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Sequentielle Formeliibersetzung

Sequential Formula Translation

von K. SAMELSON und F.L. BAUER
Universitit Mainz

Elektronische Rechenanlagen 1 (1959), H. 4, S. 176—182
Manuskripteingang: 9. 9. 1959

Die Syntax einev Formelsprache wie ALGOL 1ldft sich als
Folge von Zustinden beschreiben, die durch ein Keller ge-
nanntes Element angezeigt werden. Die Uberginge werden
gesteuert durch zuldssige Zustand-Zeichen- Paave, die sich in
Form einer Ubergangsmatrix davstellen lassen. Diese Beschrei-
bung liefert gleichzeitig eine duferst einfache Vorschrift zur
Ubersetzung der Anweisungen der Formelsprache in Maschi-
nenprogramme. Lediglich Optimisierungsprozesse wie die
rekursive Advessenfortschaltung entziehen sich dey sequentiellen
Behandlung.

The syntax of an algorithmic language such as ALGOL 1is
conveniently descrvibed as a sequence of states indicated by an
element called cellar. Transitions ave controlled by admissable
state-symbol paivings which may be vepresented by a transition
matriz. This description at the same time furnishes an ex-
tremely simple rule for translating statements of the algorithmic
language into machine programs. Sequential treatment, however,
is not feasible in the case of optimizing processes such as
recursive address calculation.

Verwendete Zeichen

Es gelten alle Bezeichnungen von [12], Elektronische Rechen-
anlagen 1 (1959), 72. Dariiber hinaus oder abweichend sind
verwendet:

Symbol 7 ~ I, N, ‘goto’ etc.

Zeichen o ~ + — X /()

Ergibtzeichen =



Adresse von z  )z(

Inhalt einer Speicherzelle (@)
mit der Adresse ¢

AC Inhalt des Akkumulators

Ende des Ausdrucks

Inhalt der Zahlkelleradresse

Adresse

Adressenkeller

Leersymbol beim Keller

Zihlerstand des Zahlkellers

Zahlkeller

Befehlsfolge

Programm

Nummer des Kellersymbols

Kellersymbol

Symbolkeller

Mo IR 9S8

1. Einleitung, Grund und Entwicklung der Formeliibersetzung

Die schnelle Entwicklung des Baues programmgesteuerter
Rechenanlagen in den letzten zehn Jahren hat dazu gefiihrt,
daf} heute eine betrachtliche Anzahl verschiedener Automa-
tentypen hergestellt wird. Alle diese Maschinentypen haben
jedoch, trotz groBer Unterschiede in Konstruktion und
Befehlscode, zwei Charakteristika gemeinsam, die nach all-
gemeiner (moglicherweise nicht vorurteilsfreier) Ansicht
technisch bedingt sind, ndmlich

1. den in eine eindimensionale Folge von Worten fester
Zeichenldnge zerlegten Speicher (Arbeitsspeicher),

2. Das entsprechend in eine Folge fester unabhédngiger Ele-
mente (der Befehle) zerlegte Programm, das von der
Steuerung Befehl fiir Befehl abgearbeitet wird. Dies
bedeutet, daB die einem ins Steuerwerk gelangenden
Maschinenbefehl zukommende Operation unabhingig
ist von der Befehlsvorgeschichte.

Diese beiden Merkmale stellen sich dem Benutzer der
Rechenanlage, also dem Programmbhersteller, als Hinder-
nisse.entgegen, insofern. sie.verantwortlich sind fiir die be-
kannte Unbequemlichkeit und Irrtumsanfilligkeit des
Programmierens in Maschinencode. Denn sie erfordern das



Operieren mit Adressen und bedingen dariiber hinaus eine
vollige Atomisierung des Programms. Es ist wichtig fest-
zustellen, daf3 dieser Zwang unnatiirlich ist: ein Problem
irgendwelcher Art, das von einer Rechenanlage behandelt
werden soll, entsteht in der gedanklichen Konzeption zu-
nichst meist als Ablaufschema fiir gewisse grof3ere Opera-
tionseinheiten, die durch ihren Zweck umrissen und mehr
oder weniger vage durch die dem Problemkreis eigentiim-
lichen Bezeichnungen angegeben werden. Die Ausgestal-
tung des Problems fiihrt zu einer operativen Fixierung, die
in moglichst rationeller Form unter Benutzung gebrdauch-
licher Notation geschieht, vornehmlich unter Heranziehung
mathematischer Formeln und verbaler Erlduterungen. Eine
Atomisierung in kleinste Einzeloperationen ist undkono-
misch hinsichtlich der darauf zu verwendenden Zeit und
des erforderlichen Platzes, vor allem fiihrt sie zur Uniiber-
sichtlichkeit. Die Hinzunahme der Adressen als vollig
kiinstlicher Elemente wiegt noch schwerer, sie erfordert
umfangreiche Buchfiihrung und iiberdies in rekursiven
Prozessen Adressenberechnungen, die sich der eigentlichen
Aufgabe iiberlagern. Die Verhiltnisse werden geradezu
paradox bei gewissen Grundaufgaben der Numerischen
Mathematik: ein generell brauchbares Programm zur
Losung eines linearen Gleichungssyvstems enthdlt etwa
hundert einzelne Befehle, unter denen ein einziger Addi-
tions- und ein einziger Multiplikationsbefehl der eigentli-
chen Aufgabe dienen. Insbesondere die mit der Einfiihrung
der Adressen verbundenen Arbeitsginge sind weitgehend
routineméaBiger Natur, und man hat daher schon friihzeitig
versucht, sie wenigstens teilweise dem Rechenautomaten
selbst zuzuschieben, der dabei als reiner Codeumsetzer
arbeitet [1], [8], [9].

Gewisse Erleichterungen verschaffte man sich ferner durch
den Gebrauch vorgefertigter Bibliotheksprogramme fiir
standardisierte Operationseinheiten, die, mit Codeworten
bezeichnet, ebenfalls vom Rechenautomaten direkt aufge-
rufen, d. h. in den Ablauf eingeordnet werden. Derart auf-
gebaute Programmierungssysteme waren ab 1954 in allge-
meinem Gebrauch, wobei das Programm, das die Routine-
arbeiten der Programmierung (,,automatische Program-
mierung‘’) erledigte, als Compiler bezeichnet wurde [10].
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DaB man sich bei numerischen Aufgaben eine effektive
Losung des Problems der Programmierung erst erhoffen
kann, wenn man bei der automatischen Programmferti-
gung von den in konventioneller Schreibweise geschriebe-
nen Formeln ausgeht und alle weiteren Phasen dem Auto-
maten iiberldBt, hat schon 1951 Rutishauser [4] erkannt.
Sein Verwirklichungsvorschlag [5] sowie die daran ankniip-
fende Arbeit von Bdhm [14] blieb jedoch unbeachtet, und
erst 1955 wurden mit PACT [3] und FORTRAN [2] die
ersten Programmierungssysteme mit Formeliibersetzungs-
charakter aufgebaut, ohne daB jedoch etwas iiber die dabei
verwendeten Methoden publiziert worden wire. Etwa
gleichzeitig begannen in Kenntnis der Rutishauserschen
Ergebnisse dhnliche Uberlegungen am Rechenzentrum der
TH Miinchen, wobei die Entwicklung solcher Uberset-
zungsmethoden im Vordergrund stand, die auch fiir Anla-
gen von wesentlich geringerem Umfang und Leistungsfi-
higkeit als etwa der IBM 704 anwendbar sein sollten. Zu
diesem Zwecke wurde, auf unabhingigen Vorarbeiten basie-
rend (6], [13], eine sequentielle Ubersetzungstechnik ent-
wickelt. Die Arbeiten wurden seit 1957 im Rahmen der
heutigen Arbeitsgruppe Ziirich—Miinchen—Mainz—Darm-
stadt (ZMMD) fortgesetzt.

Inzwischen hatte sich jedoch eine prinzipielle Verschiebung
der Standpunkte angebahnt: die herkémmlichen Program-
mierungssysteme waren noch vom Maschinencode als dem
Ziel der Ubersetzung her aufgebaut, und die Ubersetzung
selbst war schrittweise aus einer Ubertragung der bisher
von Menschen geleisteten Routinearbeit auf die Rechen-
anlage entstanden, wobei die Sprache des jeweiligen Pro-
grammierungssystems von der Struktur der Rechenanlage
her immer weniger bestimmt war. Mit der Beherrschung
der Technik des Ubersetzungsvorganges gewann man nun
auch Freiheit in der Wahl der Programmierungssprache,
und die Aufstellung einer moéglichst bequem handzuha-
benden, iibersichtlichen, selbstverstindlichen Sprache trat
als Aufgabe hervor, die gelést werden muBte, bevor die
Ubersetzer selbst programmiert werden konnten. Insbe-
sondere entstand dieverlockende Moglichkeit, fiir verschie-
dene Rechenanlagen, zundchst innerhalb der ZMMD-
Gruppe, dieselbe Programmierungssprache zu verwenden.
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Die Entwicklung fiihrte 1958 zum Vorschlag einer algo-
rithmischen Formelsprache (ALGOL) durch ein gemein-
sames ACM-GAMM-Kommittee [11], [12]. In der Zwischen-
zeit wurde, nunmehr auf der Basis von ALGOL, die Struk-
tur des Formeliibersetzers der ZMMD-Gruppe einheitlich
festgelegt und mit der Codierung fiir die Rechenanlagen der
beteiligten Institute (ERMETH, PERM, Z 22, SIEMENS)
sowie fiir die Rechenanlagen einiger befreundeter Institute
in Deutschland, USA, Osterreich und Dinemark nach diesem
ALCOR (ALGOL Converter) genannten System begonnen.

Da somit dieses Projekt seiner Vollendung entgegengeht,
erscheint es an der Zeit, einen Uberblick iiber die ihm zu-
grunde liegenden Prinzipien der sequentiellen Ubersetzung
zu geben, die sowohl von dem urspriinglichen Rutishauser-
schen Vorschlag [5] als auch von den kiirzlich verdffent-
lichten Methoden des FORTRAN-Systems [7] wesentlich
abweichen!). Ausfiihrliche Strukturpldne, die das ganze
Formeliibersetzungsprogramm in detaillierter Form ohne
Bezugnahme auf eine spezielle Maschine beschreiben, wur-
den im Institut fiir Angewandte Mathematik der Univer-
sitit Mainz in reproduktionsfihige Form gebracht; sie
bilden die Grundlage der oben erwdhnten Zusammenarbeit
der ALCOR-Familie.

2. Sequentielle Ubersetzung und das Kellerungsprinzip

Die in einer Formelsprache wie ALGOL niedergeschriebe-
nen Anweisungen sind eine Folge von Symbolen, die sich
ihrerseits aus einem oder mehreren Charakteren zusammen-
setzen. Da der Aufbau von Symbolen aus Charakteren je-
doch trivial (es handelt sich stets um liickenlose, eindeutig
abgegrenzte Folgen) und bis zu einem gewissen Grade von
technischen Gegebenheiten wie dem verwendeten Schreib-
gerit abhingig ist, werden wir im folgenden den Unter-
schied zwischen Symbolen und Charakteren unterdriicken
und jedes Symbol x als Einheit betrachten. Dies gilt ins-
besondere fiir Identifier I, Zahlen NV und verbal definierte
Begrenzer wie ‘go to’, ‘if’ usw.

1) Einzelne Ziige des Systems finden sich bereits in der erwihnten Arbeit von
Bahkm [ 14], der jedoch starke Einschrinkungen hinsichtlich der zulissigen Notation
macht.



Die Folge von Symbolen ¥ des Formelprogramms stellt
nun (mit der iiblichen Interpretation der Symbole) eine
Arbeitsvorschrift dar. Dabei ist es jedoch nicht moglich,
die Symbole in der angegebenen Reihenfolge in orthodoxe
Maschinenoperationen zu iibersetzen. Vielmehr erzwingen
bereits bestimmte arithmetische Symbole, die Klammern (),
und Vorrangregeln (X vor +4) eine von der Symbolan-
ordnung abweichende Reihenfolge der Operationen. So
heit a X b + ¢ X d: multipliziere ¢ mit b, multipliziere ¢ mit
d, addiere die Produkte, wiahrend die sequentielle Aus-
wertung ergeben wiirde: multipliziere a mit b, addiere dazu
¢ und multipliziere das Resultat mit d.

Es ist also bei der Abarbeitung des Formelprogramms stin-
dig notwendig, gelesene Symbole als nicht auswertbar zu
iibergehen und in einem spdteren, von der weiteren Sym-
bolfolge abhingigen Zeitpunkt wiederzufinden und auszu-
werten. Rutishauser hat mit dem ,,Klammergebirge* die
grundsitzliche Losung angegeben. Die von ihm vorge-
schlagene Ausfiihrung, durch Vorwérts- und Riickwirts-
lesen die ausfithrbare Operation einzukreisen, ist aber un-
bequem und (unnétig) zeitraubend. Daran &ndert sich
auch nicht viel, wenn man Rutishausers Methode dahin-
gehend variiert, da man bereits lokale Gipfel abarbeitet.
Das Problem, die beim ersten Erscheinen als nicht auswert-
bar iibergangene Information im richtigen Augenblick
wieder greifbar zu haben, 148t sich aber mit Hilfe eines als
Kellerung bezeichneten Prinzips weitgehend vereinfa-
chen, das immer anwendbar ist, wenn die Struktur der
Symbolfolge klammerartigen Charakter hat. Das soll
heiBen, daB zwei verschiedene Paare 4, 4’ und B, B’
zusammengehoriger Elemente sich nur umfassen, aber
nicht gegenseitig trennen konnen, daB also nur Anordnun-
gen 4 BB’A’ und nicht A BA’B’ vorkommen.

Das Prinzip besagt: Man setze alle nicht sofort auswert-
baren Informationen in der Reihenfolge des Einlaufens in
einem besonderen Speicher, dem ,,Symbolkeller, ab, in
dem jeweils nur das zuletzt abgesetzte, im obersten Ge-
schoB befindliche Element interessiert und damit unmittel-
bar zuginglich zu sein braucht. Jedes neu gelesene Symbol
wird mit dem obersten Kellersymbol verglichen. Die beiden
Symbole in Konjunktion legen fest, ob das Kellersymbol



in eine Operation umgesetzt werden kann, worauf es aus
dem Keller entfernt wird. Je nach den Umstinden wird
der Vergleich mit dem nunmehr obersten Symbol des
Kellers wiederholt und schlieBlich gegebenenfalls ein neues
Zustandssymbol im Keller abgesetzt.

In der Sprechweise der Theorie der Automaten kann das
Prinzip so formuliert werden: Durch die gesamte Besetzung
des Kellers wird ein Zustand (des Ubersetzungsvorgangs)
definiert, der effektiv in jedem Augenblick nur von dem ober-
sten Kellerzeichen abhingt, und neu gelesene Information
plus Zustand bestimmen die Aktlonen des Ubersetzers, die
aus der Abgabe von Zeichen, nimlich von Operationsan-
weisungen fﬁr das erzeugte Programm und der Festlegung
eines neuen Zustands bestehen. Das Wesentliche ist aber
die durch die Besetzung des Kellers induzierte latente
Zustandsstruktur.

3. Auswertung einfacher arithmetischer Ausdriicke

Den wichtigsten Fall der Symbolfolgen mit Klammerstruk-
tur stellen die arithmetischen Ausdriicke dar, deren Be-
handlung wir daher als Beispiel ausfiihrlich besprechen
wollen. Um aber den prinzipiellen Sachverhalt nicht mit
relativ unwichtigen Details zu belasten, werden wir einige
Vereinfachungen vornehmen.

Diese betreffen einmal die zuldssigen Symbole. Wir werden
Funktionen I (P, ..., P)und indizierte Variable I [E,...,E]
vorldufig ausschlieSen und die Additionssymbole + nur als
zweistellige Operation (¢ 4 b) und nicht als einstellige (+ a)
zulassen.

Weiter werden wir zur Erlduterung hinsichtlich der Re-
chengrofen selbst unterstellen, daB dem Rechenwerk der
Maschine, fiir die das Programm hergestellt werden soll,
ein Schnellspeicher begrenzter Kapazitit zur Verfiigung
steht, dessen Zugriffszeit vernachldssigbar ist gegeniiber
der Zugriffszeit des Arbeitsspeichers, so da8 fiir alle Zahlen,
die zur Verarbeitung dem Rechenwerk zur Verfiigung ge-
stellt werden sollen, ein voriibergehendes Absetzen im
Schnellspeicher keine Verzogerung des Ablaufs des Resul-
tatprogramms bedeutet.

Dieser Schnellspeicher habe nun dieselbe Kellerstruktur
wie der Symbolkeller, d.h., seine Plitze werden sukzessive
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belegt, und die jeweils zuletzt abgespeicherte (gekellerte)
Zahl ist als erste abrufbar. Der Speicher werde deshalb als
Zahlkeller H bezeichnet.

Jeder unter den gemachten Voraussetzungen in einem Aus-
druck auftretende Identifier stellt eine Variable dar, d. h.
den Decknamen fiir eine Zahl, und ist somit eine symbo-
lische Adresse, die von dem Ubersetzer in irgendeiner Weise
auf eine echte Speicheradresse abgebildet wird, wie dies
schon von allen mit symbolischen Adressen arbeitenden
Compilern getan wird?). Zahlen N sind, gegebenenfalls
nach Konvertierung, in Zellen abzusetzen und ebenfalls
durch Adressen zu ersetzen, so dafl wir sie weiterhin auBBer
Betracht lassen konnen.

Die Auswertung eines arithmetischen Ausdrucks mit Hilfe
des Kellerungsprinzips geht nun in folgender Weise vor
sich:

a) Jeder auftretende Identifier I veranlaBt die Uberfiihrung
des Inhalts der entsprechenden Speicherzelle in den jeweils
obersten Platz des Zahlkellers H. Das Wort ,,veranlaBt‘
bedeutet hier, daB der Ubersetzer die entsprechenden Be-
fehle an den bereits aufgebauten Teil des zu erzeugenden
Maschinenprogramms anfiigt. Ein im Ubersetzer enthal-
tener Zihler 4 hat den jeweils obersten Platz des Zahlkellers
anzuzeigen und muf daher gleichzeitig eine Eins aufzdhlen.
Bezeichnen wir den Speicher fiir das erzeugte Programm
mit II, die Inhalte der Plitze des Zahlkellers H mit Npo
wobei der Index % die ZahlgroBe darsteilt, und die Maschi-
nenbefehlsfolge I = 7,, die die Uberfithrung in den Zahl-
keller darstellt, mit K,, so sind die vom Ubersetzer auszu-
filhrenden Operationen:

I. h-;-I:h; K, = IT; lies
‘lies x’ bedeutet hier, daBl das nichste Zeichen y des Aus-
drucks zu lesen ist.
b) Alle iibrigen Symbole «, das sind +, —, X, /, (, ), wer-

den beim Einlaufen mit dem jeweils obersten, als 6, bezeich-
neten Symbol des Symbolkellers verglichen, der im Anfangs-

?) Die einfachste Moglichkeit ware etwa, die Zahl der zulissigen Identifier soweit
zu beschranken, daB jedem Identifier ein fester oder wenigstens relativ zu dem er-
zeugten Programm fester Speicherplatz zugewiesen wird.
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zustand das Leersymbol @ enthilt. Jedes aus einem Keller-
symbol o, und einem Formelzeichen « bestehende Paar
veranlaBt eine bestimmte Folge von Operationen des Uber-
setzers entsprechend der folgenden Liste:

PP
1] o 1=s; a=>04; liesz;—
P S, +_
K,=1I; a=>0y; h—1=h; lies y;
X | X/
( +—X/
“+ — X/ s+1=s; a0, lies 7;
+—=X/1)
( ) s—1=s; lies z;
X/ +— repetiere
K,=1II;, s—1=>s; h—17=3h; IPET
+_XI )e mlt:\.

Die vom Ubersetzer erzeugten und an den Programmspei-
cher IT abgegebenen Maschinenbefehlsfolgen K, haben da-
bei stets die folgende DreiadreB8form, wobei ¢ eines der vier
Operationssymbole + — X [ darstellt:

Kot tha0 0= 5y -
Es werden also die jeweils beiden obersten Elemente des
Zahlkellers 7, —, und 7, durch die mit ¢ bezeichnete Opera-
tion verkniipft und das Resultat als nunmehr oberstes
Element 7,—, an den Zahlkeller zuriickgegeben. Mit der
Abgabe dieser Befehlsfolge muB3 daher auch der Zahler &
des Zahlkellers um Eins heruntergezihlt werden.
‘Repetiere mit ' bedeutet, daB im nichsten Schritt mit dem
gleichen Symbol « und dem neuen o, zu arbeiten ist.
Das Ende eines Ausdrucks muf} natiirlich erkennbar sein.
Es ist hier mit ‘@’ angedeutet und wirkt wie eine dem An-
fang als oOffinender Klammer zugeordnete schlieBende
Klammer.

Die Liste von Zeichenpaaren o,, « 148t sich bequem durch
eine Matrix darstellen, ‘deren Zeilen den moglichen Keller-
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A: (@aXb+cXd)a—ad)+bXc

2 % (x oder I) I
leer (

( a a= 1,
( X

(% b b= 1,
(X + M X Ny=> 7,
(+ ¢ c= 7,
(+ X

(+ x a d =1,
(+ X ) Ne X N3=> 17,
E“i‘ M+ Ne=>1m
leer /

/ (

/( a a= 1,
/( —

[(— a a = 7,
fg—— ) Ng—73=> 7,
/ + m/N2= M
+ b b= 1,
+ X

+ X c C=> 14
+ X ® N2 X 7j3=> 7
+ ® N+ N2=> 1
leer

symbolen o, und deren Spalten den Formelzeichen « zuge-
ordnet sind, so gi_aB jedem Paar ein Matrixelement ent-
spricht®). Diese Ubergangsmatrix liefert eine vollstindige
syntaktische und operative Beschreibung aller zu-
lassigen arithmetischen Ausdriicke.

Anfangszustand ist stets s =0 (¢, = @) und 2 = 0
(Zahlkeller leer), ein zuldssiger Endzustand, der

3)pBeinBohmy[14]nderfiirreinepstarkyeingeschrinkte Formelsprache bereits cine
matrixartige Ubersetzungsvorschrift gibt, fehlt der Symbolkeller. Bokm hat jedoch
bereits die Auswertung klammerfreier Ausdriicke durch Vergleich aufeinanderfol-
gender Operationszeichen.
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einem vollstindigen Ausdruck entspricht, ist mit
s =0 und 7 =1 erreicht. Der Wert eines vollstdn-
digen Ausdrucks findet sich alsostetsauf dem ersten
Platz des Zahlkellers.

Ein einfaches Beispiel moge den Ablauf erldutern,
wobei wir nur den jeweiligen Inhalt des Symbol-
kellers 2, das neu einlaufende Zeichen 7 und das
in IT aufgebaute Programm angeben.

A:(@aXb+cXad)fa—d)+bXc

Wie man aus dero bigen Tabelle sieht, ist die Reihen-
folge der Operationen im entstehenden Programm

durch das Formelprogramm vollig festgelegt, und
es wird kein Versuch gemacht, etwa zur Beschleunigung
Umstellungen vorzunehmen. Denn die Wahl der Reihen-
folge der Operationen mufl vollig in der Hand des das
Programm entwerfenden Mathematikers liegen. Jede Um-
stellung kann wegen der Ungiiltigkeit des assoziativen
Gesetzes (wenigstens beim Rechnen mit gleitendem Komma)
unerwiinschte numerische Konsequenzen haben.

4. Vollstindige arithmetische Ausdriicke

Wir haben nun zu diskutieren, wie das oben angegebene
Schema zu variieren ist, wenn wir die angegebenen Verein-
fachungen fallen lassen. Betrachten wir zunichst die Be-
handlung der RechengréBen:

Das angegebene Beispiel zeigt deutlich, daB eine Anzahl
unnotiger Umspeicherungen vorgenommen wird. Tatsidch-
lich sind alle Operationen I = 7, iiberfliissig, und Variable
diirfen von ihrem Platz nur zur Ausfiihrung von Rechen-
operationen ins Rechenwerk abgerufen werden. Wenn wir
uns, was weiterhin vorausgesetzt sein soll, auf den Fall der
EinadreB8maschine beschrinken, so fallen Ergebnisse stets
im Akkumulator an. Der Zahlkeller darf nur noch dazu
dienen, solche (unbenannte) Zwischenergebnisse aufzu-
nehmen; deren Abspeicherung notwendig ist, um das
Rechenwerk fiir die nachfolgenden Operationen freizu-
machen. Fiir diese arbeitet er in der vorher beschriebenen
Weise.
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Im iibrigen tritt aber an die Stelle des Zahlkellers ein von
dem Ubersetzer auszuwertender (Variablen- oder) Adressen-
keller @, und alle iiberfliissigen Transportoperationen sind
durch Eintragung der entsprechenden Adressen in diesem
Keller zu ersetzen, die durch den Ubersetzer vorgenommen
wird und die Programmerzeugung mitsteuert. Da nun auch
der Akkumulator als Zahlspeicher verwendet wird, ist es
zweckmiBig, auch ihm eine (identifizierbare) Pseudoadresse
zuzuweisen, die in den Adressenkeller eingetragen wird.
Notwendige Abspeicherungen von Zwischenresultaten er-
geben sich dann daraus, daB eine &ffnende Klammer auf
ein arithmetisches Operationszeichen im Symbolkeller X
stoBt, dem als oberstes Element des Adressenkellers die
Adresse des Akkumulators entspricht. Eine solche Klam-
mer wird impliziert auch durch ein einlaufendes X/, das
auf ein 4 in 2 st6Bt. Da zwischen diesen Symbolen ein
Identifier aufgetreten sein muB, ist in diesem Falle auch
die zweithochste Position des Adressenkellers zu kontrol-
lieren.

Ist eine Zwischenspeicherung notwendig, so wird die Ab-
speicherung des AC in den gerade obersten Platz des Zahl-
kellers H veranlaBt, die Adresse des AC im AdreBkeller
durch die Adresse von 7, ersetzt und angemerkt, daB bei
Abruf der Adresse in das erzeugte Programm der Zahl-
kellerindex um Eins heruntergezahit werden muB.

Die vom Ubersetzer in den Programmspeicher abzusetzen-
den Operationen K, erhalten jetzt im allgemeinen die Form

. (pr—) = AC
7" ACo (ps) = AC.

Dabei ist jedoch stets zu priifen, ob eine der beiden Ope-
randenadressen ¢,_;, ¢, den AC darstellt. In diesem Falle
fallt fiir o gleich 4 oder X der erste Befehl aus, der zweite
erhilt die Adresse ¢ , oder ¢, ;, die nicht den AC dar-
stellt. Bei o gleich — oder/ fillt der erste Befehl weg, wenn
@s_1 den AC darstellt. Im entgegengesetzten Falle aber, also
¢ y = AC, mu3 man fiir ¢ = — setzen:

— AC= AC

K_:
A.C + (¢f-—1> = AC,
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wihrend man fiir ¢ gleich / sogar zuerst den AC sicherstellen
muB.
AC=mn
K;: (pra)=AC
AC/np = AC

Die beiden Fille entsprechen Formeln vom Typ a— (b + ¢)
bzw. a/(b + ¢), die sich bequemer mit Maschinen behandeln
lieBen, die ,,vom Speicher subtrahieren‘* bzw. ,,in den Spei-
cher dividieren‘ kénnen.

Die einstelligen Operationen + a, —b schlieBlich erledigen
sich begrifflich am einfachsten durch Hinzunahme eines
Leerelementes im Adressenkeller, das anzeigt, daB3 der ent-
sprechende Linksoperand nicht existiert.

Die Behandlung Boolescher Ausdriicke lduft offensichtlich
der Behandlung arithmetischer Ausdriicke parallel.

Die Hinzunahme von Funktionen und indizierten Variablen
bedeutet zunichst einmal, daB das Auftreten eines Identi-
fiers unmittelbar von einer 6ffnenden Klammer festgestellt
werden muB, da die Kombination I( die Funktionen und die
Kombination I[ die indizierten Variablen eindeutig kenn-
zeichnet. Weiter, und das ist der wesentliche Punkt, stellen
beide Symbole, Funktion und indizierte Variable, einen
neuen Typ von Klammer mit besonderen Eigenschaften
dar. Wenn wir uns hinsichtlich der indizierten Variablen
zunidchst auf den Fall beschrinken, daf3 die durch die der
Variablen zugehorige Feld-Vereinbarung (array declaration)
festgelegte Speicherabbildungsfunktion (vgl. Abschnitt 7) fiir
jedes Auftreten der Variablen vollstindig ausgewertet wird,
ist die Behandlung weitgehend einheitlich.

Zunichst ist der Reihe nach die Auswertung der auf den
einzelnen Argument- bzw. Indexpositionen stehenden Aus-
driicke zu veranlassen, wobei das trennende Komma bzw.
die abschlieBende Klammer ) oder ] die Rolle des AbschluB3-
zeichens iibernimmt. Die Werte der Ausdriicke sind abzu-
speichern, konsequenterweise als Zwischenergebnisse im
Zahlkeller. AnschlieBend an die Berechnung der Argumente
ist ein Sprung mit automatischer Riickkehr zu setzen, der
inrdas durch die Funktions=:bzw. Feld-Vereinbarung defi-
nierte Programm fiihrt. Dieses endet wie iiblich mit der
Abgabe des ermittelten Wertes an den Akkumulator. Fir
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indizierte Variable mit laufenden Indizes in Schleifen ist
eine solche Behandlung natiirlich zeitraubend und ineffek-
tiv; sie muB durch rekursive Auswertung der Speicherab-
bildungsfunktion ersetzt werden, bei der innerhalb der
Schleife nur Additionen auftreten, die z. B. durch Index-
register erledigt werden kénnen. Wir kommen darauf noch
zuriick.

5. Anweisungen (statements)

Die Auswertung vollstindiger Anweisungen verlduft nach
den gleichen Prinzipien wie die der Ausdriicke, die ja den
wesentlichsten Teil aller Anweisungen darstellen. Es muB
nur der Symbolkeller einige weitere Symbole aufnehmen
koénnen.

‘Was die arithmetischen (und Booleschen) Anweisungen an-
betrifft, handelt es sich hier im wesentlichen um das :=,
das stets als erstes im Symbolkeller abgesetzt wird und
damit an Stelle des anfdnglichen Leerzustands des Kellers
tritt. Als SchluBzeichen im Informationseinlauf fungiert das
Anweisungstrennzeichen ; bzw. das ‘end’ der zusammen-
gesetzten Anweisungen, das jeweils erst die Setzung der
letzten arithmetischen Operationen des Ausdrucks auslost
und bei Koinzidenz mit dem := anzeigt, daB dieses in den
abschlieBenden Speicherbefehl umgesetzt werden kann.
Die verbalen Klammern ‘begin’ und ‘end’ fiir zusammen-
gesetzte Anweisungen werden naturgemiB ebenso behandelt
wie arithmetische Klammern: ‘begin’ wird in den Symbol-
keller abgesetzt. Ein einlaufendes ‘end’ dient zunichst
als SchluBzeichen fiir die vorangegangene Anweisung und
16st die Veranlassung aller im Keller anstehenden Operatio-
nen aus, bis es auf das erste ‘begin’ st68t, das noch geléscht
wird. Damit ist die Funktion des ‘end’ beendet. Ist das
nichste Zeichen wieder ein ‘end’, so wiederholt sich der
Vorgang, bis als SchluBzeichen das Trennzeichen ; eintrifft,
dasdie Abarbeitung des Kellers bis zum néchsten gekellerten
‘begin’ auslGst, das nun aber natiirlich unangetastet bleibt.
Ahnlich ist die Situation bei der einfachen Sprunganwei-
sung ‘go to’ L. Der fithrende Begrenzer wird im Keller
abgesetzt, anschlieBend die Marke L ausgewertet. Das Trenn-
zeichen ; schlieBt die Auswertung ab und zeigt beim Auf-
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treffen auf den Begrenzer im Keller, dal die zugehdrige
Operation ,,Sprung nach dem durch L bezeichneten Speicher-
platz‘‘ abgesetzt werden kann.

Die Behandlung der beiden Anweisungen ‘if’ B und ‘for’
V :=1 wo l eine Liste entweder von Ausdriicken E oder
von Ausdruck-Tripeln E; (E,) E, darstellt, ist zundchst dhn-
lich wie die der Sprunganweisung. Der Begrenzer wird im
Keller abgesetzt und die anschlieBende Zeichenfolge B bzw.
V:= | ausgewertet. Das abschlieBende Symbol ; zeigt das
Ende der Auswertung an. In beiden Fillen ist jedoch die
Funktion des Begrenzers noch nicht abgeschlossen.

Im Falle des ‘if’ kann zwar die Absetzung des an die Aus-
sage B anschlieBenden bedingten Sprungbefehls durch das
: veranlaBt werden. Jedoch ist die Sprungadresse noch un-
bekannt. Sie liegt erst fest, wenn die nichste Anweisung
voll ausgewertet ist. Daher muB das ‘if’ als transformiertes
‘if,” im Keller verbleiben, bis es auf das nichste einlaufende
Trennzeichen ; oder ‘end’ trifft, das das Ende der beding-
ten Anweisung markiert. Erst damit liegt das Sprungziel
im erzeugten Programm fest und kann eingetragen werden,
worauf das ‘if,” endgiiltig geloscht wird.

Der Fall des ‘for’ ist wesentlich komplizierter. Besteht die
Liste l in “for’ V:= 1 ; ¥ (wo X die qualifizierte Anweisung
darstellt) aus Ausdriicken E, bis E;, so ist die Anweisung
unter Einfithrung einer zusitzlichen Indexvariablen HI
und einer indizierten Variablen V [HI] in die folgenden

Anweisungen umzusetzen:
V(1] :=E;; V2] := Ey;-; V[E] := Ey;
‘for’ HI := 1(7)k;
‘begin’ V := V [HI] ; X2 ‘end’;
Damit ist dieser Fall auf den der Progression zuriickge-

fiihrt. Ahnlich hitte man vorzugehen, wenn die Elemente
der Liste I selbst Progressionen E; (E,) E, sind.

Einfacher ist in diesem Fall sicher, die Anweisungen ‘for’
V.= E;, (Ey,) E,., ; X fiir jedes Listenelement getrennt
aufzuschreiben. In jedem Fall aber geniigt die Betrachtung
der einfachen Progression: ‘for’ V:= E; (E,) E, ; X.

Nach Kellerung des ‘for’ kann der erste Teil der folgenden
Symbolkette ¥V := E; wie eine normale arithmetische An-
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weisung betrachtet werden, da ja hierdurch der erste Wert
von V festgelegt wird. Als SchluBzeichen, das auf das ‘for’
im Keller trifft, wirkt die 6ffnende Klammer. Ihr Zusam-
mentreffen mit ‘for’ besagt, daB sie zu ersetzen ist durch
S:=, was zusammen mit dem folgenden E;, wieder als
arithmetische Anweisung ausgewertet werden kann. Die
schlieBende Klammer wirkt als SchluBzeichen und ist zu
ersetzen durch E:=, worauf wieder mit der Auswertung
von E, fortgefahren werden kann. S und E sind dabei vom
Ubersetzer einzufiihrende Hilfsvariable fir Schritt und
EndgroBe Eine Vi eremfachung ist moglich, wenn E; oder
E, eine Zahl oder eine einzige Variable ist: In d1esem Falle
geniigt es, wenn der Ubersetzer die Hilfsvariablen S bzw.
E durch die betreffenden GriB8enbezeichnungen ersetztt).

Da in der auf das ‘for’ folgenden Schleife die AbschluB-
bedingung von dem Vorzeichen des Wertes von E abhingt,
muB dieses noch vor dem Eintritt in die Schleife getestet
werden. Ist E, eine Zahl, so kann dies der Ubersetzer iiber-
nehmen. In anderen Fillen muB eine Priifung der Lauf-
richtung und eine entsprechende Festlegung der AbschluB-
bedingung im Programm erzeugt werden, wenn man nicht
dem Ubersetzer sehr unbequeme dynamische Kontrollen
aufbiirden will.

Die Funktion des ‘for’ ist mit der durch das erste Semi-
kolon angezeigten Abarbeitung der Progressionsangaben
nicht erledigt. Vielmehr muB3 noch die SchleifenschlieBung
einschlieBlich Z3hlung und Priifung veranlaBt werden.
Daher ist auch das ‘for’ im Keller durch das erste Semi-
kolon zu transformieren zu ‘for,’. Beniitzt man als Stan-
dardschleife den normalerweise effektivsten Typ mit Prii-
fung am Schlu8 und SchlieBung durch bedingten Sprung,
so ist die Absetzung der entsprechenden Operationen bis
zum Ende der auf die ‘for’-Anweisung folgenden Anwei-
sung zuriickzustellen. Da man aber dem Fall der leeren
Schleife vom Typ ‘for’ ¥V':= 7(7)0 Rechnung tragen muB,
ist vor dem Schleifenbeginn noch ein Sprung auf die Aus-
gangspriifung der Schleife zu setzen. Diesem muB noch eine

4)rAuf denrdubiosenyFall;ydaBydie;fAnweisung S:= E, in die Schlexfe selbst aufge-
nommen werden muB, weil etwa E; von ¥ abhiingt (etwa ‘for* V:=17 (V) N, was die
Folge der ganzen Potenzen von 2 hefert), soll hier nicht weiter emgegangen werden.
S ist also fiir die Schleife fest und in sinnvollen Fillen ungleich Null.
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Marke folgen, die als Ziel fiir den SchleifenschlieBungs-
sprung dient.

AnschlieBend kann die dem ‘for’ unterliegende einfache
und zusammengesetzte Anweisung abgearbeitet werden.
Das abschlieBende Symbol ; oder ‘end’ fithrt beim Auf-
treffen auf das ‘for,” im Keller zur Absetzung der Schlie-
Bungsbefehle:

Insgesamt ist also die ‘for’-Anweisung
‘for’ V:=E;(E,)E, ; X ;

vom Ubersetzer wie die aufgeléste Anweisungsfolge
V:=E;; S:=E; E:=E,;

[

_,L___{g falls S <0 oy . L. x.

T\ falls S> 0
V:i=V+4+S; L,:if V4 E; ‘goto’ Ly
V:=V—S§;

zu behandeln, wobei sich bei der zweiten, dritten und vier-
ten Anweisung die diskutierten Vereinfachungen ergeben
koénnen.

Die Prozeduranweisung schlieBlich ist als Aufruf eines
Bibliotheksprogramms von Standardform zu behandeln,
wobei die Parameter in der im Aufruf angegebenen Reihen-
folge abgesetzt werden®). Da es sich hierbei um bekannte
Techniken handelt, sind weitere Ausfiihrungen unnétig.

Die Anweisung ‘return’ behandelt einen einfachen Riick-
sprung auf eine eingebrachte Riickkehradresse. Die An-
weisung ‘stop’ bedeutet (unwiderrufliches) Ende des be-
treffenden Programmlaufs und soll die Maschine in einen
Zustand versetzen, in dem sie weitere Auftrige annimmt.

6. Vereinbarungen (declarations)

Von den Vereinbarungen sollen nur die Funktions-, Proze-
dur- und Feld-Vereinbarungen kurz behandelt werden®).
Funktions- und Prozedur-Vereinbarungen sowie Feld-Ver-

5) Insbesondere darf angenommen werden, da8 Ein- und Ausgabetitigkeiten, die
weithin von den Maschinencharakteristika abhingig sind, in genereller Form als
Prozeduren aufgerufen werden kdnnen.

¢) Typ-Vereinbarungen sind in selbstverstindlicher Weise bei der Behandlung arith-
metischer (oder Boolescher) Ausdriicke zu beriicksichtigen.
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einbarungen (solange man sich auf jeweils vollstindige Aus-
wertung der Speicherabbildungsfunktion, siehe 7., be-
schrinkt) definieren jeweils Unterprogramme. Funktions-
und Feld-Vereinbarungen fiihren zu statischen Programmen,
die Prozedur-Vereinbarungen dagegen zu dynamischen?).
Dem aus der Auswertung der Vereinbarung resultierenden
Unterprogramm ist also wie bei allen Unter- bzw. Biblio-
theksprogrammen ein AnschluBteil voranzustellen, der die
Ubernahme der Riickkehradresse und der Programmpara-
meter durchfiihrt, im dynamischen Fall ist ein Adaptieren
zur Berechnung des benétigten Hilfsspeichers und zur
Adressierung der auf den Hilfsspeicher beziiglichen Befehle
(mit Hilfe eines speziellen Parameters, der den Beginn des
freien Speichers angibt) hinzuzufiigen. Auch hier handelt es
sich um bekannte Techniken, auf die nicht ndher eingegan-
gen zu werden braucht.

7. Adressenfortschaltung bei indizierten Variablen

Wie bereits erwidhnt, fiigen sich die indizierten Variablen
ohne Schwierigkeiten in den Rahmen der diskutierten Uber-
setzungstechnik, solange man die Speicherabbildungsfunk-
tion im Programmlauf jeweils in geschlossener Form aus-
wertet. Tatsdchlich ist ja etwa die GroBe a [, 2] mit zuge-
horiger Feld-Vereinbarung ‘array’ (a[7,7 : », m]) als Funktion
gegeben durch

ali,Bl:=(kXn+i+)a[0,0]().

Hier stellt die Variable )a( die Zahl dar, die die Adresse
des die Zahl a enthaltenden Speicherplatzes angibt. Die
Funktion (E) hat als Wert diejenige Zahl, die auf dem
durch den (ganzzahligen) Wert von E adressierten Speicher-
platz steht8).

Fiir Variable mit Laufindex in inneren Schleifen bedeutet
eine solche Auswertung jedoch einen unertriglichen Zeit-
verlust, weshalb die Adressenberechnung stets rekursiv

7) Die Prozedurvereinbarung liefert auch die Moglichkeit, in ALGOL dynamische
(Bibliotheks-) Programme zu formulieren.

%) Beide Elemente sind in ALGOL nicht enthalten, diirften im iibrigen nahezu
ausreichen, um ALGOL in die oft diskutierte universal computer language UNCOL
zu verwandeln.
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vorgenommen wird, insbesondere in der innersten Rekur-
sionsstufe mit Hilfe von Indexregistern. Prinzipiell ist
auch hier klar, was getan werden muB, sogar bei Zulassung
allgemeinerer Speicherabbildungen:

ali, k] :=()a[0,01( + P( & p;5)

wobei p; weitere Parameter wie #, m darstellt und P eine
beliebige Funktion ist.

Tritt nun in einer Schleife mit der Laufvariablen V die
indizierte Variable a [f; (V), f; (V)] auf, deren Indexposi-
tionen mit Funktionen f, und f, der Variablen 7 besetzt
sind, so hat man in der Abbildungsfunktion einzutragen

alfL(V), (V)] := () al0,01( + P(/,(V), f2(V), pa))
= ()al0,01(+ 02V, 2))

und die entstehende Funktion Q (V, p;) durch eine Rekur-
sion hinsichtlich V auszudriicken, mit deren Hilfe die Ab-
bildungsfunktion ohne Multiplikationen ausgewertet wer-
den kann. Es mu3 demnach zur Adressenfortschaltung die
sukzessive Bildung des vollstindigen Differenzenschemas
von Q (V, ;) veranlat werden.

In praxi bedeutet das eine ungeheure Komplikation, da
der Ubersetzer das Schema fiir die Bildung beliebiger Rekur-
sionen in sich tragen muB. Da auch der allgemeine Fall
duBerst selten vorkommt (ein nicht triviales Beispiel ist
jedoch die Dreieckspeicherung dreieckiger Matrizen), ist
bereits in ALGOL nur rechteckige Speicherung von Feldern,
d.h. in den Indizes lineare Abbildungsfunktion, unter-
stellt. Ferner hat man bisher auch die auf Indexpositionen
zuldssigen Ausdriicke auf in dem Laufindex lineare Funk-
tionen beschrinkt. In ALGOL ist eine solche Beschrinkung
nicht vorgesehen, dementsprechend haben wir bei der ge-
schlossenen Auswertung beliebige (auch indizierte) Index-
ausdriicke zugelassen. Bei der Adressenfortschaltung be-
schrinken wir uns jedoch ebenfalls auf den Fall linearer
Indexausdriicke. Fiir rekursive Auswertung der Speicher-
abbildungsfunktionen kommen also nur indizierte Variable
der Form @ [i X CptEgpiX €a+Es' ..., i X ¢ +E;] in
Frage, wobei ¢ der Laufindex der betreffenden Schleife sei,
die c; seien Konstante und die E;” Ausdriicke, die ¢ nicht
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enthalten. Aus der oben angegebenen Speicherabbildungs-
funktion (Fallk = 2) ergibt sich, wenn wir. abkiirzend
Ya[i X ¢+ E, ..., 14X ¢+ E.]( durch 4 und )a [0,0]¢
durch A4 null ersetzen

(1) A :=(E;Xca +EYXnL+-E;Xc;+E,/+ A null
(2) A:=(cgXn+c)XS+4

als Rekursion fiir die Adressen der durch die Werte
i := E;(S)E, ausgewihlten Komponenten a [i X ¢, + E,’,
..., 3 X ¢ + E;'] des Feldes a [,]. Der Wert fiir # ist dabei
der zugehorigen Feld-Vereinbarung zu entnehmen, der Wert
von A null ist vom Ubersetzer aus der Speicherverteilung,

die nach AbschluB der eigentlichen Ubersetzung des Formel-
programms an Hand der Feld-Vereinbarungen in iiblicher
Compilertechnik auszufiihren ist, zu berechnen und dem
erzeugten Programm als Konstante einzuverleiben.

Das urspriingliche Formelprogramm laute etwa

“for’ i 1= E;(S)E;
co.afeXi+E e xi+E)f]...;

Es ist vom Ubersetzer zu behandeln wie: (S>0 voran-
gesetzt)

1:=E;;
A= (ixXc+E)Xn+ixe +E+ A4null;
delta A 1= (c, X n +¢;) X S;
‘go to’ L,;
Lg:...{4)...;
A:= A+ delta A;
=14+ S;
L”: ‘if’1 < E;‘goto’ Ly
Das Symbol (A4) ist dabei zu interpretieren als:

man rechne mit dem Inhalt der durch die Zahl 4 als Adresse
bezeichnetenZelleppdivhvvals iibliche indirekte Adresse,
wenn man nicht diese Zahl 4 als Adresse in dem Rechen-
befehl substituiert.
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Stehen Indexregister fiir die Adressenfortschaltung zur
Vv erfugung, so ist die Sequenz abzuindern. Wir kénnen for-
mal auch ein Indexregister mit einer Variablen IRK (Index-
register K) bezeichnen. Ist eine Variable mit JRK indiziert
(a [IRK]), so bedeutet dies, daB der Ubersetzer demjenige
erzeugten Befehl, der die dieser Variablen entsprechende
Adresse enthilt, das Merkmal fiir Adressenmodifikation
durch Addition des Indexregisters K anfiigen muB.

Mit diesen Abkiirzungen ist der oben angegebene Formel-
ausschnitt vom Ubersetzer zu behandeln wie

i:=E;; delta A := (cgXn+c¢)XS;
A:=E,’xXn+E +Anul; IRK := (c; X n4¢;) X%;
‘goto’ L ;

L,:...{4)[IRK]...;

IRK := IRK + delta 4 ;

1:=1+S;

L,:‘it'1 = E; ‘go to’ Lg;

Das allgemeine Schema zeigt bereits, daB bei der Adressen-
fortschaltung das Kellerungsprinzip durchbrochen wird.
Denn erst das Erscheinen der indizierten Variablen im
Inneren der Schleife zeigt dem Ubersetzer, daB er in den
bereits erzeugten Teil des Programms noch Befehlsserien
einzuschieben hat. Er muB also zwei Programmteile, die
Befehle der Schleife selbst und den fiir die Fortschaltungen
notwendigen Vorbereitungsteil, gleichzeitig nebeneinander
aufbauen und kann sie erst nach AbschluB der Schleife
aneinanderfiigen, wobei die Rejhenfolge Geschmackssache
ist, solange dem fiir das erzeugte Programm erforderlichen
zeitlichen Ablauf Rechnung getragen wird.

Abgesehen davon liegt hier nun ein Fall vor, in dem die
Symbolfolge nicht mehr sequentiell mit einfacher Kellerung
abgearbeitet werden kann: Die auf den Indexpositionen
stehenden Ausdriicke miissen in mehrere parallele Ziige
auseinandergefahren werden, da neben der vollstindigen
Auswertung zum Aufbau der Speicherabbildungsfunktion,
die. den-Anfangswert.von.d bzw. 4 und IRK festlegt, noch
zur Festlegung des Programms fiir die Berechnung von
delta A vom Ubersetzer die Koeffizienten der Laufvariablen
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1 auf allen Indexpositionen zu sammeln und mit den rich-
tigen Faktoren, die aus der Feld-Vereinbarung stammen,
zu versehen sind.

Mit der Fortschaltung verkniipft sind eine Reihe von not-
wendigen Kontrollen und Vergleichen, die fiir den Uber-
setzer stets das Anlegen und Durchsehen von speziellen
Listen bedeuten. Zunichst ist, als Voraussetzung fiir die
Fortschaltung, vom Ubersetzer die Linearitit der Index-
ausdriicke festzustellen. Vor allem muB sichergestellt sein,
daB nicht etwa die Koeffizienten eines in der Laufvariablen
formal linearen Indexausdrucks Variable enthalten, die in
der Schleife umgerechnet werden und damit von den Wer-
ten der Laufvariablen abhingen. Das bedeutet aber, daB
alle in der betreffenden Schleife als Rechenergebnisse links
von dem Symbol := in arithmetischen Anweisungen auf-
tretenden Variablen vom Ubersetzer notiert werden miis-
sen, um gegebenenfalls mit einer in einem Indexausdruck
auftretenden Variablen, die nicht als Laufvariable eines
‘for’-Symbols definiert ist, verglichen werden zu kénnen.
Diese Kontrolle ist unumgénglich, da nichtlineare Indizes
zugelassen sind, aber nicht fortgeschaltet werden kénnen.

Zur richtigen Behandlung der Indexausdriicke muB3 der
Ubersetzer in jedem Augenblick die Laufvariable der gerade
abgearbeiteten Schleife greifbar haben. Dies wird erreicht
mit Hilfe eines neuen Kellers, des Schleifenkellers, in dem
jedes Laufvariablensymbol beim Auftreten nach dem zuge-
horigen ‘for’ abgesetzt wird und aus dem es erst beim
Schleifenende, das durch das Zusammentreffen des End-
zeichens ; oder end mit dem transformierten ‘for;” ange-
zeigt wird, wieder entfernt wird.

Um das erzeugte Programm so kurz und damit so effektiv
wie moglich zu machen, muB der Ubersetzer weiterhin
eine Reihe von Identitdtspriifungen vornehmen. Zunichst
ist, beim Auftreten mehrerer indizierter Variablen in einer
Schleife, die mogliche Identitdt der zugehorigen Fortschalt-
groBen delta A festzustellen. Zwar fithren solche Identi-
tidten, solange ohne Indexregister gearbeitet wird, nur zur
Verkiirzung des Vorbereitungsteils der Schleife und zur
Einsparung von Hilfsspeicherzellen. Beim Einsatz von
Indexregistern aber gewinnt man mehr. Denn da mit den
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delta A auch die Anfangseinstellungen der IRK identisch
sind, kann der Ubersetzer alle identischen Fortschaltungen
mit einem Indexregister ausfiihren lassen, und man spart
sowohl Fortschaltungsrechnungen in der Schleife als auch
Indexregister ein. In den meisten vorkommenden Fillen
erscheint die Laufvariable ¢ einer Schleife nur in Index-
ausdriicken. AuBerdem (und eben aus diesem Grunde) ver-
fiigen die meisten Maschinen mit Indexregistern iiber einen
speziellen bedingten Sprung, der vom Inhalt eines Index-
registers und evtl. einer anderen Speicherzelle abhidngig ist.
Um dies auszuniitzen, muf3 der Ubersetzer kontrollieren,
ob die Laufvariablen au3erhalb von Indexausdriicken vor-
kommt. Ist dies nicht der Fall, dann kann die laufende Be-
rechnung der Laufvariablen ganz entfallen und durch die
Indexregisterfortschaltung ersetzt werden. Entsprechend
ist die SchluBbedingung auf das Indexregister umzustellen,
weshalb im Vorbereitungsteil der Endwert £ von ¢ mit
dem Koeffizienten von S in delta A zu multiplizieren ist.

Unser obiges Beispiel hat der Ubersetzer dann zu behandeln
wie:

delta A := cy X n + ¢y,

IRK = (E;) X delta A ;

E = E X delta A;

delta A := S X delta A;

A :=E, X n+4+ E,’ + A4 null;
‘goto’ L;
L,:...{4A)[IRK]...{A")[IRK]...;
IRK := IRK + delta 4;

L,: ‘if’ IRK < E; ‘go to’ Ly;

Die Moéglichkeiten zur Vereinfachung von Schleifen sind
damit natiirlich noch nicht erschopft. Jedoch ist auf das
Wesentliche hingewiesen und die Diskussion soll damit ab-
geschlossen werden.

Wie bereits erwihnt, ist die Adressenfortschaltung von
besonderer. Bedeutung. in_den innersten Schleifen eines
Programms, und an diesen Stellen sollten die Indexregister
in erster Linie zur Fortschaltung eingesetzt werden. Die
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Tatsache, daB eine Schleife innerste Schleife ist, ist jedoch
erst am Schleifenende festzustellen. Der Ubersetzer muB
daher die endgiiltige Absetzung der entsprechenden Be-
fehle bis zum Erscheinen des die Schleife abschlieBenden
Trennzeichens verschieben. Weiter ist im Schleifenkeller
eine Anmerkung ,,nicht innerste Schleife“ bei jedem gekel-
lerten Laufindex, fiir den dies zutrifft, notwendig.

SchluBBbemerkung

Die vorangegangene Darstellung zeigt, daB die Umsetzung
des Formelprogramms in Maschinenoperationen durch den
Ubersetzer mit Ausnahme der Behandlung der Adressen-
fortschaltung ziigig ohne Abspeicherung des Formelpro-
gramms, also als reiner Eingabeproze, durchgefiihrt wer-
den kann. Denn die Fernzusammenhinge im Programm
beschrianken sich auf Adressen, die aus wihrend des Ein-
leseprozesses anzulegenden Listen entnommen werden
konnen. Dementsprechend ist es auch moglich, die Um-
setzungsmethode zur sofortigen interpretativen Ausfiih-
rung der im Formelprogramm angegebenen Operationen,
auch mit Hilfe verdrahteter Schaltungen, anzuwenden.
Eine Adressenfortschaltung macht allerdings hierbei auBBer-
ordentliche Schwierigkeiten.
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Die. Erfindung betrifft ein Betriebsverfahren fiir
automatische mechanische, clektrische oder clektronische
Rechenmaschinen und bezicht sich insbesondere auch
auf den technischen und logischen Aufbau der Rechen-
maschine sowie der damit in Verbindung stehenden
Eingabe- und Ausgabevorrichtungen.

Die bekannten Rechenautomaten und Datenver-
arbeitungsanlagen erfordern im Einzelfall Anweisungen
dber die Art und den Ablauf der numerischen oder
sonstigen informationsverarbeitenden Prozesse. Die
Schreibweise, in der diese Anweisungen fixiert werden,
wurde zu Beginn der l:ntwlcklung so gevoahlt daB sie
gewisse als el tar crachtet he Funktionen
der Anlage beschrieb. Die so gcschnebenen Anweisungen
werden itblicherweise sProgrammegenannt. DasProgramm
fiir cincn RechenprozeB etwa und die mathematische
Formel, mit der der Mathematiker diesen ProzeB ge-
wdhnlich beschreibt, kennzeichnen jeweils genau den-
selben Vorgang, allerdings in zwei grundverschiedenen
Sprachen.

Die Ubersctzung von der mathematischen Formel-
sprache ins Programm wird iiblicherweise Programmierung
genannt; sic hat sich in praxi als cine zeitraubende und
fehleranfillige, im allgemeinen nur listige Angelegenheit
herausgestelit. Fiir den Mathematiker stellt die Pro-
grammierungssprache einc ungewohnte Formulierung
dar, die @berdics noch von Anlagentyp zu Anlagentyp
wechselt. Diese bei den meisten bestehenden Maschinen
jeweils verschicdene Art der Programmschreibweise
zeigt Dbereits, wic sehr das Befchissystem iblicher
Maschinen noch von der verwendeten Technik abhingt
und wie wenig die auf der ganzen Welt einheitliche
mathematische Formelsprache von den Rechenautomaten-
bauern bisher ernst genommen wurde.

Die Mingel der iiblichen Programmierung sind in der
Literatur bercits vor cinigen Jahren klar erkannt worden.
Man ist jedoch den zunichst naheliegenden Weg gegangen,
vorhandene Rechenantomaten universeller Art zu gewissen
Routinearbeiten der Programmierung, dic selbst Daten-
verarbeitungsaufgaben darstellen, heranzuzichen. Es
gibt heute bereits Programme, die unter gewissen Ein-
schrinkungen dic ganze Ubersetzungsarbeit von einer
mathematischen Formel bis zum Programm fGr einen
dblichen Rechenautomaten criedigen.

Dic Ubersetzungsprogramme sind schr kompliziert
aufgebaut und dementsprechend umfangreich. Kleinere
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wendung neuartiger Maschinenfunktionen und -steu-
erungsabliufe sowie Anlagenteile cin Rech t
gebaut werden kann, der unmittelbar durch mathe-
matische Formeln in dblicher Schreibweise gesteuert
wird, also ein formelgesteuerter Rechenautomat, der
in seinem technischen Aufbau und in seiner praktischen
Verwendungsméglichkeit gegeniiber den programm-
gesteuerten Rechenanlagen bisheriger Art einen wesent-
lichen Fortschrit darstelltt.

Eine solche Rechenmaschine muB auBer den bekannten,
mehr oder weniger iblichen Teilen cine Vorrichtung
besitzen, die diese mathematischen Formeln in dblicher
Schreibweise analysicrt und einc cntsprechende Folge
von Steuerbefehlen 16st. Dabei ergeben sich im einzelnen
auch neuartige Losungen fiir die Erledigung gewisser
Rechenabliufe in Anpassung an dicse besondere Art der
Verarbeitung der mathematischen Formeln.

Dic Erfindung beruht im wesentlichen auf dem Ge-
danken, den K ten einer Recl hinc cinen
Analysator beizuordnen, dem dic mathematischen
Formeln in ilblicher Schreibweise zugefithrt werden.
GemiB der Erfindung werden die den einzelnen Zeichen

Rechenanlagen sind nicht mehr in der Lage, soich
Aufgaben durchzufiihren. Umfangreiche Formeln zu
iibersctzen, fiihrt auch_bei_mittclgroBen Anlagen zu
iibermiBig hohem Zeitbedarf.

Dcmgegcnﬂbcr ist es von Bedeutung, daB durch

so

entsprechenden Signale in der Reihenfolge der Auf-
schreibung dem Analysator zugefithrt und in dicsem
entsprechend der Reilienfolge des Eingangs gepriift, ob
die Operationen sofort ausfithrbar sind oder ob der
Eingang weiterer Signale abgewartet werden muB; in

hickte Org tion des Zusa irkens g ter
Emzelkomponenten, gestiitzt auf grundsatzhchc Studien
Giber das Wesen von Rechnungsabliufen, unter Ver-

di letzteren Falle werden die noch nicht ver-
arbeitbaren Zeichen in einen Speicher (Keller) eingefiihrt;
beim Eintreffen neuer Zeichen im Analysator, die die

009 6507228 *
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Austithrung ciner Operation mit gespeicherten Zeichen
ermaglichen, werden dicse gespeicherten Zeichen in der
durch die Art der Einfiibrung festgelegten, umgekelirten
Reihenfolge entnommen und verarbeitet.

Der Analysator im engeren Sinne enthiilt einen Formel-
entschliisseler, der als Bestandteil einen Vorentschliisseler,
cinen Formiclumsetzer, cinen Ziffernumsetzer und ein
Ausgabestenerwerk  aufweist, sowie cine  Hillssteuer-
cinrichtung zur Verarbeitung von Indizes; der Analvsator
im weiteren Sinne umfaBt auch cinen GréBenvorspeicher
und einen Kennzeichenentschliisseler.

Pei der Auslithrung des Verfahrens kann auch cine
weitergehende Ziiruckstellung der zugeliiirten Signale
erfolgen; sic ist aber nicht notwendig und kann nur durch
andere, auBerhalb der Erfindung Jicgencle Vorteile gerecht-
fertigt werden.

GemiB ciner weiteren Ausfithrungsform der Erfindung
werden dicj Formelzeichen, welche Ziffernsymbole,
also Zahlen, darstcllen, von solchen Formelzeichen,
welche Operationssymbole darstellen, getrennt und,
sofern sie zurfickgestellt werden missen, speicherfihigen
Vorrichtungen, vorzugsweise zwei verschiedenen sKellerne,
nimlick dem Zahlkeller und dem Operationskeller,
zugefiihrt und von diesen Vorrichtungen her dem Steuer-
werk zuginglich gemacht.

Dabei ist es zweckmiBig, die in dem Zahlkeller bzw.
dem Operationskeller nen eintrefienden Zeichen jeweils
an die Spitze der entsprechenden Sequenz zu setzen und
die Entnahme eines Zeichens automatisch durch Weg-
nahme von der Spitze der eutsprechenden Sequenz
vorzunehmen.

Ein Ausfiihrungsbeispiel fiir das Verfahren in seiner
einfachsten Form wird als Stufe [ im folgenden niher
beschrieben. Es ist zur Verarbeitung einfachster Formel-
ausdriicke geeignet. Die Formelsymbole der Arithmetik
+ — J~ x :() werden dabei vorzugsweise in Form von
Kodezeichen zur Auslésung von Steuerungsabliufen,
d. h. von Maschinenfunktionen, benutzt. Der Zeitpunkt
der endgiiltigen Ausldsung des Steuerungsablaufes durch
cin Kodezecichen hingt unter Umstinden, z. B. bei der
Klammer, davon ab, daB ein oder mehrere nachfoigende
Kodezeichen eintreflen. Aus diesem Grund werden dic
Kodezeichen zunichst in dem Operationskeller zuriick-
gestellt und erst dann, wenn der Ausfithrungszeitpunkt
eintritt, dem Operationskeller wieder ent wobei
dic Darbietung bei der obcnerwihnten sequentiellen
Aufreihung automatisch die richtige ist. In dhnlicher
Weise wird durch den Zahikeller dafiir gesorgt, daB die
vorzunchmenden Rechenoperationen automatisch mit
den jeweils dafir in Frage kommenden Zahlen vor-
genominen  werden, sobald alle fir die Ausfithrung
der Operation erforderlichen Zahlenwerte vorhanden
sind. Die Zahlen, die in ciner R g Ver dung
finden sollen, konnen durch Ziffernsymbole und ent-
sprechende Kodezeichen, z. B. im Dezimalsystem, dar-
gestelit werden,

Solche Formelzeichen, welche ein Resultat verlangen,
insbesondere  das  Gleichheitszeichen, werden ciner
besonderen Vorrichtung, nimlich der Ausgabesteuerung,
zugefiihrt.

Im folgenden wird auf ein weiteres Ausfithrungsbeispicl
des Verfahrens cingegangen, die als Stufe II bezeichnet
wird.

In viclen Fillen ist es erwiinscht, solche Teilergebnisse,
die sich wiederholen, nur cinmal zu berechnen und sic
inder mathematischen Schreibweise durch besondere
Symbole, z. B. Buchstaben, zu bezcichnen, GemiB der
weiteren Erfindung werden zur formelartigen B
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symbole und angehirige Kodezeichen benutzt, deriat,
daB jedes Zeichen beim erstmaligen Einlanfen in oas
Steuerwerk cine Reservierung von an sich bolichigen
Plittzen fiir cine Zahl oder cinen Zahlsatz in einem an ~ich
bekannten Speichier veranlaBt, wabei cine Zuordming
zwischen dicsem Platz baw. dicsen Plitzen uned dem
betreffenden Groensymbol bis auf Widerruf festgelidten
wird. Das GroBensyinbol wird in Formeln vom Stener-
werk stellvertretend fiir die auf dem zugeordneten Platz
bzw. Plitzen gespeicherte Zahl baw. Zalikatz behandelt,

Die Belegung cincs mit einem Grolensymbol bezeich-
neten Platzes im Zahlspeicher durch eine Zahl erfolgt
durch das Ergibtsymbol - und Angabe der Gritie,
Es kann vortcilhaft scin, die obenerwiihnte Platzrescer-
vierung eorst zusammen mit der cben besprochenen
Platzbelegung durchzufiihren. Eine Zuriickstellung des
Rechenvorganges erfoigt, wenn innerhalb ciner Formel
cin GréBensymbol ins Steuerwerk gelangt, fiir das noch
keine Platzbelegung im Zahlspeicher vorg war,
wabei von auBien nenc Information so lange verlangt wird,
bis der zu reservierende Platz nunmchr durch cine Zahl
besetzt worden ist.

Durch die Einfiihrung der Buchstaben als Zeichen ist
bereits hier die Moglichkeit gegeben, die Ausgangs-
groBen einer Rechnung von vornhercin mit Buchstaben
zu bezeichnen, so daB die mathematischen Formein
ganz oder teilweise mit algebraischen Zcichen geschrieben
werden kdnnen.

Eine weitcre Ausgestaltung der Rechenanlage ist
durch MaBnahmen gegcben, dic im folgenden beschrieben
und als Stufe I1I bezcichnet werden. Wihrend die bisher
beschriebene Ausfiihrung bereits cine Rechenanlage mit
direkter Formelsteuerung und Niederschrift des gesamten
Ablaufs, d. h. der Eingabe und Resultate, in mathema-
tischer Schreibweise ermoglicht, ist es hiufig erwiinscht,
die Maglichkeit der Wiederholung von Formeln ausnutzen
zu kdnnen. Zu diesem Zweck wird dic gesamte einlaufende,
nach wie vor der direkten Formelsteuerung diencnde
Information gleichzeitiy nebenher in einem Formel-
speicher gespeichert. Zur ErschlieBung weiterer Maglich-
keiten werden zur Numerierung von Formeigruppen
besondere Zeichen als K ichnungssymbole benutzt,
derart, daB jedes Kennzeichnungssymbol beim erstmaligen
Einlaufen in das Steuerwerk hewirkt, daB die Zuordnung
zwischen dem Platz, den der Anfang der Formelgruppe
in einem Formelspeicher einnimmt, und dem Kenn-
zeichnungssymbol bis auf Widerruf festgehalten wird.

Es ist insbesondere maglich, die Anfinge von Formel-
gruppen zu kennzeichnen, wobei das Kennzeichnungs-
symbol etwa bestchen kann aus Ziffern mit Beifiigung
eincs speziellen Zeichens, filr das hinfort * benutzt wird,
Eine laufende Durchnumerierung soll nicht erforderlich
sein. Dabei ist es lediglich notwendig, vor dem Formel-
speicher cinen Vorspeicher anzuordnen, worin unter der
Nummer jedes Kennzeichnungssymbols als Eingang
derjenige Platz des dahinterlicgenden Hauptspeichers,
der mit dem betreflenden Kcnnzeichnungssymbol ge-
kennzeichnet ist, festgehalten ist.

Das Verfahren kann weiterhin so ausgebildet werden,
dal bereits dic Angabe eines Kennzeichnungssymbols in
Verbindung mit einem spezicllen Zeichen, z. B. eincm —-,
als Sprungsymbol geniigt, um zu bewirken, dal die
Rechnung wiederholt wird, allgemeiner, daB sie mit demn
Beginn der unter dem betreffenden Kennzeichen im
Formelspeicher notierten Formelgruppe fortgesetzt wird,
wobei der Obergang in bekannter Weise von Bedingungen
abhingig scin kann. Eine Zuriickstellung des Rechen-

von Zahlen oder Zahlsitzen, z. B. Ausgangsdaten und T eil-
ergebnissen, besondere Zeichen als algebraische GroBen-

To

vorganges erfolgt, wenn ein Sprungsymbol auf eine noch
nicht im Formelspcicher notierte Formelgruppe fiihrt,
wobei cbenfalls von auBen ncue Information verlangt
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wind. In dicsem wie auch in dem obenerwihnten Fall,
daB cin GraBensymbol in eciner Formel erscheint, das
noch kvine Bolcm'mg im Speicher hat, wird die verlangte
Information im Foarmelspeicher lediglich notiert unter
Festhaltung  der  durch Kennzeichmmygssymbole  be-
zeichneten Plitze der Anfinge cinzelner Formeigruppen
im Formelspeicher. Dieser Vorgang bricht automatisch
ab, wenn das Kennzeichnungssymbol der aufgerufenen
Formelgrupps ansgewertet. wird haw, wenn die auf-
gerufene GroBe mit viner Zahi belegt worden ist, wobei
der Rechenvorgang an der Unterbreclungsstelle wicder
einsotzt, insbesondere im letzterwihnten Fall der Sprung
ausgefithrt wird, Bei Ausnutzang  dieses Verfahrens
erfolgt eine Zuriickstellung des Rechenvorganges, auch
wenn das zeitlich zuletzt im Formelspzicher notierte
Formelzeichen abgearbzitet ist, ohne da es cinen
Sprung auf ein schon vorhandenes Kennzeichnungs-
symbol bewirkt. Die Mcklung, da der Formelspeicher
abgearbuitet ist, bewirkt daun, daB das Stenerwerk von
auBen neue Information verlangt, dic im Formelspeicher
notiert und gleichzeitig ausgefdhrt wird.

An Steile des bisher verfolgten Prinzips der bald-
méaglichen Ausfilhrung aller Verarbeitungsvorginge von
Formelsymbolen kann auch wahlweise cine weitere
ganze oder teilweise Zuriickstellung bis zu einem ge-
cigncten spiteren Zeitpunkt vorgenommen werden.

Ein besondcres Zeichen kann als Symbol sNicht

noticrene interpretiert werden, so dal anschlieBend die
Noticrung der von auBen einlaufenden Information bis
auf Widerruf, z. B, durch ein aufldsendes Symbol oder
das niichste einlaufende Kennzeichnungssymbol fiir
Formelgruppen, unterdriickt wird. .

Dic Maschine zur Ausfithrung des Verfahrens enthalt
in ihrer einfachsten Ausfithrungsform einen Vorent-
schliiBler, dem simtliche Formelzeichen in der Reihen-
folge der iiblichen Schreibweise zugefiihrt werden und der
mchrerc Ausginge aufweist, die zu cinem Ziffernumsetzer,
zu einecm Operati zer und zu cinem Ausgabe-
steuenwerk sowie zu einem Steuerwerk fiir sbedeutungslose
Zcichens fiihren. Die Umsetzer der Steuerwerke konnen
mit dem Schreibwerk in Verbindung stchen.

Der Zahlkeller und der Ziffernumsctzer sind derart
verbunden, daB der Zahlkeller die Zahlen in der Reihen-
folge des Eintreffens von dem Umsetzer abnehmen kann
und daB ferner dic jeweils erste in der Sequenz stehende
Zah! beim Eintreffen eines entsprechenden Befchles iiber
das Ausgabesteuerwerk als Ergebnis dem Schreibwerk
zugefithrt wird.

Der Operationsumsetzer steht mit dem Operations-
keller in Verbindung, so daB er in dicsen dic Operations-
symbole in der Reihenfolge ihres Eintreffens einspeisen
kann, wobei das jeweils zuletzt eingespeiste der von unten
nachrilckenden, friiher eingespeisten Symbole bzw. das
nen ankommende Symbol an das Rechenwerk abgegeben
werden kann, um solche Operationen auszufiihren, fir
dic dic zugehdrigen Operanden an der Spitze der im
Zahlkeller befindlichen Sequenz vorliegen.

Es ist zweckmiBig, daB solche Zeichen, die eine Formel
abschlicBen, insbesondere das Gleichheitszeichen oder
das Ergibtzcichen, cine Priifung auf ssinnvolle Formcle
veranlassen,

Der Operationskeller und der Zahlkeller kénnen Ein-
richtungen aufweisen, die dic zugefihrten Zcichen da-
durch sequenticllspeichern,dal sie die bercitsgespeicherten
Zeichen in der Reihienfolge des Eintreffens nach unten
weiterschieken und. cine Abgabe_nur des.jeweils zuletzt
gespeicherten oder des obersten der von unten nachzu-
schichenden Zeichen gestatten.

Bei ciner anderen Ausfithrungsform weist der” Ope-
rationskeller und/oder der Zahlkeller Einrichtungen auf,

w
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dic die zngefithrten Zeichen dadurch sequenticll speichern,
dal jedes cintreffende Zeichen aul den Platz vor dem
zuletzt cingetrolfenen gesetzt wird, dal dieser  Platz
festiehalten wird und da8 ferner dic Abnalune von dem
zuletzt festgehaltenen Platz erfolyt.

Das Rechenwerk verarbeitet die im obersten oder in
den beiden oheesten Geschossen des Zahikellers b
findlichen Zahlen entsprechend den von der Operations-
stenerung erhaltenen Anweisungen und gibt das Ergebnis
wicder an das oberste Geschol des Zahlkellers ab.

Das  Ausgabesteuerwerk ist  vorzugsweiss mit  dem
Zahlkeller derart verbunden, daB beim Eintreffen cines
Gleichheitszeichens nnd  gegebenenfalls  nachfolgender
Zeichen #Ziffer verlangte die Verbindung des Zahikellers
mit dem Schreibwerk hergestellt und die im obersten
GeschoB des Zahlkellers befindliche Zahl ganz oder
teilweise an das Schreibwerk abgegeben wird.

Mit der angegebenen Maschine kann auch mit Index-
groen gerechnet werden. Die Rechnung mit  [ndex-
groBen erfolgt dabei ganz analog wie das Rechnen mit
den dbrigen RechengriBen. Zur Berzeichnung von
indizierten GroBen konnen besondere Zcichen als Index-
symbole verwendet werden, die Beginn und Ende der
Indizes und die Abtrennung der einzelnen Indexstellen
angehen, wobei diese Zeichen besonderen Vorrichtungen
zugeftihrt werden, die intermediir einc Unterbrechung
der laufenden Rechnung, die Auswertung der auf den
Indexstellen befindlichen Ausdriicke nach dem oben-
genannten Verfaliren und die Ansteuerung der durch die
Indexauswertung festgestellten Einzclkomponente der
induzierten GriBe bewirken. Die Durchfthrung von
derartigen Rechnungen wird weiter unten beispiclsweise
niher beschrichen, wobei diese Verfahren als Stufe IV
bezeichnet sind. .

Weitere Merkmale und Vorteile des Erfindungs-
gegenstandes gehen aus der folgenden Beschreibung von
Ausfithrungsbeispielen hervor, die an Hand der Zeich-
nungen beschrieben werden.




34

1094019

PATENTANSPRUCHE:

1. Verfahren zur automatischen Verarbeitung von
kodicrten Daten, z. B. arithetischen Formeln in
@blicher Schreibweise, die als kodierte Zeichen Klam-
mern, Operationssymbole, Zahlen und Variable ge-
mischt, Dezimalkommas, Indizes, Entscheidungs-
symbole sowie Formelnummern enthalten, in ciner
datenverarbeitenden Maschine mit ciner Eingabe- und
cincr Ausgabevorrichtung, dadurch gekennzeichnet,
daB dic den cinzelnen Zeichen entsprechenden Signale
in der Reihenfolge der Aufschreibung cinem Analysa-
tor (4, 28) zugefiihrt und in diesem entsprechend der
Reilenfolge des Eingangs gepriift werden, ob dic
Opcrationen sofort auslihrbar sind oder ob der Ein-
gang weiterer Signale abgewartet werden mul, dal
in diesem letzteren Fall dic noch nicht verarbeitbaren
Zeichen in cinen Speicher (Keller) cmgcfﬂhrt werden
undd JaB heim Eintrefien nener Zeichen im Analysator
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(4, 28), dic die Ausfithrung ciner Operation mit ge-
speicherten Zeichen ermaglichen, diese gespeicherten
Zeichen in der durch die Art der Einfithrung fost-
gelegten wingekehrten Reihenfolme entnommen unel
V(’ri\l'll‘il(‘t \\'('I’lll'll.

2. Verlahren nach Anspruch i, dadurcin gekenn-
zeichnet, dall im Analysator die Formelzeichen naeh
Ziffernsymbolen  (Zahlen) und - Operationssymbolen
getrennt sind und, sofern sie zanickgestellt werden
miissen, zwei verschicdenen speicherfiibigen Vorrich-
tungen (11, 12), vorzngsweise zwei verschisdenen
sKellerie, niimlich  dem Zahlkeller (11) und  dem
Operationskeller (12), zugefihrt werden,

3. Verfahren nach Anspriichen 1 und 2, dacurch
gekennzeichnet, dal die in dem Zahikeller (11) bzw.
dem Opcrationskeller (12) ncu cintreffenden Zeichen
sich jeweils an die Spitze der entsprechenden Sequenz
setzen und dic Entnahine eines Zeichens automatisch
durch Wegnahme von der Spitze der entsprechenden
Sequenz erfolgt.

4. Verfahren nach Anspriicchen 1 und 2, dadurch
gcl\cnnzcxchnct daB solchc l-omrcl:eu.hen welche cin
Resultat verl letce das Gleichheits-
zcichen, einer besonderen Vorrichtung, nimlich der
Ausgabesteueruny (6), zugefithrt werden, dal fer-
ner dadurch automatisch das Endcergebnis der Formel-
auswertung zur Ausgabe.gebracht wird.

S. Verfahren nach Anspriichen I bis 4, dadurch
gekennzeichnet, daB znr formelartigen Benennung
von Zahlen oder Zahlsitzen, z. B. Ausgangsdaten und
Teilergebnissen, besondere Zeichen, z. B. Buchstaben,
als algebraische Grolensymbole und zugehdrige Kode-
zeichen benutzt werden, derart, daB jedes Zcichen
beim erstmaligen Einlaufen in den Analysator (4, 28)
eine Reservierung von an sich beliebigen Plitzen fiir
eine Zahl oder einen Zahlsatz in einem an sich be-
kannten Speicher veranlaBt, wobei cine Zuordnung
zwischen diesem Platz bzw. diesen Pliitzen und dem
betreflcnden GréBensymbol im GroBenvorspeicher (24)
bis auf Widerruf festgehalten wird.

6. Verfahren nach Anspruch S, dadurch gekenn-
zeichnet, daB das GréBensymbol in Formeln vom
Analysator (4, 28) stellvertretend for dic auf dem
zugeordneten Platz bzw. Plitzen gespeicherte Zahl
bzw. Zahlsiitze behandelt wird,

7. Verfahren nach Anspriichen 1 bis 6, dadurch
gekennzeichnet, daB zur Bezcichnung von indizierten
GroBen besondere Zeichien als [ndexsymbole verwendet
werden, die Beginn und Ende der Indizes und die
Abtrennung der einzelnen Indexstellen angeben, wo-
bei diese Zeichen im Analysator ciner Hilfssteuer-
einrichtung (28) zugefiihrt werden, die intermediiir
einc Unterbrechung der laufenden Rechnung, die
Auswertung der auf den Indexstellen befindlichen
Ausdriicke nach dem obengenannten Verfahren und
die Ansteucrung der durch die Indexauswertung
liten Einzell te der indizierten GroBe

fest
bewirken.

8. Verfahren nach Anspriichen 1, 5 und 6, dadurch
gekennzeichnet, daB cine Zuriickstellung des Rechen-
vorganges erfolgt, wenn innerhalb ciner Formel cin
GroBensymbol in den Analysator (4, 28) gelangt, fiir
das noch keine Platzreservierung im Zahlspeicher (22)
vorgenommen war, wobei von anBen neue Information
so lange verlangt wird, bis der numinchr zu reservie-
rende Platz durch eine Zahl besetzt worden ist.

9. Verfahiren nach Amspriichen 1 his 4, dadurch
gekennzeichnet, daB zur Nuwmerierung von Formel-
gruppen besondere Zeichen als Kennzeichnungssyu-
bole und zugchirige Kodescichen benuezt werden,
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derart, daB jedes Kennzeichensymbol briay erstmali-
zen Einlaufen in den Analysator bewirkt, «dall die
Zuordnung zwischen dem Platz, den der Anfang ('lvr
Formelgruppe in  cinem Formelspeicher (23) ein-
und dem  Kennzeichnungssvmbol  bis auf

nimimnt, "
KennzeichenentschliiBler (25)  festge-

Widerruf im
halten wird.

10. Verfairen nach Anspruch 9, dadurch gekenn-
zeichnet, daB bereits die Angzabe vines Kennzeichnungs-
symboals in Verbindung mit cinem spezicllen Sprung-
svmbol geniigt, um zu bewirken, dag die Rechnung
mit dem Beginn der unter dem betrefienden Kenn-
zeichen im  Formelspeicher (23) noticrten Formel-
gruppe fortgesetzt wird, wobei der Sprang in bhekann-
ter Weise von Bedingungen abhiingig scin kann.

11. Verfahren nach Anspriichen 1, 9 und 10, dadurch
gekennzeichnet, daB cine Zuriickstellung dex Rechen-
vorgangs crfolgt, wenn das zeitlich zulctzt im Formel-
speicher (23) notierte Formelzcichen abgearbeitet ist,
ohne daB cs eincn Sprung auf cin schon vorhandenes
Kennzeichnungssymbol bewirkt, wobei von aulen
neue Information verlangt wird.

12. Verfahren nach Anspriichen 1 und 9 bis 11, da-
durch gekennzcichnet, daB ein Sprungsymbol, das auf
cinc noch nicht im Formelspeicher (23) notierte For-
melgruppe fiihrt, bzw. dic Meldung, dal der Formel-
speicher abgearbeitet ist bzw. daB ein GroBensymbol
in einer Formel erscheint, das noch keine Belegung im
Zahlspeicher hat, bewirkt, daBl der Analysator den
Rechenvorgang abbricht und von aullen neue Infor-
mation verlangt; dicse Information wird mindestens
so lange im Formelspeicher oder, soweit es sich um
cine Vorcinstellungspeicherung  handelt, im  Zahl-
spricher lediglich notiert, bis alle zur Fortsetzung der
Rechnung notwendigen Angaben zur Verfiigung stehen,
worauf der Rechenvorgang automatisch an der Unter-
brechungsstelle wieder einsetzt.

13. Verfahren nach Anspriichen 1, 9 und 10, da-
durch gckennzcichnet, dal eine Zuriickstellung des
Rechenvorganges erfolgt, wenn ein Sprungsymbol auf
cine noch nicht im Formelspeicher (23) notierte
Formelgruppe fiihrt, wobei von auBen eine ncue
Information verlangt- wird, dic im Formelspeicher
lediglich notiert wird unter Festhaltung der durch
Kennzeichnungssymbole bezeichneten Plitze der An-
finge einzciner Formelgruppen im Formelspeicher,
und daB dicser Vorgang antomatisch abbricht, wenn
das Kennzeichnungssymbol der aufgerufenen Formel-
gruppe ausgewertet wird, wobei der Rechenvorgang
wieder einsetzt.

14. Verfahren nach Anspriichen 1 bis 13, dadurch
gekennzeichnet, daB wahlweise an Stelle des bisher
befolgten Prinzips der baldméglichsten Ausfithrung
aller Verarbeitungsvorginge von Formelsymbolen
cine weitcre ganze oder teilweise Ziriickstellung bis
zu cinem geeigneten spiteren Zeitpunkt vorgenom-
men wird.

15, Verfahren nach Anspriichen 1 und 9 bis 12, da-
durch gekennzeichnet, daB cin besonderes Zeichen als
Symbol snicht noticrens interpretiert wird, derart, dal
anschliclend die Notierung der von auBen einlaufen-
den Information bis auf Widerruf, z. B. durch ein
austésendes Symbol oder das nichste, in den Analy-
sator (4) cintaufende Kennzeichnungssymbol fiir For-
melgruppen, unterdriickt wird.

16. Automatische Rechenmaschine zur Ausfithrung
des Verfahrens nach Anspriichen 1 bis 15, dadurch
gekennzeichnet, daB der Analysator cinen Vorent-
schliiBler (5) enthiift, dem simtlichc Formelzeichen in
der Reilenfolge der iiblichen Schreibweise zugefithrt
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werden, wad der mehirere Ausgdage aufweist, dic zu
cinem Ziflernumsetzer (7), z2n cinem Operationsum-
setzer (8) umd zu cinem Ausgabesteuerwerk (6) sowie
zu cinem Steucrwerk (9) fiir shedeutungslose Zeichene
fiihren,

17. Rechenmaschine nach  Anspiuch 16, dadurch
gekennzeichnet, dall die Umsetzer der Stenerwerke
mit dem Schreibwerk (2) in Verbindung stehen,

18. Rechenmaschine nach Anspriichen 16wl 17,
dadurch gekennzeichnet, dal der Zahlkeller (11) uned
der Ziffernumsetzer (7) derart verbunden sind, dals
der Zahlkeller die Zablen in der Reihenfolge des Ein-
treffens von dem Umsetzer abnehmen kann unel dal
ferner dic jeweils erste in der Sequenz stehende Zahl
beim Eintreflen cines entsprechenden Befehls ibwer
das Ausgangssteuerwerk als Ergebnis dem Schreib-
werk (2) zugefiihrt wird.

19. Rechenmaschine nach Anspriichen 16 bis 18,
dadurch gekennzeichnet, dal der Operationsumsetzer
(8) mit dem Operationskeller (12) in Verbindung stehit,
so daB er in dicsen die Operationssymbole in der
Reihenfolge ihres Eintreffens einspeisen kann, wobei
nach der den Ablauf der dirckten Formelauswertung
wiedergebenden Vorschrift entweder das jeweils zu-
letzt eingespeiste unter gleichzeitigem Nachriicken
der frither eingespeisten Symbole von unten her oder
das neu ankommende, Symbol an das Rechenwerk (10)
abgegeben werden kann, um solche Operationen aus-
zufilhren, fiir die die zugehérigen Operanden an der
Spitze der im Zahlkeller befindlichen Sequenz vor-
liegen.

20. Rechenmaschine nach Anspriichen 16 bis 19,
dadurch gekennzeichnet, daB Einrichtungen vorgese-
hen sind, dic beim Eintreffen solcher Zeichen, die cine
Formel abschlicBen, insbesondere des Gleichheits-
zeichens oder des Ergibtzeichens, eine Priifung auf
ssinnvolle Formele veranlassen.

21. Rechenmaschine nach Anspriichen 16 bis 20,
dadurch gekennzeichnet, daB der Operationskeller (12)
und der Zahlkeller (11) Einrichtungen aufweisen, die
die zugefiihrten Zeichen dadurch sequentiell speichern,
daB sie die bereits gespeicherten Zeichen in der Reihen-
folge des Eintreffcns nach unten weiterschieben und
eine Abgabhe nur des jeweils zuletzt gespeicherten oder
des obersten der von unten nachzuschicbenden
Zeichen gestatten.

22. Rechenmaschine nach Anspriichen 16 bis 20,
dadurch gekennzeichnet, dal der Operationskeller (12)
und der Zahlkeller (11) Einrichtungen aufweisen, die
die zugefiihrten Zeichen dadurch scquentiell speichern,
daB jedes eintreffende Zeichen auf den Platz vor dem
zuletzt eingetrofienen gesetzt wird, daB dieser Platz
festgehalten wird und daB ferner dic Abnahme von
dem zuletzt festgehaltenen Platz erfoigt.

23. Rechenmaschine nach Anspriichen 16 bis 22,
dadurch gekennzeichnet, daB das Rechenwerk (10) die
im obersten oder in den beiden obersten Geschossen
des Zahlkellers befindlichen Zahlen entsprechend den
von der Operationssteuerung erhaltenen Befchien ver-
arbeitet und das Ergebnis wieder an das oberste Ge-
schoB des Zahlkellers abgibt.

24. Rechenmaschine nach Anspriichen 16 bis 23,
dadurch gekennzeichnet, daB das  Ausgabestener-
werk (16) mit dem Zablkeller (11) derart verbunden
ist, «lal beim Eintreffen eines Gleichheitszeichens und
gegevenenfalls nachfolgender Zeichen oZifter verlangts
dic Verbindung des Zahlkellers mit dem Schireibwer
hergestellt und die im obersten GeschoO des Zahlkellers
befindliche Zahl ganz oder teilweise an das Schreib
werk abgegeben wird.
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25, Rechenmaschine nach  Anspruch 24, dadurch
pekennzeichnet, daB in dem Tastenfekd (1) cine Ergeb-
nistaste vorgeschen ist, die bewitke, daB dic cinzelnen
Stellen des Ergebnisses jeweils heim Anschlag der
Taste geschrichen werden, so dall jede gewiinschte
Anzahl  von  Ergebnisstellen  geschrichen  werden
kann.

26. Rechenmaschine nach Anspriichen 16 bis 25,
dadureli gekennzeichnet, dald an den Varentschlio-
ler (5) einim Stenerwerk betindlicher Graienentschlii-
ler angeschlossen ist, der beim erstmaligen Eintreffen
cines GroBensvmbols, vorzugsweise wenn os unmittel-
Dbar auf ein sErgibtzeichene folgt, diesem GriBensymbol
die Nummer cines freien Platzes im Zahlspeicher der-
art zuordnet, daB fernerhin dassclbe GréBensymbol
beim Einlaufen in den GréBeuspeicher unmittelbar
die Ansteuerung des zugehdrigen Speicherplatzes zur
Aufnahme von Zahlen aus dem Zahlkeller bzw. dem
Rechenwerk oder zur Abgabe von Zahlen in den Zahl-
keller bzw. das Rechenwerk bewirkt.

27. Rechenmaschine nach Anspriichen 16 bis 26,
dadurch gekennzeichnet, daB an den VorentschliBler
ein im Steucrwerk befindlicher KennzeichenentschlaB-
ler (25) angeschlossen ist, der beim erstmaligen Ein-
treffen cines K ichnungssymbols fiir Formcl-
gruppen dicsem die Nummer desjenigen Platzes im
Formelspeicher zuweist, auf den das erste Symbol der
nachfolgenden Formelgruppe trifit, derart, daB ferner-
hin dasselbe Kennzeichnungssymbol in Verbindung
mit einem Sprungsymbol unmittelbar die Ansteucrung
des festgehaltenen Platzes des Anfangs der Formel-
gruppe im Formelspeicher bewirkt, von wo aus die
FormelentschliiBlung fortgesetzt wird.

28. Rechenmaschine nach Anspriichen 21 und 22,
dadurch gekennzeichnet, daB der Zahikeller (11) mit
dem Rechenwerk (10) derart vereinigt ist, daB die
iiblicherweise als Multiplikanden-Divisor- Register,
Akkumulator und Multiplikatorregister bezeichneten
speicherfihigen Einrichtungen des Rechenwerkes
ganz oder teilweise in den obersten Plitzen des Zahl-
kellers liegen.

29. Rechenmaschine nach Anspriichen 16 bis 28,
dadurch gekennzeichnet, daB die Plitze des Zahl-
kellers auch im Falle des Vorkommens von Zah'en
wechselnder Linge voll ausgenutzt werden, wobei dic
einzelncn Zahlen gegebenenfalls durch Markierungs-
oder SchluBzeichen voneinander getrennt sein kénnen.

30. Rechenmaschine nach  Anspruch 28, dadurch
gekennzeichnet, daB der Zahlkeller nach oben als
Appendix fortgesetzt und andererseits mit cinemn
ringformigen Speicher iiber Verschiebecinrichtungen
verbunden ist, derart, daB dic Durchfiihrung der
Rechenoperationen aunf synchrone Verschicbungen im

Appendix und im ringférmigen Speicher unter gicich-

zeitiger stellenweiser Addition und Verschichung in
den Zahlkeller hincin zuriickgefithrt werden kann.

31. Rechenmaschine nach Anspruch 28, dadurch
gekennzeichnet, daB der Zahlkeller als ringformiger
Speicher derart ausgebildet ist, daB er durch Ver-
schivheeinrichtungen in Verbindung mit einem weite-
ren ringfdrmigen Speicher steht, so daB die Rechen-
operationen auf synchrone Verschicbungen in den
beiden  ringformigen  Speichern unter  gleichzeitig
stellenweiser Addition in den Zahlkeller hinein zurick-
gefiihrt werden konnen,

32. Rechenmaschine zur Ausfithrung des Verfahrens
nach Anspriichen 1 bis 15, dadurch gekennzeichnet,
daB dic Rechenregister als anstcucrbare, aber nicht
notwendig verschiebbare Speicher ausgehildet sind,
derart, daB diber parallcl ausgebildete Sucheinrichtun-
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gen die Operanden  abgegrifien und  dadurch die
Durchfiithrung der Rechenoperationen aul sukzessive
stellenweise Additionen zuriickgefihrt wivd, waolbwd
das Ergebais in cinem der beiden Operandenpliitze
wicder aufgebaut werden kann,

33. Rechemmaschine nach  Anspruch 32, dadurch
ackennzeichnet, daBd der Zahlkeller und gegebenenfalls
das Multiplikanden-Divisor-Register als ansteuerbane,
aber nicht notwendig verschichbare Speicher ansge-
bildet sind und dalt zur Durchfiibrung der aritluncti-
schen Operationen der Zablkeller mithenutzt wird,

34. Rechenmaschine nach Anspriichen 32 und 33,
dadurch gekennzeichinet, dall der Zahlkeller (11) ganz
odler teilweise in Plitze des an sich vorhandenen Zall-
speichers (22), vorzugsweise in dic jeweils freien Plitze,
gelegt wird, wobei der jewcilige Stand des freien
Speichers und der jeweilige Stand der Spitze der Zahl-
kellersequenz  durch  besondere  Ziihlregister festge-
halten werden kann.

35. Rechenmaschine zur Aus{iihrung des Verfahrens
nach Anspriichen | bis 15, dadurch gekennzeichnet,
daB an Stelle des Zahlkellers cin Platznummernkeller
tritt, in dem anstatt der in den Zahlkeller cinzulahren-
den Zahlen dercn Platznummern im Hauptzablspeicher
festgehalten und bei der Formelauswertung stell-
vertretend fitr die durch sie anzusteuernden Zahlen
behandelt werden.

36. Rechenmaschine nach Anspriichen 32, 33 und 34,
dadurch gekennzeichnet, daB der Operand oder die
beiden Operanden ciner arithmetischen Operation
mittels zihlfihiger Register, dic von den Inhalten des
Platznummernspeichers her eingestellt werden, ange-
steuert werden und daB die Speicherplitze des Resul-
tats von dem Register, in dem der jeweilige Stand der
Spitze der Zahlkellersequenz festgehalten wird, her
angesteuert werden, wobei der Stand des Registers
sfreier Speichere zur Sinnvolltestung herangezogen
werden kann., .

37. Rechenmaschine nach Anspriichen 35 und 36,
dadurch gekennzeichnet, daB zur Kennzeichnung von
Zahlen wechselnder Linge die Platznummern des
Zahlenanfanges und die Stellenzalil im (rolenvor-

icher (24) festgehalten werden.

38. Rechenmaschine nach Anspriichen 29 oder 37
und 38, dadurch gekennzeichnet, daB mit Zahlen
wechselnder und im Prinzip belichiger Linge gear-
beitet wird.

39. Rechenmaschine zur Ausfiihrung des Verfahrens
nach Anspriichen 1 bis 6, dadurch gekennzeichnet,
daB zur Auffindung der cinzelnen Komponenten von
Zahisiitzen, die indizierten GroBen entsprechen, die
Platznummer des Anfangs des Zahlsatzes und die
KenngroBen fiir den Indexlan{ sowie gegebenenfalls
die Zahlliinge im GriBenvorspeicher (24) festgehalten
werden.

40. Rechenmaschine nach  Anspruch 39, dadurch
gekennzeichnet, daB cine Zuwecisung von Speicher-
plitzen zu GroSensymbolen, insbesondere indizierten
GroBensymbolen, beim ersten Auftreten einer expli-
ziten Speicherungsvorschrift vorgenemmen wird, wo-
bei einer zihifihigen Vorrichtung der Stand des sfreien
Spricherss entnommen und im Vorspeicher unter dem
Eingang des GriiBensymbols gespeichert wird und
wobei ferner die Kenngrallen fiir den Indexlauf, go-
gebenenfalls cinsclilicBlich der Zallkingen, der Spei-
cherungsvorschrift entnommen werden,

41. Rechenmaschine nach Anspriichen 39 und 40,
dadurch gekennzeichnet, daB die Indexsymbole einer
Hilfssteuereinrichtung  zugefihrt werden, die den
Ubcrgang zur Auswertung der Formelausdriicke auf

P
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den cinzelnen Indexstellen veranlalt und fir die Ein- zierten GroBe diese im Zahlspeicher aufsucht und sie
schicbung der spezicllen  Index-Auswertungsopera- der weiteren Formelauswertung zur Verfiigung stellt.
tionen, die mit den KenngroBen des Indexlaufes bzw. —_—
der Zahllinge und der Platznummer des Anfangs In Betracht gezogene Druckschriften:
durchzufiihren sind, sorgt und mit der so errechneten s Deutsche Patentschrift Nr. 922 085;
Platznummer der betreffenden Komponente der indi- Hollerith-Nachr., 74, 1937, S. 1022,
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Summary. Organization and maintenance of an index for a dynamic random
access file is considered. It is assumed that the index must be kept on some pseudo
random access backup store like a disc or a drum. The index organization described
allows retrieval, insertion, and deletion of keys in time proportional to log, I where I
is the size of the index and % is a device dependent natural number such that the per-
formance of the scheme becomes near optimal. Storage utilization is at least 50%
but generally much higher. The pages of the index are organized in a special data-
structure, so-called B-trees. The scheme is analyzed, performance bounds are obtained,
and a near optimal % is computed. Experiments have been performed with indexes
up to 100000 keys. An index of size 15000 (100000) can be maintained with an average
of 9 (at least 4) transactions per second on an IBM 360/44 with a 2311 disc.

1. Introduction

In this paper we consider the problem of organizing and maintaining an
index for a dynamically changing random access file. By an index we mean a
collection of index elements which are pairs (x, «) of fixed size physically adjacent
data items, namely a key x and some associated information «. The key x identifies
a unique element in the index, the associated information is typically a pointer
to a record or a collection of records in a random access file. For this paper the
associated information is of no further interest.

We assume that the index itself is so voluminous that only rather small
parts of it can be kept in main store at one time. Thus the bulk of the index must
be kept on some backup store. The class of backup stores considered are pseudo
random access devices which have a rather long access or wait time —as opposed
to a true random access device like core store—and a rather high data rate once
the transmission of physically sequential data has been initiated. Typical pseudo
random access devices are: fixed and moving head discs, drums, and data cells.

Since the data file itself changes, it must be possible not only to search the
index and to retrieve elements, but also to delete and to insert keys—more
accurately index elements—economically. The index organization described
in this paper always allows retrieval, insertion, and deletion of keys in time
proportional to log, I or better, where I is the size of the index, and % is a device
dependent natural number which describes the page size such that the perform-
ance of the maintenance and retrieval scheme becomes near optimal.

In more illustrative terms theoretical analysis and actual experiments show
that it is possible to maintain an index of size 15000 with an average of 9 retrievals,
insertions; and deletions per second in real time on an IBM 360/44 with a 2311
disc as backup store. According to our theoretical analysis, it should be possible
to maintain an index of size 1500000 with at least two transactions per second
on such a configuration in real time.
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The index is organized in pages of fixed size capable of holding up to 2%
keys, but pages need only be partially filled. Pages are the blocks of information
transferred between main store and backup store.

The pages themselves are the nodes of a rather specialized tree, a so-called
B-tree, described in the next section. In this paper these trees grow and contract
in only one way, namely nodes split off a brother, or two brothers are merged
or “catenated” into a single node. The splitting and catenation processes are
initiated at the leaves only and propagate toward the root. If the root node splits,
a new root must be introduced, and this is the only way in which the height
of the tree can increase. The opposite process occurs if the tree contracts.

There are, of course, many competitive schemes, e.g., hash-coding, for or-
ganizing an index. For a large class of applications the scheme presented in this
paper offers significant advantages over others:

i) Storage utilization is at least 50% at any time and should be considerably
better in the average.

ii) Storage is requested and released as the file grows and contracts. There
is no congestion problem or degradation of performance if the storage occupancy
is very high.

iii) The natural order of the keys is maintained and allows processing based
on that order like: find predecessors and successors; search the file sequentially
to answer queries; skip, delete, retrieve a number of records starting from a
given key.

iv) If retrievals, insertions, and deletions come in batches, very efficient
essentially sequential processing of the index is possible by presorting the trans-
actions on their keys and by using a simple prepaging algorithm.

Several other schemes try to solve the same or very similar problems. AVL-
trees described in [41] and [2] guarantee performance in time log, I, but they
are suitable only for a one-level store. The schemes described in [3] and [4] do
not have logarithmic performance. The solution presented in this paper is new
and is related to those described in [1—4] only in the sense that the problem to
be solved is similar and that it uses a data organization involving tree structures.

2. B-Trees

Def. 2.1. Let 7 =0 be an integer, 2 a natural number. A directed tree T
is in the class 7 (%, k) of B-trees if T is either empty (h=0) or has the following
properties:

i) Each path from the root to any leaf has the same length 4, also called the
height of T, i.e., h =number of nodes in path.

ii) Each node except the root and the leaves has at least % 41 sons. The root
is a leaf or has at least two sons.

iii) Each node has at most 2% 41 sons.

Number of Nodes in B-Trees. Let Ny, and N, be the minimal and maximal
number of nodes in a B-tree T €t (%, k). Then

N =142 (k-1 + (& + 1+ 1o (5 +1)*72) =1 4 = ((k +1)*""—1)
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for £ =2. This also holds for & =1. Similarly one obtains

h-—-1 i 1 .
Mo = X (k+1) =55 (2 +1)'—1);  hzt.

Upper and lower bounds for the number N (T) of nodes of T €7 (%, k) are given by:
N(T)=0 ifTer(k0); (2.1)
2 1 .
1+ (B +1)*"*—1) SN(T) = 55 (22 +1)*—1) otherwise.

Note that the classes (%, #) need not be disjoint.

3. The Data Structure and Retrieval Algorithm

To repeat, the pages on which the index is stored are the nodes of a B-tree
Tev(k h) and can hold up to 2% keys. In addition the data structure for the
index has the following properties:

i) Each page holds between % and 2% keys (index elements) except the root
page which may hold between 1 and 2% keys.

ii) Let the number of keys on a page P, which is not a leaf, be /. Then P has
! +1 sons.

iii) Within each page P the keys are sequential in increasing order: x,, x,,
voe, %, BZ1 =<2k except for the root page for which 1 =/<2%. Furthermore,
P contains /41 pointers p,, p;, ..., p; to the sons of P. On leaf pages these
pointers are undefined. Logically a page is then organized as shown in Fig. 1.

N

Po | X | @ | Pr | X2 | %2 | P2 Xl oy | b %usn L;lsceedf//

YL

Fig. 1. Organization of a page

The «; are the associated information in the index element (x,, «;). The triple (x,,
«;, p;) or—omitting o, —the pair (x;, p;) is also called an eniry.

iv) Let P(p;) be the page to which p; points, let K (p;) be the set of keys on
the pages of that maximal subtree of which P(p,) is the root. Then for the B-trees
considered here the following conditions shall always hold:

(VyeK (o) (y <), (3.1)
(VyeK ($))(x: <y <#41); =1,2,...,0—1, (3.2)
(YyeK(p))(x:<y)- (3-3)

Fig. 2 is an example of a B-tree in 7(2, 3) satisfying all the above conditions.
In the figure the «; are not shown and the page pointers are represented graphi-
cally. The boxes represent pages and the numbers outside are page numbers to
be used later.



46

1
i |
2 L3
[r548 ] [p16¢ 210 |
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\
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[ 6 7 ] [17 18 19 20]
7

(12 13 14 15|

Fig. 2. A data structure in 7(2, 3) for an index

Retrieval Algorithm. The flowchart in Fig. 3 is an algorithm for retrieving a
key y. Let p, 7, s be pointer variables which can also assume the value *“undefined ”
denoted as . 7 points to the root and is « if the tree is empty, s does not serve
any purpose for retrieval, but will be used in the insertion algorithm. Let P(p)
be the page to which ¢ is pointing, then x,, ..., x;are thekeysin P(p) and p,, ..., 9,
the page pointers in P (p).

The retrieval algorithm is simple logically, but to program it for a computer
one would use an efficient technique, e.g., a binary search, to scan a page.

Cost of Retrieval. Let h be the height of the page tree. Then at most % pages
must be scanned and therefore fetched from backup store to retrieve a key y.
We will now derive bounds for % for a given index of size I. The minimum and
maximum number I and I, of keys in a B-tree of pages in 7 (%, 4) are:

Ipin =1 +k(2 (k+—’)2—1—”—1—) =2(k+1)*1—1

(2k +1)h—1)
2%

Im=2k( =2k +1)*—1.

This is immediate from (2.1) for 2 =1. Thus we have as sharp bounds for the
height A:
logos+a (I +1) Sh <1+ logyyy (I—;H—) for I=1,

h=0 for I=0.

(31)

4. Key Insertion
The algorithm in Fig: 4 inserts a single key y into an index described in
Section 3. The variable s is a page pointer set by the retrieval algorithm pointing
to the last page that was scanned or having the value u if the page tree is empty.
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S‘—p
YES ;
€ P+ Po y<x
Y
YES )
N p‘—pl ai(xi<y<x,-+1)?
NO
< Pep <

Splitting a Page. If a page P in which an entry should be inserted is already
full, it will be split into two pages. Logically first insert the entry into the sequence
of entries in P—which is assumed to be in main store—resulting in a sequence

Fig. 3. Retrieval algorithm

Po» (%1, P1), (%2, B2), -+, (%2ps1s Pansr)-

Now put the subsequence p,, (%;, #y), ..., (%, p;) into P and introduce a new

page P’ to contain the subsequence

D (XagPra) (%R e39 Prra)s - -5 (Y2ps1s Porsr) -

Let Q be the father page of P. Insert the entry (x,,,, ¢"), where p’ points to P’,

into Q. Thus P’ becomes a brother of P.
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Inserting (x,.;, ') into Q may, of course, cause Q to split too, and so on,
possibly up to the root. If the splitting page P is the root, then we introduce a
new root page Q containing p, (%4.,, ') where p points to P and ' to P'.

Note that this insertion process maps B-trees with parameter k into B-trees
with parameter %, and preserves properties (3.1), (3.2), and (3.3).

To illustrate the insertion process, insertion of key 9 into the tree in Fig. 5
with parameter % =2 results in the tree in Fig. 2.

START

Y

apply retrieval
algorithm for
key y

( found y? YES

L NO
s=u? YES tree is empty,
create root
age with
y NO pag y
split page i
P uine | YES is P(9) full? )
for P(s)
NO

A

insert entry
(y,w)in P(s)

STOP

»{ successful |
insertion

* Key y is already in index, take appropriate action.

Fig. 4. Insertion algorithm
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2
5 ellp16 < 21 o]

4 5 7 8 9
[L 2 3 4] [6 7 8 10] 121314 15] [17181920] [2 23 24 23]

Fig. 5. Index structure in 7 (2, 2)

5. Cost of Retrievals and Insertions

To analyze the cost of maintaining an index and retrieving keys we need
to know how many pages must be fetched from the backup store into main
store and how many pages must be written onto the backup store. For our analysis
we make the following assumption: Any page, whose content is examined or
modified during a single retrieval, insertion, or deletion of a key, is fetched or
paged out respectively exactly once. It will become clear during the course of
this paper that a paging area to hold % 41 pages in main store is sufficient to do
this.

Any more powerful paging scheme, like e.g., keeping the root page permanently
locked in main store, will, of course, decrease the number of pages which must
be fetched or paged out. We will not, however, analyze such schemes, although
we have used them in our experiments.

Denote by fuin (fmax) the minimal (maximal) number of pages fetched, and
bY @pin (Wmey) the minimal (maximal) number of pages written.

Cost of Retrieval. From the retrieval algorithm it is clear that for retrieving
a single key we get
fmin=1; fmax=h, Winin = Wax =0.

Cost of Insertion. For inserting a single key the least work is required if no
page splitting occurs, then
f min = h; Winin =1.

Most work is required if all pages in the retrieval path including the root page
split into two. Since the retrieval path contains # pages and we have to write
a new root page, we get:

foax =P,  Wpa=2h+1.

Note that & always denotes the height of the old tree. Although this worst bound
is sharp, it is not a good measure for the amount of work which must generally
be done for inserting one key.

If we consider an index in which keys are only retrieved or inserted, but no
keys are deleted, then we can derive a bound for the average amount of work
to be done for building an index of I keys as follows:

Each page split causes one (or two if the root page splits) new pages to be
created. Thus the number of page splits occurring in building an index of I items
is bounded by.#(I) —1, where ‘n(J) is the number of pages in the tree. Since
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each page has at least k keys, except the root page which may have only 1, we
I—1
get: n(l) = —

to be written. Thus the average number of pages written per single key insertion
due to page splitting is bounded by

1. Each single page split causes at most 2 additional pages

rh—1) -2 <Z.

A page split does not require any additional page retrievals. Thus in the average
for an index without deletions we get for a single insertion:

Ia=h’; wa<1+%'

6. Deletion Process

In a dynamically changing index it must be necessary to delete keys. The
algorithm of Fig. 6 deletes one key y from an index and maintains our data
structure properly. It first locates the key, say y;. To maintain the data structure
properly, y; is deleted if it is on a leaf, otherwise it must be replaced by the
smallest key in the subtree whose root is P(p,). This smallest key is found by
going from P(p,;) along the p, pointers to the leaf page, say L, and taking the
first key in L. Then this key, say #,, is deleted from L. As a consequence L may
contain fewer than % keys and a catenation or underflow between L and an
adjacent brother is performed.

Catenation. Two pages P and P’ are called adjacent brothers if they have the
same father Q and are pointed to by adjacent pointers in . P and P’ can be
catenated, if together they have fewer than 2% keys, as follows: The three
pages of the form

Q
oo (%5210 B)s (955 85 (P15 Bjsa) -+,

P/ \ P

Po, (%1, P1)s -, (%5, B0) 1’(')» (%1415 Prza)s ---

can be replaced by two pages of the form:

Q
cees (yi—ll 7). (¥i+1s ?j—u)x

B

Pos (X0, 1), - - -, (%0, B0), (v bo), (X121s Prea)s +oe




51

As a consequence of deleting the entry (y;, $') from @ it is now possible that @
contains fewer than % keys and special action must be taken for Q. This process
may propagate up to the root of the tree.

Underflow. 1f the sum of the number of keys in P and P’ is greater than 2%,
then the keys in P and P’ can be equally distributed, the process being called

an underflow, as follows:

apply retrieval
algorithm for y

YES

{ yfound?
\

y
y on leaf
page?

NO

Y

retrieve pages
down to leaf
along p, pointers

4

replace y by
first key on
leaf page

Y

delete first
key on leaf

NO

YES

delete y
from leaf

)

if necessary,
perform
catenations
and underflow

STOP
successful
deletion

* The key to be deleted is not in index, take appropriate action.

Fig. 6. Deletion algorithm
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Perform the catenation between P and P’ resulting in too large a P. This
is possible since P is in main store. Now split P “in the middle” as described in
Section 4 with some obvious minor modifications.

Note that underflows do not propagate. Q is modified, but the number of
keys in it is not changed.

To illustrate the deletion process consider the index in Fig. 2. Deleting key 9
results in the index in Fig. §.

7. Cost of Deletions

For a successful deletion, i.e., if the key ¥ to be deleted is in the index, the
least amount of work is required if no catenations or underflows are performed
and y is in a leaf. This requires:

fmin = h«; Whin = 1.
If y is not in a leaf and no catenations or underflows occur, then
f=h; w=2.

A maximal amount of work must be done if all but the first two pages in the
retrieval path are catenated, the son of the root in the retrieval path has an
underflow, and the root is modified. This requires:

fmax=2h_1; wm=h+1

As in the case of the insertion process the bounds obtained are sharp, but very
far apart and assumed rarely except in pathological examples. To obtain a more
useful measure for the average amount of work necessary to delete a key, let us
consider a “ pure deletion process’’ during which all keyvs in an index I are deleted,
but no keys are inserted.

Disregarding for the moment catenations and underflows we may get f,=#
and w, =2 for each deletion at worst. But this is the best bound obtainable if
one considers an example in which keys are always deleted from the root page.

Each deletion causes at most one underflow, requiring f,=1 additional
fetches and w, =2 additional writes.

The total number of possible catenations is bounded by #(I) —1, which is
at most —1%1— Each catenation causes 1 additional fetch and 2 additional
writes, which results in an average

Thus in the average we get:

h<h+h+h<h+1+4

2 2
wa§w1+wz+wa<2+2+‘;‘= + 5
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8. Page Overflow and Storage Utilization

In the scheme described so far utilization of back-up store may be as low as
50% in extreme cases—disregarding the root page—if all pages contain only %
keys. This could be improved by avoiding certain page splits.

An overflow between two adjacent brother pages P and P’ can be performed
as follows: Assume that a key must be inserted in P and P is already full, but P’
is not full. Then the key-is inserted into the key-sequence in P and an underflow
as described in Section 6 between the resulting sequence and P’ is performed.
This avoids the need to split P into two pages. Thus a page will be split only if
both adjacent brothers are full, otherwise an overflow occurs.

In an index without deletions overflows will increase the storage utilization
in the worst cases to about 66%. If both insertions and deletions occur, then
the storage utilization may of course again be as low as 50%. For most practical
applications, however, storage utilization should be improved appreciably with
overflows.

One could, of course, consider a larger neighborhood of pages than just the
adjacent brothers as candidates for overflows, underflows, and catenations and
increase the minimal storage occupancy accordingly.

Bounds for the cost of insertions for a scheme with overflows are easily derived
as:

fmin =h; Weain =1;
fomax =3k —2; Wg,,=2h+1.

For a pure insertion process one obtains as bounds for the average cost:
2 2
fa<h':_2+f; wa<3+'/?

It is easy to construct examples in which each insertion causes an overflow,
thus these bounds cannot be improved very much without special assumptions
about the insertion process.

9, Maintenance Cost for Index with Insertions and Deletions

The main purpose of this paper is to develop a data structure which allows
economical maintenance of an index in which retrievals, insertions, and deletions
must be done in any order. We will now derive bounds on the processing cost
in such an environment.

The derivation of bounds for retrieval cost did not make any assumptions
about the order of insertions or deletions, so they are still valid. Also, the minimal
and maximal bounds for the cost of insertions and deletions were derived without
any such assumptions and are still valid. The bounds derived for the average
cost, however, are no longer valid if insertions and deletions are mixed.

The following example shows that the upper bounds for the average cost
cannot be improved appreciably over the upper bounds of the cost derived for
a single retrieval or deletion.
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Example. Consider the trees T, in Fig. 2 and T in Fig. 5. Deleting key 9 from
T, leads to Ty, and inserting key 9 in T leads back to T,. Consider a sequence
of alternating deletions and insertions of key 9 being applied starting with T,.

Case 1. No page overflows, but only page splits occur:

i) Each deletion of key 9 from T, requires:
3 retrievals to locate key 9, namely pages 1, 2, 6.
1 retrieval of brother 5 of page 6 to find out that pages 5 and 6 can be
catenated.
2 pages, namely 5 and 2 are modified and must be written. Pages 6 and 3
are deleted from the tree T,.
Thusf=5andw =2 Butf=5=2h—1=f  andw=2=h —1=w,, —2.

i) Each insertion of key 9 into T requires:
2 retrievals to locate slot for 9 in page 5.
5 pages must be written, namely 1, 2, 3, 3, 6.
Thus
f =2=h= f max

w="5=2h+1=1p,.

Case 2. Consider a scheme with page overflows.
i) Deletion of key 9 leads to the same results as in Case 1.
ii) Insertion of key 9 requires:
2 retrievals to locate slot for 9 on page 5.
2 retrievals of brothers 4 and 7 of 5 to find out that 5 must be split.
5 pages must be written as in Case 1.
Thus:
f=4=3h —2=fou

w=5=2h4+1=wy,,.

Analogous examples can be constructed for arbitrary 4 and &.

From the analysis it is clear that the performance of our scheme depends
on the actual sequence of insertions and deletions. The interference between
insertions and deletions may degrade the performance of the scheme as opposed
to doing insertions or deletions only. But even in the worst cases this interference
degrades the performance at most by a factor of 3.

It is an open question how important this interference is in any actual applica-
tions and how relevant our worst case analysis is. Although the derivable cost
bounds are worse, the scheme with overflows performed better in our experiments
than the scheme without overflows.

10. Choice of k

The performance of our scheme depends on the parameter k. Thus care should
be taken in choosing & to make the performance as good as possible.

To obtain a very rough approximation to the performance of the scheme we
make the following assumptions:
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Re- Insertion Deletion Insertion Insertion Deletion Insertion
trieval in index in index in index in index in index in index
without without without with with with
deletions  insertions, deletions, deletions, insertions, deletion,
and with or but with without with or with
without without overflow overflow  without overflow
overflows overflows overflows
min =1 f=h f=h f=h f=h f=h- “f=h
: ' w=0 w=1 w=1 w=1 w=1 w=1 w=1
1 2
Averageas f<h f=kh f<h+1+-; /§h+2+7 f=h f<2h—1 f(£<3h—2
derived in 2 2 2
paper w=0 w<1+7 w<4+7 w§3+7 w<2k4+1 A—1Su w<2h+1
sh+1
max f=h f=h f=2h—1 f=3h—2 f=h f=2h—1 [f=3h—2
w=0 w=2h+4+1 w=h+1 w=2h+1 w=2h+1 w=h41 w=2h+1
{ = number of pages fetched h = height of B-tree
w = number of pages written k = parameter of B-tree of pages
I = size of index set u = best upper bound obtainable for w

Fig. 7. Table of costs for a single retrieval, insertion, or deletion of a key

i) The time spent for each page which is written or fetched can be expressed

in the form:
a+p(2k+1) +yIn(vk+1)

« fixed time spent per page, e.g., average disc seek time plus fixed CPU
overhead, etc.

B transfer time per page entry.

y constant for the logarithmic part of the time, e.g., for a binary search.

v factor for average page occupancy, 1 Sv=2.

We assume that modifying a page does not require moving keys within a
page, but that the necessary channel subcommands are generated to write a
page by concatenating several pieces of information in main store. This is the
reason for our assumption that fetching and writing a page takes the same time.

i) The average number of pages fetched and written per single transaction
in an environment of mixed retrievals, insertions, and deletions is approximately
proportional —see Fig. 7—to 4, say 4. The total time T spent per transaction
can then be approximated by:

T~ 08h(a+ B2k +1) +y In(vk+1)).
Approximating & itself by: A~ log,,.,(I+1) where I is the size of the index,
we get: T~ T, =810g, 4.1 (I +1) (e +B (2% +1) +y In(vk +1)).
Nowyone easily-obtains,the.minimum of T, if % is chosen such that:

%:z(ﬁ;ﬂm(vk 1)) — @k +1) =f(k, ).
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Neglecting CPU time, % is a number which is characteristic for the device
used as backup store. To obtain a near optimal page size for our test examples
we assumed « = 50 ms and § =90 us. According to the table in Fig. 8 an acceptable
choice should be 64 < k < 128. For reasons of programming convenience we chose
k =60 resulting in a page size of 120 entries.

k fk 1) f(& 1.5) 1% 2)

2.00000 E = 00 1.59167 E 4 00 2.39356 E + 00 3.04718E + 00
4.00000E + 00 7.09437 E + 00 9.16182E + 00 1.07750E + 01
8.00000E + 00 2.25500E + 01 2.74591 E + 01 3.11646 E 4+ 01
1.60000E + 01 6.33292E + 01 7.42958 E + 01 8.23847E + 01
3.20000E + 01 1.65769E + 02 1.89265 F + 02 2.06334 E + 02
6.40000E + 01 4.13670E + 02 4.62662E + 02 4.97915E + 02
1.28000E + 02 9.96831 F + 02 1.09726 E = 03 1.16911 E 4+ 03
2.56000E + 02 2.33922E 4+ 03 2.54299E 4+ 03 2.68826E + 03
5.12000E — 02 5.37752E + 03 5.78842F + 03 6.08075E + 03
1.02400E + 03 1.21625E 4 04 1.29881 E + 04 1.35748E + 04
2.04800E = 03 2.71506 E + 04 2.88062FE + 04 2.99818 FE + 04
4.09600E - 03 5.99647 E 4 04 6.32806 E + 04 6.56343E + 04
8.19200E + 03 1.31269E + 05 1.37906 E + 03 1.42617E 4 05
1.63840E + 04 2.85235E + 05 2.98514 E -+ 05 3.07938E + 05
3.27680E < 04 6.15877E + 05 6.42442E = 035 6.61292E + 03
6.55360E + 04 1.32258 £ 4 06 1.37572E + 06 1.41342E 406

Fig. 8. The function f (%, ») for optimal choice of »

The size of the index which can be stored for 2 =60 in a page tree of a certain
height can be seen from Fig. 9.

Height of  Minimum Maximum
page tree index size index size
1 1 120
2 121 14640
3 7441 1771560
4 453961 214358880

Fig. 9. Height of page tree and index size

11, Experimental Results

The algorithms presented here were programmed and their performance
measured during various experiments. The programs were run on an IBM 360/44
computer with a 2311 disc unit as a backup store. For the index element size
chosen (14 8-bit characters) and index size generally used (about 10000 index
elements), the average access mechanism delay for this unit is about 50 ms,
after which information transfer takes place at the rate of about 90 ps per index
element. From these two parameters, our analysis predicts an optimal page
size (2k) on the order of 120 index elements.
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The programming included a simple demand paging scheme to take advan-
tage of available core storage (about 1250 index elements’ worth) and thus to
attempt to reduce the number of physical disc operations. In the following
section by virtual disc read we mean a request to the paging scheme that a certain
disc page be available in core; a virtual disc read will result in a physical disc
read only of there is no copy of the requested disc page already in the paging
area of core storage. A virtual disc write is defined analogously.

At the time of this writing ten experiments had been performed. These ex-
periments were intended to give us an idea of what kind of performance to expect,
what kind of storage utilization to expect, and so forth. For us the specification
of an experiment consists of choosing

1) whether or not to permit overflows on insertion,
2) a number of index elements per page, and
3) a sequence of transactions to be made against an initially empty index.

At several points during the performance of an experiment certain performance
variables are recorded. From these the performance of the algorithms according
to various performance measures can be deduced; to wit

1) % storage utilization
) average number of virtual disc reads/transaction
) average number of physical disc reads/transaction
) average number of virtual disc writes/insertion or deletion
5) average number of physical disc writes/insertion or deletion

6) average number of transactions/second.

We now summarize the experiments. Each experiment was divided into
several phases, and at the end of each of these the performance variables were
measured. Phases are denoted by numbers within parentheses.

E1: 25 elements/page, overflow permitted.
(1) 10000 insertions sequential by key,
(2) 50 insertions, 50 retrievals, and 100 deletions uniformly random in
the key space.
E2: 120 elements/page; otherwise identical to E1.
E3: 250 elements/page; otherwise identical to E1.
E 4: 120 elements/page, overflow permitted.
(1) 10000 insertions sequential by key,
(2) 1000 retrievals uniformly random in key space,
(3) 10000 sequential deletions.
E5: 120 elements/page, overflow no¢ permitted.
(1) 5000 insertions uniformly random in key space,
(2) 1000 retrievals uniformly random in key space,
(3) 5000 deletions uniformly random in key space.
E6: Overflow permitted; otherwise identical to E'S.
E7: 120 elements/page, overflow permitted.
(1) 5000 insertions sequential by key,
(2) 6000 each insertions, retrievals, and deletions uniformly random in
key space.
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E8: 120 elements/page, overflow permitted.
(1) 15000 insertions uniformly random in key space,
(2) 100 each insertions, deletions, and retrievals uniformly random in
key space.
E9: 250 elements/page; otherwise identical to E8.

E10: 120 elements/page, overflow permitted.

(1) 100000 insertions sequential by key,

(2) 1000 each insertions, deletions, and retrievals uniformly random in
key space,

(3) 100 group retrievals uniformly random in key space, where a group is
a sequence of 100 consecutive keys (statistics on the basis of 10000
transactions),

(4) 10000 insertions sequential by key, to merge uniformly with the
elements inserted in phase (1).

% Stor- VR|T* PR|T Vw(I  PW/|I T/sec

age used or D or D
E1 (1) 99.8 2.2 0 2.3 0.04 66.1
E1 (2 91.5 4.4 1.62 2.7 1.5 6.6
E2 (1) 99.2 1.0 0 1.0 0.008 94.5
E2 (2) 87.3 2.5 1.1% 1.3 1.1 6.7
E3 (1) 97.6 1.0 0 1.0 0.004 100.0
E3 (2) 84.7 2.4 1.08 1.3 1.1 5.2
E4 (1) 99.2 1.0 0 1.0 0.008 94.5
E4 (2) 99.2 2.0 — — _ 19.5
E4 (3) — 2.0 0.01 2.0 0 74.1
Es5 (1) 67.1 1.0 0.55 1.0 0.56 17.0
Es (2) 67.1 2.0 0.83 — —_ 18.2
Es (3) — 4.0 0.68 2.2 0.65 12.4
E6 (1) 86.7 1.1 0.55 1.1 0.54 17.1
E6 (2) £6.7 2.0 0.79 - — 24.3
Eé6 (3) — 4.0 0.65 22 0.62 13.4
E7 (1) 96.9 1.0 0 1.0 0.008 111.9
E7 (2) 76.8 2.3 0.83 1.3 0.88 13.1
E8 (1) 84.5 1.3 0.87 1.3 0.85 10.1
E8 (2) 83.9 3.7 1.00 3.0 1.00 9.5
E9 (1) 86.4 1.1 0.84 1.0 0.82 8.5
E9 (2) 85.2 2.3 0.94 1.1 0.96 8.2
E10 (1) 99.8 1.9 0 1.9 0.008 91.7
E10 (2) 82.1 4.1 1.94 1.8 1.54 4.2
E10 (3) 82.1 4.0 0.03 — — 75.7
E10 (4) 83.8 2.2 0.10 2.2 0.11 38.0

* This statistic is unnecessarily large for deletions, due to the way deletions were pro-
grammed. To find the xnecessary number of virtual reads, for sequential deletions subtract
one from the number shown, and for random deletions subtract one and multiply the result
by about 0.5.



59

References

1. Adelson-Velskii, G. M., Landis, E. M.: An information organization algorithm.
DANSSSR, 146, 263266 (1962).

2. Foster, C. C.: Information storage and retrieval using AVL trees. Proc. ACM
20th Nat’l. Conf. 192-2035 (1965).

3. Landauer, W. I.: The balanced tree and its utilization in information retrieval.
IEEE Trans. on Electronic Computers, Vol. EC-12, No. 6, December 1963.

4. Sussenguth, E. H., Jr.: The use of tree structures for processing files. Comm.
ACM, 6, No. 5, May 1963.

Prof. Dr. R. Bayer Dr. E M. McCreight

Dept. of Computer Science Palo Alto Research Center
Purdue University 3180 Porter Drive
Lafayette, Ind. 47907 Palo Alto, Calif. 94304

U.S.A. U.S.A.



E.E. Codd
A Relational Model of Data for Large Shared Data Banks

Communications of the ACM, Vol. 13 (6), 1970
pp. 377-387




A Relational Model of Data for
Large Shared Data Banks

E. F. Copp
IBM Research Laboratory, San Jose, California

Future users of large data banks must be protected from
having to know how the data is organized in the machine (the
internal representation). A prompting service which supplies
such information is not a satisfactory solution. Activities of users
at terminals and most application programs should remain
unaffected when the internal representation of data is changed
and even when some aspects of the external representation
are changed. Changes in data representation will often be
needed as a result of changes in query, update, and report
traffic and natural growth in the types of stored information.

Existing noninferential, formatted data systems provide users
with tree-structured files or slightly more general network
models of the data. In Section 1, inadequacies of these models
are discussed. A model based on n-ary relations, a normal
form for data base relations, and the concept of a universal
data sublanguage are introduced. In Section 2, certain opera-
tions on relations (other than logical inference) are discussed
and applied to the problems of redundancy and consistency
in the user's model.

KEY WORDS AND PHRASES: data bank, data base, data structure, data
organization, hierarchies of data, networks of data, relations, derivability,
redundancy, 'consistency, composition, join, retrieval language, predicate
calculus, security, data integrity
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1. Relational Model and Normal Form

1.1. INTRODUCTION

This paper is concerned with the application of ele-
mentary relation theory to systems which provide shared
access to large banks of formatted data. Except for a paper
by Childs [1], the principal application of relations to data
systems has been to deductive question-answering systems.
Levein and Maron {2] provide numerous references to work
in this area.

In contrast, the problems treated here are those of data
independence—the independence of application programs
and terminal activities from growth in data types and
changes in data representation—and certain kinds of data
inconsistency which are expected to become troublesome
even in nondeductive systems.

The relational view (or model) of data described in
Section 1 appears to be superior in several respects to the
graph or network model [3, 4] presently in vogue for non-
inferential systems. It provides a means of describing data
with its natural structure only—that is, without superim-
posing any additional structure for machine representation
purposes. Accordingly, it provides a basis for a high level
data language which will yield maximal independence be-
tween programs on the one hand and machine representa-
tion and organization of data on the other.

A further advantage of the relational view is that it
forms a sound basis for treating derivability, redundancy,
and consistency of relations—these are discussed in Section
2. The network model, on the other hand, has spawned a
number of confusions, not the least of which is mistaking
the derivation of connections for the derivation of rela-
tions (see remarks in Section 2 on the “connection trap”).

Finally, the relational view permits a clearer evaluation
of the secope and logical limitations of present formatted
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data systems, and also the relative merits (from a logical
standpoint) of competing representations of data within a
single system. Examples of this clearer perspective are
cited in various parts of this paper. Implementations of
systems to support the relational model are not discussed.

1.2. DaTta DEPENDENCIES IN PRESENT SYSTEMS

The provision of data description tables in recently de-
veloped information systems represents a major advance
toward the goal of data independence [5, 6, 7). Such tables
facilitate changing certain characteristics of the data repre-
sentation stored 1n a data bank. However, the variety of
data representation characteristics which can be changed
without logically impairing some application programs is
still quite limited. Further, the model of data with which
users interact is still cluttered with representational prop-
erties, particularly in regard to the representation of col-
lections of data (as opposed to individual items). Three of
the principal kinds of data dependencies which still need
to be removed are: ordering dependence, indexing depend-
ence, and access path dependence. In some systems these
dependencies are not clearly separable from one another.

1.2.1. Ordering Dependence. Elements of data in a
data bank may be stored in a variety of ways, some involv-
ing no concern for ordering, some permitting each element
to participate in one ordering only, others permitting each
element to participate in several orderings. Let us consider
those existing systems which either require or permit data
elements to be stored in at least one total ordering which is
closely associated with the hardware-determined ordering
of addresses. For example, the records of a file concerning
parts might be stored in ascending order by part serial
number. Such systems normally permit application pro-
grams-to-assume that.the.order of presentation of records
from such a file is identical to (or is a subordering of ) the
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stored ordering. Those application programs which take
advantage of the stored ordering of a file are likely to fail
to operate correctly if for some reason it becomes necessary
to replace that ordering by a different one. Similar remarks
hold for a stored ordering implemented by means of
pointers.

It is unnecessary to single out any system as an example,
because all the well-known information systems that are
marketed today fail to make a clear distinction between
order of presentation on the one hand and stored ordering
on the other. Significant implementation problems must be
solved to provide this kind of independence.

1.2.2. Indexing Dependence. In the context of for-
matted data, an index is usually thought of as a purely
performance-oriented component of the.data representa-
tion. It tends to improve response to queries and updates
and, at the same time, slow down response to insertions
and deletions. From an informational standpoint, an index
is a redundant component of the data representation. If a
system uses indices at all and if it is to perform well in an
environment with changing patterns of activity on the data
bank, an ability to create and destroy indices from time to
time will probably be necessary. The question then arises:
Can application programs and terminal activities remain
invariant as indices come and go?

Present formatted data systems take widely different
approaches to indexing. TDMS [7] unconditionally pro-
vides indexing on all attributes. The presently released
version of IMS [5] provides the user with a choice for each
file: a choice between no indexing at all (the hierarchic se-
quential organization) or indexing on the primary key
only (the hierarchic indexed sequential organization). In
neither case is the user’s application logic dependent on the
existence of the unconditionally provided indices. IDS
[8], however, permits the file designers to select attributes
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to be indexed and to incorporate indices into the file struc-
ture by means of additional chains. Application programs
taking advantage of the performance benefit of these in-
dexing chains must refer to those chains by name. Such pro-
grams do not operate correctly if these chains are later
removed. '

1.2.3. Access Path Dependence. Many of the existing
formatted data svstems provide users with tree-structured
files or slightly more general network models of the data.
Application programs developed to work with these sys-
tems tend to be logically impaired if the trees or networks
are changed in structure. A simple example follows.

Suppose the data bank contains information about parts
and projects. For each part, the part number, part name,
part description, quantity-on-hand, and quantity-on-order
are recorded. For each project, the project number, project
name, project description are recorded. Whenever a project
makes use of a certain part, the quantity of that part com-
mitted to the given project is also recorded. Suppose that
the system requires the user or file designer to declare or
define the data in terms of tree structures. Then, any one
of the hierarchical structures may be adopted for the infor-
mation mentioned above (see Structures 1-5).

Structure 1. Projects Subordinate to Parts

File Segment Fields
F PART part #
part name

part description
quantity-on-hand
quantity-on-order
PROJECT project #
project name
project description
quantity committed
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Structure 2. Parts Subordinate to Projects
File Segment Fields

F PROJECT  project #
project name
project description
PART part #
part name
part description
quantity-on-hand
quantity-on-order
quantity committed

Structure 3. Parts and Projects as Peers
Commitment Relationship Subordinate to Projects

File Segment Fields
F PART part #
part name

part description
quantity-on-hand
quantity-on-order
G PROJECT  project #
project name
project description
PART part #
quantity committed

Structure 4. Parts and Projects as Peers
Commitment Relationship Subordinate to Parts

File Segment Fields

F PART part #
part description
quantity-on-hand
quantity-on-order
PROJECT project #
quantity committed
G PROJECT  project £
project name
project description
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Structure 5. Parts, Projects, and
Commitment Relationship as Peers

File Segment Fields
F PART part #
part name

part description

quantity-on-hand

quantity-on-order
G PROJECT  project #

project name

project description
H COMMIT part #

project #

quantity committed

Now, consider the problem of printing out the part
number, part name, and quantity committed for every part
used in the project whose project name is “alpha.” The
following observations may be made regardless of which
available tree-oriented information system is selected to
tackle this problem. If a program P is developed for this
problem assuming one of the five structures above—that
is, P makes no test to determine which structure is in ef-
fect—then P will fail on at least three of the remaining
structures. More specifically, if P succeeds with structure 5,
it will fail with all the others; if P succeeds with structure 3
or 4, it will fail with at least 1, 2, and 5; if P succeeds with
1 or 2, it will fail with at least 3, 4, and 5. The reason is
simple in each case. In the absence of a test to determine
which structure is in effect, P fails because an attempt is
made to exceute a reference to a nonexistent file (available
systems treat this as an error) or no attempt is made to
execute a reference to a file containing needed information.
The reader who is not convinced should develop sample
programs for this simple problem.
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Since, in general, it is not practical to develop applica-
tion programs which test for all tree structurings permitted
by the system, these programs fail when a change in
structure becomes necessary.

Systems which provide users with a network model of
the data run into similar difficulties. In both the tree and
network cases, the user (or his program) is required to
exploit a collection of user access paths to the data. It does
not matter whether these paths are in close correspondence
with pointer-defined paths in the stored representation—in
IDS the correspondence is extremely simple, in TDMS it is
just the opposite. The consequence, regardless of the stored
representation, is that terminal activities and programs be-
come dependent on the continued existence of the user
access paths.

One solution to this is to adopt the policy that once a
user access path is defined it will not be made obsolete un-
til all application programs using that path have become
obsolete. Such a policy is not practical, because the number
of access paths in the total model for the community of
users of a data bank would eventually become excessively
large.

1.3. A REevaTioNaL VIEW OF DATa

The term relation iz used here in its accepted mathe-
matical sense. Given sets Sy, Sz, --+, S, (not necessarily
distinet ), R is a relation on these n sets if it is a set of 7-
tuples each of which has its first element from S, its
second element from S , and so on." We shall refer to S; as
the jth domain of R. As defined above, R is said to have
degree n. Relations of degree 1 are often called unary, de-
gree 2 binary, degree 3 ternary, and degree n n-ary.

1 More concisely, R is a subset of the Cartesian product S; X
Sz X $*° X Sn.
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For expository reasons, we shall frequently make use of
an array representation of relations, but it must be re-
membered that this particular representation is not an es-
sential part of the relational view being expounded. An ar-
ray which represents an n-ary relation B has the following
properties:

(1) Each row represents an n-tuple of E.

(2) The ordering of rows is immaterial.

(3) All rows are distinct.

(4) The ordering of columns is significant—it corre-
sponds to the ordering S;, S;, -+, Sa of the do-
mains on which R is defined (see, however, remarks
below on domain-ordered and domain-unordered
relations).

(5) The significance of each column is partially con-
veyed by labeling it with the name of the corre-
sponding domain.

The example in Figure 1 illustrates a relation of degree
4, called supply, which reflects the shipments-in-progress
of parts from specified suppliers to specified projects in
specified quantities.

supply (supplier part project quantity)

1 2 5 17

1 3 5 23

2 3 7 9

2 7 5 4

4 1 1 12
Fic. 1. A relation of degree 4

One might ask: If the columns are labeled by the name
of corresponding domains, why should the ordering of col-
umns matter? As the example in Figure 2 shows, two col-
wmns-may--have identical headings (indicating identical
domains) but possess distinet meanings with respect to the
relation. The relation ‘depicted is called component. It is a
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component (part part quantity)

1 d 9
2 b} 7
3 d 2
2 6 12
3 6 3
4 7 1
6 v 1

FiG. 2. A relation with two identical domains

ternary relation, whose first two domains are called part
and third domain is called quantity. The meaning of com-
ponent (z, y, z) is that part z is an immediate component
(or subassembly ) of part ¥, and z units of part z are needed
to assemble one unit of part y. It is a relation which plays
a critical role in the parts explosion problem.

It iz a remarkable fact that several existing information
systems (chiefly those based on tree-structured files) fail
to provide data representations for relations which have
two or more identical domains. The present version of
IMIS /360 [5] is an example of such a system.

The totality of data in a data bank may be viewed as a
collection of time-varying relations. These relations are of
assorted degrees. As time progresses, each n-ary relation
may be subject to insertion of additional n-tuples, deletion
of existing ones, and alteration of components of any of its
existing n-tuples.

In many commercial, governmental, and scientific data
banks, however, some of the relations are of quite high de-
gree (a degree of 30 is not at all uncommon ). Users should
not normally be burdened with remembering the domain
ordering of any relation (for example, the ordering supplier,
then part, then project, then guantity in the relation supply).
Accordingly, we propose that users deal, not with relations
which are-domain-ordered, but with relationships which are
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their domain-unordered counterparts.® To accomplish this,
domains must be uniquely identifiable at least within any
given relation, without using position. Thus, where there
are two or more identical domains, we require in each case
that the domain name be qualified by a distinctive role
name, which serves to identify the role played by that
domain in the given relation. For example, in the relation
component of Figure 2, the first domain part might be
qualified by the role name sub, and the second by super, so
that users could deal with the relationship component and
its domains—sub.part super.part, quantity—without regard
to any ordering between these domains.

To sum up, it is proposed that most users should interact
with a relational model of the data consisting of a collection
of time-varying relationships (rather than relations). Each
user need not know more about any relationship than its
name together with the names of its domains (role quali-
fied whenever necessary ).’ Even this information might be
offered in menu style by the system (subject to security
and privacy constraints) upon request by the user.

There are usually many alternative ways in which a re-
lational model may be established for a data bank. In
order to discuss a preferred way (or normal form), we
must first introduce a few additional concepts (active
domain, primary key, foreign key, nonsimple domain)
and establish some links with terminology currently in use
in information systems programming. In the remainder of
this paper, we shall not bother to distinguish between re-

2 In mathematical terms, a relationship is an equivalence class of
those relations that are equivalent under permutation of domains
(see Section 2.1.1).

3 Naturally,-as,with.any.data,put into and retrieved from a com-
puter system, the user will normally make far more effective use
of the data if he is aware of its meaning.
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lations and relationships except where it appears advan-
tageous to be explicit.

Consider an example of a data bank which includes rela-
tions concerning parts, projects, and suppliers. One rela-
tion called part is defined on the following domains:

(1) part number

(2) part name

(3) part color

(4) part weight

(5) quantity on hand
(6) quantity on order

and possibly other domains as well. Each of these domains
is, in effect, a pool of values, some or all of which may be
represented in the data bank at any instant. While it is
conceivable that, at some instant, all part colors are pres-
ent, it is unlikely that all possible part weights, part
names, and part numbers are. We shall call the set of
values represented at some instant the active domain at that
instant.

Normally, one domain (or combination of domains) of a
given relation has values which uniquely identify each ele-
ment (n-tuple) of that relation. Such a domain (or com-
bination) is called a primary key. In the example above,
part number would be a primary key, while part color
would not be. A primary key is nonredundant if it is either
a simple domain (not a combination) or a combination
such that none of the participating simple domains is
superfluous in uniquely identifying each element. A rela-
tion may possess more than one nonredundant primary
key. This would be the case in the example if different parts
were alwayvs given distinet names. Whenever a relation
has two or more nonredundant primary keys, one of them
is-arbitrarily selected and called the primary key of that re-
lation.
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A common requirement is for elements of a relation to
cross-reference other elements of the same relation or ele-
ments of a different relation. Keys provide a user-oriented
means (but not the only means) of expressing such eross-
references. We shall call a domain (or domain combina-
tion) of relation R a foreign key if it is not the primary key
of R but its elements are values of the primary key of some
relation S (the possibility that S and R are identical is not
excluded ). In the relation supply of Figure 1, the combina-
tion of supplier, part, project is the primary key, while each
of these three domains taken separately is a foreign key.

In previous work there has been a strong tendency to
treat the data in a data bank as consisting of two parts, one
part consisting of entity descriptions (for example, descrip-
tions of suppliers) and the other part consisting of rela-
tions between the various entities or types of entities (for
example, the supply relation). This distinction is difficult
to maintain when one may have foreign keys in any rela-
tion whatsoever. In the user’s relational model there ap-
pears to be no advantage to making such a distinction
(there may be some advantage, however, when one applies
relational concepts to machine representations of the user’s
set of relationships).

So far, we have discussed examples of relations which are
defined on simple domains—domains whose elements are
atomic (nondecomposable) values. Nonatomic values can
be discussed within the relational framework. Thus, some
domains may have relations as elements. These relations
may, in turn, be defined on nonsimple domains, and so on.
For example, one of the domains on which the relation em-
ployee is defined might be salary history. An element of the
salary history domain is a binary relation defined on the do-
main date and the domain salary. The salary history domain
is the set of all such binary relations. At any instant of time
there are as many instances of the salary history relation
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in the data bank as there are employees. In contrast, there
is only one instance of the employee relation.

The terms attribute and repeating group in present data
base terminology are roughly analogous to simple domain

and nonsimple domain, respectively. Much of the confusion
in present terminology is due to failure to distinguish be-
tween type and instance (as in “record”) and between
components of a user model of the data on the one hand
and their machine representation counterparts on the
other hand (again, we cite “record” as an example).

1.4. NormarL Foru

A relation whose domains are all simple can be repre-
sented in storage by a two-dimensional column-homo-
geneous array of the kind discussed above. Some more
complicated data structure is necessary for a relation with
one or more nonsimple domains. For this reason (and others
to be cited below) the possibility of eliminating nonsimple
domains appears worth investigating.® There is, in fact, a
very simple elimination procedure, which we shall call
normalization.

Consider, for example, the collection of relations ex-
hibited in Figure 3(a). Job history and children are non-
simple domains of the relation employee. Salary history is a
nonsimple domain of the relation job history. The tree in
Figure 3 (a) shows just these interrelationships of the non-
simple domains.

Normalization proceeds as follows. Starting with the re-
lation at the top of the tree, take its primary key and ex-
pand each of the immediately subordinate relations by
inserting this primary key domain or domain combination.
The primary key of each expanded relation consists of the
primary key before expansion augmented by the primary

¢ M. E. Sanko of IBM, San Jose, independently recognized the
desirability of eliminating nonsimple domains.
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employee

|

jobhistory children

l

salaryhistory

employee (man#, name, birthdate, jobhistory, children)
jobhistory (jobdate, title, salaryhistory)

salarvhistory (salarydate, salary)

children (childname, birthyear)

F1a. 3(a). Unnormalized set

employee’ (man#, name, birthdate)

jobhistory’ (man#, jobdate, title)

salaryhistory’ (man#, jobdate, salarydate, salary)
children’ (man#, childname, birthyear)

Fia. 3(b). Normalized set

key copied down from the parent relation. Now, strike out
from the parent relation all nonsimple domains, remove the
top node of the tree, and repeat the same sequence of
operations on each remaining subtree.

The result of normalizing the collection of relations in
Figure 3 (a) is the collection in Figure 3 (b). The primary
key of each relation is italicized to show how such keys
are expanded by the normalization.

If normalization as described above is to be applicable,
the unnormalized collection of relations must satisfy the
following conditions:

(1) The graph of interrelationships of the nonsimple
domains is a collection of trees.

(2)"No primary key has'a component domain which is
nonsimple.
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The writer knows of no application which would require
any relaxation of these conditions. Further operations of a
normalizing kind are possible. These are not discussed in
this paper.

The simplicity of the array representation which becomes
feasible when all relations are cast in normal form is not
only an advantage for storage purposes but also for com-
munication of bulk data between systems which use widely
different representations of the data. The communication
form would be a suitably compressed version of the array
representation and would have the following advantages:

(1) It would be devoid of pointers (address-valued or
displacement-valued ).

(2) It would avoid all dependence on hash addressing
schemes.

(3) It would contain no indices or ordering lists.

If the user’s relational model is set up in normal form,
names of items of data in the data bank can take a simpler
form than would otherwise be the case. A general name
would take a form such as

R(g)rd

where R is a relational name; g is a generation identifier
(optional ); r is a role name (optional ); d is a domain name.
Since g is needed only when several generations of a given
relation exist, or are anticipated to exist, and r is needed
only when the relation R has two or more domains named
d, the simple form R.d will often be adequate.

1.5. SoMe LiNguisTIiC ASPECTS

The adoption of a relational model of data, as deseribed
above, permits the development of a universal data sub-
language based on an applied predicate calculus. A first-
order predicate calculus suffices if the collection of relations
is in normal form. Such a language would provide a yard-
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stick of linguistic power for all other proposed data lan-
guages, and would itself be a strong candidate for embed-
ding (with appropriate syntactic modification) in a variety
of host languages (programming, command- or problem-
oriented). While it is not the purpose of this paper to
describe such a language in detail, its salient features
would be as follows.

Let us denote the data sublanguage by R and the host
language by H. R permits the declaration of relations and
their domains. Each declaration of a relation identifies the
primary key for that relation. Declared relations are added
to the system catalog for use by any members of the user
community who have appropriate authorization. H per-
mits supporting declarations which indicate, perhaps less
permanently, how these relations are represented in stor-
age. R permits the specification for retrieval of any subset
of data from the data bank. Action on such a retrieval re-
quest is subject to security constraints.

The universality of the data sublanguage lies in its
descriptive ability (not its computing ability). In a large
data bank each subset of the data has a very large number
of possible (and sensible) descriptions, even when we as-
sume (as we do) that there is only a finite set of function
subroutines to which the system has access for use in
qualifying data for retrieval. Thus, the class of qualification
expressions which can be used in a set specification must
have the descriptive power of the class of well-formed
formulas of an applied predicate calculus. It is well known
that to preserve this descriptive power it is unnecessary to
express (in whatever syntax is chosen) every formula of
the selected predicate calculus. For example, just those in
prenex normal form are adequate [9].

Arithmetic-functions:may-be needed in the qualification
or other parts of retrieval statements. Such functions can
be definedin H and invoked in R.
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A set so specified may be fetched for query purposes
only, or it may be held for possible changes. Insertions take
the form of adding new elements to declared relations with-
out regard to any ordering that may be present in their
machine representation. Deletions which are effective for
the community (as opposed to the individual user or sub-
communities) take the form of removing elements from de-
clared relations. Some deletions and updates may be trig-
gered by others, if deletion and update dependencies be-
tween specified relations are declared in R.

One important effect that the view adopted toward data
has on the language used to retrieve it is in the naming of
data elements and sets. Some aspects of this have been dis-
cussed in the previous section. With the usual network
view, users will often be burdened with coining and using
more relation names than are absolutely necessary, since
names are associated with paths (or path types) rather
than with relations.

Once a user is aware that a certain relation is stored, he
will expect to be able to exploit® it using any combination
of its arguments as ‘knowns’ and the remaining argu-
ments as ‘“‘unknowns,” because the information (like
Everest) is there. This is a system feature (missing from
many current information systems) which we shall call
(logically) symmetric exploitation of relations. Naturally,
symmetry in performance is not to be expected.

To support symmetric exploitation of a single binary re-
lation, two directed paths are needed. For a relation of de-
gree n, the number of paths to be named and controlled is
n factorial.

Again, if a relational view is adopted in which every n-
ary relation (n > 2) has to be expressed by the user as a
nested expression involving only binary relations (see

§ Exploiting a relation includes query, update, and delete.
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Feldman’s LEAP System [10], for example) then 2n — 1
names have to be coined instead of only n 4+ 1 with direct
n-ary notation as described in Section 1.2. For example, the
4-aryv relation supply of Figure 1, which entails 5 names in
n-ary notation, would be represented in the form

P (supplier, @ (part, R (project, quantity)))

in nested binary notation and, thus, employ 7 names.

A further disadvantage of this kind of expression is its
asvmmetry. Although this asymmetry does not prohibit
symmetric exploitation, it certainly makes some bases of
interrogation very awkward for the user to express (con-
sider, for example, a query for those parts and quantities
related to certain given projects via Q and R).

1.6. EXPRESSIBLE, NAMED, AND STORED RELATIONS

Associated with a data bank are two collections of rela-
tions: the named set and the expressible set. The named set
is the collection of all those relations that the community of
users can identify by means of a simple name (or identifier).
A relation R acquires membership in the named set when a
suitably authorized user declares R; it loses membership
when a suitably authorized user cancels the declaration of
R.

The expressible set is the total collection of relations that
can be designated by expressions in the data language. Such
expressions are constructed from simple names of relations
in the named set; names of generations, roles and domains;
logical connectives; the quantifiers of the predicate calcu-
lus:® and certain constant relation symbols such as =, >.

¢ Because each relation in a practical data bank is a finite set at
everyrinstantyof -time; the existential and universal quantifiers
can be expressed in terms of a function that counts the number of
elements in any finite set.
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The named set is a subset of the expressible set—usually a
veryv small subset.

Since some relations in the named set may be time-inde-
pendent combinations of others in that set, it is useful to
consider associating with the named set a collection of
statements that define these time-independent constraints.
We shall postpone further discussion of this until we have
introduced several operations on relations (see Section 2).

One of the major problems confronting the designer of a
data svstem which is to support a relational model for its
users is that of determining the class of stored representa-
tions to be supported. Ideally, the variety of permitted
data representations should be just adequate to cover the
spectrum of performance requirements of the total col-
lection of installations. Too great a variety leads to un-
necessary overhead in storage and continual reinterpreta-
tion of descriptions for the structures currently in effect.

For any selected class of stored representations the data
svstem must provide a means of translating user requests
expressed in the data language of the relational model into
corresponding—and efficient—actions on the current
stored representation. For a high level data language this
presents a challenging design problem. Nevertheless, it is a
problem which must be solved—as more users obtain con-
current access to a large data bank, responsibility for pro-
viding efficient response and throughput shifts from the
individual user to the data system.

2. Redundancy and Consistency

2.1. OpERATIONS ON RELATIONS

Since relations are sets, all of the usual set operations are
applicable to them. Nevertheless, the result may not be a
relation; for example, the union of a binary relation and a
ternary relation is not a relation.
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The operations discussed below are specifically for rela-
tions. These operations are introduced because of their key
role in deriving relations from other relations. Their
prineipal application is in noninferential information sys-
tems—systems which do not provide logical inference
services—although their applicability is not necessarly
destroyed when such services are added.

Most users would not be directly concerned with these
operations. Information systems designers and people con-
cerned with data bank control should, however, be thor-
oughly familiar with them.

2.1.1. Permutation. A binary relation has an array
representation with two columns. Interchanging these col-
umns yields the converse relation. More generally, if a
permutation is applied to the columns of an n-ary relation,
the resulting relation is said to be a permutation of the
given relation. There are, for example, 4! = 24 permuta-
tions of the relation supply in Figure 1, if we include the
identity permutation which leaves the ordering of columns -
unchanged.

Since the user’s relational model consists of a collection
of relationships (domain-unordered relations), permuta-
tion is not relevant to such a model considered in isolation.
It is, however, relevant to the consideration of stored
representations of the model. In a system which provides
symmetric exploitation of relations, the set of queries
answerable by a stored relation is identical to the set
answerable by any permutation of that relation. Although
it is logically unnecessary to store both a relation and some-
permutation of it, performance considerations could make
it advisable.

2.1.2. Projection. Suppose now we select certain col-
umns of a relation (striking out the others) and then re-
move from the resulting array any duplication in the rows.
The final array represents a relation which is said to be a
projection of the given relation.
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A selection operator = is used to obtain any desired
permutation, projection, or combination of the two opera-

tions. Thus, if Lis a list of k indices” L = 4,%, - -, %
and R is an n-ary relation (n > k), then =, (R) is the k-ary
relation whose jth columniscolumn z;0f R (j = 1,2, -+ - ,k)

except that duplication in resulting rows is removed. Con-
sider the relation supply of Figure 1. A permuted projection
of this relation is exhibited in Figure 4. Note that, in this
particular case, the projection has fewer n-tuples than the
relation from which 1t is derived.

2.1.3. Join. Suppose we are given two binary rela-
tions, which have some domain in common. Under what
circumstances can we combine these relations to form a
ternary relation which preserves all of the information in
the given relations?

The example in Figure 5 shows two relations B, S, which
are joinable without loss of information, while Figure 6
shows a join of R with S. A binary relation R is joinable
with a binary relation S if there exists a ternary relation U
such that 712 (U) = R and ms(U) = S. Any such ternary
relation is called a join of R with S. If R, S are binary rela-
tions such that m(R) = m(S), then R is joinable with S.
One join that always exists in such a case is the natural
join of B with S defined by

R+S = {(a,b,¢):R(a,b) N S(,c)}
where R (a, b) has the value true if (a, b) is a member of R
and similarly for S (b, ¢). It is immediate that

m2(R*S) = R
and
71’23(R*S) = S.

? When dealing with relationships, we use domain names (role-
qualified whenever necessary) instead of domain positions.
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I (supply) (project supplier)

1
2
4
2

-l = Ot Ot

Frc. 4. A permuted projection of the relation in Figure 1

R (supplier  part) S (part oproject)
1 1 1 1
2 1 1 2
2 2 2 1

Fi1g. 5. Two joinable relations

R*S (supplier part project)
1 1 1
1 1 2
2 1 1
2 1 2
2 2 1

Fig. 6. The natural join of R with S (from Figure 5)

U (supplier part project)
1 1 2
2 1 1
2 2 1

F1c. 7. Another join of R with S (from Figure 5)

Note that the join shown in Figure 6 is the natural join
of R with S from Figure 5. Another join is shown in Figure
7.

Inspection of these relations reveals an element (ele-
ment 1) of the domain part (the domain on which the join
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is to be made) with the property that it possesses more
than one relative under R and also under S. It is this ele-
ment which gives rise to the plurality of joins. Such an ele-
ment in the joining domain is called a point of ambiguity
with respect to the joining of R with S.

If either m (R) or S is a function,® no point of ambiguity
can occur in joining K with S. In such a case, the natural
join of R with S is the only join of R with S. Note that the
reiterated qualification “‘of R with S” is necessary, because
S might be joinable with B (as well as B with S), and this
join would be an entirely separate consideration. In Figure
5, none of the relations R, my (R), S, 72 (S) is a function.

Ambiguity in the joining of B with S can sometimes be
resolved by means of other relations. Suppose we are given,
or can derive from sources independent of R and S, a rela-
tion T on the domains project and supplier with the follow-
ing properties:

(1) m(T) = m(8S),
2) m(T) = m(R),
@) T(,8)—3pES, p) A S®, 1)),
“) B(s,p) > 3j(S@ 7)) N Ty, s)),

(6) 8(,7) — 3s(T(,s) N R, p)),

then we may form a three-way join of R, S, T; that is, a
ternary relation such that

me(U) = R, m{U)=8, =wa(U)=T.

Such a join will be called a cyclic 3-join to distinguish it
from a linear 3-join which would be a quaternary relation
V such that

2 (V) =R, w3(V)=S8, =wu(V)=T.

8 A function is a binary relation, which is one-one or many-one,
but not one-many.
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R (s p) S @ 7 T G s)
1 a a d d 1
2 a a e d 2
2 b b d e 2

b e e 2

Fie. 8. Binary relations with a plurality of ecyclic 3-joins

U (s p 7 U (¢ p 7
1 a d 1 a d
2 a e 2 a d
2 b d 2 a e
2 b e 2 b d

2 b e

F16.9. Two cyclic 3-joins of the relations in Figure 8

While it is possible for more than one cyclic 3-join to exist
(see Figures 8, 9, for an example ), the circumstances under
which this can occur entail much more severe constraints
than those for a plurality of 2-joins. To be specific, the re-
lations R, S, T must possess points of ambiguity with
respect to joining R with S (say point z), S with T (say
y), and T with R (say z), and, furthermore, ¥ must be a
relative of  under S, z a relative of ¥ under T, and z a
relative of z under R. Note that in Figure 8 the points
z =a; y =d; z = 2 have this property.

The natural linear 3-join of three binary relations R, S,
T is given by

R+SxT = {(a,b,¢c,d):R(a,b) A S(b,c) N T(c, d)}

where parentheses are not needed on the left-hand side be-
cause the natural 2-join (*) is associative. To obtain the
cyvelic counterpart, we introduce the operator v which pro-
duces a relation of degree n — 1 from a relation of degree n
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by tying its ends together. Thus, if B is an n-ary relation
(n > 2), the tie of R is defined by the equation

'Y(R) = {(ala Az, *°*, a'n-l):R(al’a&’ **y O, an)
N a; = aa}.

We may now represent the natural cyclic 3-join of R, S, T
by the expression

v (R*S*T).

Extension of the notions of linear and cyclic 3-join and
their natural counterparts to the joining of n binary rela-
tions (where n > 3) is obvious. A few words may be ap-
propriate, however, regarding the joining of relations which
are not necessarily binary. Consider the case of two rela-
tions R (degree r), S (degree s) which are to be joined on
p of their domains (p < r, p < s). For simplicity, sup-
pose these p domains are the last p of the r domains of E,
and the first p of the s domains of S. If this were not so, we
could always apply appropriate permutations to make it
so. Now, take the Cartesian product of the first r-p do-
mains of R, and call this new domain A. Take the Car-
tesian product of the last p domains of R, and call this B.
Take the Cartesian product of the last s-p domains of S
and call this C.

We can treat R as if it were a binary relation on the
domains A, B. Similarly, we can treat S as if it were a bi-
nary relation on the domains B, C. The notions of linear
and cyclic 3-join are now directly applicable. A similar ap-
proach can be taken with the linear and cyclic n-joins of n
relations of assorted degrees.

2.1.4. Composition. The reader is probably familiar
with the notion of composition applied to functions. We
shall discuss a generalization of that concept and apply it
first to binary relations. Our definitions of composition
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and composability are based very directly on the definitions
of join and joinability given above.

Suppose we are given two relations R, 8. T is a com-
position of R with S if there exists a join U of R with S such
that T = m3(U). Thus, two relations are composable if
and only if they are joinable. However, the existence of
more than one join of R with S does not imply the existence
of more than one composition of R with S.

Corresponding to the natural join of B with S is the
natural composition® of B with S defined by

R-8 = mi3(R»S).

Taking the relations R, S from Figure 5, their natural com-
position is exhibited in Figure 10 and another composition
is exhibited in Figure 11 (derived from the join exhibited
in Figure 7).

R-S  (project supplier)
1 1
1 2
2 1
2 2

FiGg. 10. The natural composition of R with S (from Figure 5)

T (project supplier)
1 2
2 1

F1e. 11. Another composition of R with S (from Figure 5)

When two or more joins exist, the number of distinct
compositions may be as few as one or as many as the num-
ber of distinet joins. Figure 12 shows an example of two
relations which have several joins but only one composition.

9 Other writers-tend-to-ignore.compositions other than the na-
tural one, and accordingly refer to this particular composition as
the composition—see, for example, Kelley’s “‘General Topology.”
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R (supplier part) S (part project)

1 a a g
1 b b f
1 c c f
2 c c g
2 d d g
2 e e f

Fi1g. 12. Many joins, only one composition

Note that the ambiguity of point ¢ is lost in composing R
with S, because of unambiguous associations made via the
points a, b, d, e.

Extension of composition to pairs of relations which are
not necessarily binary (and which may be of different de-
grees) follows the same pattern as extension of pairwise
joining to such relations.

A lack of understanding of relational composition has led
several systems designers into what may be called the
connection trap. This trap may be described in terms of the
following example. Suppose each supplier description is
linked by pointers to the descriptions of each part supplied
by that supplier, and each part description is similarly
linked to the descriptions of each project which uses that
part. A conclusion is now drawn which is, in general, er-
roneous: namely that, if all possible paths are followed from
a given supplier via the parts he supplies to the projects
using those parts, one will obtain a valid set of all projects
supplied by that supplier. Such a conclusion is correct
only in the very special case that the target relation be-
tween projects and suppliers is, in fact, the natural com-
position of the other two relations—and we must normally
add the phrase ‘“for all time,” because this is usually im-
pliedyinyclaimsyconcerning path-following techniques.
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2.1.5. Restriction. A subset of a relation is a relation.
One way in which a relation S may act on a relation R to
generate a subset of R is through the operation restriction
of R by S. This operation is a generalization of the restric-
tion of a function to a subset of its domain, and is defined
as follows.

Let L, M be equal-length lists of indices such that
L=14,%, - ,%,M =7j1,3, -, Jr where k < degree
of R and k < degree of S. Then the L, M restriction of R by
S denoted RS is the maximal subset R’ of R such that

. (B) = mu(8).

The operation is defined only if equality is applicable be-
tween elements of =, (B) on the one hand and = (S) on
the other forallh = 1,2, --- | k.

The three relations R, S, R’ of Figure 13 satisfy the equa-
tion R, = Rlz,a)la,g)s.

R (s » J) S (@ 7 R' (s 2 7
1 a A a A 1 a A
2 a A ¢c B 2 a A
2 a B b B 2 b B
2 b A
2 b B

F1g. 13. Example of restriction

We are now in a position to consider various applications
of these operations on relations.

2.2. REDUNDANCY

Redundancy in the named set of relations must be dis-
tinguished from redundancy in the stored set of representa-
tions. We are primarily concerned here with the former.
To begin with, we need a precise notion of derivability for
relations.

Suppose § is a collection of operations on relations and
each operation has the property that from its operands it



92

yields a unique relation (thus natural join is eligible, but
join is not). A relation R is 8-dertvable from a set S of rela-
tions if there exists a sequence of operations from the col-
lection @ which, for all time, yields B from members of S.
The phrase “for all time” is present, because we are dealing
with time-varying relations, and our interest is in derivabil-
ity which holds over a significant period of time. For the
named set of relationships in noninferential systems, it ap-
pears that an adequate collection 6; contains the following
operations: projection, natural join, tie, and restriction.
Permutation is irrelevant and natural composition need
not be included, because it is obtainable by taking a natural
join and then a projection. For the stored set of representa-
tions, an adequate collection 6; of operations would include
permutation and additional operations concerned with sub-
setting and merging relations, and ordering and connecting
their elements.

2.2.1. Strong Redundancy. A set of relations is strongly
redundant if it contains at least one relation that possesses
a projection which is derivable from other projections of
relations in the set. The following two examples are in-
tended to explain why strong redundancy is defined this
way, and to demonstrate its practical use. In the first ex-
ample the collection of relations consists of just the follow-
ing relation:

employee (serial #, name, manager#, managername)

with serial# as the primary key and manager# as a foreign
key. Let us denote the active domain by A,, and suppose
that

A (managert) C A;(serial#)
and

A, (managername) C A.(name)
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for all time ¢. In this case the redundancy is obvious: the
domain managername is unnecessary. To see that it is a
strong redundancy as defined above, we observe that
wau (employee) = w12 (employee )| 1w (employee).

In the second example the collection of relations includes a
relation S describing suppliers with primary key s#, a re-
lation D describing departments with primary key d#, a
relation J describing projects with primary key j#, and the
following relations:

P(S#,d#,"’), Q(s#;j#)'“)) R(d#aj#;”'))

where in each case - - - denotes domains other than s#, df,
j#. Let us suppose the following condition C is known to
hold independent of time: supplier s supplies department
d (relation P) if and only if supplier s supplies some project
§ (relation @) to which d is assigned (relation K). Then, we
can write the equation

m2(P) = 712(Q)-7u(R)

and thereby exhibit a strong redundancy.

An important reason for the existence of strong re-
dundancies in the named set of relationships is user con-
venience. A particular case of this is the retention of semi-
obsolete relationships in the named set so that old pro-
grams that refer to them by name can continue to run cor-
rectly. Knowledge of the existence of strong redundancies
in the named set enables a system or data base adminis-
trator greater freedom in the selection of stored representa-
tions to cope more efficiently with current traffic. If the
strong redundancies in the named set are directly reflected
in strong redundancies in the stored set (or if other strong
redundancies are introduced into the stored set), then, gen-
erally speaking, extra storage space and update time are
consumed with & potential drop in query time for some
queries and in load on the central processing units.
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222. Weak Redundancy. A second type of redun-
dancy may exist. In contrast to strong redundancy it is not
characterized by an equation. A collection of relations is
weakly redundant if it contains a relation that has a projec-
tion which is not derivable from other members but is at
all times a projection of some join of other projections of
relations in the collection.

We can exhibit a weak redundancy by taking the second
example (cited above) for a strong redundancy, and as-
suming now that condition C' does not hold at all times.

The relations 72 (P), 712 (Q), m2 (R) are complex!® relations
with the possibility of points of ambiguity occurring from
time to time in the potential joining of any two. Under
these circumstances, none of them is derivable from the
other two. However, constraints do exist between them,
since each is a projection of some cyclic join of the three of
them. One of the weak redundancies can be characterized
by the statement: for all time, r2 (P) is some composition
of 712 (Q) with 7z (R). The composition in question might
be the natural one at some instant and a nonnatural one at
another instant.

Generally speaking, weak redundancies are inherent in
the logical needs of the community of users. They are not
removable by the system or data base administrator. If
they appear at all, they appear in both the named set and
the stored set of representations.

2.3. CONSISTENCY

Whenever the named set of relations is redundant in
either sense, we shall associate with that set a collection of
statements which define all of the redundancies which hold
independent of time between the member relations. If the
information system lacks—and it most probably will—de-

0 A binary relation is complex if neither it nor its converse is a
function.
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tailed semantic information about each named relation, it
cannot deduce the redundancies applicable to the named
set. It might, over a period of time, make attempts to
induce the redundancies, but such attempts would be fal-
lible.

Given a collection C' of time-varying relations, an as-
sociated set Z of constraint statements and an instantaneous
value V for C, we shall call the state (C, Z, V') consistent
or inconsistent according as ¥ does or does not satisfy Z.
For example, given stored relations R, S, T together with
the constraint statement “m.(7') is a composition of
12 (R) with 712(S)”, we may check from time to time that
the values stored for R, S, T satisfy this constraint. An al-
gorithm for making this check would examine the first two
columns of each of B, S, T' (in whatever way they are repre-
sented in the system) and determine whether

(1) m(T) = m(R),
(2) m(T) = m(S),

(3) for every element pair (a, ¢) in the relation m. (T")
there is an element b such that (a, b) is in m (R)
and (b, ¢) is in 2 (S).

There are practical problems (which we shall not discuss
here) in taking an instantaneous snapshot of a collection
of relations, some of which may be very large and highly
variable.

It is important to note that consistency as defined above
is a property of the instantaneous state of a data bank, and
is independent of how that state came about. Thus, in
particular, there is no distinction made on the basis of
whether a user generated an inconsistency due to an act of
omission or an act of commission. Examination of a simple
example will show the reasonableness of this (possibly un-
conventional) approach to consistency.
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Suppose the named set C includes the relations S, J, D,
P, Q, R of the example in Section 2.2 and that P, Q, R
possess either the strong or weak redundancies described
therein (in the particular case now under consideration, it
does not matter which kind of redundancy occurs ). Further,
suppose that at some time ¢ the data bank state is consistent
and contains no project 7 such that supplier 2 supplies
project j and j is assigned to department 5. Accordingly,
there is no element (2, 3) in m2 (P ). Now, a user introduces
the element (2, 5) into 72 (P) by inserting some appropri-
ate element into P. The data bank state is now inconsistent.
The inconsistency could have arisen from an act of omis-
sion, if the input (2, 5) is correct, and there does exist a
project j such that supplier 2 supplies 7 and j is assigned to
department 5. In this case, it is very likely that the user
intends in the near future to insert elements into @ and R
which will have the effect of introducing (2, 7) into 712 (Q)
and (5, 7) in mz(R). On the other hand, the input (2, 5)
might have been faulty. It could be the case that the user
intended to insert some other element into P—an element
whose insertion would transform a consistent state into
a consistent state. The point is that the system will
normally have no way of resolving this question without
interrogating its environment (perhaps the user who cre-
ated the inconsistency ).

There are, of course, several possible ways in which a
system can detect inconsistencies and respond to them.
In one approach the system checks for possible inconsist-
ency whenever an insertion, deletion, or key update occurs.
Naturally, such checking will slow these operations down.
If an inconsistency has been generated, details are logged
internally, and if it is not remedied within some reasonable
time interval, either the user or someone responsible for
the security and integrity of the data is notified. Another
approach i1s to eonduct conmsistency checking as a batch
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operation once a day or less frequently. Inputs causing the
inconsistencies which remain in the data bank state at
checking time can be tracked down if the system main-
tains a journal of all state-changing transactions. This
latter approach would certainly be superior if few non-
transitory inconsistencies occurred.

24. SUMMARY

In Section 1 a relational model of data is proposed as a
basis for protecting users of formatted data systems from
the potentially disruptive changes in data representation
caused by growth in the data bank and changes in traffic.
A normal form for the time-varying collection of relation-
ships is introduced.

In Section 2 operations on relations and two types of
redundancy are defined and applied to the problem of
maintaining the data in a consistent state. This is bound to
become a serious practical problem as more and more dif-
ferent types of data are integrated together into common
data banks.

Many questions are raised and left unanswered. For
example, only a few of the more important properties of
the data sublanguage in Section 1.4 are mentioned. Neither
the purely linguistic details of such a language nor the
implementation problems are discussed. Nevertheless, the
material presented should be adequate for experienced
systems programmers to visualize several approaches. It
is also hoped that this paper can contribute to greater pre-
cision in work on formatted data systems.
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I. INTRODUCTION
Definitions

The dictionary defines “economics” as “a social science
concerned chiefly with description and analysis of the produc-
tion, distribution, and consumption of goods and services.”
Here is another definition of economics which I think is more
helpful in explaining how economics relates to software engi-
neering.

Economics is the study of how people make decisions

in resource-limited situations.

This definition of economics fits the major branches of
classical economics very well.

Macroeconomics is the study of how people make decisions
in resource-limited situations on a national or global scale. It
deals'with theeffectsiof 'decisions that national leaders make
on such issues as tax rates, interest rates, foreign and trade
policy.
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Microeconomics is the study of how people make decisions
in resource-limited situations on a more personal scale. It deals
with the decisions that individuals and organizations make on
such issues as how much insurance to buy, which word proc-
essor to buy, or what prices to charge for their products or
services.

Economics and Software Engineering Management

If we look at the discipline of software engineering, we see
that the microeconomics branch of economics deals more with
the types of decisions we need to make as software engineers
OI managers.

Clearly, we deal with limited resources. There is never
enough time or money to cover all the good features we would
like to put into our software products. And even in these days
of cheap hardware and virtual memory, our more significant
software products must always operate within a world of lim-
ited computer power and main memory. If you have been in
the software engineering field for any length of time, I am sure
you can think of a number of decision situations in which you
had to determine some key software product feature as a func-
tion of some limiting critical resource.

Throughout the software life cycle,! there are many de-
cision situations involving limited resources in which software
engineering economics techniques provide useful assistance. To
provide a feel for the nature of these economic decision issues,
an example is given below for each of the major phases in the
software life cycle.

o  Feasibility Phase: How much should we invest in in-

formation system analyses (user questionnaires and in-

1 Economic principles underlie the overall structure of the software
life cycle, and its primary refinements of prototyping, incremental de-
velopment, and advancemanship. The primary economic driver of the
life-cycle structure is the significantly increasing cost of making a soft-
ware change or fixing a software problem, as a function of the phase
in which the change or fix is made. See [11, ch. 4].
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terviews, current-system analysis, workload characteri-
zations, simulations, scenarios, prototypes) in order
that we converge on an appropriate definition and con-
cept of operation for the system we plan to imple-
ment?

e Plans and Requirements Phase: How rigorously should
we specify requirements? How much should we invest
in requirements validation activities (automated com-
pleteness, consistency, and traceability checks, analytic
models, simulations, prototypes) before proceeding to
design and develop a software system?

e Product Design Phase: Should we organize the software
to make it possible to use a complex piece of existing
software which generally but not completely meets our
requirements?

o Programming Phase: Given a choice between three data
storage and retrieval schemes which are primarily exe-
cution time-efficient, storage-efficient, and easy-to-
modify, respectively; which of these should we choose
to implement?

e Integration and Test Phase: How much testing and for-
mal verification should we perform on a product be-
fore releasing it to users?

e  Maintenance Phase: Given an extensive list of suggested
product improvements, which ones should we imple-
ment first?

e Phaseout: Given an aging, hard-to-modify software
product, should we replace it with a new product, re-
structure it, or leave it alone?

Outline of This Paper

The economics field has evolved a number of techniques
(cost-benefit analysis; present value analysis, risk analysis, etc.)
for dealing with decision issues such as the ones above. Section
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II of this paper provides an overview of these techniques and
their applicability to software engineering.

One critical problem which underlies all applications of
economic techniques to software engineering is the problem of
estimating software costs. Section III contains three major
sections which summarize this field:

I11I-A: Major Software Cost Estimation Techniques

ITI-B: Algorithmic Models for Software Cost Estimation

III-C: Outstanding Research Issues in Software Cost Estima-
tion.

Section IV concludes by summarizing the major benefits of
software engineering economics, and commenting on the
major challenges awaiting the field.

II. SOFTWARE ENGINEERING ECONOMICS ANALYSIS
TECHNIQUES

Overview of Relevant Techniques

The microeconomics field provides a number of techniques
for dealing with software life-cycle decision issues such as the
ones given in the previous section. Fig. 1 presents an overall
master key to these techniques and when to use them.?

As indicated in Fig. 1, standard optimization techniques
can be used when we can find a single quantity such as dollars
(or pounds, yen, cruzeiros, etc.) to serve as a “universal sol-
vent” into which all of our decision variables can be converted.
Or, if the nondollar objectives can be expressed as constraints
(system availability must be at least 98 percent; throughput
must be at least 150 transactions per second), then standard
constrained optimization techniques can be used. And if cash
flows occur at different times, then present-value techniques
can be used to normalize them to a common point in time.

2 The chapter numbers in Fig. 1 refer to the chapters in [11], in
which those/techniques are discussed in further detail.
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Fig. 2. Cost-effectiveness comparison, transaction processing system
options.

More frequently, some of the resulting benefits from the
software system are not expressible in dollars. In such situa-
tions, one alternative solution will not necessarily dominate
another solution.

An example situation is shown in Fig. 2, which compares
the cost and benefits (here, in terms of throughput in trans-
actions per second) of two alternative approaches to develop-
ing an operating system for a transaction processing system.

e Option A: Accept an available operating system. This
will require only $80K in software costs, but will
achieve a peak performance of 120 transactions per
second, using five $10K minicomputer processors, be-
cause of a high multiprocessor overhead factor.

e Option B: Build a new operating system. This system
would be more efficient and would support a higher
peak throughput, but would require $180K in soft-
ware costs.
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The cost-versus-performance curve for these two options
are shown in Fig. 2. Here, neither option dominates the
other, and various cost-benefit decision-making techniques
(maximum profit margin, cost/benefit ratio, return on in-
vestments, etc.) must be used to choose between Options
A and B.

In general, software engineering decision problems are
even more complex than Fig. 2, as Options A and B will
have several important criteria on which they differ (e.g.,
robustness, ease of tuning, ease of change, functional
capability). If these criteria are quantifiable, then some type
of figure of merit can be defined to support a comparative
analysis of the preferability of one option over another. If
some of the criteria are unquantifiable (user goodwill, pro-
grammer morale, etc.), then some techniques for comparing
unquantifiable criteria need to be used. As indicated in Fig. 1,
techniques for each of these situations are available, and
discussed in [11].

Analyzing Risk, Uncertainty, and the Value of Information

In software engineering, our decision issues are generally
even more complex than those discussed above. This is be-
cause the outcome of many of our options cannot be deter-
mined in advance. For example, building an operating sys-
tem with a significantly lower multiprocessor overhead may
be achievable, but on the other hand, it may not. In such cir-
cumstances, we are faced with a problem of decision making
under uncertainty, with a considerable risk of an undesired
outcome.

The main economic analysis techniques available to sup-
port us in resolving such problems are the following.

1) Techniques for decision making under complete un-
certainty, such as the maximax rule, the maximin rule, and
the Laplace rule [38]. These techniques are generally inade-
quate for practical software engineering decisions.
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2) Expected-value techniques, in which we estimate the
probabilities of occurrence of each outcome (successful or
unsuccessful development of the new operating system) and
complete the expected payoff of each option:

EV = Prob(success) * Payoff(successful OS)
+ Prob(failure) * Payoff(unsuccessful OS).

These techniques are better than decision making under com-
plete uncertainty, but they still involve a great deal of risk if
the Prob(failure) is considerably higher than our estimate of it.

3) Techniques in which we reduce uncertainty by buying
information. For example, prototyping is a way of buying in-
formation to reduce our uncertainty about the likely success
or failure of a multiprocessor operating system; by developing
a rapid prototype of its high-risk elements, we can get a clearer
picture of our likelihood of successfully developing the full
operating system.

In general, prototyping and other options for buying in-
formation® are most valuable aids for software engineering de-
cisions. However, they always raise the following question:
“how much information-buying is enough?”

In principle, this question can be answered via statistical de-
cision theory techniques involving the use of Bayes’ Law, which
allows us to calculate the expected payoff from a software
project as a function of our level of investment in a prototype
or other information-buying option. (Some examples of the
use of Bayes’ Law to estimate the appropriate level of invest-
ment in a prototype are given in [11, ch. 20].)

In practice, the use of Bayes’ Law involves the estimation
of a number of conditional probabilities which are not easy to

3 Other examples of options for buying information to support
software .engineering decisionsinclude feasibility studies, user sur-
veys, simulation, testing, and mathematical program verification tech-
niques.
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estimate accurately. However, the Bayes’ Law approach can be
translated into a number of value-of-information guidelines, or
conditions under which it makes good sense to decide on in-
vesting in more information before committing ourselves to a
particular course of action.

Condition 1: There exist attractive alternatives whose pay-
off varies greatly, depending on some critical states of nature.
If not, we can commit ourselves to one of the attractive alter-
natives with no risk of significant loss.

Condition 2: The critical states of nature have an appreci-
able probability of occurring. If not, we can again commit our-
selves without major risk. For situations with extremely high
variations in payoff, the appreciable probability level is lower
than in situations with smaller variations in payoff.

Condition 3: The investigations have a high probability of
accurately identifying the occurrence of the critical states of
nature. If not, the investigations will not do much to reduce
our risk of loss due to making the wrong decision.

Condition 4: The required cost and schedule of the investi-
gations do not overly curtdil their net value. It does us little
good to obtain results which cost more than they can save us,
or which arrive too late to help us make a decision.

Condition 5: There exist significant side benefits derived
from performing the investigations. Again, we may be able to
justify an investigation solely on the basis of its value in train-
ing, team-building, customer relations, or design validation.

Some Pitfalls Avoided by Using the Value-of-Information
Approach

The guideline conditions provided by the value-of-informa-
tion approach provide us with a perspective which helps us
avoid some serious software engineering pitfalls. The pitfalls
below are expressed in terms of some frequently expressed but
faulty pieces of software engineering advice.
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Pitfall 1: Always use a simulation to investigate the feasibil-
ity of complex realtime software. Simulations are often ex-
tremely valuable in such situations. However, there have been
a good many simulations developed which were largely an ex-
pensive waste of effort, frequently under conditions that would
have been picked up by the guidelines above. Some have been
relatively useless because, once they were built, nobody could
tell whether a given set of inputs was realistic or not (picked
up by Condition 3). Some have been taken so long to develop
that they produced their first results the week after the pro-
posal was sent out, or after the key design review was com-
pleted (picked up by Condition 4).

Pitfall 2: Always build the software twice. The guidelines
indicate that the prototype (or build-it-twice) approach is often
valuable, but not in all situations. Some prototypes have been
built of software whose aspects were all straightforward and
familiar, in which case nothing much was learned by building
them (picked up by Conditions 1 and 2).

Pitfall 3: Build the software purely top-down. When inter-
preted too literally, the top-down approach does not concern
itself with the design of low level modules until the higher
levels have been fully developed. If an adverse state of nature
makes such a low level module (automatically forecast sales
volume, automatically discriminate one type of aircraft from
another) impossible to develop, the subsequent redesign will
generally require the expensive rework of much of the higher
level design and code. Conditions 1 and 2 warn us to temper
our top-down approach with a thorough top-to-bottom soft-
ware risk analysis during the requirements and product design
phases.

Pitfall 4: Every piece of code should be proved correct.
Correctness proving is still an expensive way to get informa-
tion on the fault-freedom of software, although it strongly
satisfies Condition 3 by giving a very high assurance of a pro-
gram’s correctness. Conditions 1 and 2 recommend that proof
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techniques be used in situations where the operational cost of
a software fault is very large, that is, loss of life, compromised
national security, major financial losses. But if the operational
cost of a software fault is small, the added information on
fault-freedom provided by the proof will not be worth the in-
vestment (Condition 4).

Pitfall 5: Nominal-case testing is sufficient, This pitfall is
just the opposite of Pitfall 4. If the operational cost of poten-
tial software faults is large, it is highly imprudent not to per-
form off-nominal testing.

Summary: The Economic Value of Information

“ Let us step back a bit from these guidelines and pitfalls. Put
simply, we are saying that, as software engineers:
“It is often worth paying for information because it
helps us make better decisions.”

If we look at the statement in a broader context, we can see
that it is the primary reason why the software engineering field
exists. It is what practically all of our software customers say
when they decide to acquire one of our products: that it is
worth paying for a management information system, a weather
forecasting system, an air traffic control system, an inventory
controlsystem, etc.,because it helps them make better decisions.

Usually, software engineers are producers of management
information to be consumed by other people, but during the
software life cycle we must also be consumers of management
information to support our own decisions. As we come to ap-
preciate the factors which make it attractive for us to pay for
processed information which helps us make better decisions as
software engineers, we will get a better appreciation for what
our customers and users are looking for in the information
processing systems we develop for them,
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III. SOoFTWARE CoOST ESTIMATION
Introduction

All of the software engineering economics decision analysis
techniques discussed above are only as good as the input data
we can provide for them. For software decisions, the most
critical and difficult of these inputs to provide are estimates
of the cost of a proposed software project. In this section,
we will summarize:

1) the major software cost estimation techniques avail-
able, and their relative strengths and difficulties;

2) algorithmic models for software cost estimation;

3) outstanding research issues in software cost estimation.

A. Major Software Cost Estimation Techniques

Table I summarizes the relative strengths and difficulties of
the major software cost estimation methods in use today.

1) Algorithmic Models: These methods provide one or
more algorithms which produce a software cost estimate as a
function of a number of variables which are considered to be
the major cost drivers.

2) Expert Judgment: This method involves consulting one
or more experts, perhaps with the aid of an expert-consensus
mechanism such as the Delphi technique.

3) Analogy: This method involves reasoning by analogy
with one or more completed projects to relate their actual
costs to an estimate of the cost of a similar new project.

 4) Parkinson: A Parkinson principle (“work expands to
fill the available volume™) is invoked to equate the cost esti-
mate to the available resources.

5) Price-to-Win: Here, the cost estimate is equated to the
price believed necessary to win the job (or the schedule be-
lieved necessary to be first'in the market with a new product,
etc.).
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6) Top-Down: An overall cost estimate for the project is
derived from global properties of the software product. The
total cost is then split up among the various components.

7) Bottom-Up: Each component of the software job is
separately estimated, and the results aggregated to produce
an estimate for the overall job.

The main conclusions that we can draw from Table I are
the following.

e None of the alternatives is better than the others from

all aspects.

e The Parkinson and price-to-win methods are unaccept-
able and do not produce satisfactory cost estimates.

The strengths and weaknesses of the other techniques

are complementary (particularly the algorithmic models versus
expert judgment and top-down versus bottom-up).

Thus, in practice, we should use combinations of the

above techniques, compare their results, and iterate on them
where they differ.

TABLE1

STRENGTHS AND WEAKNESSES OF SOFTWARE
COST-ESTIMATION METHODS

Method Strengths Weaknesses
Algorithmic Objective, repeatable, analyzable Subjective inputs
model formula Assessment of exceptional
Etficient, good for sensitivity circumstances
analysis Calibrated to past. not
Objectively calibrated to experience future
Expert Assessment of representativeness, ® No better than parscipants
judgment interactions, exceptional Biases, incomplete recall
.
Analogy Based on representative experience Representativenass of experience
Parkinson e Correlates with some expenence Reinforces poor practice
Price to win e Often gets the contract Generally producss large overruns
Top-down System level focus Less detailed bass
Efficient Less stable
Bottom-up More detailed basis May overiook system level
More stable costs
Fosters individual commitment Requires more efort
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Fundamental Limitations of Software Cost Estimation
Techniques

Whatever the strengths of a software cost estimation tech-
nique, there is really no way we can expect the technique to
compensate for our lack of definition or understanding of the
software job to be done. Until a software specification is fully
defined, it actually represents a range of software products,
and a corresponding range of software development costs.

This fundamental limitation of software cost estimation
technology is illustrated in Fig. 3, which shows the accuracy
within which software cost estimates can be made, as a func-
tion of the software life-cycle phase (the horizontal axis), or of
the level of knowledge we have of what the software is in-
tended to do. This level of uncertainty is illustrated in Fig. 3
with respect to a human-machine interface component of
the software.

Classes of people, _Example sources of uncerwinty,

ine interface
P _o—data sources 10 support i
Query types, data loads,
intelligent-terminal tradeoffs,
response times
internal dats structure,
buffer handiing techniques
b Deusiled scheduling algorithms,
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% 1.5¢ |- / Programmer understanding
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§ s} ;{ specticat
-
B oa}
$
H 08« |-
®
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0.5x |-

Product Detailed
0.25x |- Concept of Requirements design design Accepted
operation specifications specifications specifications software
ry A a FN A
Feasibility Plans and Product Detailed Development and test
requirements design design

Phases and milestones

Fig. 3. Software cost estimation accuracy versus phase.
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When we first begin to evaluate alternative concepts for a
new software application, the relative range of our software
cost estimates is roughly a factor of four on either the high or
low side.# This range stems from the wide range of uncertainty
we have at this time about the actual nature of the product.
For the human-machine interface component, for example,
we do not know at this time what classes of people (clerks,
computer specialists, middle managers, etc.) or what classes of
data (raw or pre-edited, numerical or text, digital or analog) the
system will have to support. Until we pin down such uncer-
tainties, a factor of four in either direction is not surprising as
a range of estimates.

The above uncertainties are indeed pinned down once we
complete the feasibility phase and settle on a particular con-
cept of operation. At this stage, the range of our estimates di-
minishes to a factor of two in either direction. This range is
reasonable because we still have not pinned down such issues
as the specific types of user query to be supported, or the spe-
cific functions to be performed within the microprocessor in
the intelligent terminal. These issues will be resolved by the
time we have developed a software requirements specification,
at which point, we will be able to estimate the software costs
within a factor of 1.5 in either direction.

By the time we complete and validate a product design
specification, we will have resolved such issues as the internal
data structure of the software product and the specific tech-
niques for handling the buffers between the terminal micro-
processor and the central processors on one side, and between
the microprocessor and the display driver on the other. At this
point, our software estimate should be accurate to within a
factor of 1.25, the discrepancies being caused by some remain-
ing sources of uncertainty such as the specific algorithms to be

4 These ranges have been determined subjectively, and are intended
to represent 80 percent confidence limits, that is, “within a factor of
four on either side, 80 percent of the time.”
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used for task scheduling, error handling, abort processing, and
the like. These will be resolved by the end of the detailed de-
sign phase, but there will still be a residual uncertainty about
10 percent based on how well the programmers really under-
stand the specifications to which they are to code. (This factor
also includes such consideration as personnel turnover uncer-
tainties during the development and test phases.)

B. Algorithmic Models for Software Cost Estimation
Algorithmic Cost Models: Early Development

Since the earliest days of the software field, people have
been trying to develop algorithmic models to estimate soft-
ware costs. The earliest attempts were simple rules of thumb,
such as:

e on alarge project, each software performer will provide
an average of one checked-out instruction per man-hour (or
roughly 150 instructions per man-month);

e ecach software maintenance person can maintain four
boxes of cards (a box of cards held 2000 cards, or roughly
2000 instructions in those days of few comment cards).

Somewhat later, some projects began collecting quantita-
tive data on the effort involved in developing a software
product, and its distribution across the software life cycle. One
of the earliest of these analyses was documented in 1956 in [8] .
Itindicated that, for very large operational software products on
the order of 100 000 delivered source instructions (100 KDSI),
that the overall productivity was more like 64 DSI/man-month,
that another 100 KDSI of support-software would be required;
that about 15 000 pages of documentation would be produced
and 3000 hours of computer time consumed; and that the dis-
tribution of effort would be as follows:

Program Specs: 10 percent
Coding Specs: 30 percent
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Coding: 10 percent
Parameter Testing: 20 percent
Assembly Testing: 30 percent

with an additional 30 percent required to produce operational
specs for the system. Unfortunately, such data did not become
well known, and many subsequent software projects went
through a painful process of rediscovering them.

During the late 1950’s and early 1960’s, relatively little
progress was made in software cost estimation, while the fre-
quency and magnitude of software cost overruns was becom-
ing critical to many large systems employing computers. In
1964, the U.S. Air Force contracted with System Develop-
ment Corporation for a landmark project in the software cost
estimation field. This project collected 104 attributes of 169
software projects and treated them to extensive statistical anal-
ysis. One result was the 1965 SDC cost model [41] which was
the best possible statistical 13-parameter linear estimation
model for the sample data:

MM = —33.63
+9.15 (Lack of Requirements) (0-2)
+10.73 (Stability of Design) (0-3)
+0.51 (Percent Math Instructions)
+0.46 (Percent Storage/Retrieval Instructions)
+0.40 (Number of Subprograms)
+7.28 (Programming Language) (0-1)
—21.45 (Business Application) (0-1)
+13.53 (Stand-Alone Program) (0.1)
+12.35 (First Program on Computer) (0-1)
+58.82 (Concurrent Hardware Development) (0-1)
+30.61 (Random Access Device Used) (0-1)
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+29.55 (Difference Host, Target Hardware) (0-1)
+0.54 (Number of Personnel Trips)
—25.20 (Developed by Military Organization) (0-1).

The numbers in parentheses refer to ratings to be made by the
estimator.

When applied to its database of 169 projects, this model
produced a mean estimate of 40 MM and a standard deviation
of 62 MM; not a very accurate predictor. Further, the applica-
tion of the model is counterintuitive; a project with all zero
ratings is estimated at minus 33 MM; changing language from a
higher order language to assembly language adds 7 MM, inde-
pendent of project size. The most conclusive result from the
SDC study was that there were too many nonlinear aspects of
software development for a linear cost-estimation model to
work very well.

Still, the SDC effort provided a valuable base of information
and insight for cost estimation and future models. Its cumula-
tive distribution of productivity for 169 projects was a valu-
able aid for producing or checking cost estimates. The estima-
tion rules of thumb for various phases and activities have been
very helpful, and the data have been a major foundation for
some subsequent cost models.

In the late 1960’s and early 1970’s, a number of cost models
were developed which worked reasonably well for a certain re-
stricted range of projects to which they were calibrated. Some
of the more notable examples of such models are those de-
scribed in [3], [54], [57].

The essence of the TRW Wolverton model [57] is shown in
Fig. 4, which shows a number of curves of software cost per
object instruction as a function of relative degree of difficulty
(0 to 100), novelty of the application (new or old), and type
of project. The best use of the model involves breaking the
software into components and estimating their cost individu-
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Fig. 4. TRW Wolverton model: Cost per object instruction versus rela-
tive degree of difficulty.

ally. This, a 1000 object-instruction module of new data man-
agement software of medium (50 percent) difficulty would be
costed at $46/instruction, or $46 000.

This model is well-calibrated to a class of near-real-time
government command and control projects, but is less ac-
curate for some other classes of projects. In addition, the
modelyprovidesyasgoodrbreakdown of project effort by phase
and activity.
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In the late 1970s, several software cost estimation models
were developed which established a significant advance in the
state of the art. These included the Putnam SLIM Model [44],
the Doty Model [27], the RCA PRICE S model [22], the
COCOMO model [11], the IBM-FSD model [53], the Boeing
model [9], and a series of models developed by GRC [15]. A
summary of these models, and the earlier SDC and Wolverton
models, is shown in Table II, in terms of the size, program,
computer, personnel, and project attributes used by each
model to determine software costs. The first four of these
models are discussed below.

The Putnam SLIM Model [44] , [45]

The Putnam SLIM Model is a commercially available (from
Quantitative Software Management, Inc.) software product
based on Putnam’s analysis of the software life cycle in terms
of the Rayleigh distribution of project personnel level versus
time. The basic effort macro-estimation model used in SLIM
is

Ss=Cik*3t3!3

where
Sg. = number of delivered source instructions
K = life-cycle effort in man-years
ty = development time in years
Cr = a‘‘technology constant.”

Values of C; typically range between 610 and 57 314. The
current version of SLIM allows one to calibrate Cj to past
projects or to past projects or to estimate it as a function of a
project’s use of modern programming practices, hardware con-
straints, personnel experience, interactive development, and
other factors. The required development effort, DE, is esti-
mated as roughly 40 percent of the life-cycle effort for large
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systems. For smaller systems, the percentage varies as a func-
tion of system size.

The SLIM model includes a number of useful extensions to
estimate such quantities as manpower distribution, cash flow,
major-milestone schedules, reliability levels, computer time,
and documentation costs.

The most controversial aspect of the SLIM model is its
tradeoff relationship between development effort K and be-
tween development time #4. For a software product of a given
size, the SLIM software equation above gives

constant

2
lq

For example, this relationship says that one can cut the
cost of a software project in half, simply by increasing its de-
velopment time by 19 percent (e.g., from 10 months to 12
months). Fig. 5 shows how the SLIM tradeoff relationship com-
pares with those of other models; see [11, ch. 27] for further
discussion of this issue.

On balance, the SLIM approach has provided a number
of useful insights into software cost estimation, such as the
Rayleigh-curve distribution for one-shot software efforts, the
explicit treatment of estimation risk and uncertainty, and the
cube-root relationship defining the minimum development time
achievable for a project requiring a given amount of effort.

The Doty Model [27]

This model is the result of an extensive data analysis activ-
ity, including many of the data points from the SDC sample.
A number of models of similar form were developed for dif-
ferent application areas. As an example, the model for general
application is



123

JENSEN SLIM

\

2
S’ 2
-
-
—~
‘./

RELATIVE
EFFORT 0

n
~4—

R
T L 1 L M
L .6 07 08 09 108~ 11 12 13 14
NOM \ e
. RELATIVE SCHEDULE
\\ ~ TDESIRED/TNOM
\ \ ~\\
os | \ Sea
-~
\

08 - \ ‘\

orl \

Fig. 5. Comparative effort-schedule tradeoff relationships.

MM = 5.288 (KDSI)!-%47,  for KDSI > 10

14

MM=2.O60(KDSI)1'°47< f;), for KDSI < 10.
=1

J

The effort multipliers f; are shown in Table III. This model has
a much more appropriate functional form than the SDC
model, but it has some problems with stability, as it exhibits a
discontinuity at KDSI = 10, and produces widely varying esti-
mates via the f factors (answering “yes” to “first software de-
veloped on CPU” adds 92 percent to the estimated cost).

The RCA PRICE S Model [22]

PRICE S is a commercially available (from RCA, Inc.)
macro cost-estimation model developed primarily for embed-
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TABLE III
DOTY MODEL FOR SMALL PROGRAMS*

-
MM = 2.060 [ }i‘l,
=2

Factor 4 Yes No
Special f 1.1 1.00
Detailed definition of operational requirements '3 1.00 1
Change to operational requirements [ A 1.05 1.00
Reel-time operation 'A 133 1.00
CPU memory constraint & 1.43 1.00
CPU time constraint & 1.33 1.00
First software developed on CPU & 1.82 1.00
Concurrent development of ADP hardware & 1.82 1.00
Timeshare versus batch processing, in
development 13 0.83 1.00
Developer using computer at another facility foo 143 1.00
Development at operational site f 1.39 1.00
Development computer different than target
computer fis 125 1.00
Development at more than one site fis 125 1.00
Programmer access 10 computer fe Limhad 1.00
Unlimited 0.90
¢ Less than 10,000 source instructions

ded system applications. It has improved steadily with experi-
ence; earlier versions with a widely varying subjective complex-
ity factor have been replaced by versions in which a number of
computer, personnel, and project attributes are used to modu-
late the complexity rating.

PRICE S has extended a number of cost-estimating relation-
ships developed in the early 1970’s such as the hardware con-
straint function shown in Fig. 6 [10]. It was primarily devel-
oped to handle military software projects, but now also in-
cludes rating levels to cover business applications.

PRICE S also provides a wide range of useful outputs on
gross phase and activity distributions analyses, and monthly
project cost-schedule-expected progress forecasts. Price S uses
a two-parameter beta distribution rather than a Rayleigh curve
to calculate development effort distribution versus calendar
time.

PRICE S has recently added a software life-cycle support
cost estimation capability called PRICE SL [34]. It involves
the definition of three categories of support activities.
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Fig. 6. RCA PRICE S model: Effect of hardware constraints.

e  Growth: The estimator specifies the amount of code to
be added to the product. PRICE SL then uses its standard
techniques to estimate the resulting life-cycle-effort distribu-
tion.

o  Enhancement: PRICE SL estimates the fraction of the
existing product which will be modified (the estimator may
provide his own fraction), and uses its standard techniques to
estimate the resulting life-cycle effort distribution.

e Maintenance: The estimator provides a parameter indi-
cating the quality level of the developed code. PRICE SL uses
this to estimate the effort required to eliminate remaining er-
IOIS.

The COnstructive COst MOdel (COCOMO) [11]

The primary motivation for the COCOMO model has been
to help people understand the cost consequences of the de-
cisions they will make in commissioning, developing, and sup-
portingra'software product:Besides providing a software cost
estimation capability, COCOMO therefore provides a great
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deal of material which explains exactly what costs the model
is estimating, and why it comes up with the estimates it does.
Further, it provides capabilities for sensitivity analysis and
tradeoff analysis of many of the common software engineering
decision issues.

COCOMO is actually a hierarchy of three increasingly de-
tailed models which range from a single macro-estimation
scaling model as a function of product size to a micro-estima-
tion model with a three-level work breakdown structure and
a set of phase-sensitive multipliers for each cost driver attri-
bute. To provide a reasonably concise example of a current
state of the art cost estimation model, the intermediate level
of COCOMO is described below.

Intermediate COCOMO estimates the cost of a proposed
software product in the following way.

1) A nominal development effort is estimated as a func-
tion of the product’s size in delivered source instructions in
thousands (KDSI) and the project’s development mode.

2) A set of effort multipliers are determined from the
product’s ratings on a set of 15 cost driver attributes.

3) The estimated development effort is obtained by mul-
tiplying the nominal effort estimate by all of the product’s
effort multipliers.

4) Additional factors can be used to determine dollar
costs, development schedules, phase and activity distributions,
computer costs, annual maintenance costs, and other elements
from the development effort estimate.

Step 1-Nominal Effort Estimation: First, Table IV is used
to determine the project’s development mode. Organic-mode
projects typically come from stable, familiar, forgiving, rela-
tively unconstrained environments, and were found in the
COCOMO data analysis of 63 projects have a different scaling
equation from the more ambitious, unfamiliar, unforgiving,
tightly constrained embedded mode. The resulting scaling
equations for each mode are given in Table V; these are used
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to determine the nominal development effort for the project
in man-months as a function of the project’s size in KDSI
and the project’s development mode.

For example, suppose we are estimating the cost to develop
the microprocessor-based communications processing software
for a highly ambitious new electronic funds transfer network
with high reliability, performance, development schedule, and
interface requirements. From Table IV, we determine
that these characteristics best fit the profile of an
embedded-mode project.

We next estimate the size of the product as 10 000 delivered
source instructions, or 10 KDSI. From Table V, we then deter-
mine that the nominal development effort for this Embedded-
mode project is

TABLE IV
COCOMO SOFTWARE DEVELOPMENT MODES
Mode
Feature Organic Semwdetached Embedded
Organizational understanding of
product objectives Thorough Considerable General
Experience in working with related
software systems Extensive Considerable Moderate
Need for software conformance
with pre-established require-
ments Basic Considerable Fuit
Need for software conformance
with external interface specifica-
tons Basic Consderable Full
Concurrent development of associ-
ated new hardware and opera-
tional procedures Some Moderate Extensive
Need for innovative data processing
architectures, algorithms Minimal Some Considerable
Premium on early completion Low Medwm High
Product size range <50 KDSI <300 KDSI All sizes
Examples Batch data Most transaction Large, complex
reduction processing sys- transaction
Scientific tems processing
models New OS. DBMS systems
Business Ambrbous inven- Ambitious, very
models tory. production large OS
Farnihar control Avionics
0OS, compiler Simpie command- Ambitious com-
Simple inven- control mand-control
tory, produc-

tion control
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TABLEV
COCOMO NOMINAL EFFORT AND SCHEDULE EQUATIONS

DEVELOPMENT MODE NOMINAL EFFORT SCHEDULE

Organic (MM) |~ = 3.2(kDS1) %% TDEV = 2.5(MM

)0. 38
NOA DEV

Semidetached =3.0(kDs) 12 TDEV = 2.5(MM

0.35
(MM Nows oeV!

Embedded (M) 2.8(kDs1) 2% TpEV = 2.5(MM

- ,0. 32
NOM ~ DEV

(KDS! = thousands of delivered source instructions)

2.8(10)!-29 = 44 man-months (MM).

Step 2—Determine Effort Multipliers: Each of the 15 cost
driver attributes in COCOMO has a rating scale and a set of ef-
fort multipliers which indicate by how much the nominal ef-
fort estimate must be multiplied to account for the project’s
having to work at its rating level for the attribute.

These cost driver attributes and their corresponding effort
multipliers are shown in Table VI. The summary rating scales
for each cost driver attribute are shown in Table VII, except
for the complexity rating scale which is shown in Table VIII
(expanded rating scales for the other attributes are provided
in [11]).

The results of applying these tables to our microprocessor
communications software example are shown in Table IX. The
effect of a software fault in the electronic fund transfer system
could be a serious financial loss; therefore, the project’s RELY
rating from Table VII is High. Then, from Table VI, the effort
multiplier for achieving a High level of required reliability is
1.15, or 15 percent more effort than it would take to develop
the software to a nominal level of required reliability.
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TABLE VI
INTERMEDIATE COCOMO SOFTWARE DEVELOPMENT EFFORT
MULTIPLIERS
Ratings
Very Very Extra

Cost Drivers fow Low Nominal Hgh High  High
Product: Attributes
RELY Required software reliability 15 .88 1.00 1.15 1.40
DATA Data base size 04 1.00 1.08 1.18
CPLX Product complexity .70 .85 1.00 115 130 1.65
Computer Attributes
TIME Execution time constraint 1.00 m 1.30 1.66
STOR Main storage conslraint 1.00 1.06 121 1.56
VIRT Vinual machine volatility* .87 1.00 1.15 1.30
TURN Computer tunaround time .87 1.00 1.07 1.15
Personnel Attributes
ACAP Analyst capablity 146 119 1.00 .86 n
AEXP Applications experience 120 1.13 1.00 91 82
PCAP Programmer capability 142 117 1.00 86 .70
VEXP Virtual machine experience® 121 110 1.00 .90
LEXP Programming language experience 1.14 107 1.00 .95
Project Altnbutes
MODP Use of modern programming practices 124 110 1.00 K] 82
TOOL Use of software tools 124 110 1.00 91 .83
SCED Required development schedule 123 108 1.00 1.04 1.10

*For a given sofiware product, the underlying virtual machme s the compiex of hardware snd software (OS,
DBMS, elc ) it calls on 0 eccomphish #s tasks

The effort multipliers for the other cost driver attributes
are obtained similarly, except for the Complexity attribute,
which is obtained via Table VIII. Here, we first determine that
communications processing is best classified under device-de-
pendent operations (column 3 in Table VIII). From this col-
umn, we determine that communication line handling typi-
cally has a complexity rating of Very High; from Table VI,
then, we determine that its corresponding effort multiplier is
1.30.

Step 3—Estimate Development Effort: We then compute
the estimated development effort for the microprocessor com-
munications software as the nominal development effort (44
MM) times the product of the effort multipliers for the 15 cost
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TABLE VIII
COCOMO MODULE COMPLEXITY RATINGS VERSUS TYPE OF
MODULE
Data
Contral Computatonal Device-dependent Management
Rating Operations Qperabons Qperations Operations
Very iow Straightiine code Evaluation of simple Simple read, wnte Simple arrays n
with a few non- expressions: e.g., statements with man memory
nested SP¥oper- A=B+C" simple formats
ators: OOs, ©-8
CASEs,
IFTHENELSES.
Simple predi-
cates
Low Straightforward Evaluation of mod- No cognizance Single file subset-
nesting of SP op- erate-level ex- needed of par- ting with no data
erators. Mostly pressions, e.g., ticular pro- structure
simple predicates D= SORT _ cessor or 1/0 changes, no ed-
(B°°2-4."A°C) device charac- its, no intermedi-
teristics. 1/0 ate files
done at GET/
PUT level. No
cognizance of
overiap
Nominal Mostly simple nest- Use of standard 1/0 processing in- Muiti-file input and
ing. Some inter- math and statisti- cludes device single file out-
moduie control. cal routnes. Ba- selection, status put. Simple
Decision tables SIC Matnx/vector checking and structural
operatons efror processing changes, simple
edits
High Highly nested SP Basic numencal Operations at Special purpose
operators with anatysis: muitivar- physical I/0 subroutines ac-
many compound ate interpoianon, lavel (physical tivated by data
predicates. orginary differen- storage address stream con-
Queue and stack tial equations. Ba- transiations; tents. Comoiex
control. Consid- sic truncavon, seeks, relds, data restir. tur-
erable intermo- roundoff con- otc). Opumized ng at record
dule control. cems 1/Q overiap levei
Very high Reentrant and re- Ditficuit but struc- Routines for nter- A generalized. pa-
cursive coding. tured NA.: near- rupt diagnosis, rameter-driven
Fixed-pnonty in- singuiar matrix servicing, mask- filte structunng
terrupt handling equations, partal ing. Communi- routine. File
differental equa- caton line buiding, com-
bons handling mand process-
ing, search
optmizaton
Extra high Muihpie resource Ditficuit and un- Dewvice timing-de- Highty coupled.
scheduling with structured N.A.: pendent coding, dynamic reia-
dynamcally tignty accurate MICTo-pro- tonal struc-
changing pnon- analysis of norsy, grammed tures. Natural
ties. Microcode- stochasoc data operatons language data
level controt management

RSP = structred programming
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driver attributes in Table IX (1.35, in Table IX). The resulting
estimated effort for the project is then

(44 MM) (1.35) = 59 MM.

Step 4—Estimate Related Project Factors: COCOMO has
additional cost estimating relationships for computing the re-
sulting dollar cost of the project and for the breakdown of
cost and effort by life-cycle phase (requirements, design, etc.)
and by type of project activity (programming, test planning,
management, etc.). Further relationships support the estima-
tion of the project’s schedule and its phase distribution. For
example, the recommended development schedule can be ob-
tained from the estimated development man-months via the

embedded-mode schedule equation in Table V:
TpEv = 2.5(59)°-3% = 9 months.

As mentioned above, COCOMO also supports the most com-
mon types of sensitivity analysis and tradeoff analysis involved
in scoping a software project. For example, from Tables VI
and VII, we can see that providing the software developers
with an interactive computer access capability (Low turn-
around time) reduces the TURN effort multiplier from 1.00 to
0.87, and thus reduces the estimated project effort from 59
MM to

(59 MM) (0.87) = 51 MM.

The COCOMO model has been validated with respect to a
sample of 63 projects representing a wide variety of business,
scientific, systems, real-time, and support software projects.
For this sample, Intermediate COCOMO estimates come
within 20 percent of the actuals about 68 percent of the time
(see Fig. 7). Since the residuals roughly follow a normal
distribution, this is equivalent to a standard deviation of
roughly 20 percent of the project actuals. This level of accu-
racy is representative of the current state of the art in soft-
ware cost models. One can do somewhat better with the aid
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Fig. 7. Intermediate COCOMO estimates versus project actuals.

of a calibration coefficient (also a COCOMO option), or within
a limited applications context, but it is difficult to improve
significantly on this level of accuracy while the accuracy of
software data collection remains in the “#20 percent’ range.

A Pascal version of COCOMO is available for a nominal dis-
tribution charge from the Wang Institute, under the name WI-
COMO [18].

Recent Software Cost Estimation Models

Most of the recent software cost estimation models tend to
follow the Doty and COCOMO models in having a nominal
scaling equation of the form MMygy = ¢(KDSI)* and a set
of multiplicative effort adjustment factors determined by a
number of cost driver attribute ratings. Some of them use the
Rayleigh curve approach to estimate distribution across the
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software life-cycle, but most use a more conservative effort/
schedule tradeoff relation than the SLIM model. These aspects
have been summarized for the various models in Table II and
Fig. 5.

The Bailey-Basili meta-model [4] derived the scaling equa-
tion

MMy oy = 3.5 +0.73 (KDSI)! 1€

and used two additional cost driver attributes (methodology
level and complexity) to model the development effort of 18
projects in the NASA-Goddard Software Engineering Labora-
tory to within a standard deviation of 15 percent. Its accuracy
for other project situations has not been determined.

The Grumman SOFCOST Model [19] uses a similar but un-
published nominal effort scaling equation, modified by 30
multiplicative cost driver variables rated on a scale of 0 to 10.
Table II includes a summary of these variables.

The Tausworthe Deep Space Network (DSN) model [50]
uses a linear scaling equation MMy oy = @(KDSI)!-°) and a
similar set of cost driver attributes, also summarized in Table
II. It also has a well-considered approach for determining the
equivalent KDSI involved in adapting existing software within
a new product. It uses the Rayleigh curve to determine the
phase distribution of effort, but uses a considerably more con-
servative version of the SLIM effort-schedule tradeoff relation-
ship (see Fig. 5).

The Jensen model [30], [31] is a commercially available
model with a similar nominal scaling equation, and a set of cost
driver attributes very similar to the Doty and COCOMO models
(but with different effort multiplier ranges); see Table II. Some
of the multiplier ranges in the Jensen model vary as functions
of other factors; e.g., increasing access to computer resources
widens the multiplier ranges on such cost drivers as personnel
capability and use of software tools. It uses the Rayleigh curve
for effort distribution, and a somewhat more conservative ef-
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fort-schedule tradeoff relation than SLIM (see Fig. 5). As with
the other commercial models, the Jensen model produces a
number of useful outputs on resource expenditure rates, prob-
ability distributions on costs and schedules, etc.

C. Outstanding Research Issues in Software Cost Estimation

Although a good deal of progress has been made in software
cost estimation, a great deal remains to be done. This section
updates the state-of-the-art review published in [11], and sum-
marizes the outstanding issues needing further research:

1) Software size estimation;

2) Software size and complexity metrics;

3) Software cost driver attributes and their effects;

4) Software cost model analysis and refinement;

5) Quantitative models of software project dynamics;

6) Quantitative models of software life-cycle evolution;

7) Software data collection.

1) Software Size Estimation: The biggest difficulty in us-
ing today’s algorithmic software cost models is the problem of
providing sound sizing estimates. Virtually every model re-
quires an estimate of the number of source or object instruc-
tions to be developed, and this is an extremely difficult quan-
tity to determine in advance. It would be most useful to have
some formula for determining the size of a software product in
terms of quantities known early in the software life cycle, such
as the number and/or size of the files, input formats, reports,
displays, requirements specification elements, or design specifi-
cation elements.

Some useful steps in this direction are the function-point
approach in [2] and the sizing estimation model of [29], both
of which have given reasonably good results for small-to-medium
sized business programs within a single data processing organiza-
tion. Another more general approach is given by DeMarco in
[17]. It has the advantage of basing its sizing estimates on the
properties of specifications developed in conformance with
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DeMarco’s paradigm models for software specifications and de-
signs: number of functional primitives, data elements, input
elements, output elements, states, transitions between states,
relations, modules, data tokens, control tokens, etc. To date,
however, there has been relatively little calibration of the for-
mulas to project data. A recent IBM study [14] shows some
correlation between the number of variables defined in a state-
machine design representation and the product size in source
instructions.

Although some useful results can be obtained on the soft-
ware sizing problem, one should not expect too much. A wide
range of functionality can be implemented beneath any given
specification element or I/O element, leading to a wide range
of sizes (recall the uncertainty ranges of this nature in Fig. 3).
For example, two experiments, involving the use of several
teams developing a software program to the same overall
functional specification, yieided size ranges of factors of 3 to
5 between programs (see Table X).

TABLE X
SIZE RANGES OF SOFTWARE PRODUCTS PERFORMING
SAME FUNCTION
: No. of Size Range
Experiment Product Teams  (source-instr.)
Weinberg Simultaneous 6 33-165
- & Schulman [§35] linear equations
Boehm, Gray, Interactive 7 1514-4606
& Seewaldt [13] cost model

The primary implication of this situation for practical soft-
ware sizing and cost estimation is that there is no royal road to
software sizing. This is no magic formula that will provide an
easy and accurate substitute for the process of thinking
through and fully understanding the nature of the software
product to be developed. There are still a number of useful



138

things that one can do to improve the situation, including the
following.

e Use techniques which explicitly recognize the ranges of
variability in software sizing. The PERT estimation technique
[56] is a good example.

e Understand the primary sources of bias in software
sizing estimates. See [11, ch. 21].

e Develop and use a corporate memory on the nature and
size of previous software products.

2) Software Size and Complexity Metrics: Delivered source
instructions (DSI) can be faulted for being too low-level a
metric for use in early sizing estimation. On the other hand,
DSI can also be faulted for being too high-level a metric for
precise software cost estimation. Various complexity metrics
have been formulated to more accurately capture the relative
information content of a program’s instructions, such as the
Halstead Software Science metrics [24], or to capture the rela-
tive control complexity of a program, such as the metrics for-
mulated by McCabe in [39]. A number of variations of these
metrics have been developed; a good recent survey of them is
given in [26].

However, these metrics have yet to exhibit any practical
superiority to DSI as a predictor of the relative effort required
to develop software. Most recent studies [48], [32] show a
reasonable correlation between these complexity metrics and
development effort, but no better a correlation than that be-
tween DSI and development effort.

Further, the recent [25] analysis of the software science re-
sults indicates that many of the published software science
“successes” were not as successful as they were previously con-
sidered. It indicates that much of the apparent agreement be-
tween software science formulas and project data was due to
factors overlooked in the data analysis: inconsistent defini-
tions and interpretations of software science quantities, unreal-
istic or inconsistent assumptions about the nature of the proj-
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ects analyzed, overinterpretation of the significance of statisti-
cal measures such as the correlation coefficient, and lack of in-
vestigation of alternative explanations for the data. The software
science use of psychological concepts such as the Stroud num-
ber have also been seriously questioned in [16].

The overall strengths and difficulties of software science are
summarized in [47]. Despite the difficulties, some of the soft-
ware science metrics have been useful in such areas as identify-
ing error-prone modules. In general, there is a strong intuitive
argument that more definitive complexity metrics will eventu-
ally serve as better bases for definitive software cost estimation
than will DSI. Thus, the area continues to be an attractive one
for further research.

3) Software Cost Driver Attributes and Their Effects: Most
of the software cost models discussed above contain a selec-
tion of cost driver attributes and a set of coefficients, func-
tions, or tables representing the effect of the attribute on soft-
ware cost (see Table II). Chapters 24-28 of [11] contain
summaries of the research to date on about 20 of the most
significant cost driver attributes, plus statements of nearly 100
outstanding research issues in the area.

Since the publication of [11] in 1981, a few new results
have appeared. Lawrence [35] provides an analysis of 278
business data processing programs which indicate a fairly uni-
form development rate in procedure lines of code per hour,
some significant effects on programming rate due to batch
turnaround time and level of experience, and relatively little
effect due to use of interactive operation and modern pro-
gramming practices (due, perhaps, to the relatively repetitive
nature of the software jobs sampled). Okada and Azuma [42]
analyzed 30 CAD/CAM programs and found some significant
effects due to type of software, complexity, personnel skill
level, and requirements volatility.

4) Software Cost Model Analysis and Refinement: The
most useful comparative analysis of software cost models to
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date is the Thibodeau [52] study performed for the U.S. Air
Force. This study compared the results of several models (the
Wolverton, Doty, PRICE S, and SLIM models discussed earlier,
plus models from the Boeing, SDC, Tecolote, and Aerospace
corporations) with respect to 45 project data points from
three sources.

Some generally useful comparative results were obtained,
but the results were not definitive, as models were evaluated
with respect to larger and smaller subsets of the data. Not too
surprisingly, the best results were generally obtained using
models with calibration coefficients against data sets with few
points. In general, the study concluded that the models with
calibration coefficients achieved better results, but that none
of the models evaluated were sufficiently accurate to be used
as a definitive Air Force software cost estimation model.

Some further comparative analyses are currently being con-
ducted by various organizations, using the database of 63 soft-
ware projects in [11], but to date none of these have been
published.

In general, such evaluations play a useful role in model re-
finement. As certain models are found to be inaccurate in cer-
tain situations, efforts are made to determine the causes, and
to refine the model to eliminate the sources of inaccuracy.

Relatively less activity has been devoted to the formulation,
evaluation, and refinement of models to cover the effects of
more advanced methods of software development (prototyp-
ing, incremental development, use of application generators,
etc.) or to estimate other software-related life-cycle costs (con-
version, maintenance, installation, training, etc.). An exception
is the excellent work on software conversion cost estimation
performed by the Federal Conversion Support Center [28].
An extensive model to estimate avionics software support
costs using a weighted-multiplier technique has recently been
developed [49]. Also, some initial experimental results have
been obtained on the quantitative impact of prototyping in
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[13] and on the impact of very high level nonprocedural lan-

guages in [58]. In both studies, projects using prototyping and
VHLL’s were completed with significantly less effort.

5) Quantitative Models of Software Project Dynamics: Cur-
rent software cost estimation models are limited in their abil-
ity to represent the internal dynamics of a software project,
and to estimate how the project’s phase distribution of effort
and schedule will be affected by environmental or project
management factors. For example, it would be valuable to
have a model which would accurately predict the effort and
schedule distribution effects of investing in more thorough
design verification, of pursuing an incremental development
strategy, of varying the staffing rate or experience mix, of re-
ducing module size, etc.

Some current models assume a universal effort distribution,
such as the Rayleigh curve [44] or the activity distributions in
[57], which are assumed to hold for any type of project situa-
tion. Somewhat more realistic, but still limited are models
with phase-sensitive effort multipliers such as PRICE S [22]
and Detailed COCOMO [11].

Recently, some more realistic models of software project
dynamics have begun to appear, although to date none of
them have been calibrated to software project data. The Phister
phase-by-phase model in [43] estimates the effort and schedule
required to design, code, and test a software product as a func-
tion of such variables as the staffing level during each phase,
the size of the average module to be developed, and such
factors as interpersonal communications overhead rates and
error detection rates. The Abdel Hamid-Madnick model [1],
based on Forrester’s System Dynamics world-view, estimates
the time distribution of effort, schedule, and residual defects
as a function of such factors as staffing rates, experience mix,
training rates, personnel turnover, defect introduction rates,
and initial estimation errors. Tausworthe [S1] derives and
calibrates alternative versions of the SLIM effort-schedule
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tradeoff relationship, using an intercommunication-overhead
model of project dynamics. Some other recent models of
software project dynamics are the Mitre SWAP model and
the Duclos [21] total software life-cycle model.

6) Quantitative Models of Software Life-Cycle Evolution:
Although most of the software effort is devoted to the soft-
ware maintenance (or life-cycle support) phase, only a few sig-
nificant results have been obtained to date in formulating
quantitative models of the software life-cycle evolution proc-
ess. Some basic studies by Belady and Lehman analyzed data
on several projects and derived a set of fairly general “laws of
program evolution” [7], [37]. For example, the first of these
laws states:

“A program that is used and that as an implementation
of its specification reflects some other reality, undergoes
continual change or becomes progressively less useful.
The change or decay process continues until it is judged
more cost effective to replace the system with a re-
created version.”

Some general quantitative support for these laws was obtained
in several studies during the 1970’s, and in more recent studies
such as [33]. However, efforts to refine these general laws into
a set of testable hypotheses have met with mixed results. For
example, the Lawrence [36] statistical analysis of the Belady-
Lahman data showed that the data supported an even stronger
form of the first law (“systems grow in size over their useful
life”’); that one of the laws could not be formulated precisely
enough to be tested by the data; and that the other three laws
did not lead to hypotheses that were supported by the data.

However, it is likely that variant hypotheses can be found
that are supported by the data (for example, the operating
system data supports some of the hypotheses better than does
the applications data). Further research is needed to clarify
this important area.
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7) Software Data Collection: A fundamental limitation to
significant progress in software cost estimation is the lack of
unambiguous, widely-used standard definitions for software
data. For example, if an organization reports its ‘“software
development man-months,” do these include the effort de-
voted to requirements analysis, to training, to secretaries, to
quality assurance, to technical writers, to uncompensated
overtime? Depending on one’s interpretations, one can easily
cause variations of over 20 percent (and often over a factor:
of 2) in the meaning of reported “software development man-
months” between organizations (and similarly for “delivered
instructions,” “complexity,” “storage constraint,” etc.) Given
such uncertainties in the ground data, it is not surprising that
software cost estimation models cannot do much better than
“within 20 percent of the actuals, 70 percent of the time.”

Some progress towards clear software data definitions has
been made. The IBM FSD database used in [53] was carefully
collected using thorough data definitions, but the detailed
data and definitions are not generally available. The NASA-
Goddard Software Engineering Laboratory database [5], [6],
[40] and the COCOMO database [11] provide both clear
data definitions and an associated project database which are
available for general use (and reasonably compatible). The re-
cent Mitre SARE report [59] provides a good set of data defi-
nitions.

But there is still no commitment across organizations to
establish and use a set of clear and uniform software data defi-
nitions. Until this happens, our progress in developing more
precise software cost estimation methods will be severely lim-

ited.

IV. SOFTWARE ENGINEERING ECONOMICS BENEFITS AND
CHALLENGES
This final section summarizes the benefits to software engi-
neering and software management provided by a software engi-
neering economics perspective in general and by software cost
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estimation technology in particular. It concludes with some
observations on the major challenges awaiting the field.

Benefits of a Software Engineering Economics Perspective

The major benefit of an economic perspective on software
engineering is that it provides a balanced view of candidate
software engineering solutions, and an evaluation framework
which takes account not only of the programming aspects of
a situation, but also of the human problems of providing the
best possible information processing service within a resource-
limited environment. Thus, for example, the software engi-
neering economics approach does not say, ‘“we should use
these structured structures because they are mathematically
elegant” or “because they run like the wind” or “because
they are part of the structured revolution.” Instead, it says
“we should use these structured structures because they pro-
vide people with more benefits in relation to their costs
than do other approaches.” And besides the framework, of
course, it also provides the techniques which help us to arrive
at this conclusion.

Benefits of Software Cost Estimation Technology

The major benefit of a good software cost estimation model
is that it provides a clear and consistent universe of discourse
within which to address a good many of the software engineer-
ing issues which arise throughout the software life cycle. It can
help people get together to discuss such issues as the following.

e  Which and how many features should we put into the
software product?

e  Which features should we put in first?

e How much hardware should we acquire to support the
software product’s development, operation, and maintenance?

e How much money and how much calendar time should
we allow for software development?
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e How much of the product should we adapt from exist-
ing software?

e How much should we invest in tools and training?

Further, a well-defined software cost estimation model can
help avoid the frequent misinterpretations, underestimates,
overexpectations, and outright buy-ins which still plague the
software field. In a good cost-estimation model, there is no
way of reducing the estimated software cost without changing
some objectively verifiable property of the software project.
This does not make it impossible to create an unachievable
buy-in, but it significantly raises the threshold of credibility.

A related benefit of software cost estimation technology
is that it provides a powerful set of insights on how a software
organization can improve its productivity. Many of a software
cost model’s cost-driver attributes are management control-
lables: use of software tools and modern programming prac-
tices, personnel capability and experience, available computer
speed, memory, and turnaround time, software reuse. The cost
model helps us determine how to adjust these management
controllables to increase productivity, and further provides an
estimate of how much of a productivity increase we are likely
to achieve with a given level of investment. For more informa-
tion on this topic, see [11, ch. 33], [12] and the recent plan
for the U.S. Department of Defense Software Initiative [20].

Finally, software cost estimation technology provides an
absolutely essential foundation for software project planning
and control. Unless a software project has clear definitions of
its key milestones and realistic estimates of the time and
money it will take to achieve them, there is no way that a
project manager can tell whether his project is under control
or not. A good set of cost and schedule estimates can provide
realistic data for the PERT charts, work breakdown structures,
manpower schedules, earned value increments, etc., necessary
to establish management visibility and control.
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Note that this opportunity to improve management visibil-
ity and control requires a complementary management com-
mitment to define and control the reporting of data on software
progress and expenditures. The resulting data are therefore
worth collecting simply for their management value in compar-
ing plans versus achievements, but they can serve another valu-
able function as well: they provide a continuing stream of cali-
bration data for evolving a more accurate and refined software
cost estimation models.

Software Engineering Economics Challenges

The opportunity to improve software project management
decision making through improved software cost estimation,
planning, data collection, and control brings us back full-circle
to the original objectives of software engineering economics:
to provide a better quantitative understanding of how software
people make decisions in resource-limited situations.

The more clearly we as software engineers can understand
the quantitative and economic aspects of our decision situa-
tions, the more quickly we can progress from a pure seat-of-
the-pants approach on software decisions to a more rational
approach which puts all of the human and economic decision
variables into clear perspective. Once these decision situations
are more clearly illuminated, we can then study them in more
detail to address the deeper challenge: achieving a quantitative
understanding of how people work together in the software
engineering process.

" Given the rather scattered and imprecise data currently
available in the software engineering field, it is remarkable how
much progress has been made on the software cost estimation
problem so far. But, there is not much further we can go until
better data becomes available. The software field cannot hope
to have its Kepler or its Newton until it has had its army of
Tycho Brahes, carefully preparing the well-defined observa-
tional data from which a deeper set of scientific insights may
be derived.
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In the design of 0s /360, a modular operating system being implemented
for a range of sYSTEM/360 configurations, the fundamental objective
has been to bring a variety of application classes under the domain
of one coherent system. The conceptual framework of the system as
a whole, as well as the most distinctive structural features of the
control program, are heavily influenced by this objective.

The purpose of this paper is to present the planned sysitem in a
unified perspective by discussing design objectives, historical back-
ground, and structural concepts and functions. The scope of the
system is surveyed in Part I, whereas the rest of the paper is devoled
to the control program. Design features relevant to job scheduling
and task management are treated in Part II. The third part discusses
the principal activities involved in cataloging, storing, and retrieving
data and programs.

The functional structure of OS/360

Part I Introductory survey
byG. H. Mealy

Part I1 Job and task management
by B. I. Witt

Part III Data management
by W. A. Clark

Individual acknowledgements cannot feasibly be given. Contributing to 0s/360
are several IBM programming centers in America and Europe. The authors
participated in the design of the eontrol program.
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A brief outline of the structural elements of 0s/360 is given in prepara-
tion for the subsequent sections on control-program functions.

Emphasis is placed on the functional scope of the system, on the
motivating objectives and basic design concepts, and on the design
approach to modularity.

The functional structure of OS/360

Part I Introductory survey
by G. H. Mealy

The environment that may confront an operating system has
lately undergone great change. For example, in its several compat-
ible models, sYsTEM/360 spans an entire spectrum of applications
and offers an unprecedented range of optional devices." It need
come as no surprise, therefore, that 0os/360—the Operating System
for sYSTEM/3860—evinces more novelty in its scope than in its func-
tional objectives.

In a concrete sense, 0s/360 consists of a library of programs.
In an abstract sense, however, the term os/360 refers to one articu-
lated response to a composite set of needs. With integrated vo-
cabularies, conventions, and modular capabilities, os/360 is de-
signed to answer the needs of a sysTEM/360 configuration with a
standard instruction set and thirty-two thousand or more bytes
of main storage.”

The main purpose of this introductory survey is to establish
the scope of 0s/360 by viewing the subject in a number of different
perspectives: the historical background, the design objectives, and
the functional types of program packages that are provided.
An effort is made to mention problems and design compromises,
i.e., to comment on the forces that shaped the system as a whole.

Basic objectives
The notion of an operating system dates back at least to 1953 and
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MIT’s Summer Session Computer and Utility System.’ Then,
as now, the operating system aimed at non-stop operation over a
span of many jobs and provided a computer-accessible library
of utility programs. A number of operating systems came into use
during the last half of the decade.* In that all were oriented toward
overlapped setup in a sequentially executed job batch, they may be
termed “first generation’’ operating systems.

A significant characteristic of batched-job operation has been
that each job has, more or less, the entire machine to itself, save
for the part of the system permanently resident in main storage.
During the above-mentioned period of time, a number of large
systems—typified by sAGE, MERCURY, and sABRE—were developed
along other lines; these required total dedication of machine re-
sources to the requirements of one “real-time’ application. It is
interesting that one of the earliest operating systems, the Utility
Control Program developed by the Lincoln Laboratory, was
developed solely for the checkout of portions of the SAGE system.
By and large, however, these real-time systems bore little re-
semblance to the first generation of operating systems, either
from the point of view of intended application or system structure.

Because the basic structure of 0s/360 is equally applicable to
batched-job and real-time applications, it may be viewed as one
of the first instances of a ‘“‘second-generation’ operating system.
The new objective of such a system is to accommodate an environ-
ment of diverse applications and operating modes. Although not
to be discounted in importance, various other objectives are not
new—they have been recognized to some degree in prior systems.
Foremost among these secondary objectives are:

e Increased throughput

e Lowered response time

e Increased programmer productivity

o Adaptability (of programs to changing resources)

¢ Expandability

0s/360 seeks to provide an effective level of machine throughput
in three ways. First, in handling a stream of jobs, it assists the
operator in accomplishing setup operations for a given job while
previously scheduled jobs are being processed. Second, it permits
tasks from a number of different jobs to concurrently use the re-
sources of the system in a multiprogramming mode, thus helping
to ensure that resources are kept busy. Also, recognizing that the
productivity of a shop is not solely a function of machine utiliza-
tion, heavy emphasis is placed on the variety and appropriateness
in source languages, on debugging facilities, and on input
convenience.

Response time is the lapse of time from a request to comple-
tion of the requested action. In a batch processing context, response
time (often called “turn-around time’’) is relatively long: the user
gives a deck to the computing center and later obtains printed re-
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sults. In a mixed environment, however, we find a whole spectrum
of response times. Batch turn-around time is at the “red” end of the
spectrum, whereas real-time requirements fall at the “violet” end.
For example, some real-time applications need response times in
the order of milliseconds or lower. Intermediate in the spectrum
are the times for simple actions such as line entry from a keyboard
where a response time of the order of one or two seconds is de-
sirable. Faced with a mixed environment in terms of applications
and response times, 0s/360 is designed to lend itself to the whole
spectrum of response times by means of control-program options
and priority conventions.

For the sake of programmer productivity and convenience,
0s/360 aims to provide a novel degree of versatility through a
relatively large set of source languages. It also provides macro-
instruction capabilities for its assembler language, as well as a
concise job-control language for assistance in job submission.

A second-generation operating system must be geared to change
and diversity. sYSTEM/360 itself can exist in an almost unlimited
variety of machine configurations: different installations will
typically have different configurations as well as different applica-
tions. Moreover, the configuration at a given installation may
change frequently. If we look at application and configuration
as the environment of an operating system, we see that the operat-
ing system must cope with an unprecedented number of environ-
ments. All of this puts a premium on system modularity and
flexibility.

Adaptability is also served in 0s/360 by the high degree to which
programs can be device-independent. By writing programs that
are relatively insensitive to the actual complement of input/output
devices, an installation can reduce or circumvent the problems
historically associated with device substitutions.

As constructed, o0s/360 is ‘“‘open-ended’’; it can support new
hardware, applications, and programs as they come along. It can
readily handle diverse currency conventions and character sets.
It can be tailored to communicate with operators and programmers
in languages other than English. Whenever so dictated by chang-
ing circumstances, the operating system itself can be expanded in
its functional capabilities.

Design concepts

In the notion of an “extended machine,” a computing system is
viewed as being composed of a number of layers, like an onion.®*"*
Few programmers deal with the innermost layer, which is that
provided by the hardware itself. A FORTRAN programmer, for
instance, deals with an outer layer defined by the FORTRAN lan-
guage! To'a large extent) heractsiasitholgh he were dealing with
hardware that accepted and executed FORTRAN statements directly.
The sYSTEM/360._ instruction set represents two inner layers, one
when operating in the supervisor,state, another when operating in
the problem state.

productivity

adaptability

expandability



158

The supervisor state is employed by os/360 for the supervisor
portion of the control program. Because all other programs operate
in the problem state and must rely upon unprivileged instructions,
they use syslem macroinstructions for invoking the supervisor.
These macroinstructions gain the attention of the supervisor by
means of SVC, the supervisor-call instruetion.

All 0s /360 programs with the exception of the supervisor operate
in the problem state. In fact, one of the fundamental design tenets
is that these programs (compilers, sorts, or the like) are, to all in-
tents and purposes, problem programs and must be treated as such
by the supervisor. Precisely the same set of facilities is offered to
system and problem programs. At any point in time, the system
consists of its given supervisor plus all programs that are available
in on-line storage. Inasmuch as an installation may introduce new
compilers, payroll programs, etc., the extended machine may grow.

In designing a method of control for a second-generation
system, two opposing viewpoints must be reconciled. In the first-
generation operating systems, the point of view was that the
machine executed an incoming stream of programs; each program
and its associated input data corresponded to one application
or problem. In the first-generation real-time systems, on the other
hand, the point of view was that incoming pieces of data were
routed to one of a number of processing programs. These attitudes
led to quite different system structures; it was not recognized
that these points of view were matters of degree rather than
kind. The basic consideration, however, is one of emphasis:
programs are used to process data in both cases. Because it is
the combination of program and data that marks a unit of work
for control purposes, 0s/360 takes such a combination as the
distinguishing property of a task. As an example, consider a trans-
action processing program and two input transactions, A and B.
To process A and B, two tasks are introduced into the system,
one consisting of A plus the program, the second consisting of
B plus the program. Here, the two tasks use the same program
but different sets of input data. As a further illustration, consider
a master file and two programs, X and Y, that yield different
reports from the master file. Again, two tasks are introduced
into the system, the first consisting of the master file plus X,
and the second of the master file plus Y. Here the same input
data join with two different programs to form two different tasks.

In laying down conceptual groundwork, the os/360 designers
have employed the notion of multitask operation wherein, at
any time, a number of tasks may contend for and employ system
resources. The term multiprogramming is ordinarily used for
the case in which one cpu is shared by a number of tasks, the
termomulliprocessing;mfor the case in which a separate task is
assigned to each of several cru’s. Multitask operation, asa concept,
gives recognition to both terms. If its work is structured entirely
in the form of tasks, a job may lend itself without change to either
environment.
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In os/360, any named collection of data is termed a data set.
A data set may be an accounting file, a statistical array, a source
program, an object program, a set of job control statements, or
the like. The system provides for a cataloged library of data sets.
The library is very useful in program preparation as well as in
production activities; a programmer can store, modify, recompile,
link, and execute programs with minimal handling of card decks.

System elements

As seen by a user, 0s/360 will consist of a set of language translators,
a set of service programs, and a control program. Moreover, from
the viewpoint of system management, a sysTEM/360 installation
may look upon its own application programs as an integral part of
the operating system.

A variety of translators are being provided for FORTRAN,
coBoL, and RPGL (a Report Program Generator Language). Also
to be provided is a translator for PL/1, 8 new generalized language.”
The programmer who chooses to employ the assembler language
can take advantage of macroinstructions; the assembler program
is supplemented by a macro generator that produces a suitable set
of assembly language statements for each macroinstruction in the
source program.

Groups of individually translated programs can be combined
into a single executable program by a linkage editor. The linkage
editor makes it possible to change a program without re-translating
more than the affected segment of the program. Where a program
is too large for the available main-storage area, the function of
handling program segments and overlays falls to the linkage
editor.

The sort/merge is a generalized program that can arrange the
fixed- or variable-length records of a data set into ascending or
descending order. The process can employ either magnetic-tape or
direct-access storage devices for input, output, and intermediate
storage. The program is adaptable in the sense that it takes ad-
vantage of all the input/output resources allocated to it by the
control program. The sort/merge can be used independently of
other programs or can be invoked by them directly; it can also
be used via coBoL and PL/I.

Included in the service programs are routines for editing,
arranging, and updating the contents of the library; revising the
index structure of the library catalog; printing an inventory list
of the catalog; and moving and editing data from one storage
medium to another.

Roughly speaking, the control program subdivides into master
scheduler, job scheduler, and supervisor. Central control lodges
in the supervisor, which has responsibility for the storage alloca-
tion, task sequencing, and input/output monitoring functions.
The master scheduler handles'all communications to and from the
operator; whereas the job scheduler is primarily concerned with
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job-stream analysis, input/output device allocation and setup, and
job initiation and termination.
Among the activities performed by the supervisor are the
following:
e Allocating main storage
e Loading programs into main storage
o Controlling the concurrent execution of tasks
e Providing clocking services
+ Attempting recoveries from exceptional conditions
o Logging errors
e Providing summary information on facility usage
¢ Issuing and monitoring input/output operations

The supervisor ordinarily gains control of the central processing
unit by way of an interruption. Such an interruption may stem
from an explicit request for services, or it may be implicit in
SYSTEM/360 conventions, such as in the case of an interruption
that occurs at the completion of an input/output operation.
Normally, a number of data-access routines required by the data
management function are coordinated with the supervisor. The
access routines available at any given time are determined by the
requirements of the user’s program, the structure of the given data
sets, and the types of input/output devices in use.

As the basic independent unit of work, a job consists of one or
more steps. Inasmuch as each job step results in the execution of a
major program, the system formalizes each job step as a task,
which may then be inserted into the task queue by the initiator-
terminator (a functional element of the job scheduler). In some
cases, the output of one step is passed on as the input to another.
For example, three successive job steps might involve file mainte-
nance, output sorting, and report tabulation.

The primary activities of the job scheduler are as follows:

¢ Reading job definitions from source inputs

¢ Allocating input/output devices

o Initiating program execution for each job step
e Writing job outputs

In its most general form, the job scheduler allows more than one
job to be processed concurrently. On the basis of job priorities
and resource availabilities, the job scheduler can modify the order
in which jobs are processed. Jobs can be read from several input
devices and results can be recorded on several output devices—the
reading and recording being performed concurrently with internal
processing.

The master scheduler serves as a communication control
link between the operator and the system. By command, the
operatorscansalertsthessystem to a change in the status of an
input/output unit, alter the operation of the system, and request
status information. The master scheduler is also used by the
operator to alert the job scheduler of job sources and to initiate
the reading or processing of jobs.
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The control program as a whole performs three main functions:
job management, task management, and data management. Since
Part II of this paper discusses job and task management, and
Part III is devoted entirely to data management, we do not further
pursue these functions here.

System modularity

Two distinguishable, but by no means independent, design prob-
lems arise in creating a system such as 0s/360. The first one is to
prescribe the range of functional capabilities to be provided;
essentially, this amounts to defining two operating systems, one
of maximum capability and the other a nucleus of minimum
capability. The second problem is to ascertain a set of building
blocks that will answer reasonably well to the two predefined
operating systems as well as to the diverse needs bounded by the
two. In resolving the second problem, which brings us to the
subject of modularity, no single consideration is more compelling
than the need for efficient utilization of main storage.

As stated earlier, the tangible 0s/360 consists of a library of
program modules. These modules are the blocks from which actual
operating systems can be erected. The o0s/360 design exploits
three basic principles in designing blocks that provide the desired
degree of modularity. Here, these well-known principles are termed
parametric generality, functional redundancy, and functional
optionality.

The degree of generality required by varying numbers of
input/output devices, control units, and channels can be handled
to a large extent by writing programs that lend themselves to
variations in parameters. This has long been practiced in sorting
and merging programs, for example, as well as in other generalized
routines. In 0s/360, this principle also finds frequent application in
the process that generates a specific control program.

In the effort to optimize performance in the face of two or more
conflicting objectives, the most practical solution (at least at the
present state of the art) is often to write two or more programs
that exploit dissimilar programming techniques. This principle is
most relevant to the program translation function, which is es-
pecially sensitive to conflicting performance measures. The same
installation may desire to effect one compilation with minimum
use of main storage (even at some expense of other objectives)
and another compilation with maximum efficacy in terms of
object-program running time (again at the expense of other ob-
jectives). Where conflicting objectives could not be reconciled by
other means, the o0s/360 designers have provided more than one
program for the same general translation or service function.
Fornthercoponslanguagepforpexampleppthere are two translation
programs.

For the nucleus of the control program that resides in main
storage, the demand for efficient storage utilization is especially
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pressing. Hence, each functional capability that is likely to be
unused in some installations is treated as a separable option.
When a control program is generated, each omitted option yields a
net saving in the main-storage requirement of the control program.

The most significant control program options are those re-
quired to support various job scheduling and multitask modes
of operation. These modes carry with them needs for optional
functions of the following kinds:

Task synchronization

Job-input and job-output queues

Distinctive methods of main-storage allocation
Main-storage protection

o Priority-governed selection among jobs

In the absence of any options, the control program is capable
of ordinary stacked-job operation. The activities of the central
processing unit and the input/output channels are overlapped.
Many error checking and recovery functions are provided, inter-
ruptions are handled automatically, and the standard data-
management and service functions are included. Job steps are
processed sequentially through single task operations.

The span of operating modes permitted by options in the
control program can be suggested by citing two limiting cases
of multitask operation. The first and least complicated permits
a scheduled job step to be processed concurrently with an initial-
input task, say A, and a result-output task, say B. Because A
and B are governed by the contro] program, they do not correspond
to job steps in the usual sense. The major purpose of this configura-~
tion is to reduce delays between the processing of successive job
steps: tasks A and B are devoted entirely to input/output functions.

In the other limiting case, up to n jobs may be in execution
on a concurrent basis, the parameter n being fixed at the time
the control program is gencrated. Contending tasks may arise
from different jobs, and a given task can dynamically define
other tasks (see the description of the ATTACH macroinstruction
in Part II) and assign task priorities. Provision is made for
removal of an entire job step (from the job of lowest priority)
to auxiliary storage in the event that main storage is exhausted.
The affected job step is resumed as soon as the previously occupied
main-storage area becomes available again.

In selecting the options to be included in a control program,
the user is expected to avail himself of detailed descriptions and
accompanying estimates of storage requirements.

To obtain a desired operating system, the user documents his
machine configuration, requests a complement of translators and
service programsyandsindicates desired control-program options—
all via a set of macroinstructions provided for the purpose. Once
this has been done, the fabrication of a specific operating system
from the 0s/360 systems library reduces to a process of two stages.
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First, the macroinstructions are analyzed by a special program and
formulated into a job stream. In the second stage, the assembler
program, the linkage editor, and the catalog service programs
join in the creation of a resident control program and a desired
set of translators and service programs.

Summary comment

Intended to serve a wide variety of computer applications and to
support a broad range of hardware configurations, 0s/360 is a
modular operating system. The system is not only open-ended
for the class of functions discussed in this paper, but is based
on a conceptual framework that is designed to lend itself to addi-
tional functions whenever warranted by cumulative experience.

The ultimate purpose of an operating system is to increase
the productivity of an entire computer installation; personnel
productivity must be considered as well as machine productivity.
Although many avenues to increased productivity are reflected
in os/360, each of these avenues typically involves a marginal
investment on the part of an installation. The investment may
take the form of additional personnel training, storage require-
ments, or processing time. It repays few installations to seek added
productivity through every possible avenue; for most, the econ-
omies of installation management dictate a well-chosen balance
between investment and return. Much of the modularity in 0s/360
represents a design attempt to permit each installation to strike
its own economic balance.

CITED REFERENCES AND FOOTNOTES

1. For an introduction to sysTEM/360, see G. A. Blaauw and F. P. Brooks,
Jr., “The structure of sysTEM /360, Part I, outline of the logical structure,”
IBM Systems Journal 3, No. 2, 119-135 (1964).

2. The restrictions exclude MODEL 44, as well as MoDEL 20. The specialized
operating systems that support these excluded models are not discussed
bere.

3. C. W, Adams and J. H. Laning, Jr., “The MIT systems of automatic
coding: Comprehensive, Summer Session, Algebraic,” Symposium on Auto-
matic Coding for Digital Computers, Office of Naval Research, Department
of the Navy (May 1954).

4. In the case of the 1BM 709 and 704 computers, the earliest developments were
largely due to the individual and group efforts of sHARE installations. The
first operating systems developed jointly by 1BM and sHARE were the sHARE
Operating System (sos) and the FORTRAN Monitor System (Fms).

5. G. F. Leonard and J. R. Goodroe, “An environment for an operating sys-
tem,” Proceedings of the 19th National ACM Conference (August 1964).

6. A. W. Holt and W. J. Turanski, “Man to machine communication and
automatic code translation,” Proceedings Western Joint Computer Con-
Serence (1960).

7. G. Radin and H. P. Rogoway, “NPL: highlights of a new programming
language,” Communications of the ACM 8, No. 1, 9-17 (January 1965).



164

This part of the paper discusses the control-program functions most
closely related to job and task management.

Emphasized are design features that facilitate diversity in application
environments as well as those that support multitask operation.

The functional structure of OS/360

Part II Job and task management
by B. I. Witt

One of the basic objectives in the development of 0s/360 has been
to produce a general-purpose monitor that can jointly serve the
needs of real-time environments, multiprogramming for peripheral
operations, and traditional job-shop operations. In view of this
objective, the designers found it necessary to develop a more
generalized framework than that of previously reported systems.
After reviewing salient aspects of the design setting, we will
discuss those elements of 0s/360 most important to an under-
standing of job and task management.

Background

Although the conceptual roots of 0s/360 task management are
numerous and tangled, the basic notion of a task owes much to
the systems that have pioneered the use of on-line terminals for
inventory problems. This being the case, the relevant charac-
teristics of an on-line inventory problem are worthy of review.
We may take the airline seat-reservation application as an ex-
ample: a reservation request reduces the inventory of available
seats, whereas a cancellation adds to the inventory. Because a
reply to a ticket agent must be sent within a matter of seconds,
there is no opportunity to collect messages for later processing.
In the contrasting environment where files are updated and re-
ports made on a daily or weekly basis, it suffices to collect and
sort transactions before posting them against a master file.
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Three significant consequences of the on-line environment can

be recognized:

o Each message must be processed as an independent task

* Because there is no opportunity to batch related requests,
each task expends a relatively large amount of time in refer-
ences to the master file

» Many new messages may be received by the system before
the task of processing an older message is completed

What is called for, then, is & control program that can recognize
the existence of a number of concurrent tasks and ensure that
whenever one task cannot use the cpu, because of input/output
delays, another task be allowed to use it. Hence, the cpu is con-
sidered a resource that is allocated to a task.

Another major consideration in on-line processing is the size
and complexity of the required programs. Indeed, the quantity
of code needed to process a transaction can conceivably exceed
main storage. Furthermore, subprogram selection and sequence
depend upon the content of an input message. Lastly, subpro-
grams brought into main storage on behalf of one transaction
may be precisely those needed to process a subsequent trans-
action. These considerations dictate that subprograms be callable
by name at execution time and relocatable at load time (so that
they may be placed in any available storage area); they also
urge that a single copy of a subprogram be usable by more than
one transaction.

The underlying theme is that a task—the work required to
process a message—should be an identifiable, controllable element.
To perform a task, a variety of system resources are required:
the cru itself, subprograms, space in main and auxiliary storage,
data paths to auxiliary storage (e.g., a channel and a control unit),
interval timer and others.

Since a number of tasks may be competing for a resource,
an essential control program function is to manage the system’s
resources, i.e., to recognize requests, resolve conflicting demands,
and allocate resources as appropriate. In this vein, the general
purpose multitask philosophy of the o0s/360 control program
design has been strongly influenced by task-management ideas
that have already been tested in on-line systems.’ But there
is no reason to limit the definition of “task’ to the context of
real-time inventory transactions. The notion of a task may be
extended to any unit of work required of a computing system,
such as the execution of a compiler, a payroll program, or a data-
conversion operation.

Basic definitions

In the interests of completeness, this section briefly redefines
terms introduced in Part I. Familiarity with the general structure
of SYSTEM/360 i assumed.®

From the standpoint of installation accounting and machine
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room operations, the basic unit of work is the job. The essential
characteristic of a job is its independence from other jobs. There is
no way for one job to abort another. There is also no way for
the programmer to declare that one job must be contingent upon
the output or the satisfactory completion of another job. Job
requirements are specified by control statements (usually punched
in cards), and may be grouped to form an input job stream.
For the sake of convenience, the job stream may include input
data, but the main purpose of the job stream is to define and
characterize jobs. Because jobs are independent, the way is open
for their concurrent execution.

By providing suitable control statements, the user can divide a
job into job steps. Thus, a job is the sum of all the work associated
with its component job steps. In the current os/360, the steps of a
given job are necessarily sequential: only one step of a job can be
processed at a time. Furthermore, a step may be conditional upon
the successful completion of one or more preceding steps; if the
specified condition is not met, the step in question can be bypassed.

Whenever the control program recognizes a job step (as the
result of a job control statement), it formally designates the step
as a task. The task consists, in part or in whole, of the work to
be accomplished under the direction of the program named by
the job step. This program is free to invoke other programs in
two ways, first within the confines of the original task, and second
within the confines of additionally created tasks. A task is created
(except in the special case of initial program loading) as a con-
sequence of an ATTACH macroinstruction. At the initiation of
a job step, ATTACH is issued by the control program; during
the course of a job step, ATTACH’s may be issued by the user’s
programs.

From the viewpoint of the control system, all tasks are inde-
pendent in the sense that they may be performed concurrently.
But in tasks that stem from one given job (which implies that
they are from the same job step), dependency relationships may
be inherent because of program logic. To meet this possibility, the
system provides means by which tasks from the same job can be
synchronized and confined within a hierarchical relationship. As a
consequence, one task can await a designated point in the execu-
tion of another task. Similarly, a task can wait for completion of a
subtask (a task lower in the hierarchy). Also, a task can abort a
subtask.

Although a job stream may designate many jobs, each of which
consists of many job steps and, in turn, leads to many tasks, a
number of quite reasonable degenerate cases may be imagined;
e.g., in an on-line inventory environment, the entire computing
facilityymay bededicated to a single job that consists of a single job
step. At any one time, this job step may be comprised of many
tasks, one for each terminal transaction. On the other hand, in
many installations, it is quite reasonable to expect almost all jobs
to consist of several'steps (e.g., compile/link-edit/execute) with
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no step consisting of more than one task.

In most jobs, the executable programs and the data to be
processed are not new to the system—they are carried over from
earlier jobs. They therefore need not be resubmitted for the new
job; it is sufficient that they be identified in the control statements
submitted in their place as part of a job stream. A job stream con-
sists of such control statements, and optionally of data that is
new to the system (e.g., unprocessed keypunched information).
Control statements are of six types; the three kinds of interest
here are job, execute, and data definition statements.

The first statement of each job is a job statement. Such a
statement can provide a job name, an account number, and a pro-
grammer’s name. It can place the job in one of fifteen priority
classes; it can specify various conditions which, if not met at the
completion of each job step, inform the system to bypass the
remaining steps.

The first statement of each job step is an execute statement.
This statement typically identifies a program to be executed, al-
though it can be used to call a previously cataloged procedure into
the job stream. The first statement can designate accounting
modes, conditional tests that the step must meet with respect to
prior steps, permissable execution times, and miscellaneous operat-
ing modes.

A data definition statement permits the user to identify a data
set, to state needs for input/output devices, to specify the desired
channel relationships among data sets, to specify that an output
data set be passed to a subsequent job step, to specify the final
disposition of a data set, and to incorporate other operating details.

In o0s/360, 2 ready-for-execution program consists of one or
more subprograms called load modules; the first load module to be
executed is the one that is named in the execute control statement.
At the option of the programmer, a program can take one of
the following four structures:

Simple structure. One load module, loaded into main storage as an
entity, contains the entire program.

Planned overlay structure. The program exists in the library as a
single load module, but the programmer has identified program
segments that need not be in main storage at the same given
time. As a consequence, one area of storage can be used and reused
by the different segments. The 0s/360 treatment of this structure
follows the guide lines previously laid down by Heising and Larner.?
A planned overlay structure can make very effective use of main
storage. Because the control system intervenes only once to find a
load module, and linkages from segment to segment are aided by
symbol resolution in advance of execution, this structure also
serves the interest of execution efficiency.

Dynamic serial structure. The advantages of planned overlay tend
to diminish as job complexity increases, particularly if the selection
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of segments is data dependent (as is the case in most on-line in-
ventory problems). For this situation, 0s/360 provides means for
calling load modules dynamically, i.e., when they are named during
the execution of other load modules. This capability is feasible be-
cause main storage is allocated as requests arise, and the conven-
tions permit any load module to be executed as a subroutine.
It is consistent with the philosophy that tasks are the central
element of control, and that all resources required by a task
for its successful performance—the cpu, storage, and programs—
may be requested whenever the need is detected. In the dynamic
serial structure, more than one load module is called upon during
the course of program execution. Following standard linkage con-
ventions, the control system acts as intermediary in establishing
subroutine entry and return. Three macroinstructions are provided
whereby one load module can invoke another: LINK, XCTL (trans-
fer control), and LOAD.

The action of LINK is illustrated in Figure 1. Of the three
programs (i.e., load modules) involved, X is the only one named at
task-creation time. One of the instructions generated by LINK is a
supervisor call (8VC), and the program name (such as A or B in
the figure) is a linkage parameter. When the appropriate program
of the control system is called, it finds, allocates space for, fetches,
and branches to the desired load module. Upon return from the
module (effected by the macroinstruction RETURN), the occupied
space is liberated but not reused unless necessary. Thus, in the
example, if program B is still intact in main storage at the second
call, it will not be fetched again (assuming that the user is op-
erating under ‘‘reusable’’ programming conventions, as discussed
below).

As suggested by Figure 2, XCTL can be used to pass control to
successive phases'of a [program. Standard linkage conventions are
observed, parameters are passed- explicitly, and the supervisor
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Figure 2
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functions are similar to those needed for LINK. However, a program
transferring via XCTL is assumed to have completed its work, and
all its allocated areas are immediately liberated for reuse.

The LOAD macroinstruction is designed primarily for those
cases in which tasks make frequent use of a load module, and
reusable conventions are followed. LOAD tells the supervisor to
bring in a load module and to preserve the module until liberated
by a DELETE macroinstruction (or automatically upon task
termination). Control can be passed to the module by a LINK, as
in Figure 3a, or by branch instructions, as in Figure 3b.

Dynamic parallel structure. In the three foregoing structures,
execution is serial. The ATTACH macroinstruction, on the other
hand, creates a task that can proceed in parallel with other tasks, as
permitted by availability of resources. In other respects, ATTACH
is much like LINK. But since ATTACH leads to the creation of
a new task, it requires more supervisor time than LINK and
should not be used unless a significant degree of overlapped
operation is assured.

Load modules in the library are of three kinds (as specified by
the programmer at link-edit time): not reusable, serially reusable,
and reenterable. Programs in the first category are fetched directly

program
usability



170

from the library whenever needed. This is required because such
programs may alter themselves during execution in a way that
prevents the version in main storage from being executed more
than once.

A serially reusable load module, on the other hand, is designed
to be self-initializing; any portion modified in the course of execu-
tion is restored before it is reused. The same copy of the load
module may be used repeatedly during performance of a task.
Moreover, the copy may be shared by different tasks created from
the same job step; if the copy is in use by one task at the time it is
requested by another task, the latter task is placed in a queue to
wait for the load module to become available.

A reenterable program, by design, does not modify itself during
execution. Because reenterable load modules are normally loaded in
storage areas protected by the storage key used for the supervisor,
they are protected against accidental modification from other
programs. A reenterable load module can be loaded once and used
freely by any task in the system at any time. (A reenterable load
module fetched from a private library, rather than from the main
library, is made available only to tasks originating from the same
job step.) Indeed, it can be used concurrently by two or more tasks
in multitask operations. One task may use it, and before the
module execution is completed, an interruption may give control
to a second task which, in turn, may reenter the module. This in no
way interferes with the first task resuming its execution of the
module at a later time.

In a multitask environment, concurrent use of a load module
by two or more tasks is considered normal operation. Such use is
important in minimizing main storage requirements and program
reloading time. Many o0s/360 control routines are written in
reenterable form.

A reenterable program uses machine registers as much as
possible; moreover, it can use temporary storage areas that “be-
long” to the task and are protected with the aid of the task’s stor-
age key. Temporary areas of this sort can be assigned to the
reenterable program by the calling program, which uses a linkage
parameter as a pointer to the area. They can also be obtained
dynamically with the aid of the GETMAIN macroinstruction in
the reenterable program itself. GETMAIN requests the supervisor
to allocate additional main storage to the task and to point out
the location of the area to the requesting program. Note that the
storage obtained is assigned to the task, and not to the program
that requested the space. If another task requiring the same pro-
gram should be given control of the cpu before the first task finishes
its use of the program, a different block of working storage is
obtained and allocated to the second task.

Whenever a [reenterable program (or for that matter any pro-
gram) is interrupted, register contents and program status word
are saved by the supervisor in an area associated with the inter-
rupted task. The supervisor also keeps all storage belonging to the
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task intact—in particular, the working storage being used by the
reenterable program. No matter how many intervening tasks use
the program, the original task can be allowed to resume its use of
the program by merely restoring the saved registers and program
status word. The reenterable program is itself unaware of which
task is using it at any instant. It is only concerned with the con-
tents of the machine registers and the working storage areas
pointed to by designated registers.

Job management

The primary functions of job management are

¢ Allocation of input/output devices
e Analysis of the job stream

e Overall scheduling

e Direction of setup activities

In the interests of efficiency, job management is also empowered
to transcribe input data onto, and user output from, a direct-
access device.

In discussing the functions of 0s/360, a distinction must be made
between job management and task management. Job management
turns each job step over to task management as a formal task, and
then has no further control over the job step until completion or
abnormal termination. Job management primes the pump by de-
fining work for task management; task management controls the
flow of work. The functions of task management (and to some
degree of data management) consist of the fetching of required
load modules; the dynamic allocation of cpu, storage space,
channels, and control units on behalf of competing tasks; the
services of the interval timer; and the synchronization of related
tasks.

Job management functions are accomplished by a job scheduler
and a master scheduler. The job scheduler consists mainly of con-
trol programs with three types of functions: read/interpret,
initiate/terminate, and write. The master scheduler is limited in
function to the handling of operator commands and messages to
the console operator.

In its most general form, the job scheduler permits priority
scheduling as well as sequential scheduling. The sequential schedul-
ing system is suggested by Figure 4. A reader/interpreter scans
the control statements for one job step at a time. The initiator
allocates input/output devices, notifies the operator of the physical
volumes (tape reels, removable disks, or the like) to be mounted,
and then turns the job step over to task management.

In a priority scheduling system, as suggested by Figure 5, jobs
arenot necessarily executed:asiencountered in an input job stream.
Instead, control information associated with each job enters an
input work queue, which is held on a direct-access device. Use of
this queue, which can be fed by more than one input job stream,
permits the system to react to job priorities and delays caused by
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the mounting and demounting of input/output volumes. The
initiator/terminator can look ahead to future job steps (in a given
job) and issue volume-mounting instructions to the operator in
advance.

Some versions of the system have the capability of processing
jobs in which control information is submitted from remote on-line
terminals. A reader/interpreter task is attached to handle the job
control statements, and control information is placed in the input
work queue and handled as in the case of locally submitted jobs.
Output data sets from remote jobs are routed to the originating
terminal.

For each step of a selected job, the initiator ensures that all
necessary input/output devices are allocated, that direct-access
storage space is allocated as required, and that the operator has
mounted any necessary tape and direct-access volumes. Finally,
the initiator requests that the supervisor lend control to the pro-
gram named in the job step. At job step completion, the terminator
removes the work description from control program tables, freeing
input/output devices, and disposing of data sets.

One version of the initiator/terminator, optional for larger
systems where it is practical to have more than one job from the
input work queue under way, permits multijob iniiiation. When
the system is generated, the maximum number of jobs that are
allowed to be executed concurrently can be specified. Although
each selected job is run one step at a time, jobs are selected from
the queue and initiated as long as (1) the number of jobs specified
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by the user is not exceeded; (2) enough input/output devices are
available; (3) enough main storage is available; (4) jobs are in the
input work queue ready for execution; and (5) the initiator has not
been detached by the operator.

Multijob initiation may be used to advantage where a series of
local jobs is to run simultaneously with an independent job re-
quiring input from remote terminals. Typically, telecommunica-
tion jobs have periods of inactivity, due either to periods of low
traffic or to delays for direct-access seeks. During such delays, the
locally available jobs may be executed.

During execution, output data sets may be stored on a direct-
access storage device. Later, an output writer can transcribe the
data to a system output device (normally a printer or punch). Each
system output device is controlled by an output writer task. More-
over, output devices can be grouped into usage classes. For
example, a single printer might be designated as a class for high-
priority, low-volume printed output, and two other printers as a
class for high-volume printing. The data description statement
allows output data sets to be directed to a class of devices; it also
allows a specification that places a reference to the data on the
output work queue. Because the queue is maintained in priority
sequence, the output writers can select data sets on a priority
basis.

In systems with input and output work queues, the output
writer is the final link in a chain of control routines designed to
ensure low turn-around time, i.e., time from entry of the work
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statement to a usable output. At two intermediate stages of the
work flow, data are accessible as soon as prepared, without any
requirement for batching; and at each of these stages, priorities
are used to place important work ahead of less important work
that may have been previously prepared. These stages occur
when the job has just entered the input work queue, and when the
job is completed with its output noted in the output work queue.

Note that a typical priority scheduling system, even one
that handles only a single job at a time, may require multitask
facilities to manage the concurrent execution of a reader, master
scheduler, and a single user’s job.

Task management

As stated earlier, job management turns job steps over to task
management, which is implemented in a number of supervisory
routines. All work submitted for processing must be formalized as
a task. (Thus, a program is treated as data until named as an
element of a task.) A task may be performed in either a single-task
or multitask environment. In the single task environment, only
one task can exist at any given time. In the multitask environ-
ment, several tasks may compete for available resources on a
priority basis. A program that is written for the single-task
environment and follows normal conventions will work equally
well in the multitask environment.

In a single-task environment, the job scheduler operates as a
task that entered the system when the system was initialized. Each
job step is executed as part of this task, which, as the only task in
the system, can have all available resources. Programs can have a
simple, overlay, or dynamic serial structure.

The control program first finds the load module named in the
EXEC statement. Then it allocates main storage space according
to program attributes stated in the library directory entry for the
load module, and loads the program into main storage. Once the
load module (or root segment, in the case of overlay) is available in
main storage, control is passed to the entry point. If the load
module fetched is the first subprogram of a dynamiec serial program,
the subsequent load modules required are fetched in the same
way as the first, with one exception: if the needed module is
reusable and a copy is already in main storage, that copy is used
for the new requirement.

When the job step is completed, the supervisor informs the
job scheduler, noting whether completion was normal or abnormal.

By clearly distinguishing among tasks, the control system can
allow tasks to share facilities where advantageous to do so.

Although the resource allocation function is not absent in a
single=task systemyiticomes to the fore in a multitask system. The
system must assign resources to tasks, keep track of all assign-
ments, and ensure that resources are appropriately freed upon
task completion. If several tasks are waiting for the same resource,
queuing of requests is required.
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Each kind of resource is managed by a separate part of the
control system. The cru manager, called the task dispatcher, is
part of the supervisor; the queue on the cpu is called the task queue.
The task queue consists of task control blocks ordered by priority.
There is one task control block for each task in the system. Its
function is to contain or point to all control information associated
with a task, such as register and program-status-word contents
following an interrupt, locations of storage areas allocated to the
task, and the like. A task is ready if it can use the cpu, and waiting
if some event must occur before the task again needs the cpu.

A task can enter the waiting state directly via the WAIT macro-
instruction, or it may lapse into a waiting state as a result of
other macroinstructions. An indirect wait may occur, for example,
as a result of a GET macroinstruction, which requests the next
input record. If the record is already in a main storage buffer
area, the control program is not invoked and no waiting occurs;
otherwise, & WAIT is issued by the GET routine and the task
delayed until the record becomes available.

Whenever the task dispatcher gains control, it issues the Load
Program Status Word instruction that passes control to the ready
task of highest priority. If none of the tasks are ready, the task
dispatcher then instructs the cpu to enter the hardware waiting
condition.

By convention, the completed use of a resource is always
signaled by an interruption, whereupon the appropriate resource
manager seizes control.

Let subtask denote a task attached by an existing task within
a job step. Subtasks can share some of the resources allocated
to the attaching task——notably the storage protection key, main
storage areas, serially reusable programs (if not already in use),
reenterable programs, and data sets (as well as the devices on
which they reside). Data sets for a job step are initially pre-
sented to the job scheduler by data definition statements. When
the job scheduler creates a task for the job step, these data sets
become available to all load modules operating under the task,
with no restriction other than that data-set boundaries be heeded.
When the task attaches a subtask, it may pass on the location
of any data control block: using this, the subtask gains access
to the data set.

‘We have mentioned the ways by which an active task can enter
a waiting state in anticipation of some specific event. After the
event has occurred, the required notification is effected with the
aid of the POST macroinstruction, If the event is governed by the
control program, as in the instance of a read operation, the super-
visor issues the POST; for events unknown to the supervisor, a
user’s program (obviously not part of the waiting task) must issue
a POST.

A task program may issue several requests and then await the
completion of a.given number ofithem. For example, a task may
specify by READ, WRITE; and-ATTACH macroinstructions that
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three asynchronous activities be performed, but that as soon as
two have been completed, the task be placed in the ready condi-
tion. When each of these requests is initially made to the control
program, the location of a one-word event control block is stated.
The event control block provides communication between the task
(which issued the original request and the subsequent WAIT)
and the posting agency—in this case, the control program. When
the WAIT macroinstruction is issued, its parameters supply the
addresses of the relevant event control blocks. Also supplied is a
watt count that specifies how many of the events must occur before
the task is ready to continue.

When an event occurs, a complete flag in the appropriate
event control block is set by the POST macroinstruction, and the
number of complete flags is tested against the wait count. If they
match, the task is placed in the ready condition. A post code
specified in the POST macroinstruction is also placed in the event
control block; this code gives information regarding the manner
in which completion occurred. After the task again gains control,
the user program can determine which events occurred and in
what manner.

Requests for services may result in waits of no direct concern
to the programmer, as, for example, in the case of the GET macro-
instruction previously mentioned. In all such instances, event
control blocks and wait specifications are handled entirely by the
Supervisor.

Another form of synchronization allows cooperating tasks to
share certain resources in a “‘serially reusable’” way. The idea
(already invoked in the discussion of programs) may be applied
to any shared facility. For example, the facility may be a table
that has to be updated by many tasks. In order to produce the
desired result, each task must complete its use of the table before
another task gains access to it (just as each task had to complete
its use of a self-initiating program before another task was allowed
to use the program). To control access to such a facility, the pro-
grammer may create a queue of all tasks requiring access, and
limit access to one task at a time. Queuing capabilities are pro-
vided by two macroinstructions: enqueue (ENQ) and dequeue
(DEQ). The nature of the facility, known only to the tasks that
require it, is of no concern to the operating system so long as a
queue control block associated with the facility is provided by the
programmer. ENQ causes a request to be placed in a queue asso-
ciated with the queue control block. If the busy indicator in
the control block is on, the task issuing the ENQ is placed in the
wait condition pending its turn at the facility. If the busy indi-
cator is off, the issuing task becomes first in the queue, the busy
indicator is'turned on, and control is returned to the task. When
finished with the facility, a task liberates the facility and posts the
next task on the queue by issuing DEQ.

In a multitask operation, competing requests for service or
resources. must_be resolved. In some cases, choices are made by
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considering hardware optimization, as, for example, servicing
requests for access to a disk in a fashion that minimizes disk seek-
ing time. In most cases, however, the system relies upon a priority
number provided by the user. The reason for this is that the user
can best select priority criteria. He may reconcile such factors
as the identification of the job requestor, response-time require-
ments, the amount of time already allocated to a task, or the
length of time that a job has been in the system without being
processed. The net result is stated in a priority number ranging
from 0 to 14 in order of increasing importance.

Initial priorities, specified in job statements, affect the sequence
in which jobs are selected for execution. The operator is free to
modify such priorities up to the time that the job is actually
selected. Changes to priorities may be made dynamically by the
change priority (CHAP) macroinstruction, which allows a program
to modify the priority of either the active task or of any of its
subtasks. Means are provided whereby unauthorized modifica-
tion can be prevented.

When the job scheduler initiates a job step, the current priority
of the job is used to establish a dispatch priority and a limit pri-
ority. The former is used by the resource managers, where applica-
ble, to resolve contention for a resource. The limit priority, on the
other hand, serves to control dynamic priority assignments. CHAP
permits each task to change its dispatching priority to any point
in the range between zero and its limit. Furthermore, when a task
attaches a subtask, it is free to set the subtask’s dispatching and
limit priorities at any point in the range between zero and the
limit of the attacher; the subtask’s dispatching priority can how-
ever exceed that of the attacher. For example, were task A, with
limit and dispatching priorities both equal to 10, to attach sub-
task B with a higher relative dispatching priority than itself,
it could use CHAP to lower its own dispatching priority to 7 and
attach B with limit and dispatching priorities set to 8.

It is expected that most installations will ordinarily use three
levels of priority for batch-processing jobs. Normal work will
automatically be assigned a median priority. A higher number will
be used for urgent jobs, and a lower one for low-priority work.

Normally, programs are expected to signal completion of their
execution by RETURN or XCTL. If the program at the highest
control level within the task executes a RETURN, the supervisor
treats it as an end-of-task signal. Whenever RETURN is used,
one of the general registers is used to transmit a return code to
the caller. The return code at task termination may be inspected
by the attaching task, and is used by the job scheduler to evaluate
the condition parameters in job control statements. It may, for
example, find that all remaining steps are to be skipped.

In addition, any program operating on behalf of a task can
execute a macroinstruction to discontinue task execution ab-
normally. The control program then takes appropriate action to
liberate resources; disposesof data sets, and remove the task con-
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trol block. Although abnormal termination of a task causes ab-
normal termination of all subtasks, it is possible for abnormal sub-
tasks to terminate without causing termination of the attaching
task.

The supervisor is designed to allocate main storage dynam-
ically, when space is demanded by a task or the control program it-
self. An tmplicit request is generated internally within the control
program, on behalf of some other control program service. An
example is LINK, in which the supervisor finds a program, allocates
space, and fetches it. To make explicit requests for additional
main storage areas, a user program may employ the GETMAIN
or GETPOOL macroinstructions.

Also provided are means for dynamic release of main storage
areas. Implicit release may take place when a program is no longer
in use, as signaled by RETURN, XCTL, or DELETE. Explicit
release is requested by the FREEMAIN or FREEPOOL macro-
instructions.

Explicit allocation by GETMAIN can be for fixed or variable
areas, and can be conditional or unconditional:

o Fized area. The amount of storage requested is explicitly given.

o Variable area. A minimum acceptable amount of storage is
specified, as well as a larger amount preferred. If the larger
amount is not available, the supervisor responds to the request
with the largest available block that equals or exceeds the
stated minimum.

o (Conditional. Space is requested if available, but the program
can proceed without it.

¢ Unconditional. The task cannot proceed without the requested
space.

The operating system uses the sYSTEM/360 storage protection
feature to protect storage areas controlled by the supervisor
from damage by user jobs and to protect user jobs from each other.
This is done by assigning different protection keys to each of
the job steps selected for concurrent execution. However, if
multiple tasks result from a single job step (by use of the ATTACH
macroinstruction), all such tasks are given the same protection
key to allow them to write in common communication areas.

Each job step is assigned two logically different pools, each
consisting of one or more storage blocks. The first of these is used
to store non-reusable and serially-reusable programs from any
source, and reenterable programs from sources other than the main
library. This pool is not designated by number. The second. pool,
numbered 00, is used for any task work areas obtained by the
supervisorand forfillingall GETMAIN or GETPOOL requests—un-
less a non-zero pool number is specified.

When the highest-level task of a job step is terminated, all
gtorage pools are released for reassignment. However, when a
task attaches a subtask, and makes storage areas available to the
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subtask, it may suit the purposes of the task not to have the
storage areas released upon completion of the subtask. To provide
for this possibility, programs may call for the creation of pools
numbered 01 or higher. Such a pool may be made available to a
subtask in either of two ways—that is, by passing or sharing. If a
pool created by a task is passed to a subtask, termination of the
subtask results in release of the pool. On the other hand, subtask
termination does not result in the release of a shared pool. In
both cases, the subtask that receives a pool may add to the pool,
delete from it, or release it in the same way as the originating task.

Because Pool 00 refers to the same set of storage blocks for all
tasks in a job step, it need not be passed or shared, and is not
released until the job step is completed.

If two or more job steps are being executed, and one requires
more additional main storage than is available for allocation, the
control program intervenes. First, the supervisor attempts to free
space occupied by a program that is neither in use nor reserved
by a task. Failing that, it may suspend the execution of one or
more tasks by storing the associated information in auxiliary
storage. The storage and retrieval operations occasioned by com-
peting demands for main-storage space are termed roll-out and
roll-in.

The decision to roll out one or more tasks is made on the basis
of task priorities. A main storage demand by a task can cause as
many lower-priority tasks to be rolled out as necessary to satisfy
the demand. If the lowest-priority task in the system needs more
space to continue, it is placed in a wait state pending main storage
availability.

During roll-out, all tasks operating under a single job step are
removed as a group. Input/output operations under way at the
time of the roll-out are allowed to reach completion.

Roll-in takes place automatically as soon as the original space
is again available, and execution continues where it left off. Since
its task control block remains in a wait status and its input/output
units are not altered, a task may still be considered in the system
after roll-out.

Significance of multitask operations

It may be expected that multitask operations will not only provide
powerful capabilities for many existing environments, but will
also serve as a foundation for more complex environments for
some time to come.

Fast turnaround in job-shop operations is achieved by allowing
concurrent operation of input readers, output writers, and user’s
programs. It is possible to handle a wide variety of telecommunica-
tion activities, each of which is characterized by many tasks
(most of them in wait conditions). Also, complex problems can
be programmed.in segments that conmcurrently share system
resources and hénce optimize the use of those resources. With
some versions of the job scheduler, multitask operations permit
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job steps from several different jobs to be established as con-
current tasks. To serve such current multitask needs, the structure
of the control system consists of two primary classes of elements:
(1) queues representing unsatisfied requirements of tasks for cer-
tain resources, and (2) tables identifying available resources. Some
of the control information is in main storage; some is in auxiliary
storage. This structure facilitates dynamic configuration changes,
such as addition or removal of programs in main storage, and
attached input/output devices.

Perhaps more important for future systems, the structure
may prove adaptable in the management of additional cpu’s.
For example, if multiple cpt’s were given access to the job queue
(now stored on a disk), each cpu could queue new jobs as well
as initiate jobs already on the queue. Similarly, if multiple cpu’s
were given access to main storage, each cpu could add tasks to
the task queue and dispatch tasks already on the task queue.
That is, a system could be designed wherein, by executing the
task-dispatcher control routine (which itself is in the shared main
storage), any cpu could be assigned a ranking task on the queue;
and while executing a task, any cpu could add new tasks to the
queue by means of the ATTACH macroinstruction.

Summary

In os/360, for which the basic unit of work is the task, resources
are allocated only to tasks. In general, resources are allocated
dynamically to permit easier planning on the part of the pro-
grammer, achieve more efficient utilization of storage space, and
open the way for concurrent execution of a number of tasks.

Users notify the system of work requirements by defining each
job as a sequence of job-control statements. The number of tasks
entailed by a job depends upon the nature of the job. The system
permits job definitions to be cataloged, thereby simplifying the
job resubmittal process. Reading of job specifications and source
data, printing of job results, and job execution can occur simul-
taneously for different jobs. Job inputs and outputs may be queued
in direct-access storage, thereby avoiding the need for external
batching and permitting priority-governed job execution. In its
multijob-initiation mode, the system can process a number of
jobs concurrently.
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Concepts underlying the data-management capabilities of 0s/360 are
introduced; distinclive features of the access methods, catalog, and
relevant system macroinstructions are discussed.

To illustrate the way in which the control program adapts to actual
input/oulput requirements, a read operaiion is examined in con-
siderable detail.

The functional structure of OS/360

Part III Data management
by W. A. Clark

The typical computer installation is confronted today with an
imposing mass of data and programs. Moreover, with the ap-
plicable technologies developing at a rapid pace, the current trend
is toward increasing diversity and change in input/output and
auxiliary storage devices. Together, these factors dictate that the
so-called ‘‘input/output’” process be viewed in new perspective.
Whereas the support provided by a conventional input/output
control system is usually limited to data transfer and label proces-
sing, the current need is for a data management system that en-
compasses identification, storage, survey, and retrieval needs—
for programs as well as data. Not only should the system employ
the capabilities of both direct-access and serial-access devices,
but ideally should be able to satisfy a storage or input/output
requirement with any storage device that meets the functional
specifications of the given requirement.

Our purpose here is to discuss the main structural aspects of
0s/360 from the standpoint of data management. In identifying,
storing, and retrieving programs and data via 0s/360, a programmer
normally reckons with device classes rather than specific devices.
Because actual devices are not assigned until job-step execution
time, a novel degree of device independence is achieved. Moreover,
as befits a system intended for a wide range of applications, 0s/360
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provides for several data organizations and search schemes. Vari-
ous buffering and transmittal options are provided.

Background

Although the data management services provided by o0s/360 are
deliberately similar to those provided by predecessor systems, the
system breaks with the past in the manner in which it adapts
to specific needs.

For mobilizing the input/output routines needed in a given
job step, one well-known scheme places these routines into the
user’s program during the compilation process. No post-assembly
program fetching or editing is then required; a complete, execut-
able program results. This scheme has significant disadvantages.
It requires that a fairly complete description of device types and
intended modes of operation be stated in the source program.
Compilation is made more difficult by having to concern itself
with details of the input/output function, and compiled programs
can be made obsolete by environmental changes that affect the
input/output function.

These disadvantages led the designers of some prior operating
systems, for example, 1BS¥YS/IBJOB, to circumvent the inclusion of
input/output routines in assembled programs by providing a
set of input/output “packages’” that could be mobilized at pro-
gram-loading time.' Designed to operate interpretively, these
optional packages permitted a source program to be less specific
about devices and operating modes; moreover, they permitted
change in the input/output environment without program reas-
sembly. On the other hand, interpretive execution tends to reduce
the efficiency of packages and limit the feasible degree of system
complexity and expandability.

Faced with unprecedented diversity in storage devices and
potential applications in addition to the complexities of multitask
operation, the 0s/360 designers have carried the 1BSYS/1BJOB
philosophy further, but with a number of significant tactical
differences. Data-management control facilities are not obtained
at program-loading time; instead, they are tailored to current
needs during the very course of program execution (wherever the
programmer uses an OPEN macroinstruction). The data-access
routines are reenterable, and different tasks with similar needs
may share the same routines. Because routines do not act inter-
pretively, they can be highly specialized as well as economical of
space. A program chooses one of the available access methods and
requests input/output operations using appropriate macroinstruc-
tions. Device types, buffering techniques, channel affinities, and
data attributes are later specified via data-definition statements in
thepjobrstreamsInifact;therosyaeorjobystream permits final speci-
fication of nearly every data or processing attribute that does not
require re-resolution of main-storage addresses in an assembled
program. These. attributes include blocking factors, buffering
techniques, error checks, number of buffers, and the like.

compiled
1/0 routines

interpretive
1/0 routines

generated
1/0 routines
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System definitions

An operating system deals with many different categories of infor-
mation. Examples from a number of categories are a source pro-
gram, an assembled program, a set of related subroutines, a mes-
sage queue, a statistical table, and an accounting file. Each of
these examples consists of a collection of related data items. In the
0s/360 context, such a collection is known as a data set. In the
operational sense, a data set is defined by a data-set label that
contains a name, boundaries in physical storage, and other param-
eters descriptive of the data set. The data-set label is normally
stored with the data set itself.

A standard unit of auxiliary storage is called a volume. Each
direct-access volume (disk pack, data cell, drum, or disk area
served by one access mechanism) is identified by a volume label.
This label always contains a volume serial number; in the case of
direct-access devices, it also includes the location of a wvolume
table of contenis (vroc) that contains the labels of each data set
stored in the corresponding volume. A label to describe the vroc
and an additional label to account for unused space are created.
Before being used in the system, each direct-access volume is
initialized by a utility program that generates the volume label
and, for direct-access devices, constructs the table of contents.
This table is designed to hold labels for the data sets to be written
on the volume.

Given the volume serial number and data-set name, the control
program can obtain enough information from the label to access
the data set itself.

A job step can place a data set in direct-access storage via a
data definition (pp) statement that requests space, specifies the
kind of volume, and gives the data-set name. At job-step initiation,
the system allocates space and creates a label for each area re-
quested by a DD statement. Finally, during job-step execution, the
label is completed and updated via OPEN and CLOSE macro-
instructions.

Each reel of magnetic tape is considered a volume. In view of
the serial properties of tape, the method used for identifying
volumes and data sets departs somewhat from the method used
for direct-access devices. The standard procedure still employs
volume labels and data-set labels; but each data-set label exists in
two parts: a header label preceding its data set, and a trailer label
that follows it. The location of a data set in a tape volume is repre-
sented by a sequence number that facilitates tape searching.

Although the system includes a generalized labeling procedure,
it permits a user to employ his own tape-label conventions and
label=checking-routineswif so desired. Unlabeled tapes may be
used, in which case the responsibility for mounting the right
volumes reverts to the operator.

To free the programmer of the need to maintain inventories
of his data sets, the system provides a data-set catalog. Held in
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direct-access storage, this catalog consists of a tree-organized set of
indexes. To best serve the needs of individual installations, the or-
ganization of the tree structure is left to the user. Each qualifier of
a data-set name corresponds to an additional level in the tree. For
example, the data set PAYROLL.MASTER.SEGMENT! is found by
searching a master index for PAYROLL, a second-level index for
MASTER, and a third-level index for seGMENT1. Stored with the
latter argument are entries that identify the volume containing
the data set and the device type; in the case of serial-access devices,
a sequence number is also stored.

A volume containing all or part of the catalog is called a control
volume. Normally, the operating system resides in a control volume
known as the sysiem residence volume. The use of a distinctive
control volume for a group of related data sets makes it convenient
to move the portion of the catalog that is relevant to the group.
This is particularly important in planning for the possibility that
groups of data sets may be moved from one computer to another.

A data-set search starts in a system residence volume and
continues, level by level, until a volume identification number is
obtained. If the required volume is not already mounted, a message
is issued to the operator. Then, if the data set is stored in a direct-
access device, the search for the data-set location resumes with
the volume label of the indicated volume, continues in the volume
table of contents, and proceeds from there to the data set’s starting
location. On the other hand, if the data set is held on a serial-
access device, the search continues using a sequence number as
an argument.

To simplify pp (data definition) statements for recurrent up-
dating jobs, data sets related by name and cataloging sequence
can be identified as a generation group. In applications that
regularly use the n most prior generations of a group to produce
a new generation, the new generation may be named (and later
referred to) relative to the most recent generation. Thus, the
pD statement need not be changed from run to run. When the
index for the generation group is established, the programmer
specifies n. As each new generation is cataloged, the oldest genera-
tion is deleted from the catalog. Provision is also made for the
special case in which n varies systematically, starting at 1 and
increasing by 1 until it reaches a user-specified number N, at
which time it starts over at 1.

To safeguard sensitive data, any data set may be flagged in its
label as “protected.” This protection flag is tested as a consequence
of the OPEN instruction; if the flag is on, a correct password must
be entered from the console. The data set name and appended
password serve as an argument for searching a control table. The
OPEN routineisnot permitted-torcontinueunless a matching entry
is found in the table.

Because the control table has its own security flag and master
password, it can be reached only by the control program and those
programmers pritileged to know the master password.

catalog

control
volume
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In discussing the internal structure and disposition of a data
set, it is necessary to distinguish between the record, an application-
defined entity, and the block, which has hardware-defined bound-
aries and is governed by operational considerations. Let b denote
block length (in bytes) and B a maximum block length. Although
0s/360 requires that B be specified for each given data set, con-
ventions permit three block-format categories: unspecified,
variable, and fixed. The first category requires that b < B for all
blocks. The second is similar to the first, except that each b is stored
in a count field at the beginning of its block. The third category
dictates that all blocks be of length B.

A fixed or variable block may contain multiple records. A fixed
block contains records of fixed size. In the variable block, records
may vary in size, and each record is preceded by a field that records
its size. For storage devices that employ interblock gaps, it is well
known that record blocking can increase effective data rates, con-
serve storage, and reduce the needed number of input/output
operations in processing a data set. For data sets of unspecified
block format, the system makes no distinction between block and
record; any applicable blocking and deblocking must be done by the
user’s program. The unspecified format is intended for use with
peripheral equipment, such as transmission devices, address label
printers, and the like.

A buffer is a main storage area allocated to the input/output
function. The portion of a buffer that holds one record is called a
buffer segmeni. A group of buffers in an area of storage formatted
by the system is called a buffer pool; a data set associated with
a buffer pool is assigned buffers from the pool. Unless a programmer
assigns a buffer pool to a data set, 0s/360 does so; unless buffer
size is specified by the programmer, 0s/260 sets the size to B.

In processing records from magnetic tape, it is customary to
read and process records from one or more data sets, and to create
one or more new data sets. A number of buffering considerations
come into play. It may suffice to process a record within a buffer;
it may be preferable to move the input record to a work area and
the updated record from the work area into an output buffer;
other possibilities may suggest themselves. Moreover, in processing
records from direct-access storage, the same data set may be
accessed for input and output.

To allow flexibility in buffer usage, the 0s/360 record-transfer
routines invoked by the GET and PUT macroinstructions permit
three transmittal modes. In the ‘“move” mode, each record is moved
from an input buffer to a work area and finally to an output buffer.
In the “locate’” mode, a record is never actually moved, but a
pointer to the record’s buffer segment is made available to the
applicationsprograms=Iny the ‘“‘substitute’”” mode, which also uses
pointers, the applieation program provides a work area equal in
size to a record, and the buffer segment and work area effectively
change roles.

To _supplement. the transmittal modes in special cases, three
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methods of buffer allocation are defined. Sémple buffering, the
most general method, allocates one or more buffers to each data set.
Ezxzchange buffering, used with fixed-length records, utilizes data-
chaining facilities to effect record gather and record scatter opera-
tions. Buffer segments from an input data set are exchanged with
buffer segments of an output data set or work area. Not only can
each buffer segment be treated, in turn, as an input area, work
area, and output area, but chaining allows noncontiguous segments
to simulate a block. Exchange buffering is particularly useful in
updating sequential files, merging, and array manipulation.
Chained-segment buffering is designed for messages of variable
size. Segments are established dynamically, with chaining being
used to relate physically separate segments. This method is
designed to circumvent the need for a static allocation of space to a
remote terminal: of the many terminals that can be present in a
system, only a fraction are ordinarily in use at a given time.

Access principles

To fall within the os/360 data-management framework, a data
set must belong to one of five organizational categories. As will
be seen, the classification is based mainly on search considerations.

Data sets consisting of records held in serial-access storage
media (such as magnetic tapes, paper tapes, card decks, or printed
listings) are said to possess sequential organization. If so desired, a
data set held in a direct-access device may also be organized
sequentially.

Three of the five categories apply solely to direct-access
devices. The tndered sequential organization stores records in
sequence on a key (record-contained identifier). Because the
system maintains an index table that contains the locations of
selected records in the sequence, records can be accessed randomly
as well as sequentially. A direct organization is similar, but dis-
penses with the index table and leaves record addressing entirely
up to the programmer. A partitioned organization divides a se-
quentially organized data set into members; member names and
locations are held in a directory for the data set. A member con-
sists simply of one or more blocks. Included primarily for data
sets consisting of programs or subroutines, this organization is
suitable for any data set of randomly retrieved sequences of
blocks.

A telecommunications organization is provided for queues of
messages received from or enroute to remote on-line terminals.
Provision is made for forming message queues and for retrieving
messages from queues. Queues may be held in direct-access stor-
age as well as in main storage.

A broad distinction is made between two classes of data-
management languages. Designed for programming simplicity,
the queued access languages apply only to organizations with
sequential properties. The programmer typically uses the macro-
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Table 1

Language category
Organization Queued Basic
Sequential QSAM BSAM
Indexed Sequential QISAM BISAM
Direct BDAM
Partitioned BPAM
Telecommunication QTAM BTAM

instructions GET and PUT to retrieve and store records, and buf-
fers are managed automatically by the system. On the other hand,
the basic access languages provide for automatic device control,
but not for automatic buffering and blocking. Typically, the READ
and WRITE macroinstructions are used to retrieve and store
blocks of data. Because the programmer retains control over
device-dependent operations (such as card reader or punch-stacker
selection, tape backspacing, and the like), he may use any de-
sired searching, buffering, or blocking methods.

Of the ten possible combinations of data-set and language
categories, eight are recognized by the system as access methods.
These eight methods bear the mnemonic names given in Table 1:
QsaM denotes ““queued sequential access method,” and so on. For
each access method, a vocabulary of suitable macroinstructions is
provided.

To employ a given access method, a programmer resorts to
the vocabulary of macroinstructions provided for that method.
Vocabularies for six of the methods are summarized in Table 2.
Although six macroinstructions are common to all of these meth-
ods, the parameters to be specified in a macroinstruction may
vary from method to method. If so desired for specialized applica-
tions, a programmer can circumvent the system-supported access
methods and employ the execute channel program (EXCP) macro-
instruction in fashioning his own access method. In this case, he
must prepare his own channel program (sequence of channel com-
mand words).

A few words on each vocabulary element of Table 2 help
to clarify access principles. At assembly time, the DCB macro-
instruction reserves space for a data control block and fills in control
block fields that designate the desired access method, name a
relevant pp statement, and select some of the possible options.
The application programmer is expected to provide symbolic
addresses of any applicable supplementary routines, as for ex-
ample, special label-processing routines.

The programmer. issues an OPEN macroinstruction for each
data control block. At execution time, OPEN supplies information
not declared in the DCB macroinstruction, selects access routines
and establishes Iinkages, issues volume mounting messages to the
operator, verifies labels, allocates buffer pools, and positions
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Table 2 A thod bularies
Q QB B BB
Macro- 8 I 8§ P11 D Macroinstruction
insiruction | A 8 A A 8 A Sunction in brief
M A MMA M
M M
DCB + « =« =« =+ « | Generate a data control block
OPEN + « « « « « | QOpena data control block
CLOSE « + « « « « | Close a data control block
BUILD e « <« « « « | Structure named area as a buffer pool
GETPOOL « « « « « o | Allocate space to and format buffer pool
FREEPOOL |+ + -« - « -« | Liberate buffer-pool space
GET L Obtain a record from an input data set
PUT LI Include a record in an output data set
PUTX . . Include an input record in an output
data set
RELSE . . Force end of input block
TRUNC . Force end of output block
FEOV . . Force end of volume
CNTRL . . Control reader or printer operation
PRTOV . . Test for printer carriage overflow
SETL . Set lower limit for scan
ESETL . Postpone fetching during scan
CHECK .« . Wait for 1/0 completion and verify
proper operation

NOTE L Note where a block is read or written
POINT - . Point to a designated block
FIND . Obtain the address of a named member
BLDL . Build a special directory in main store
STOW . Update the directory
RELEX + | Release exclusive control of a block
FREEDBUF + + | Free dynamically obtained buffer
GETBUF <« « « « | Assign a buffer from the pool
FREEBUF LR Return a buffer to the pool
WAIT - + =« + | Wait for 1/0 completion
READ + « « <+ | Read a block
WRITE « « + - | Write a block

volumes. The programmer may free a data control block and
return associated buffers to the pool by the CLOSE macroinstruc-
tion; if he omits CLOSE, the system performs the corresponding
functions at task termination.

The programmer can request the system to allocate and format
a buffer pool at execution time by issuing a GETPOOL macro-
instruction, which specifies the address of the data control block,
the buffer length, and the desired number of buffers. When a
poolvarearisinonlongermneededyiticanyberreturned to the system
by FREEPOOL.

Where the programmer’s knowledge permits him to allocate
space more wisely than the control program, he may choose to
designate the area to be set aside for a buffer pool. The area may,
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for example, supplant a subroutine that is no longer needed. By
issuing a BUILD macroinstruction, he can request the system to
employ the reserved area as a buffer pool, the details being similar
to GETPOOL. With subsequent BUILD’s, moreover, he can re-
structure the area again and again.

@saM corresponds closely to the schemes most favored in pre-
vious input/output systems. @saM yields a great deal of service to
the programmer for a minimum investment in programming effort.
Retrieval is afforded by GET, which supplies one record to the
program; disposition of an output record is afforded by PUT or
PUTX. PUT transfers a record from a work area or buffer to a data
set; PUTX transfers a record from one data set to another. In con-
sequence, PUT involves one data control block, whereas PUTX
involves two.

To aid the programmer in creating short blocks and in disposing
of a block before all records therein have been processed, two
macroinstructions permit intervention in buffer control. RELSE
requests the system to release the remaining buffer segments in an
input buffer, i.e., to view the buffer as empty. Analogously, TRUNC
asks the system to view an output buffer as full, and to go on to
another buffer.

FEOV requests the system to force an end-of-volume status
for a designated data set, and thereupon to undertake the normal
volume-switching procedure. CNTRL provides for specialized card-
reader, printer, or tape control functions.

The QisaM scheme is closely akin to gsam, but the macro-
instructions provide the additional functions required of indexed
sequential data sets and direct-access devices. Records are ar-
ranged in logical sequence on the key, a field that is part of each
record. Record keys are related to physical addresses by indexes.
For a record with a given data key, a cylinder index yields cylinder
address, and a track index yields track-within-cylinder address.
To facilitate in-channel searches, the key of the last record in
each block is placed in a hardware-defined control field.

In the initial creation of a data set, PUT’s are used in the
“load” mode to store records and generate indexes. Successive
GET’s in the “scan’”’ mode retrieve records sequentially; SETL (set
lower limit) may be issued to designate the first record obtained.
Unless a SETL is issued, retrieval starts from the first record of
the data set. In scan mode, PUTX may follow a GET to return an
updated record to the data set. ESETL (end of scan) halts any
anticipatory buffering on the part of the system until issuance of a
subsequent GET.

BIsAM applies to the same sequential data organization as
qisaM, but selective reading and writing is permitted through
theyREADyandyWRITEsmacroinstructions. Using BIsaM, new rec-
ords can be inserted without destroying sequence. If an insertion
does not fit intothe intended track, the system moves one or more
records from the track to an overflow area and then reflects this
overflow status in the appropriate indexes. (The existence of over-
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flows does not alter the ability of qisaM to scan records in logical
sequence.)

To permit other operations to be synchronized with Bisam
input/output operations, a WAIT macroinstruction supplements
READ and WRITE. (Because WAIT serves a general function in
synchronizing tasks, it is discussed in Part I1.)

In a multitask environment, it is possible that one task may
want to use or update a record while the record is being updated
by another task. To forestall confusion in the order that updating
operations are accomplished, READ can request exclusive control
of the record during updating. For a record being updated in place,
WRITE releases exclusive control. If the record is not updated in
place, the RELEX macroinstruction can be used to release control.

Because record insertions may lead to overflows, and overflows
tend to reduce input/output performance, the system is designed
to provide statistics that can help a programmer in determining
when data-set reorganization is desirable. Held in the data control
block are the number of unused tracks in an independent overflow
area and, optionally, the number of full c¢ylinder areas, as well as
the number of accesses to overflow records not appearing at the
head of overflow chains. Reorganization can be accomplished via
the qisaMm load mode, using the existing data set as input.

As implied by the above discussion, QisaM and Bisam comple-
ment one another and may be used together where the user needs
to access a data set randomly as well as sequentially. For the sake
of convenience, a data control block for an indexed sequential
data set can be opened jointly for Qisam and BIsaM.

BSAM assumes a sequentially organized data set and deals with
blocks rather than records. A block is called into a specified buffer
by READ. Unless program execution is deliberately suspended
during the retrieval period by a CHECK macroinstruction, the
program may continue during reading. Similarly, after an output
operation is initiated, CHECK can be used to postpone further
processing until the operation is completed.” Following a READ
or WRITE, the macroinstruction NOTE saves the applicable block
address in a standard register; subsequently, the preserved address
may be helpful in logically repositioning the volume by POINT.

Of the access methods for direct-access devices, BpaM offers
the greatest variety of access possibilities. Using WRITE and
READ, the programmer can store or retrieve a block from a data
set by specifying a track address and block number. Optionally,
he may specify a number relative to the data set itself, either (1)
a relative track number at which a search should start for a given
key or (2) a relative block number. The relative numbers, which
help to isolate application programs from device peculiarities, are
converted-toractual-track-addressessandy block numbers by the
system. GETBUF and FREEBUF are the means by which buffers
can be explicitly requested and released. A dynamic buffer option,
requested in the DCB macroinstruction,; enables the programmer to
obtain automatic buffer management (BUILD and GETPOOL are
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not used in conjunction with the option). The FREEDBUF macro-
instruction permits release of a buffer under the dynamic option.

BPAM is designed for storing and retrieving members of a
partitioned data set held on a direct-access device. Associated with
the data set is a direclory that relates member name to track
address. To prepare for access, a FIND performs the directory
search. A located member can be retrieved using one or more
READ’s, as required by the number of blocks in the member.
New members can be placed by one or more WRITE's, followed by a
STOW that enters the member’s name and location in the directory.
CHECK again serves to synchronize the program with data-
transmission operations.

A summary of the main characteristics of the eight access-
methods appear in Table 3.

Control elements and system operation

With general definitions and access methods in mind, we turn to
the internal structure of 0s/360 as it pertains to data management.

Associated with each data set of a problem program is a data
control block (pcB), which must be opened before any data transfer
takes place. However, some data sets, e.g., the catalog data set,
are opened automatically by the control program, and may be
indirectly referred to or used in a problem program without addi-
tional opening or closing. Data-access macroinstructions, such
as GET and PUT, logically refer to a data set, but actual reference
is always via a data control block.

The data control block is generated and partially filled when
the DCB macroinstruction is encountered at compilation time.
The routine called at execution time by OPEN completes the
data control block with information gained principally from a
job-stream DD statement or cataloged procedure. For input data
sets, a final source of such information is the data-set label. In
the case of an output data set where the label has yet to be created,
the final source can be the label of another data set or another
DD statement.

In addition to completing the data control block, the OPEN
routine ensures that needed access routines are loaded and address
relations are completed. The routine prepares buffer areas and
generates channel command word lists; it initializes data sets by
reading or writing labels and performs a number of other house-
keeping operations.

The selection of access routines is governed by choices in data
organization, buffering technique, access language, input/output
unit characteristics, and other factors. The selection is relayed to
the supervisor;swhichrallocates main storage space and performs
the loading.

In operation, some access routines are treated as part of the
user’s program and are entered directly rather than through a
supervisor-call_interruption. These routines block and deblock
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records, control the buffers, and call the input/output supervisor
when a request for data input or output is needed. Other routines,
treated as part of the 1/0 supervisor and therefore executed in the
privileged mode, perform error checks, prepare user-oriented
completion codes, post interruptions, and bridge discontinuities in
the storage areas assigned to a data set.

The input/output supervisor performs all actual device control
(as it must if contending programs are not to conflict in device
usage); it accepts input/output requests, queues the requests if
necessary, and issues instructions when a path to the desired
input/output unit becomes available. The 1/0 supervisor also
ensures that input/output requests do not exceed the storage areas
allocated to a data set. The completion of each input/output
operation is posted and, where necessary, standard input/output
error-recovery procedures are performed. EXCP, the execute
channel program macroinstruction, is employed in all communica-
tion between access routines and the input/output supervisor.

To portray the mechanics of data management, let us consider
one job step and the data-management operations that support a
READ macroinstruction for a cataloged data set in the Bsam
context.

To begin with, we observe the state of the system just before
the job is introduced; of interest at this point are the devices,
control blocks, programs, and catalog elements that exist prior to
job entry. Next to be considered are the data-management act-
ivities involved in pD-statement processing, and in establishment
by the job scheduler of a task for the given job step. Third, we
consider the activities governed by the OPEN macroinstruction;
these activities tailor the system to the requirements of the job
step. Finally, operation of the READ macroinstruction is con-
sidered, with special attention to the use of the EXCP macro-
instruction. Essential to the four stages of the discussion are four
cumulative displays. Frequent reference to numbered points within
the figures is made by means of parenthetical superscripts in the
text. The description refers more often to the objects generated
and manipulated by the system than to the functional programs
that implement the system.

The basic aspects of catalog implementation become apparent
when we consider the manner in which the system finds a volume
containing a cataloged data set. Recall that each direct-access
volume contains a volume label that locates its vroc (volume
table of contents) and that the vroc contains a data-set label for
each volume-contained data set. Identified by data-set name, the
data-set label holds attributes (such as record length) and specifies
the location in the volume of the data set.

Search-for-ardatarset: begins (see Figure 1) in the vroc of the
system residence volume, where a data-set label identifying the
portion of the catalog in this volume’ appears. This part of the
catalog is itself organized as a partitioned data set whose directory
is' the highest level (most significant) index of the catalog. For



Figure 1

Control elements: before job entry
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data sets cataloged on the syvstem residence volume, entries in this
directory contain the addresses of lower-level indexes;® for data
sets cataloged on other control volumes,®’ directory entries con-
tain the appropriate volume identification numbers.

Assume for the moment that the search is for a data set cata-
loged on control volume <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>