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Abstract

The APE (Automatic Programming Expert) system constructs
executable and efficient programs from

m algebraic specifications of abstract data types, and

+« abstract algorithms given as conditional term-rewrite-rule-
systems with term', built up from operation symbols of the
abstract data types involved.
The APE is an experimental system devised to develop methods
for codifying a rather broad extent of programming knowledge
required to construct implementations of data types and
algorthms.
For data type specifications, the APF admits hidden opera-
tions, conditional axioms, and parameterized data types. The
APE automatically implements algebraic: specifications of all
commonly known data types in terms of clusters of INTFRLISP-
functions. The APL constructs executable implementations of a
variety of sorting and searching algorithms.
As an experimental prototype, the APl demonstrates thata
knowledge-based programming paradig provides a useful tool
for partially automating an important phase of software devel-
opment .
Keywords and Phrases. Abstract data types, automatic program-
ming, codification of programming knowledge, expert systems,
knowledge representation, production systems.
1. Introduction
A standard paradigm of software design is to start with
abstract specifications, and to gradually expand, refine, and
transform them to an appropriate level to obtain efficient im-
plementations. This approach factors software design into thm
constructions of abstract specifications, and the development

of more concrete representations. Such a factorization entails
a corresponding structuring of design, validation, adaption,
and maintenance of software systems.

Algebraic specifications [ADJ 76, HR 80] of abstract data
types (ADTs) allow to specify data types by characterizing the
behavior of data objects under characteristic operations with-
out resorting to particular representations. Hence, developing

level of manipulating objects of
provides an optimum of freedom from speci-
fic specifications, facilitates the manipulation of algorithms
(program transformations), and allows proving properties of
algorithms independent of representation details. Thm
remaining task consists in implementing such abstract
algorithms in terms of appropriate representations supported
at the machine level.

algorithms at the algebraic-

ally specified ADIs

Implementing an ADT-specification
m to design concrete representations
data objects in them.

« to design algorithms
concrete representations.
For an ADT-specification,
(?) algorithms implementing
crete representations together form a concrete
of ADT specifications. To be run on computers, concrete
representations must be expressed in terms of an executable
programming language. Hence, concrete representations must be
designed in terms of the data structures supported by the pro-

gramming language.

requires

for encoding abstract

Implementing abstract operations on
a concrete

all abstract

representation and
operations on con-
Impleuentation

(1)

Implemen-
a multi-

Given a programming
tation from an abstract
tude of only partially
insight, experience,
isolated in that
knowledge, i.e.
algorithms.

language, developing a concrete
algorithm usually consists of
interrelated design decisions based on
and training. Many such decisions are
they are taken from different domains of
there are no well -structured transformation

West Germany

We call knowledge contributing to develop concrete implementa-
tions from abstract algorithms programming knowledge. The na-
ture of programming knowledge suggests to encode it in terms
of production cystous [OK 77]. A production rule encodes an

knowledge. A production system consists of a
production base containing production rules, and a production
control for sequencing the application of production rules.
Systems of production systems are an appropriate tool for both
encoding and utilizing loosely interrelated pieces of
knowledge.

isolated piece of

Production systems are particularly well suited for being de-
veloped experimentally; Start with an initial set of produc-
tions, and try to apply them to typical examples. If the ini-
tial production system does not work, analyze what goes wrong,
and add resp. change production rules, or adjust the produc-
tion control. A resulting production system may the in-
corporate all domain-specific knowledge of those who have de--
veloped 11.

Among other approaches two  systems
have been developed along a

(1) DAEDALUS [MW 79] is a

to automatic programming,
similar paradigm:
rule-based system for deriving pro-
grams from descriptions of input/out put-relations, giving
no informations about algorithms to be employed. The main
contribution of DAEDALUS are formation-rules for control-
structures (conditional-, recursion-, procedure-
formation), and a generalization rule (for related
results, see [8t 7V]).

PICOS [BA 78a,b], the coding
[GR 76], generates Lisp-programs
programs in a high-level language
reasonably "abstract" data structures
the PSl-system, PECOS is meant to be supported by an
efficiency expert [KA 79] embodying knowledge about the
efficiency of various representations of data structures.

expert of the PSl-system
from algorithms given as

admitting some
(such as sets). In

(2)

The problem of generating concrete code from algebraic AOT-
specifications and abstract algorithms has not been attacked
before. Compared with what is achieved by PECOS, this Is a
much more challenging tar.k as we start from the most abstract

level (axtornatizations) of specifying data types.

We present the APE system (Automatic Programming Expert) which

consists of two subsystems:

* ADTCOMP codes algebraic specifications of abstract data
types as executable INTERLISP-programs.

+ ALGCOMP constructs executable INTERLISP-programs from
abstract algorithms given in terms of conditional term-
rewrite rules with terms made up from operation symbols of

abstract data types being implemented by ADTCOMP.

Section ? surveys the structure of the APE. The specification
language for abstract data types and abstract algorithms is
outlined in Section 3. The way the APE works is explained in
Sections 4. and S. illustrated by detailed walks through the
implementation of an abstract data type specification and an
abstract program. The accomplishments of the system in Its
present state of development are summarized in Section 6.
Further details on the ADTCOMP subsystem are given In
[EKRT 80a,80b]. The APE is implemented in INTERLISP and is
fully operational. The system with detailed documentation (in
German) is available from the third author.
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1. Syvates Strycturs

The structurs of tha APE 12
illustration:

suabparized in the following

Spectficatione of Spacidicationg of usEn
Arstruct Datw Types Abstract Algoritheg INPUT
¥ v
I AOTCONP ] l ALGCONP
L) v
Cluster of
INTERLISP-Funcltions SYSTER
INTERLISF-Funck lons aureyT

in both ADTCOAMP snd ALGCORM®, programming knowledpe 18 codifiad
N teras of production rules. Hoth subsyttems contain Fule
WARAVPULATIOA patkaget providing an émtenkive nterface for 1n-
teractive experiments and modifications of  the praduckion
bases. A4 hai Daen edperienced 1n the development of other an-
pert systems, knowledge acquisition 13 bhe most 3EF 10Ul Pro-
blem. As we 40 noi S5ee 3 fepsrble way ol acguiring prograssing
knowledge  aytompttically, #n extensive dialegue and wditing
support tyrned out to be ol cruchral Taportance . the svolu-
tion of our Sydtes.

A production yystes consrates of

= a preguétisn base containing praduction rules

= 2 pruductisn centrel guiding the telection ol production

rutes.

= g data bare toc which praduction rules are applisd.
froduclion rules operate on a data bass. & productson rule I3
of the Torm €rest> -3» <actian>.
cres1> 13 evaluated to 3 predicate which s sabtisfied or not
by the dats base, [f the <tesi> s satisfted by the deta base,
the ruleé 135 appllwd by ewerulng <prtion» on  Lhe data base.
The eflect of <act1en > 15 be possibly alter the data baze. In
many proguriion systeas . producti1on rules sy 3lso chenge the
peawdud bren base e, by addipgAdeleting production rules!, or
the production control. In AR, however, production rules anly
affect the datx basa.

The production conirol select: production rules to be cheched
for avplicapibity and subseguent applicattren. fn the siaplest
fare of a production systea, the producti1on bese +x Just =
L1t of production rules. end the production control sovel
throungh the 113t from one rule to Lhe next. Initiakly, owr
produl t1en control used agendas. An aqenda 19 & tontral  pra-
ram {for sedquencing the order af considering production rulss,
*.n. & requlec- pxpression gf rames of production rules gnd 1n-
termeiale tesis for branching, in the evplution of our tys-
tes, howsver, more and Score “conirgl Wnowiedge™ in kgendes wab
Iransierred ta the orgenifation of produciien bases, and our
preseni Syitlem does aol use agendas wt all sny morse.

L.3eetrficetion Lanauage

Specifications to the APE consints of

* algebraic spucificatisons of ail dets typex invoivad, and

" a set of agraductrgrn sysitems sach  of which apecify sn

mhgtract algorithe

ihe praduction ruies of an sbatract
and assertions built Irgm  Operatian  symbals  and sortad
variahles of thae algebrsic data Lype specificatiaon togethar
wilh operatign sysbols denoting the algorithe and suxiliary
algarithes baing speacified,

wilgariths coniistl of teras

Lot Alaebraos Gt Type Speciiicationa

Abrlract datas type specificatigns are baied on the aslgebruic

spreafic Rt ion techrainue  with  amitanl 3lptbre sementice ms

praneeredd by the A2 yroup {ANBY F&l. In 1t5 wimplesl fprm, an

Alipelir gty SieEd e AT i s sy ol g sigRatura (5.0 and

' I vl squa¥hieny . A gl re LR N cutablighrs & syntew

T alenank g mds ol The data fype, and tungrnin of

= 4ol N oul garts Bl are names for sty ol
Brelunging o The daty fype,

Frample % = fotsst,snt,atemt 1% m srl of three aorts for

the voen Lisl shstractian. oivst 18 & name for

ihe et el sll open Lasts consasttng of atows,

objectu
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and snt, atam are names for the  set3s of all

natursl Numberc redp, Btoms,

* n ast T ol eparatien sysbolz . Taking each 30rt 3€5 to be
® name of m agt D.x of dpta objects, an operatian  ayabol
I 1% the name 0f & function mmong Sppropriate aety af
data abjects. To specily dJdoastn and eange for sach opera-
tian sykbol i€y, an arity 1% mtcribed te I
arityifs = 15, .., 5_,37 for BOFES B .....%..%65 FF F
dencies » function .0 D.s, = ... w D.5 -» D.x Thiw is

Writren ms  Tods, ... 5.,%). A nuliary operation symbol
CTA,5] denctes & value 1n O.x.
fugmple: I = { edd: folizt net ates,cliat),

remsove - (alist nat, olist),

resd- (al1st nat, wlpmd,

canstr- (olist atom,olist),

ERPTY: olisk,

UNDEF sList, atom }

vz b et of vperation symbols far the opan List  deta
abakraction.

we reqguire that for sech sort et

Given & sipnature (S.I),
there 13 sn anfinite st ¥ 4 of variable sysbols s.t. Fer gii-
ferent s0Tts %, mnd £, In 5, ¥.w, and ¥X.3, are disjoint. Fron

pperation angd varishie sys0ols we can construct {5, 0)-terms by
opserving NEYlies.

The set 1.1 of =il [5,0)-terms 15 defined to be the lesst
famrly T.I = (T.L5|x€$) s t.

{1 ¥E€5. X.s U I3 € T.Is
1Fs stands for conitants of port Bb.
(?) WREMAT. ¥I,,...,5.€5. WL, €T.T%,,...,t €T . s, .
1-68, ... 3..80EL. it ...t YET I8 .
An {5,I)-aquatien p=o '35 & pair of (5,F)-terns of sEms sort.
& cenditipnal (5, I)-aguatien
q« it p = p' than r,
consi1sts of & condition p » p" and alterna
g.p' angd G, Fy,t, Are lerss nf same Sorts,

;!!Inlg:

wlze r, ¥
ives r, and r,
respectively.

= 1f W=
then constr (EMPTY W)
eize UNDEF #1 ,
addicansatr L , ¥h H ¥} = 14 N-"
then constricenstriL, X, ¥}
size consiriaddit N-1,_X1,7¥} #F ,
remove i EMPTY , X) = UNDLT,

F o= { sodiempty N, X}

rempove loonsiril XY ,N]l = 1Ff N=1

then L

wlsn constriremovell N-17,X: #1 ,
resd (EAPTY X} = UNDET
readticonstriL X, M) = 1§ N=*%

Than N

elsc readfil, N-11 #1 }

t5,[)-#quations for the open datne

1% o8 aet of 11t

sbatrection.

This speci1fication 15 Bn expmpie pf & specatication containing
BTLessIbie tO & UAEF,

s hidden wperaYisn constr which 1s not
but serves definiiionel purposes  lestapliching » congrusnce’
only.

A datm type specificmiion a3 sn 1nput ta the APE connists of
the thras sets 5.5 and E of soris, operations fwikth aritieed,
and squations, w'th sn ndiceiien which operations ara hiddan.
Such a specification 1% given B nameé, 2.4, QLIST for our above
suseple. Then, the command (IMPLEMENT ‘OLIS1) causes the APE

to construct wm bundla af LISP-funchtions Ieplemanting the
algebraic datd type spacification (S&e Sect.4).

& parameteriied dats type specification PSPEC i3 & pRir
PSPIC = tSPICD, SPECY) s.t. PEPEC translarms any SPECD-nigebra
A to N SPECT-BLOFEFS CONLATRING A B4 3 SubBLlgOErs  (3ew o.g9.
[#0J 60 5. In facr, west daia types are pacameterized. The
caommend  (PARAMETEAIZE "0LIST "SPECY caules Lthe APE to con-
atruct & LISP-1mplementytion 0f the open L15t shatreciion .k,

the atoms stored 10 an open list are LISP-aimplessntations
belonging 1o the deta type specilied by SPEC.

1.2 Spesiticmtian of Abstract Algerlthes

Absirmct aslgorithes sre specifred in teras o! the following
Synkax;
<abstract-algorithe> - -= C{hender>iprod-sysiam><{comnmenk)
{haadar> c:= ghstract algorithe
Clen-namer<lormal -pir ans-dc Ly
{ relathens <relationy )
| mrocongitions <assertion> }
| sxtwrnul Cfcn-namer )
{prod-pyates i predeystau
tfen-namer<formal-parsma-Liakd =
set-of dproductron-rule>
<product ion-rule> iiwoepusertion> -» Ltarmd
Lcamment > c-m {some explangtory Leut)d




<header> introduces>

m the name of the algorithm (a function name)

m declarations for formal parameters consisting of a tort
name, an identifier, and an optional initial value. Foreal
parameters are partitioned into
- user accessible parameter positions (must be supplied with

actual parameters)

- internal parameter positions (for internal recursive
calls) which  must not be supplied with actual parameters
in a user call (internal initialization)

+ preconditions on actual parameters (for user accessible
parameter positions only)

+ references to the external algorithms invoked in this

algorthms.

A <prod-system> is a production system consisting of a set of

production rules, i.e. test/action-pairs where tests are
boolean terms, and actions are terms s.t. all terms are con-
structed from formal parameters and opertion /function symbols
of any of the abstract data types involved, the name of the
abstract algorithm (a recursive application) and names of ex-
ternal algorithms.

Example:

apstract aigerithe BUBALE-SORT,

parsmsters usar OFENLESTIINT] O,
inturnal INT {HDEX := 1,
BOOL BURBLEY : = FALEE,
axternal CHANGE )

prediystes BUBRLE-SORT {OL,INDEX.BUBBLEY) =
1y { reao 0L, INOEX1) 4 UWNDE}F and
Fead (0, INOEY) = raad (DL, RDEXN+Y)
=———> BUBHILE-SDRT (0L, INDEX+1 ,BUBBRLETY),
¥4 Tesd UL, IMDEX+T) & LHUE! and
read (R, THDEX Y read (0L, TRDI¥+ )
——y BUDDLE-SORTLCHANG] (0L INDEY, INDEX+%}  INDEX, TRUE) ;
(3.3 read (0L, INDEX+1) = UNOLF amnd BUBBLE* = TRUE
3 BUBBLE-SORT (Ol ,1.FALSE);
&) read (0L, IWDEX+Y) = UNDEF mnd BUBALE? = FALSE
—3 oL }

cewment BUBBLE-SORTIOL! replaces the apen List bound to OL

with 1ty sortied verzion'!
HUBBLE-SORT 1nvokes the musiliery algorithe CHANGE which =
specilied #1 fallowy
whstract algorithe CHANGE;
Parampisri uter OPENLIST OL,
INTIGER [NDEX1.
INTEGIR INDF¥2)
precenditlisns read (0L, TNDLX1) & UNDEF,
read(DL, INDEXZ) * UNDLF,

progeysten CHANGE (01  TNDFXT, INDEXZ) =
110 { TWDEX1 3 INDEX?
-w 1wt 04 = AddtOL, INDFXY , read 0L, [INDEXZI) im

lat Ol = adod(OL, INDEXZ+t , read(OL, INDEX1+1)) m
1et oL+ rewovel{OL, [NDEX1+1Y In
et 0L » venpvelOL, TNDEXZ+1} bm DL,y

[z IKRDEXY > INDEXZ

——>» CHAMGE (OL, INDEX?, INDEX1) )

comwwnt CHANGE (DL, INDEWY, INOEXZ] exchanges the [NDEXTEt and
INOITX?nd element of the open |ist beund Lo QL'

4 Automatic Coding of Algebraic Date Type Specification
4.1. System structure

Upon encountering an abstract data type specification
(possibly parameterized), APE works through seven phases that
successively construct a LISP-1mplementat 1 on of the data type.

Initialization- and LISP-phase,
programming knowledge and

each phase in-
refines the In-

Except for the
corporates specific

termediate constructions obtained from the previous phase.

These seven phases are:

(1) Initialization (l-) Phase. The I-phase converts the Input
specification into a LISP-representation.

(2) Functionality (->-m) Phase. The ->-phase consider! the
signature of the input specification only. Conclusions
from the operations' functionalities are drawn, and the

structure of LISP-functions these operations

is established.

implementing
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(5) Axiom (=- Phase. The =-phase considers the axioms of the
input specification only, and make inferences from
observations on the axioms.

After the "-phase, the input specification is no longer
considered.

(4) Representation (R-) Phase. The R-phase combines con-
clusions of the previous phases to determine the data

structure in which objects of the data type ere
represented.
(5) Compile (C-) Phase. Using all information obtained to

fur, the C-phase constructs actual LISP-code to make
optimizations and improvements.
(6) Cleanup Phase. The Cleanup-phase refines

the LISP-code obtained from the C-phase

and/or rearranges
to make optimiza-

tions and improvements.
(7) LISP Phase. The LISP-phase constructs the final LISP-code.
As LISP does not support a module-construct such as

SIMULA-class or ALPHARD-form,
built up in the LISP-phase.

a corresponding mechanism Is

Phases (2)-(6), which actually apply programming knowledge,
are production systems. Application of production rules 1s
controlled by meta-rules and attention focussing. These
mechanisms and pattern matching are not discussed In this
paper.

4.2. A Walk through the Automatic Implementation of en
Abstract Data Type Specification

To explain how the APE works out an implementation, we present

a Walk through the implementation of the algebraic specifica-
tion of the data type OLIST (open list) as given in section
3.1. First, we show what the APE is doing in response to the
command (IMPLEMENT 'OLIST), and then we briefly explain how
the data type open list is Implemented as a peraaeterized data
type.

fnaitymtigation (1-% Phege. The 4nput  specificetion iw con-
verted 1nlo an internsl  LI1SF-rapreasntatian, aend the LIS#-

atams  [,%, N, ADD,REMQVE, REAO, wnd CDNSTR are associated with

the (ollowing propert i ek:

B MAME OLEST {D Is the internsl deka type Nams
bound to the enternsl n OLIST)
{ATON and NAT wre parametsr types}

ATOM PARARTYPE T
NAT1 PFARAMTYPE T

¥ SORT ATON {X and N are identifiers of sort
N SORT NAT AT1AR resp. WAT)

ADD OF CIMPLEW) {ADD.RENOVWE, wnd HEAD sra sccems-
NERMOVE DF FIMPLEN]} 'ble pperationt to De mpigasnted,
READ OF {TMPLEM) and COKSTR 15 & hidden operation

LONSTR BF {HIDDEN} which naeds ROt Be 1apleasnted}

-»-rules check functionstitian  of
In our wxlaple, ruiss

Functtonality (->-) Phase.
operations to make uselul observations.
=»01,->0ZA,~>03, and ->08 apply:

=»D1. If s0P1 msps n D-cbject snd poassibly a
AY-gbject ‘o a D-objech
und *Y 131 not D
then «0F1 15 & singly continueble opsratipn.
-*01:Result. ADD CONTERUABLE {SINGLE}
REMOVE CONTINUABLE {SINGLE}
CONSTR COKVINUABLE (SINGLE)

Ngte. ®match variablies begin with an asterisk.
An gperation op 15 n—-feld continuaule 111 op
from A D-oklects another O-object.

congtructs

—rDRA. iF sDP1 mapk D-ob)ects and posvibly othar
arguments ko & parsmcter sort *§
than *0P1 resds contents cut of D-ob|ects.
l ~¥024 Result. READ READS ’
-¥0%. t# s0F1 work: on D-Dbjects wvsing

ancther piramster of sort =Si0
then *f 15 a sort of the glesents of which
SErVe aB celwction critaria

TNAT)
INAT)
INAT)
(NAT)

ADD SELECT-CRIT
REMOVE SELECTY-CRIT
READ SELECT-CRIT
D SELECT-CRAIT

=>0Y: Result.

-»D% & selectron criterion 1% spplliad to
O-objects., ~->03 not only sscribas Lthis 1nforsstion se B
praoperty to the relevant oper#tions, but to O, tao, Thip
s becwuse the occurrence ol m selaction critarion
hanyily 'nfluencas the choace of the reprapsntation af
C-objects 1n the R-phass.

Nets. T1 oy rule



Rule -308 establishes the structure of the LISP-functions that
wi1li b refined to ‘uplemant the operations, and rasulis im:

ADD FUNCT {CLAMBDA (D W X: FORM D))
FNEMDVE FUNET ({LAMBCA (D N) FORM D})
RIAD FUNCT {{LAMBDA (D N) FORM )}

=»08:Rexult.

turs Llsuch 33 33Agly or doubly Linked Llists) ghould be
selecter. For exampim, the doubiy Liaked {15t SEructura in
chosen when resding & dona st ons *end” of data ahjects, nnd
& COuUnttng operation recursiveiy werks throeuph the List frow
the other ¢nd, Ta prepare thia decisron, ue have te find out
whethar opersti1ons work skt the front rsp, bechend.

pxigm t=-) PRgaEg. =-rulas saslyse the mivoss of & speci-
Prscaton,
The first ryle deatects the glementary consiruition ppersbor

and determines which Jperst1ons  #xtract constitventy Trom
tarms Lurlt up by the plenentary constructron operator,

=D1. if *0FY 15 m rend operation extracting
elementary infarmatign froa & term constructed
with operation s¥QP7
theh *QP7 writes slementary gbjects 1nto abjects
*0P1 reads froa wiiich 13 noted by binding
a3F? to ~E.

=01:Resuly, READ READS LIFLEQ M 10
CONSTN WRITES (ELEM)

“i DEWGTES (CONSTR)

=0} detects al) arror excepliony mnd reaults 1A

=D%: Aesull. ADD UNOEF (IFC(EQ [ O0) and (NEG A& 1))
REMOVE UNDEF (IFITEQ O DI

READ UNDEF (IFL(EQ 0 DD))

=04 detects oparations which work recurgively through the
structers of dete objecks.

wid 1f the zlementary constrycltian operatian is
singly continvab e,
snd «DPFY moveEs Iniide *E-tarmd,
and *0OP1 % not sn elamentery 'nstruction operm-
LRT L]
than *DF workp recersively through D-obiects

i Ansult . ADD WORKSRECTMRU ILFINEQ N 1])
SEMOVE WORNSHECTHRAU (LFINEQ N 1))

READ WORKSRECTMRU 4LF{NEQ N 1))

Rule =04 obsurvaz which operatians write and aleamants

from D-abjects, snd rasults sm:

FAROYE

w06 Gesult. ADD WRITES 1XIF (EQ W 1})

REMOVE BELETES ¢JF (EQ X 1}]

Rule =0 detwcks awiection criteris and pbamrves how opare-
frorny vse seleciror Ccriteria.

=40 ReswiL. N SELECTCRIT (COUNTER)
ADD COUNTS t1F (MEQ A V)
n ign =} Pn . there is » wealth of canclusions
which <¢ah be obtained from the results of the previaus phess.

First, cfule ROV Jecides to ymplement dats typeyr 1n kerma of
[1st3 f their #leménts are conctructed by a singly continu-
wble consbtruction opermtion:

LISY _]

Far cperationy sorking recursively through dats objwcts  and
f1Rultenepusly YeedI1Ng counts, rule ROb esitablixhes that their
actian  affecty the MEWEST eiement which had been added by ths
wleméntary construction aparstson.

[ R01: Resulk. 'ﬂ

RO&. ¥ +0F WORKSKRELTHAU LF +CORDITION
and +dF COUNTS |F »CONDITION
then #0OF [OUNTS MIWEST 1F «CONGITEON

EO#&: Resuly. REMOVE CCUKTS (NEWEST IF INEQ N 1)}
ADD LQUNTS INEWEST 1F (NEQ N 1))
READ COUNTE (NEWEST [F (NEQ K 1)}

Although B01 has decided that opan (18ts ahould be taplesented
am L1814, 1t 18 st1lt open what particuyler hind of List struc~-

211B. ifr 0 15 Lc De 1mplamentad as & L1t byt
no diraction hEy bosn ssthbliphed yet,
and *OF (% on operution to be implensnted,
and *0F COUNTS the NLMEST (resp. OLDEST)
zlement of D-objects
tpessibly under *CONOITION)
Then «0F COUNTS at the FRONT end of D-sbiects,
and Lists representing D-objects
are directed now.

D DIRECTED
READ COURTS

R1VE: Result.
[FRONT 1 TNEQ W 1)}

Rule R11IB  eprtnblishes the
canstruct ioh oherkt1oh bound ta *E \NSEFTE New
R15B worhy simyiarly for counting operations:

position at which the &
elaments, wand

R138 Resuly. COMSTR WRITES (FRAONT)
B1%D Result. R{AOVF COUNTS <FRAONT EF (KEQ R )
ADD COUNTS {(FRONT If C(NEQ N 1})

¥e¢ have now collected oll tnformation which sakey the nant

ruie choose the singly Linked 1tst strycture to repredsant
O-obiwcts-
R21. i¥ D-pbjects wre represented az Lozl

and there 1t no operation to be vaplemented
which deletes or countu st the back end
af lists
then D-cbiects pre represented as singly linked Ligtn.

R¥1:Aecult, D LIST  (SL) ]

Finally, ®R2?? pstablishes the LISP-representation of tha besic
D-phjlect OO {(the empiy cpen Lizt);

Rz% Result, DO FUNCT (NLAMPDA (FRONT}
(STTO FRONT (E£ONS)}
LRPLACA FRONT FRONTH)
omp 1 {£-1_Ph . C-rules work on the FUNCT-prapsrty of

pperat ion names which 15 2 pattern of the LISP-function to im-
plemenl the respective opecation. ALl sirings n auch » FURCT~-
patiern that are Mot LISP-atoNs sre ragarded 33 keywords to be
supanded to LISP-code by C-rules. C(-rules work from front to
back ends aof FUNCT-patterns. & CL-rule inspecls the next
keywarg after the current pasitron, the sta-g10n angdicukas the
curerent positign pointer, We demonstrate the Compirie-phase by
showing haw the epsration ADD s 1#plemented.

Note that the functiphality Phase has already established the
TUNCT-partern  (LAMBDA (B N X) FORW O ) lor ADD, and  tha
current palition painteEr 1% now anitislried 10 stend e
megi1ately behrngd the FOredl LAMBRDA-paraseters.

[4: iF 0 15 5 Liat and +OP does
*ACTIONELREADS ,DELETES  WATTES) mt the
*POSITIONE{TRONT  BACK }end,
and *OF does not *ACTION sPLACE,

or +0F ACTION IF ~CONDITIONY,

ar *0F DELETFS 1F ~CONDITIONZ,

ar 40P WYONFSRECTHRU IF «CONDITEONS,

Br +0F [CUKTS FRONT IF *LONODLTIONS

(thers are more condiftons vh loglieeml

conntcl 10ns between *CONDLTIONS}

then 1n the FUNCT-pattern of »OP,

FORM 15 replaced with

(COND UNDEVERMINED (oCONDITIONY «ACTION FRONT]
ICONDITIOM? DELETES FRONT)
1T (APPLY+* 0P FRONT PARARS}))

CD?:Rasult, ADD FUKCTOCLLAMBOA 10 N X) see
tCOND UNDETCRMIKED
LOED M OYIWRITES FRONTY
LT C(APPLYs ADD FRONT PARARS)}IDM)

Suventeen applications of C-rules yiwld the finel rasult of

the Comprie-Phase for ADD:
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AND FUNCT <L AMBDAID N X
(CONDCEAND {NOT (COR D)) IKCT {EG N 1)))
¢RETURN (QUOTE UNDEF)}
{(MQT LCDR 01}
C(RIEPLACE (CDR D) ({ONS X 4CDR 0)))
TAND {EQ (CAR URDI OV
IRPLACA URD SCDR DY) D)
(Eq N )
{REPLACE
CAND

(COR D) (COWS X
CER (CAH URDY D
(RELACA UKD ICOR ©Y1) D)
(T (APPLY* AD0 (CDR D} N X')) D>

LCDR D))}

The Clesnup Phase again works through

he FUN(T-property of opnersbion pames, and makes optimizatiang

nd Tinal espansioni.

P -PFh - Simulsing a construct for operatron-clusters In
157, the LISP-Fhase generastes the foillowing LTISP-cpde:
tOPENLIST

<HLAMEDA (0P . DLISTE)
{S010 ARGUMENTE (CDR QLISTEN D
{SETQ BATSTRUK LCAR DLISYER)
ESETOD OLISTE C[APPIND (LI1ST C(EVAL (CAR DLEISTE:M)
tCDR OLISTEY D)
(PROG (1URD (CAR DLISTEY D)
[44:114]
{(ASS0C DF DPFNLIST)
MILY
(1 {PAINTL “¢++ERAOR:" OF "5 WO~
FAUOTE OPENMLIST) “DPERATION!™)
(TERPRI)
(RETURND } Y
(RETURN (EVALA (QUOTE tAPPLY (FVAL OF)
DLISTEY)
OPENLIST>>
(RPAQG DPENLIST ((DO MLAMBDA tOBLN}
TSETE OBREM [CONS))
RPLACK DBEN ORENY)
<READ LAMNBDA (0 A)
{COND
1IHET ICDR D))
IRETURN (GUDTE UNCEFI))
L(EQ & 1!
(AR (COR 01D
(T {APPLY® READ (COR D}
i5UB1 A»
{REMOWE LARBDA (D A}
<«COND
TIXOT (CDR DH)
VRETURN (GUOTE UNDEF}))
<OEQ A 1)
LAND LG C(CAR UROY
VWCOR D)
(RFPLACA URD 0O})
(RPLALD D COR (CDR D>
IT [(APPLY* RIKUVL (LDR
LSBT AX
1}
{ADD LARBDA 0 & N)
LCOND
({AND (NOT (L{DR D)}
(WOT tld A 1))
IRFTURN (QUOTE UNDEFY))
CINGT (EOR D1
THPLALD D 1CONS X (COR DF))
{AND LU 1AW LAL?
o}
(RPLACA UKD (DR 03D
1]
LIEQ & 1)
tRPLACD O (CONS X (CDR D))
LAND (EQ (CAR uRR)
2]
{RPLACA URD (CDR D))
0l
T (APPLYS ADD (COR D)
(SUBT A
5, The Automatic Implementation of Abstract Algorithms
The second subsystem of the APE is called ALGCOHP, and con-
structs lisP-implementations of abstract algorithms given 1n
terms of a syntax as outlined in section 3.2. Just like
AOTCOMP, ALGCOHP is an expert system with programing
knowledge being codified in terms of production systems. In
this section, we give »n overview of the structure of the ays-
tti, and then explain how ALGCOHP works by giving a detailed
walk through the implementation of the selection sort
algorithm. Note that abstract algorithms are production sys-
tems using terms constructed from operation symbol! of
abstract data types. Implementations generated by AtGCOMP are
based on implementations of all abstract data types involved,

as produced by ADTCOMP.
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5.1. System Structure

An abstract algorithm Input is processed by ALGCOHP In three

phases:

INPUT-Phase. The abstract algorithm is parsed and
translated into an internal form,. A user

is supported in debugging syntax errors.

This phase constructs a LISP-LAMBOA-for»

implementing the abstract algorithm.

LISP-Phase: The output of the previous phase is ex-
tended by an interface according to the
data given in the <header>-section of
the abstract algorithm specification.
The result is a definition of a LISP-
function which can be invoked by sup-
plying data to the user accessible para-
meter positions.

IMPLEMENTATION-Phase:

Only the IMPLEMENTATION-Phase incorporates specialized pro-
gramming knowledge in terms of production systems. This phase
proceeds in six successive steps:

left-hand-sides of
Each test-
conjunc-

STEP-1 The test-expressions constitute the
the productions of the abstract algorithm.
expression is. decomposed to a disjunction or
tion of literals, i.e. atomic tests

STEP- 2: Each literal is converted to a LISP-form.

and STEP-2 are combined to pro-

STEP -3 The outcomes of STEP-1
left-hand-sides.

duce IISP-forms for all

The remaining STEP-4 to STEP-6 apply to the right-hand-s1d«s
(actions) of the production rules.

STEP-4 General observations about the structure of
hand-sides are made. Particularly, alt
decisions are made. This is
ments in different parameter
of each other in the abstract specification. For exam-
ple, if POP(s) and s (with s denoting a stack) occur
in different parameter positions, applying the opera-
tion POP to s has no influence on the stack s at the
other parameter position. If, however, s is Imple-
mented as a specific stack object, Popping this object
may result in encountering the POPped stack object,
when coming across the object implemented for s at the
second parameter position. One possibility to avoid
such unwanted side-effects consists in maintaining
different copies of data objects at different posi-
tions. To avoid unnecessary copies, the necessity for
making copies, resp. working with references without
copying is established in STEP-4.

Recursive calls to the algorithm are processed. In
particular, this involves substitutions and making
copies as established in STEP-4.

STEP-6*" The results of all previous steps are assembled to

construct a LAMBOA-form implementing the algorithm.

right-
copying
necessary because argu-
positions Are independent

5,2, * Automatic

Selection

walk, through, the
sort Algorithm

implementation._of_the

We consider the
Selection-Sort

following
algorithm:

input specification of the

abrtrect algerithe SELECTIDN-SORT,

PAr austers uter OPENMLIST(INT] OL,
Internal CPENMLISTLERT) gLy :=
CINTTY OLY OPENLISTIINTI},
CPENLESTIINT) BL2 :=
CINIT OL2 OPENLIST{INT]},
sxturnel MAYLIST, APPEND;

prodrystan SELECTION-SORY (OL,0LY,0t2) =
(11 | readiOL, 1) = UNDEFf —> OLZ,
21 readtdL, 1) & MAWLISTIOL}
— SELFCTION-SORTIiresowe (DL, 1),
SUdIOLY 1, read (0L, 1)) ,0LE)
[ B readtOL, 17 = MANLIST (0L}
> SELELTION-SORY {APPENDIOLY, resove (96,103,
EMPTY-OBJECT,
add{OLZ .1, rendiQL, 1)}) )
swwent SELECTION-SGRY obtarns the mawimua of
OL, #das thid value to DLZ and resoves
1t from CL. Then, SELECTION-SDRT 1n
Fecurttvely spplsed to OL wunt1l OL 18 mmpty.
QL2 then contains the resulting soried Lize!l

Onttt1ng the conversion of the abstract alporithe to an intar-
nal representatisn 'n the INPUT-phase, we describe how the
THPLENCUTATION-phase generatss A LAMBOA-form rmpienent (Ag
SILECTIDON-SORT,

Thys atap applies to laft-hand-3ides (lhia) of produc-
There 18 only one applicable rule which observas

STEP-Y,
tians  only.



that sliL ieft-hand-sides are Litersl boolesn sxpressions. It
in alio noted that tha Lhs of ruls (2) containe B ¢-relatlion.

=F- Firat, esbch Lhs-expression .3 deconposid snd Sesrched

STEP-¢. Tha right-hand-pides are now assembind mccording to
the result of ATEPR-A.$, For ¢1], SYEP-& hai ObServed thet AT
% Just mn atom ., 30 RY e kept ynchanged:

far wpplicetions of axtacnal slgorithes:
S&-7:Racult. RY FINAL (DL l
£2-%. ¥ Lhe mekches <*KEL,*LEFT,¥NIGHT>,
and *LEFT i1nvokes the aparithe For B2, oand K3, forms for svalusting tha srguménts have been
being 'eplemdnied, generatad alrendy. In Bedetron,  tha decissions abaut Copying
mAd SRI1EHT invohes &M kuternal sigorithe argurents pesd to be mplamented now, and recursive celis ¢
thon tha aigorithe ars coded by rule $8-1:

L PREDICATE
CCREL *REL) fLEFT oLEFT) (RIGHT «NIGHT}

£¥-1chanule. LT PREDICATE {(REL ¥)
SLEFT raadifL,s))
{RIGHT AAxLISTCOLY))

A sscond rule 52-9% determiney thet ¢ 13 isplesanted as NEQ In
LI5SF, yietding

S2-¥:Ragult. L2 PREQEICATE ({FORM.{NEQ resdiOL,1)
MAXLISTCOL)) )

+ L1 Fesp.
of rele 0,

Ri dancte the (eft- resp. right-hand-stde

SIEFP-)- thq wignificencw In this sxpeple).

Tha subsequent steps mpply to Ehe rhs of the
the sigorithe only,

productions of

In 1te simplest form,
by ruls 4-2:

a rihg 18 just sn mtos. This 1a dakectsd

S4-2. ¥ rhs astches <oATON>
and *ATCR 13 u fornal parasater

then 1nvokation of the algorithe evaluntes to *ATOM.

$4-2.Rusult. R1 FORMW oLz
N1 EVALUATES (PARAMETER)

Rule Sé-1 obusrven Ehet (2) and (3) contein Fecuraive calts o
the nlgorithe;

1 rhs matches <SALGHNAMEC...)»
then rhy cantaine » recursiva call o the sigorithe.

341,

S4-1:Resutt, AZ EVALVATES (RECURSIVELY)
N} EVALUATES (RECURSIVELY)

ALGCOMF mtiwspts Y0 cOnvert recursive to itarstive structurss.
¥hen modetling & recursive call by man (tarstion, valuas cor-
respending to paraEsters baing pagsad n & cull have to be
determingd. Very often, daty obyecets representing such veiuss
niesd to be copied o prevent unwanted dide-effects, In owr
enanple, o (1) and (§) a copy of @L sust be Supplied ms W0
argquasent af the aopsration resd, s: the resove operation
changes OL .,

-5, We now tanaider the arguaenis of recursi1ve calle, Rule
$5-1 spplius to the gi1mplest caze Lhet zuch an argument 13 B0
atom, wnd this 18 true for ARGY. The action of rule §5-1 con-
sists 1n attwcking the fors (S[TQ ¢FP  4RTONI Lo the car-
rasponding srgument, Whers oFF matches the sppropriste forsal

parameter, and SATON the arpument temif.

I $5-1:Rpzult. N2 AMGS LENPR.ISETQ OLZ OL¥Y) __J

Howewar, n our case $5-1 results in & dumsy signeent, ang

thers '8 8 rule 55-1 delstyng 1uch ssgignaents

[ Si-2:keault. R2 ANGY (FORR.) I

Ruta I5-1 also appltes IF the apacificetion requires assigning
the =mpty object of the corrésponding dats structurs. Than,
rule 55-9 obtains the empty ds8ta ob)ect ol the dara struckure,
T.%, C(OPTMLEST DO} wn our sxsmple:

§5-1 Masuli. AT ARGE C(EXPR. (SETH OLY EMPTY-QRIECTH)
SL-®:Result., RY ARGZ C(HORM, {SETQ OLY(OPENLISILINT]) DOMIY

Sh-1:Result.

RZ FIKaL ((COPY OL N2) (remcvedQL, 1}]
(medtOLY 1, rend (K210}
(SFLECTION-SORT OL 01 DLE))

KT FINAL C(ICOPY QL XJV{SETO (APPEND OLY rempvae(OL,1})}
CSETG OV CORENLIST[INT] 0D})
{add1aLE 1, readixd, 433
ISELECTION-SORT OL OLY OLZH)

Finally, left-snd-right-hand-si1gdes are camspiled to an LAMBOA-
form:
LISE-Physe. Tne LISP-Fhaze wstablishez an  (nterface for

calling the ymplementation of vhe alporithe, foliowrng date
and reguiresents given in the <headfer>-tection. In particulss,
1he 1mplement st 1of successively ciears LISP-siacks s.L. parb-~
age capies pf parameters are deleled,.  the resuli s 1hat @t
Ffun-tirme the fupctsen stathk of dthe LISE-spstem conlaing & EQp-
level rall vt the sigorithe yeplementalson, taqgetherc with Just
ehe copy of the C(OND-lore independent af the srtent of the
ivle to be sorted and the correspanding numberr  of  recurkive
calls.

Notptron for ressons af  earsier hntarnal use calls to deta
tyut ODErEtOrs BTE CORVErted 'nto B LISP-executable forw, e.g.
reac (0L, 1] 15 convertsed to (OL READ 1),

Besult of th L

<SELECTION-SORT
CLANBOA iDL DLY OL2)
(COKD
(LG (QUOTE OPENLIST[INTT)
(GETP UL tQUOTFE PARAMETFER)1)
(COND
C(GFTD (QUOTE APPEND))
TLOND
(TGETD ¢QUOTE MANLIST)}
(COND
(IGETD (QUOTE CBPY)H)
CINIT OLY OPENLIST[INT]Y)
CINTT OL2 OPENLISTLINTY)
CPPLACA 1QUGTE SELECTION-SORT)
tDSUBST QL {(QUDTE QL)
(SUBST <QUOTE {RETEVAL
ESTEPQS (QUOTE SFLECTEON-EORT) =-1)
tOUOTF (SELECTION-SORT RIL>
(QUOTE {SELLCTION-5QRT QL OL1 OL2))
(GETP tQUOTI SELFCTIOWN-SORT)
LOUQTE ALGORITHMY
CAPPLY SELECTION-SORT NILD )
[T (PRINT =wevERRDR+++ AUXTLIARY FCN" (QUOTE LOPY)
“UNDET INLD"™12)
T CPRIMT *seafRRDKsws EXTERNAL™ (QUODTE MAXLIET)
*UNDEF INED=! )1
AT (FRINT "#%s[RROR+a+ EXTERKAL® (QUQTE APPFEND)
“UNDEF INED") ) Y)
(T (PRINT "sesfRACR#*«+" OL "NOT QF TYPE OPENLISTLINT]"}
NIL>»>

Aesult of sytomsstic coding:

<LAMBDA NEL
{COND
{(EQ [OL RFAD 1}
tQudTE UNDEF))
oLy
CONED (DL MEAD 1)
(MAXL15T ALY
LLakY oL X2)
(2L REMOVE 1)
16L1 ADD 1 {X? READ 1)}
ISHLECTION-50RT OL OL1 0L2))
CIEQ (0L READ 1)
C(MAXLIST L)}
CCOPY QL XY
(SLTO OL ILAPPEND 2LT (0L REMAVE 1)))
(SE1Q OLY (OPENLISTLINT) DOM)
tDLZ ADD 1 1X5 READ 1))
LSILTCTION-5GRT DL DLy OLZY)
(T tFRAROR 10>
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4, hccpaplishmenty
TR sts pressnt siate of developaent,
wncarparated in the AIf snables the
implemenl a Large  umcunl of

the prograsming expertise
tywtem {p automatically
pigebraic data type specifice-

tions, and iome of the standard algorithas 1n soritng end
searching.
Opatm 1ypes. THE ADTCOMP-subsyatem Butamatically iMplements ell

algebraic specificdtions we could et hold aof
ture, and many more n additron.
Thrs ncludes

w dpen and bounded Lists,
= sequentoal

Irom the Lite

nusves,
111e Bfructures;

mnd stacks

= arrays  and records of {ixad wnd variable length resp.
Aumber ol Frelds,
& ey slructures,
Tn o experiwents, ADTCOMP has surcessfully iaplemented Th
mlgrhrasc tpec tlicat1ons nl sbalract Mnala types. A
illusteraled v the ppen 1St examnle, ADTCOME pdmitsy hidden

apotratiant ., <ondittopal axiosy |, and paramstariyed datas

TYPFI. HGWEYEr, Ihere are twd cestricl ans-

= ADTCOMP  réquires that all objects ot a daty type to be 1m-
plepented are nductavely consiructed from elementary
anjects. For example, ADTCOMP Cannot 1aplemant the ring
ahstrection.

» for parameterired dats types, ADTCOM® dors not  Check
reguirement 1 imposed on actual paraméter types

feee [EM B1], THR B1]).

Alnorithes, 5S¢ iar the ALGCOMP-zubiystre has surcessfully im-
plemented the follewing serting and  searching algorithms
isee (kN 730

® slrainht-selection sartg
strarght-'nsertign sori;
bublite sorty
mEr Qe Eork;
quick sort;
Fibonaccian search,
Dinary search,
sedquent 1al search,
ALGCOMP 15 alse succeszful In mplesentiing some numerical
algeriihms such 5 the greatest-common-diviser, least-coEmon-
multiple, 3nd (actorial algorithe.

In apgiying this EWpertise. the AME
3ysitems of prograns which sre  implémentations ol abstract
specrfacationg . A successful example 1% 4 RINAQFESAE Ssystem
fer processing Files of persanel 2ala,

Y. Fynpl Remprk; end Conclppiong.

is capahle of grarcating

Tha
development  of the APE han teen evolubiongry, driven by con-
sidering more and more examples, and feeding the pragramming
knowlegge necessary to implement The sranples inte bhe produc-
tan Bases. 1o support codilying anmd TncornorBling arugrameing
Unowledge, APQ has  an cmiensrve anteractive user interfacs.
This intecismce helps a uier to Land oul why APE lTavled, coding
ntw rulee BENd experamenting with them, gl fanelly  changing
wela-trules and the peoduction control unit afler inserting new
rule il Lhe productinn bases. The wsecinierface 5 exbremly
reportanl  for upgradiap the produclion bases whEntvdr & new
portion of prograssing knowledge has been fed to APT, 16 t1
usualiy iy order to condense rules nto (fwer ang mere generml
tulrs, Ruled condansmtien artualbly conrribules to the formetioh
wf a theary of prog ing . and we expe¢lt such a theory to
eventusily svolve tros Qur 1Rvesti1gation.

T.7. Avcomplagheents. Previous Eyitems atsrt at » such mora
concretr  level of datm structures such a4 sets, coliections,
ete., and isplesent 1hem at the somrwhat more "concrete= level
ol tysts, arrays, etc. APE generates (ude from representation-
frer axigeatizat)ons of all structures preavious sy5t#ms could
implemenl,  and  wn addibran succeedet for phout  TD other
axiompy1Takions.  APE generalex cluster: of routines which may
Lbe mptually recursive. Peevious sysiems Could nod intraduce
FECLUFLYORE.

T.3. A fuccessful Parndiqm. Conhsidering IThe amount aof work
witith has been ipvested tn 1ty development uwo lar, Ehe APE 13
stilh 1 gty antancy, Demonstrated accomplisheenl s and gxperi-
ment s heave shitwn that with inrarporal g adidifienal  program-
miag  knowledge, the APE witl Become & powerful  bool n
software development. Hiven the fsmited success of the program
synihes s paradigns  (e.q9. [BD 791, 105 771, [MW 79]] witer &
decade of work, wre claim that the knowledge-bascd programsing
paradigm  suppurted by the APE % Ihe only approach which s
Likely to provide togls T substantially aprtomating phases of
1he indusin val sefiware developmenl cyddlr. Inn facl, we think
that pragras synihesis and knowlgdpe-based SrogramBing comple-
menl  each olher Progrem synthesis  das oo [yt 90, [me 790
should produte absiract algerithms from pon-algorithmrc speci-
Frications, Then, a sy.tem such 83 ours bBringt b The Buperticw
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