[INT]lJ 

external "AXLIST~ APPEND; 
prodsvstea SELECTION-SORTCOL~OL1~0L2) • 
I 1l { read COL,1l • UNDEF -> OLZ 1 
CZI readCOL,1l • HAXLISTCOll 

---> SELECT10N-SORT(re•ove(OL~1>, 

add<OL1,1,readCOL,1ll,OLZll 
(3) read<OL,1) • HAXLIST(OL) 

-> SELECTION-SORT<APPEND<OL1,re•oveCOL,1ll, 
EHPTY-OBJECT, 

add(OLZ~1.read(OL~1))) 

eoeeant SELECTION-SORT obtains the MaXiMuM of 
OL~ adds this value to OLZ and re•oves 
1t fro• OL. Then~ SELECTION-SORT is 
recursively appl1ed toOL until OL is e•pty. 
OLZ then conta1ns the rcsult1ng sorted list! I 

O~itting the conversion of the abstract algortth• to an inter­
nal representation ln the INPUT-phase, we describe how the 
IHPLEiiEUTATIOII-phase generates LAHBDA-Ior• i•pleeent <ng 
SELECTION-SORT. 

STEP-1. This step applies to left-hand-sides (lhs) of produc­
tions only. There is only one applicable rule wh1ch observes 



that all left-hand-sides •~e llte~al boolean exp~esslons. It 
is also noted that the lhs of rule CZ) contains a +-ralatton. 

illf=l. First. each lhs-exp~ession : s decoMposed and searcheG 
for applicattons of eMternal algorithes : 

SZ-1 . tf lhs •etches <•REL.*LEFT,*RIGHT>, 
and •LEFT invokes the agortth• 

being t•ple•ented, 
•n~ •RIGHT 1nvokes an external algortth• 

til en 
L PUDICATE 

C CREL •REU CLEFT • LEFT> !RIGHT •RIGHT> 

SZ-1 : Result. LZ PREDICATE C(REL •> 
(LEFT ~eadCDL,1)) 
tRIGHT "AXLISTCOLlll 

A second rule sz-t dater•tn•• that • ts t•ple•ented •• MEQ tn 
LISP, y1eldlng 

SZ-9 : Result. LZ PREDICATE CFOR". CNEQ ~udCOL,1l 
"AXLIST COL) l) 

!1.21J.1.i.2n. Ll ~esp. Rl denote the left- ~•sp. ~lght-hand-slde 
of rule i. 

i.Ill.=.l· CNo significance tn this ex .. plel. 

The subsequent steps apply to the rhs of the productions of 
the algorttha only. 

~· 
Jn its st•plest for•, 1 rhs ts just an ato• . This is detect•~ 
by ~ule 4-Z : 

S4-2 . tf rhs •atches <*ATOM> 
and •ATO" is a forael para•eter 

then 1nvokation of the algorith• evaluates to •ATO". 

S4-2 : Result . R1 FORM COLZl 
R1 EVALUATES tPARA"ETERl 

Rule S4-1 observes that (2) and (J) contain recursive calls to 
the aloo~tth• : 

S4-1 . tf ~hs ••tches <•ALGNA"E( •.• l> 
then rhs conta1ns a recursive call to the a~gorith•. 

S4-1 : Result. RZ EVALUATES (RECURSIVELY) 
RJ EVALUATES !RECURSIVELY) 

ALGCO"P atte•pts to convert recursive to tterattve structurea. 
When •odelling a recursive call by an iteration, values cor­
respondlng to para•eters being passed in a call have to be 
deter•1ned. Very often, data obJects representing such values 
need to be cop1ed to prevent unwanted stde-effects. ln our 
e•a•ple, in (2) and (J) a copy of OL •ust be supplied as an 
argu•ent of the operat1on read, as the re•ove operation 
c hanges OL. 

~· we now consider the argu•ent 's of recursive calls . Rule 
ss- 1 appt 1es to the si•plest case that su~h an argu•ent ts an 
ato• and thlS is true for ARG3. The act1on of rule SS-1 con­
Slst; in attacking the for• <SETQ •FP •ATOM) to the cor­
respond1ng argu•ent, where •FP eatches the appropriate for•al 
parameter, and •ATOM the argu•ent itself . 

S5-1 : Result . RZ ARGJ CEXPR.CSETQ OLZ OLZll 

However,in our case SS-1 results in a du••Y asstgn•ent, 
there ts a rule ss-z deleting such asstgn•entl : 

I S5-2 : Result. RZ ARGJ <FOR".> 

enc 

Rule ss-1 also epplles If the specification ~equi~es assigning 
the e•pty object of the correspond1ng data structure . Then, 
rule s~-9 obtatns the e•pty data obJect of the data structure, 
I . e . COPENLIST DOl 1n ou~ eMaeple: 

S5 - 1 • Result. RJ ARGZ CEXPR. tSETQ OL1 EMPTY - OBJECT)) 
S~-9 : Rosult. RJ ARGZ tFOR".CSETQ OLHOPENLIST[JNT] DO))) 

~l· The right-hand-sides are now asse•bled according to 
the result of STEPs-~,5. For (1), STEP-4 has observed that R1 
i s just an ato• , so R1 is kept unchanged : 

I S6-2:Result. R1 FINAL (OLZl 

For R2, and RJ, for•s for evaluat1ng the argu•ents have been 
generated already . In add i tton, the decisstons about copying 
arguMents need to be 1Mple•ented now, and recursive cells to 
the algorithM •re coded by rule $6-1 : 

S6-1 • Result. 
RZ FINAL (!COPY DL XZl (~eeoveCOL,1ll 

CaddCOL1,1,~ead(Xl,1))) 

(SELECTION-SORT OL OL1 OLZ)l 
RJ FINAL ((COPY OL XJl ISETQ IAPPEND OL1 ~e•ovoCOL,1ll) 

CSETQ Ol1 COPENLIST[INT] DO)) 
<add<OLZ , 1,read<XJ,1))) 
(SELECTION-SORT OL OL1 DLZll 

Finally, \eft-and-right - hand - s i des are co•ptled to an LA"BDA­
fore : 

LISP - Phese. The LISP - Phase establishes an interface for 
call1ng the ;•ple•entation of the algortth•, fol l ow ing data 
and reQutre•ents gtven in the <header>- s ecti on. In part i cular, 
the 1mplementat1on success1vely clears LISP-stacks s.t. garb­
age coptes of paraMeters are deleted . The resu lt is that 1t 
run - t1Me the funct1on stack of the LISP-systeM conta i ns a · top­
level call to the algor1th11 ••plelllentation , together ~nth just 
one copy of the COND-for• tndependent of the eMtent of the 
file to be sorted and the correspond1ng nuMber of recursive 
calls . · 

Notation : For reasons of easier internal use calls to dati 
type operators are converted t nto a LlSP-e•ecutable for•, e.g. 
read(OL,1> is converted to <OL READ 1) . 

Result of the LISP-Phast: 

<SELECTION-SORT 
<LAMBDA IOL OL1 OLZl 

CCOND 
(( EQ (QUOTE OPENLIST[INT)l 

tGETP OL (QUOTE PARA"ETERl l) 
CCOND 

( tGETD (QUOTE APPEND) l 
tCOND 

IIGETD (QUOTE "AXLISTll 
CCOND 

( CGETD (QUOTE COPY) l 
(INIT OL1 OPENLIST[INT)l 
CINIT OLZ OPENLIST[INT)l 
<RPLACA (QUOTE SELECTION-SORT) 

CDSUBST OL (QUOTE OLl 
tSUBST <QUOTE CREHVAL 

CSTKPOS (QUOTE SELECTION-SORT) -1) 
(QUOTE (SELECTION-SORT NIL> 

(QUOTE (SELECTION -S ORT OL OL1 OLZ)) 
CGETP !QUOTE SELECTION - SORT) 

(QUOTE ALGORITH"> 
!APPLY SELECTION-SORT NILll 

CT (PRINT "•••ERROR••• AU XILIARY FCN* (QUOTE COPY! 
"UNDEFINED"))) 

<T (PRINT ••••ERROR••* EXTERNAL• (QUOTE "AXLlST) 
"UNDEFINED"))) 

<T (PRINT ••••ERROR••• EXTERNAL• (QUOTE APPEND) 
•uNDEFINED•)))) 

CT (PRINT "***ERROR•••• OL "NOT OF TYPE OPENLisT[INT)*l 
NIL» 

Result of auto•atic codtnq : 

<LA"BDA NIL 
CCOND 

C CEQ COL READ 1l 
!QUOTE UNDEFl) 

OLZl 
CCNEQ COL READ 1) 

CMAXLJST Oll) 
!COPY OL XZ l 
COL REMOVE 1) 
COLt ADD 1 (XZ READ 1)) 
tSELECTION-SORT OL DL1 OLZ)) 

(CEQ COL READ 1 l 
CMAXLJST OL)) 

(COPY OL X3) 
tSETQ OL tAPPEND OL1 COL RE"OVE 1lll 
CSETQ OL1 tOPENLIST[INT) DOll 
tOLZ ADD 1 IXj READ 1)) 
<SELECTION-SORT OL OL1 OLZll 

<T IFRROR 10> 
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~~•plishaents 
Jn 1ts. present state of develop•ent. the prograa•tng experttse 
1ncor·porated '" the APE enables the system to autoaatically 
••plement a large a~ount of algebra•c data type specifica­
tions, and soae of the standard algor1thas 1n sorting and 
searching. 

Data types. THE AOTCOMP-subsystea autoaatically iapleaents all 
algciJr alc specif1cat1ons we could get hold of fro• the litera­
ture, and many acre 1n addition. 
This 1ncludes 

• open and bounded lists, queues, and stackSJ 
• sequential f1le structures; 
• arr· ays and records of fixed and variable length resp. 

nurnht!r " of r 1elds,; 
• tr·ee ~ tructures. 

In Olll" experiMents, ADTCO"P has successfully 1epleaented 76 
algtohra• c spec If 1cat 1ons of abstract data types. AI 
Illustrated 1n the open list e•ample~ AOTCOHP adm1ts hidden 
operations , condittan~l axia•s and p3ra•etartzed dat• 
types. However~ there are two restr1ct1ons : 
• AOTCOHP requires that all obJects of a data type to be i•­

ple•ented are inducttvely constructed from eleeentary 
objects. For e•aeple, AOTCOHP cannot 1•ptement the ring 
abstraction. 

• For parameterized data types, AOTCOHP does not check 
requireMents tmposed on actual paraMeter types 
C•e• (EH 81 ), (HR 81)). 

!!JLorithms. So far the ALGCOHP-subsystem has successfully 1•­
pl~~cnted the following sorting and search1ng algor1th•a 
Csoo (kN H)l, 

• straight-selection sort; 
• straight-Insertion sort; 
• bubble sort.i 
• •erge sort; 
• quick sort; 
• Fibonaccian search, 
• b1nary search; 
• sequential search. 

ALGCOMP is also successful in iaple~enting so•e nuaertcel 
algortth•s such as the greatest-co••on-d1v1sor~ least-co••on­
eultlple~ and factortal algorithM. 

In applying this expertise, the APE is capable of generating 
systees of prograes whtch are implementations of abstract 
spectftcat1ons. A successful example IS a manage•ent syste• 
for processing ftles of personel data. 
1. Final Re•arks and Conclusions. 

7.1 Interactjve Syste• Development and Theorv ForMation. The 
development of the APE has been evoluttonary, dr1ven by con­
Sidertng •ore and More e•amples~ and feeding the progra••ing 
knowledge necessary to taplement the e•amples 1nto the produc­
tion bases . To support codify1ng and 1ncorporat1ng prograaatng 
knowledge~ APE has an extens1ve 1nteract1ve user interface. 
Thts interf•ce helps a user to find out why APE failed, coding 
new rules and exper1aent1ng with them~ a11d finally changing 
•eta-rules and the production control un1t after Inserting new 
rules tnto the production b ases. The usertnterface 1s e•trealy 
1111portant for up!Jradtng the product ton bases: whenever a new 
porttort of program•tng knowledge has been fed to APE~ tt t1 
usually 1n order to condense rules 1nto fewer and •ore general 
rules. Rule eandens•tion actually contributes to the foraatton 
of a theory of progra••tna · , and we expect such a theory to 
eventually evolve from our 1nvestigat1on. 

7 . 2. Accomplishment~. Previous systeMs start at • •uch •ore 
concrete level of data structures such as sets, collections, 
etc., and IMple•cnt the• at the so•ewhat •ore "concrete• level 
of lists. arrays~ etc . APE generates co de fro• represent~tton­
free •xto•attz~tions of all structures ~revtous systems could 
t~plement, and 1n add1t1on succeeded for ~bout 70 other 
aM1o•at1zat1ons. APE generates clusters of rout1nes which aay 
be autually recurstve. P•·evtous syste•s could not Introduce 
recurs tons. 

?~~~££essful Parad~ . Consid~ring the a•ount of work 
whiCh has been 1nve~ted 1n 1ts development so far~ the APE ts 
st1ll 10 1ls Infancy. Oeaonstratcd accompltsh•ents and e•peri­
ments have shown that w1th 1ncorporat1ng adU1t1onal progra•­
etng knowledge, the APE wtll beco• c a powerful tool in 
software develop•ent. G1ven the li•iled success of the progra• 
synthesis paradtgas (e.g. [Bl 79], [OS 77], (HW 79]) after • 
decade of work~ we cla1• that the kno~ledge-based progra••tng 
paradigm supported by the APE IS the only approach which ts 
l1kely to provide tools for substant1ally automat1ng phases of 
til e 1ndustr1al software development cycle. Ir1 fact~ we thtnk 
that program synthes1s and krlowledge-biiSCd progr ·am m1ng co•ple­
~ent each ott1er : Program synthes1s (aS 1n [Ul 79), [HW 79]) 
should produce abstrac t algor1thms from non-algorith~ic speci­
fi cat ions . lllen~ a system such as ours br1ngs 1n the expertise 
to produce eff 1c1ent vrograms . 
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