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Foreword

ISO (the International Organization for Standardization) and IEC (the International
Electrotechnical Commission) form the specialized system for worl dwide standardization,
Nationa bodies that are members of 1SO or IEC participate in the development
of Internationa Standards through technical committees established by the respettive
organization to deal with particular fields of technica activity. 1SO and IEC technical
committees collaborate in fields of mutua interest. Other international organizations,
governmental and non-governmental, in liaison with 1ISO and I1EC, also take part in the
work.

International Standards are drafted in accordance with the rules given in the ISO/IEC
Directives, Part 3.

In the field of information technology, 1SO and IEC have\gstablished a joint technica
committee, ISO/IEC JTC 1. Draft International Standards'adopted by the joint technical
committee are circulated to national bodies for voting. Publication as an International
Standard requires approval by at least 75 % of the nationa bodies casting a vote.

Attentionisdrawn to the possibility that some of'the elements of thislnternational Standard
may bethe subject of patent rights. 1 SO and:EC shall not be held responsiblefor identifying
any or al such patent rights.

International Standard |1 SO/I EC 13751 wasprepared by Joint Technical Committeel SO/IEC
JTC 1, Information technology,'Subcommittee SC 22, Programming languages, their
environments and system saftwar e interfaces.

Annex A forms anormetive part of this International Standard.

© ISO/IEC 2001 —All rightsreserved Xi
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| ntroduction

APL stands for A Programming Language. It is a notation invented by K. E. lverson
in the late 1950s for the description of agorithms, and expanded on and made into the
programming system APL\ 360 by Iverson and his colleagues Adin Falkoff, Larry Breed,
Dick Lathwell, and Roger Moore in the mid-1960s.

This document, Programming L anguage APL, Extended, is a sequdl to Programming

Language APL, 1SO 8485 (1989).

The principal differences that the reader will find here have to do with-new festures that

have been added. These topicsare:
without
greatest common divisor
least common multiple
duplicate
commute
table
joinaongfirst axis
mixed arrays
overbar in names
underbar in names
replicate
character grades
grades of arrays greater thanrank one
unique
alphaas aname
omega as a name
ambivalent defined functions
event handling
n-wise reddaction
complexarithmetic
left
right
function rank operator
defined operators
component file system

Xii
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enclose
disclose
enlist
pick
depth

Toenticat
each
first

An entry for each of these topicswill be found in theindex. Some new system commiands
have been added. Shared variable extensions have been added. Workspace |nterchange
Standard 2 is given, in which canonical representation vectors of type “E” are.Used to
represent generalised arrays.

© ISO/IEC 2001 —All rightsreserved Xiii
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INTERNATIONAL STANDARD |SO/IEC 13751: 2001 (E)

| nfor mation technology — Programming
languages, their environments and system
softwar e inter faces — Programming language
Extended API

1 Scope

This International Standard defines the programming-language APL and the environment
in which APL programs are executed. Its purpose isto facilitate interchange and promote
portability of APL programsand programming skifls. ThisInternational Standard specifies
the syntax and semantics of APL programs and the characteristics of the environment in
which APL programs are executed.

It &l so specifies requirements for confermance to this Internationa Standard, includingthe
publication of values and characteristics of implementation properties so that conforming
implementations can be meaningfully compared.

This International Standard does not specify:

— implementation_properties that are likely to vary with the particular equipment or
operating system used;

— requirédyvalues for implementation limits such as APL workspace size or numeric
precision;

~.the data structures used to represent APL objects;

— thefacilities available through shared variables.

© ISO/IEC 2001 —All rightsreserved 1
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2 Normative References

The following normative documents contain provisions which, through reference in this
text, congtitute provisions of thisInternationa Standard. For dated references, subsequent
amendments to, or revisions of, any of these publications do not apply. However, parties
to agreements based on this International Standard are encouraged to investigaté-the
possibility of applying the most recent editions of the normative documents indicated
below. For undated references, the latest edition of the normative document.referred
to applies. Members of 1SO and |IEC maintain registers of currently valid(lnternational
Standards.

ISO/IEC 2382-15:1999, Information technology — Vocabulary.—Part 15: Programming
languages.

I SO 8485:1989, Programming languages — APL.

International Register of Coded Character Sets To'Be Used With Escape Sequences,
Registered character set 68. (http://www.itscj.ipg -or.jp/l SO-1R/068.pdf)

2 © ISO/IEC 2001 — All rightsreserved
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3 Form of thisInternational Standard

ThisInternational Standard isaformal model of an APL machine, specified asacollection
of finite sets, diagrams, and eval uation sequences, and objects constructed from finite sets,
diagrams, and eval uation sequences.

The finite sets are the implementation-defined character-set, the implementation-
defined set of numbers, and the enumerated sets array-type, class-names, keyboard-
states, mode-names, required-character-set, and wor kspace-presence.

Diagrams are directed graphs used to designate syntactic forms.

Evaluation sequences are formal procedures that operate on finite\séts, diagrams, other
evaluation sequences and objects defined in the International Standard.

Objects are entities consisting of enumerated set membersiand other objects. The objects
areligt, array, defined-function, defined-operator, token, symbol, context, workspace,
session, shared-variable, and system.

Each object has attributes describing its statexThe attributes of an array, for example, are
itstypical element, itsshape, and itsravel.

Objects often have defined properties derived from their attributes. The rank of an array,
for example, isthe shape of the shape-of the array.

3.1 Form of Definitions

Defined termsin this International Standard are always set in bold and indexed. The index
entry begins with'the page number of the definition followed by the page numbers of all
references\{athe term. If the definition and a use of a term occur on the same page, that
page number will occur twicein the Index.

Thetfollowingterms occur throughout the document and are not cross-indexed: character,
content, class, item, and number.

Note: Termsin this document include both phrases such asimplementation-par ameter and words

© ISO/IEC 2001 —All rightsreserved 3



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

ISO/IEC 13751 : 2001 (E)

such asnil.

Each definition in this International Standard takes one of four forms.

1. Regular definitions consist of the term being defined followed by a colon and the body

of the definition. The term Boolean is defined in thisway.

2. Members of an enumerated set are defined simply by being listed in the definition of the
enumerated set. The term nil is defined in thisway, as a member of the enumerated isét
class-names.

3. Diagrams are defined by directed graphs. The term expression is defined in thisway.

4. Definitions of terms that designate eval uation sequences take the following form:

— The term being defined, such as scan.

— Theformsthat the eval uation mechanism used in the | nternational Standard recognises
as designating thisterm, such as Z <f \B.

— An informa introduction indicating the purpose ©f the procedure. The informa
introductionis considered commentary on the International Standard.

— An evaluation sequence expressed in aformal, though English-like, language defined
inthe subsection Evaluation Sequences. A~confor ming-implementationis required
to emulate the behaviour described inthe evaluation sequence as modified by the
additional-requirements, if any.

— Examples, which show effects of the procedure specified by the eval uation sequence.
Examples are considered commentary on the International Standard.

— Additional Requirements;-giving aspects of the behaviour required of this operation
that cannot conveniently be expressed in the eval uation sequence.

3.2 Named Arraysin Examples

In the examples in this International Standard, APL identifiers beginning with IV, such as
N2 3 represent numeric arrays whose shape and content are specified by the digitsin the
identifier. Each digitin theidentifier specifies an element of the shape vector; each element
of the array, when broken down into digits, gives the index of that element.

For example,

Example:

e
1234

N23
11 12 13
21 22 23
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N234
111 112 113 114
121 122 123 124
131 132 133 134

211 212 213 214

T 3 tr
231 232 233 234

N234[2;3;1]
231

3.3 Notes

This International Standard contains notes that comment on the text ‘of the International
Standard, pointing out the significance of definitions, noting ‘relationships between
definitions, and otherwise making the text approachable. These notes are set in a different
typestylethanthetext of thelnternational Standard, and are pfefixed withtheword“ Note:”.
Thefollowing is an example of a note.

Note: Thisisan example of a note.

Notes never set requirements for conformance:(They may suggest desired properties, but
such suggestions are hot mandatory for confermance.

3.4 Cross-References

Theheading level sin thislnternational Standard are chapter, section, and subsection. When
cross-references are given, they are dwaysto a subsection title. In the Index, subsections
are treated like defiritions. the page on which a subsection beginsis awaysthefirst entry
in the Index; subsequent page numbersin theindex show where references are made to the
subsection.

3.5 General Definitions

For the purpose of this International Standard, the definitions given in ISO/DIS 2382/15
shall apply, together with the following:

— Program: An application.

Note: Thetermisused in this International Sandard to include everything from an APL expression
to a collection of workspaces communicating via shared variables.
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— Implementation: A combination of computer hardware and software that processes
(APL) programs.

Note: Animplementation is an instance of the object system specified by this International Standard.

— Facility (of an implementation): A unit of behaviour. Every facility is one of:

— Defined-Facility: A facility fully specified in this International Standard and not
designated optional or implementation-defined.

— Optional-Facility: A facility fully specified in this International Standardvand
designated optional.

— Implementation-Defined-Facility: A facility not fully specified by thistnternational
Standard that is designated implementation-defined.

— Consistent-Extension: A facility not specified in this International Standard that,
for aconstruct thisInternational Standard specifies as producicigan error, gives some
effect other than signalling the specified error.
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4 Compliance

4.1 Conforming I mplementations

An APL implementation conformsto this International Standard if it meets the following
requirements for both behaviour and documentation.

4.1.1 Required Behaviour for Conforming I mplementations

A conforming-implementation shall provide all defined-facilities'and implementation-
defined-facilities. Each such facility shall behave as specified by this International
Standard.

A confor ming-implementation may provideoptional=facilities. If provided, an optional-
facility shall behave as specified by this International Standard. Attempted use of an
optional-facility that isnot provided shall cause théconfor ming-implementationto signal
an error. A conforming-implementation shall\not replace the error signalled by amissing
optional-facility with other behaviour.

A confor ming-implementation may-provide consistent-extensions. The presence of a
consistent-extension shall not affect-the behaviour of a conforming-program.

A conforming-implementation shall use algorithmsthat produce resultsthat are the same
as those produced by the'evaluation sequences. Mathematical function agorithms shall
have at least the accurecy that the algorithms given in the evaluation sequences would
produce.

Note: The evaluation sequencesused in this International Standard are intended to specify resullts,
not implementation techniques.

The erfors produced by the absence of an optional-facility cannot be replaced by consistent-
extensionsin a confor ming-implementation, since this would affect the behaviour of confor ming-
pr.agramsthat use the optional-facility.

© ISO/IEC 2001 —All rightsreserved 7
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4.1.2 Required Documentation for Confor ming Implementations

A conforming-implementation shall provide a reference document that satisfies the
following requirements for the documentation of optional-facilities, implementation-

okl ol £ H &l it + % .
UCTIHTITICUTTAUITIUTCS, d'TU CUTNTI LTI TUTTALTT T UTNTO.

4.1.2.1 Documentation of Optional-Facilities

A conforming-implementation shall document the presence or absence of eachhof the
following optional-facilities:

— Shared-Variable-Protocol. A mechanism that permits one session 10 exchange data
with other autonomous sessions.

— Statement-Separator-Facility. A mechanism for placing morethan one statement on a
line.

— Trace-and-Stop-Control. A mechanism that assiststhetesting and correction of defined
functions.

— Complex-Arithmetic-Facility. A mechanism that permits the generation and
mani pul ation of complex-arithmetic results.

4.1.2.2 Documentation of mplementation-Defined-Facilities

A confor ming-implementation shall document thefollowing aspects of implementation-
defined-facilities:

— A description of-thechar acter-set. Thisshall includeatabl e showing thecorrespondence
between jindex positions in the atomic-vector and the members of the required-
charactexr=set. If the graphic symbols used in a conforming-implementation are
dissimitar to thosein Table 1, the correspondence between the graphic symbolsused in
the'implementation and those in Table 1 shall be given.

<A description of the numbers. This shall include a characterisation of the internal
representation used for numbers.

— Descriptions of the characteristics of each implementation-algorithm.

— The vaue of each implementation-parameter.
— A description of each internal-value-set.

— A description of additiona event-types.

8 © ISO/IEC 2001 — All rightsreserved
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4.1.2.3 Consistent Extensions

A conforming-implementation shall document all consistent-extensionsit provides. The
documentation shall clearly indicate that the use of a consistent-extension prevents a

nroacam-from conforminawith this lntarnational Standard
~ J J *

Note: Implementers of conforming-implementations should, in general, be wary of replacing
limit-errors with consistent-extensions, since these errors are the only safeguardsa confor ming-
program haswhen attempting to operatein a confor ming-implementation whoseimplementation-
parameter sare inadequate to support it.

For example, if thelimit-error onidentifier-length-limit werenot signalled, a confor ming-program
with identifiers longer than the local identifier-length-limit could malfunction withodt war ning.

4.2 Conforming Programs

A program conformsto thisInternational Standard if it meetS the following requirements
for both behaviour and documentation.

4.2.1 Required Behaviour for Conformming Programs

A conforming-program shall use only‘those facilities specified in this International
Standard.

A confor ming-program shall notuse consistent-extensions.

A confor ming-program shall not depend on the signalling of any error by a confor ming-
implementation.

Note: Confor ming-programscannot depend on error behaviour, since consistent-extensionsthat
replaceerrorsareper mitted in confor ming-implementations. A conforming programmay make use
of certain eventfiandling featuresunreservedly (for example, [1£S), and other swith somerestrictions.
Consider the'following example:

Z<' 1" OEA 'A OSVO B!
Z<(0 12 1)[0 1 212]

Thisis conforming becauseit only dependson the values 0, 1, and 2, which have defined meanings
when returned as the result of [JSVO. The first line can return anything, but the second line filters
out all but 0, 1, and 2, hence eliminating any subtle dependencieson error behaviour or consistent

" .
CXtCHSrons:

4.2.2 Required Documentation for Confor ming Programs

A conforming-program shall document which optional-facilitiesit requires.
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A conforming-program shall document any specific requirements it has for
implementation-parameters.

Note: A conforming-program may or may not work, and may or may not produce identical
resultson all confor ming-implementations, becauseof inherent dependencieson implementation-

natameatarsor-implemeaentation-alacrithms-such-astha alaorithm usad-for matrix lnvarsion.
Lad Lad 9 g *

It is suggested that conforming-programs provide documentation detailing the values of
implementation-parameters they require so that their suitability for a given conforming-
implementation can be determined readily.
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5 Définitions

5.1 Characters

— Character-Set: Animplementation-defined finite set.
— Character: A member of the implementation-defined finite set character-set.

— Required-Character-Set: An enumerated set which isthe union of a set of al phabetics
with the sets of Numeric Characters and Specia Characters designated’ in Table 1.
The aphabetics may be any aphabet; this Internationa Standard (ses the Alphabetic
CharactersshowninTable1torepresent thedua -case Latin e phabef) The character-set
provided by a confor ming-implementation shall contain all miembers of the required-
character-set which resultsfrom the choice of a phabet.

Additional Requirement:

Members of the required-character-set are represented in this Internationa Standard
by graphic symbols in a particular typeface, as shown in Table 1. The graphic
symbols associated with the required-character-set in a conforming-implementation
areimplementation-defined.

Note: There are conformance requirements associated with the required-character-set. A
confor ming-implementation must publish, as part of its required documentation, a table giving
the correspondence between the graphic symbols in Table 1 and the atomic-vector. Where the
graphic symbols providedare not similar in appearanceto those used in this International Standard,
the correspondence between the graphic symbolsin this International Standard and those provided
by the implementation must also be provided.

Some of the.graphic symbols given in Table 1 are not used to designate APL constructs in this
International Standard. They are present to provide all keys on common terminal keyboards with
corresponding symbols.

Thenamesin Table 1 are not to be considered part of thisInternational Standard.

© ISO/IEC 2001 —All rightsreserved 11



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

ISO/IEC 13751 : 2001 (E)

Alphabetic Characters
DFEFF GHI JKILMNOPQRSTUV W

DEFGHIJKLMNOPLRSIUVW

| SIS
<o~
NI N Q

Numeric Characters
0O 1 2 3 4 5 6 7 8 9

Specia Characters

o dpha ¥ de tilde [N quote quad

¥ down arrow A ddta p rho

< |eft arrow A ddtastile : semicolon

- right arrow A detaunderbar U down shoe

+ up arrow " diagresis c |eft shoe

- bar ¢ diamond > right shoe
blank + divide n up shoe

{ left brace $ dollar sign A upshoejot

} right brace . dot / shash

[ left bracket € epsilon \uback slash

1 right bracket = equa #  dlash bar

v down caret > greater-than or equal X back dash bar

» down caret tilde 1 iota * gtar

< left caret o jot | dile

> right caret < less-than or equal L downdtile

A Up caret x multiply: [ upstile

» up caret tilde # not equa 1 uptack

o circle ~ overbar ¢ uptack jot

§ circle backdash (.left'parenthesis ~ right tack

e circle bar ). right parenthesis - left tack

® circle star + plus T down tack

¢ circlesdtile O quad % down tack jot

: colon B quad divide ~ tilde

, comma ? query _underbar

< comnigbar o digeresisjot = diaeresistilde

V de ' guote w omega

y ‘det sile ! quote dot = equal underbar

Table 1: The Required Character Set
12 © ISO/IEC 2001 — All rights reserved
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5.2 Numbers

— Number-Set:  An implementation-defined finite set used to represent arithmetic
guantities.

— Number: A member of the numbper-set.

Note: The number-set is an abstraction used in this document to represent the floating-point
arithmetic quantities of an arbitrary computer.

5.21 Elementary Operations

Elementary-Operation: One of the following four implementatiop-algorithms.

— APlusB.

Note: Plusimplements addition.

— AMinusB.

Note: Minus implements subtraction.

— ATimesB.

Note: Timesimplements multiplication.
— A Divided-by B.

Note: Divided-by implementsdivision.

Note: Each elementary-operation is a mapping from the Cartesian product of the number-set
with itself back™onto the union of the number-set and the metaclass error, as described in the
subsection | mpjeémentation-Algorithms. It is assumed that members of the metaclass error are
retur ned by-elementar y-oper ations when results cannot be represented as numbers. In particular,
exponeént:over flowisreturned when the result of an elementar y-oper ation istoo largein magnitude
to berepresented by a number, exponent-under flow is returned when the result of an elementary-
oper ation is non-zero but too small in magnitude to be represented by a number other than zero,
and domain-error is returned by an elementary-operation called with arguments for which its
mathematical counterpart is undefined, such as one divided-by zero.

The treatment of exponent-over flow and exponent-under flow is not specified by this International

Stardard;except as Suggestions to the mptementer—tmptementers shoutt-avord-avimgexporent=
over flow and exponent-under flow occur in theinter mediate results of implementation-algorithms
wherever possible. In any case, exponent-under flow should not cause a limit-error.

The fact that these fundamental algorithms are effectively undefined in the International Standard
is intentional. A definition general enough to cover all known and possible floating-point systems
was felt to be less useful than the requirement that the internal representation for numbersin a
confor ming-implementation be describedin the required-documentation for theimplementation.
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5.2.2 Number Constants

Note: Thefollowing numbers, used in this International Standard, are defined hereastermsto make
clear the distinction between APL constant arrays represented as strings of APL digits, such as 1,

and-membersof thathaimplementation-defined-finita sat-containina-numbers-such-as-one
14 ) g g

Thesetermsarealwayssetin bold whenthey areusedin thisformal sense. They arenot cross-indexed.

— Zero: A number such that, for any number 4, A pluszerois 4.
— One: A number such that, for any number 4, A timesoneisA.
— Negative-One: Zero minusone.

— Two: Oneplusone.

— Three: Two plusone.

— Four: Three plusone.

— Five: Four plusone.

— Six: Fiveplusone.

— One-half: One divided-by two.

— Imaginary-One: Negative-Oneto-the-power one-half.

5.2.3 Subsetsof the Setvof Numbers

Note: The following subsets of the numbersare used to define the domains of operations.

— Booleanizero or one.

Note: Falseis represented by zero, true by one.

Note: A counting-number is a member of the subset of the number s accessible under a successor
function.

— Positive-Counting-Number: one or any number that can be generated by 4 plusone,
where 4 isa positive-counting-number.

— Negative-Counting-Number: The number negative-one or any number that can be
generated by NV plus negative-one, where IV is a negative-counting-number.

— Nonnegative-Counting-Number: A positive-counting-number or zero.
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— Counting-Number: A negative-counting-number or a nonnegative-counting-
number.

Note: An integer isa member of the subset of the number s accessible from zero and one through

dditian-and-arlate o
aOtrtrOmant-SootactoOn:

— Positive-Integer: A positive-counting-number or a number that can be generated by
A plus B, where 4 and B are positive-integers.

— Negative-Integer: A negative-counting-number or a number that can be,generated
by A plus B, where 4 and B are negative-integers.

— Nonnegative-Integer: A positive-integer or zero.

— Integer: A negative-integer or anonnegative-integer.

— Positive-Number: A positive-integer, or anumber otherthan zer o that can be generated
by A times B, by A divided-by B, or by A plus B, whete A'and B are positive-numbers.

— Negative-Number: A negative-integer, or a aumber other than zero that can be
generated by A times B, by A divided-by B,@r by C plus D, where A is a positive-
number and B, C'and D are negative-numbers.

— Nonnegative-Number: A positive-number or zero.
— Real-Number: A negative-numpeér or anonnegative-number.

— Complex-Number: A real-number, or anumber that can be generated by A plus (B
timesimaginary-one), whefe A and B are real-numbers.

— Complex-Integer:<A\complex-number that can begenerated by A plus(imaginary-one
times B), where 4 and B areintegers.

— Half-planel Two numbers are in the same half-plane if the signs of either their real-
parts orimaginary-partsare nonzero and are equal.

— Unit-square: A unit-sguare containsall numbers for which theintegral part of the real
parts are the same and the integral parts of the imaginary parts are the same.

~/Arc. Thearcof anumberiszero if the number iszero, and otherwiseistheimaginary-
part of the natural-logarithm of the number, and has a value greater than minus pi and
less than or equal to pi.

— Fraction: A number lying in the rectangle of the complex-plane bounded by the two
parallel lines passing through zero and one at an angle of 135 degrees with thereal axis,
and thetwo parallél lines passing through one and negative-oneat an angle of forty-five
degrees with the real axis, including the numbers on the lines going through zero and
negative-one, but not including the number s on the two lines through one.
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— First-Quadrant-Associate: Either a nonnegative-number, or a number with both
real-part and imaginary-part positive-numbers, and having the same magnitude as
agiven nonzero number, and separated from it by an angle of either 0, 90, 180, or 270
degrees.

Note: The numbersare assumed to be identical to the complex-numbers.
Example
Consider anormalised base-2 floating point number system with atwo position exponent field and a

two position mantissafield with the radix point between the digits. The decimal valuesrepresentable
with this system and the categoriesinto which each falls are as follows:

Exponent Mantissa Value Boolean Counting- Integer
inBase2 inBase2 inBasel0 Number

00 00 0 Y Y Y
00 10 1 Y Y Y
00 11 15

01 10 2 Y Y
01 11 3 Y Y
10 10 4 Y Y,
10 11 6 Y
11 10 8 Y
11 11 12 Y

As can be seenin this example, counting-number sform a dense subset of the integers; the largest
counting-number istypically a power of the number system base.

A given number, such asacounting=number , may have several hardware representations. Except for
their effect on system resources, these representations should be indistinguishable to a confor ming-
program.

5.24 Implementation Algorithms

An Implementation-Algorithmis an algorithm used in this International Standard whose
behaviourisimplementation-defined. The followingimplementation algorithmsare used
in this+nternational Standard.

— Conjugate

— Cosine

— Current-Time
— Deal

— Display

— Divided-by
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— Exponential
— Function-Display

— Gamma-Function

— Greate-Common-Divisor
— Hyperbolic-Cosine

— Hyperbolic-Sine

Hyperbolic-Tangent

Inverse-Cosine

Inverse-Hyperbolic-Cosine

Inverse-Hyperbolic-Sine

I nver se-Hyperbolic-Tangent

Inverse-Sine

I nver se-Tangent

Magnitude

— Matrix-Divide

— Minus

— Modulo

— Natural-L ogarithm

— Next-Definition-Line

— Numeric-Input-Conversion
— NumericcQutput-Conversion
— Pi-Times

— Plus

=~ Produce-Canonical-Representation-Vector

— Pseudorandom-Number-Gener ator

— Read-Keyboard
— Sine
— Tangent

— Times
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— Time-Stamp
— To-the-Power

— Trace-Display

I H | | + I | W/ <l
IleIL'ClI LITCITICHICT T U IVITATU

The following implementation-algorithms take a number as an argument and return
either a number or an error: Cosine, Exponential, Gamma-Function, Hyperbolic-
Cosine, Hyperbolic-Sine, Hyperbolic-Tangent, Inverse-Cosine, Inverse-Hyperbolic-
Cosing, Inverse-Hyperbolic-Sine, | nver se-Hyperbolic-Tangent, Inverse-Sine, | nver se-
Tangent, Magnitude, Natural-L ogarithm, Pi-Times, Sine, Tangent.

The following implementation-algorithms take two numbers as arguments and return
either anumber or an error: Divided-by, Minus, Modulo, Plus, Times, To-the-Power.

The properties of the remaining implementation-algorithmsare-described in the chapters
in which they are used.

5.25 Defined Operations
— A Equals B: An operation that, for 4 and ‘B\numbers, returns one if 4 and B are the
same number, and zero otherwise.

— Direction of A: Anoperation that, for4anumber, returnszeroif Aiszero, and otherwise
returns the number determined by.the radial projection of 4 onto the unit-circle.

Note: For A areal-number, thedirection of A is either negative-oneor zero or one.

— A is Greater-Than B:" An operation that, for 4 and B real-numbers returns one if
A is a positive-number and B is a negative-number, returns one if A minus B is a
positive-numbery.and returns zero otherwise.

— AisLess-Than B: Anoperation that, for 4 and B real-numbers, returns B greater-than
A

— Negation of A: An operation that, for any number 4, returnszero minus 4.

= Magnitude of 4: An operation that, for A a number, returns the non-negative real-
number determined by rotating A onto the nonnegativereal-axis.

— Open-Interval-Between 4 and B: An operation that, for any numbers 4 and B, returns
a subset of the numbers asfollows: if 4 isnot greater-than B, the set of al numbers

greater-than 4 and less-than B; otherwise, the open-interval-between B and 4.

— Closed-Interval-Between A and B: An operationthat, for any numbers 4 and B, returns
a subset of the numbers consisting of 4, B, and the open-interval-between 4 and B.

— Larger-Magnitude of A and B: An operation that, for any numbers 4 and B, returnsthe
magnitude of 4 if it isgreater-than that of B, and the magnitude of B otherwise.

18 © ISO/IEC 2001 — All rightsreserved



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

| SO/IEC 13751 : 2001 (E)

— Distance-Between 4 and B: An operation that, for any two numbers 4 and B, returns
the magnitude of A minusB.

— AisTolerantly-Equal to B Within C: An operation that, given threenumbers 4, B, and
C, with C greater than or equal to zero, returnsa Boolean Z determined as follows:

If A eqauals B than 7 isone
-84 £ - -

If A and B are not in the same half-plane, then Z is zero.

If thedistance-between 4 and B isless-than or equals Ctimesthelarger-magnitude
of A and B, then Z isone.

Otherwise, Ziszero.

— Tolerant-Floor of A Within B: An operationthat, for Aanumber and B anonnegative-
number, returnsacomplex-integer Z determined as follows:

Let 4 be amember of the set of numbersin the unit-square at the complex-integer C,

and let D be A minus C.

If the sum of the real and imaginary parts of D is tolerantly-fess-than one within B,
then ZisC.

Otherwise, if the imaginary-part of Dis greater-thandthe'real-part of D, then Zis C
plusimaginary-one.

Otherwise, Z is C'plusone.

— AislIntegral-Within B: An operation that, ferca number A and a positive-number B,
returns a Boolean Z determined as follows:
Let C stand for the negation of A.
Zisoneif thetolerant-floor of C'within B equalsthe negation of the tolerant-floor of
A within B, and zero otherwise,

— AisaNear-Integer: An opération that, for anumber A4, returnsoneif A isintegral-
within integer-tolerance, and zero otherwise.

Note: The foregoing definition contains a forward referenceto integer -toler ance.

— Integer-Nearest-to A: An operation that, for anear-integer 4, returnsthetol er ant-floor
of A within(integer-tolerance.

— AisNear=Boolean: An operation that, for anear-integer 4, returnsoneif theinteger-
nearest-to A isaBoolean, and zero otherwise.

Note: Near-integersand near-Booleansinclude number swhose magnitudeisless-than integer-
tolerance. The operation integer -near est-to maps such numbersto zero.

— AisReal-Within B: Anoperationthat, foranumber 4 and apositive-number B, returns
aBoolean Z determined asfollows:

Let R stand for the magnitude of thereal-part of 4, and I for the magnitude of the
imaginary-part of A.
Zisoneif I islessthan-or-equal either to B, or to R times B, and is zer o otherwise.

— A is Near-Real: An operation that, for a number 4, returns one if 4 is real-within
real-tolerance, and zero otherwise.
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5.3 Objects

Note: Thedescriptionof APL in this documentis based on objects—abstract data structuresthat are
describedin terms of characters, numbers, and elementary set theory.

Each object has a small set of named attributes that take on valuesthat are characters, numbers, or
other objects.

Each object has additionally a small set of operationsthat can be performed upon it.

All the objects in the description are defined here, as are all the attributes of each object.{-The
operations are introduced as they are needed. All objects, attributes, and operations are ‘cross-
referencedin the index.

531 Lists

Index: A nonnegative-counting-number lessthan or equd to index-limit.

List: An object with the following attributes:

— Index-Set: A finiteset T of positive-counting=number schosen so that for every subset
of I, except the empty set, the cardinality.of that subset isin I.

— Value-Set: A finite set in aspecific correspondence with the index-set of thelist.

Empty-List: A list, the cardindity of whose index-set is zero.
Nonempty-List: A list, the Cardinality of whoseindex-set isgreater-than zero.
Number-of-ltemsin L: The cardinality of theindex-set of thelist L.

Item X of L:(An‘operation that, for X a member of the index-set of the list L, returns
the member-of the value-set of L associated with X by the correspondence between the
value-setof L and theindex-set of L.

NateThis formof indexing is alwaysin origin one.
First-ltem in L: An operation that for anonempty-list L returnsitem one of L.

Last-Item in L: An operation that for anonempty-list L, and for C the number-of-items

H i s H ok T
L, Tetuarris e © Ul L.

Rest-of L: An operation that, for a nonempty-list L whose index-set has cardinaity C,
returns a second list R whose index-set has cardinality C minus one, such that for each
item Jintheindex-set of R, item J of Risitem (J plusone) of L.

Product-of L: An operation defined on alist of numbers L asfollows:
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If the number-of-itemsin L iszero, one.

If the number-of-itemsin L isone, thefirst-itemin L.

If the number-of-itemsin L is greater-than one, first-item in L times the product-of
therest-of L.
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theindex-set of L, and each item of P isthe same as the correspondingitem of L.

5.3.2 Arrays

Array-Type: Anenumerated set containing the members character, numerie; and mixed.

Array: An object with the following attributes:

— Shape-list: A list of nonnegative-counting-numbers.

— Ravel-list: A list. Eachitem of thelist iseither achatacter, anumber, or an array.

The number-of-itemsin theravel-list of an array 4 is the same as the product-of the
shape-list of A.

— Type: A member of the enumerated set artay-type.

If thetype of 4 ischaracter, theraveldist of 4 isalist of characters; if thetype of A
isnumeric, theravel-list of 4 isalist'of numbers.

Sufficient-Type of L under Ithefollowing operation on atype T'and alist L.
If Tischaracter or numeric, return T
eseif Lisanonempty-list
if all items of L are numbers, return the type numeric
if all items of I are characters, return thetype character
otherwisg, neturn the type mixed
el sereturthe type of the typical-element of L.

Notes “The foregoing definition is intended to providefor the caseswhere a mixed-array becomesa
nonsmixed array, and vice-versa.

Rank of A: An operation that, for an array or array-of-vectors 4, returnsthe number-of-
itemsin the shape-list of A.

o la:- A H . 1 £ it £ 4 L ik . wtlo k. ok L
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Scalar: Anarray whoserank iszero.

Simple-scalar: A simplearray whoserank iszero.

M ax-shape-of B An operation that, for B, an arrays defined as follows:
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Set B1 tothefirst-thingy of B.

Set M1topB1.

If the count-of Bisone, return M1.
Set B2 totheremainder-of B.

Set M2 to the max-shape-of B2.

e snape i or M I attastrom the shape TS of M7, Jgnal Tank-grror .
Return M1 [M2

First-thingy in A: An opration that for 4, an array, returnsan array B, defined as follows:
If Aisempty, set B1 to thetypical-element of A.
Otherwise, set B1 to thefirst-item of theravel-list of A.
If Blisanumber or acharacter, set Bto an array, whoseravel-list containsthé single
item B1, and whose shape-list is empty.
Otherwise, set Bto B1.

Numeric-Scalar with value I: For I anumber, the scalar Z sueh-that the type of Zis
numeric and therave-list of Zisthelist L such that the number=of-itemsin L isoneand
thefirst-item of Lis I.

Count of A: For 4 an array, the product-of the shape-list of A.
Vector: Anarray whoserank isone.

Matrix: Anarray whoserank istwo.

Length of A: For A avector, the count of<4.

Typical-Element of A: For A an array, if thetype of Aischaracter, thecharacter blank;
if thetype of Aisnumeric, thepumber zero; if thetypeof Aismixed, thetypical-element
is determined by an implermentation-defined-algorithm.

Empty: Of an array «the count of which iszero.
One-Element-Vector: A vector A isaone-element-vector if the length of Aisone.

KisaValid-Axisof A: An operation that, for A and K arrays, returnsoneif K isa scalar
or one-element-vector, and the first-item in the ravel-list of X is a near-integer, the
integer<nearest-to which is amember of theindex-set of the shape-list of 4; and returns
zerootherwise,

AXxis K of A: An operation that, for A an array and K avalid-axisof 4, returnsitem X of
the shape-list of A.

Array-of-vectors: An object with the following attributes:

— Shape-list: A list of nonnegative-counting-numbers.

— Ravel-list: Each vector V in the ravel-list of an array-of-vectors A has the type
sufficient-type of theravel-list of ¥V under thetype of A.
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— Type: A member of the enumerated set array-type.

Note: The termarray-of-vectorsis used only as an expository device.

Along-Axis K of A: An operation that, for an array A with non-zero rank N, produces 7

an array-of-vectorsof rank N-1 such that the shape-list of Z isthe shape-list of A with
item K omitted. Each item of theravel-list of Z isavector whose length is the same as
axisK of A.

Note: Some operations on vectors extend to arrays of greater rank in a manner similar to’Scalar-
extension. Along-axisis an expository device used in the definition of these operations.

Vector-Item I of A: An operation that, for an array-of-vectors 4, returns,item I of the
ravel-list of A.

Ravd-Along-AxisK of A: Anoperation that, for anarray A with non<zerorank N, produces
an array-of-vectors Z such that the shape-list of Z isthe product-of the shape-list of A
withitem K omitted, and theravel-list of Z istherave-list 6f-along-axis K of A.

First-Scalar in A: An operation that, for A a nonemptyarray, returns a scalar Z such
that the ravel-list of Z isthe first-item in the ravelslist of A and the type of Z is the
sufficient-type of theravel-list of Z under thetype of A.

Remainder-of A: An operation that, for A anon=empty vector, returnsavector Z such that
the length of Z isnegative-one plusthe tength of 4, theravel-list of Z istherest-of the
ravel-list of 4 and thetype of Z isthe sufficient-type of therave-list of Z under thetype
of A.

Row I of A: An operation.that;’for A an array of rank two and I a number, returns
vector-item I along-axistwo of A.

Number-of-Rows in-4:"An operation that, for A an array of rank two, returnsitem one
of the shape-list of A:

Integer-Array=Nearest-to A: An operation that, for A an array having the property that
each itentof theravel-list of 4 isanear-integer, returnsanumeric array Z such that the
shapedlistof Z isthe same as the shape-list of A and each item of theravel-list of Zisthe
integer-nearest-to the corresponding item of theravel-list of A.

Boolean-Array-Nearest-to A: An operation that, for A an array having the property that
each item of theravel-list of Aisanear-Boolean, returnstheinteger-array-nearest-to A.

5.3.3 Defined-Functions

Note: A defined-function represents a function defined by a user. The attributes of a defined-
function are given here. Operations are described in the Defined Functions chapter. Defined-
operatorsare a subclass of defined functions.
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Defined-Function: An object with the following attributes:

— Canonical-Representation: A character array whoserank istwo.

— Stop-Vector: A numeric vector.

— Trace-Vector: A numeric vector.
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5.34 Tokens

Class-Names:. A set containing the following members:

Accignmonf Arrouns L ocal-Name.
Axis-Error M onadic-Operator
Branch Nil

Branch-Arrow Niladic-Defined-Function
Character-Literal Niladic-Defined-Function-Name
Clear-State-I ndicator Niladic-System-Function-Nameg
Colon Not-Copied
Command-Complete Not-Erased
Committed-Value Not-Found
Complete-Index-List Not-Saved

Constant Numeric-Literal
Defined-Function Partial-Index-List
Defined-Function-Name Primitive
Defined-Dyadic-Operator Primitive‘Function
Defined-Dyadic-Operator-Name Rank=Error

Defined-M onadic-Oper ator Result-Name
Defined-Monadic-Operator-Name  Right-Argument-Name
Definition-Error Right-Axis-Bracket
Distinguished-ldentifier Right-End-of-Statement
Domain-Error Right-Index-Bracket
Dyadic-Operator Right-Operand-Name
Elided-Index-Marker Right-Parenthesis
Escape Semicolon
Implicit-Error Shared-Variable

I ncor rect-Command Shared-Variable-Name
Index-Error. Simple-ldentifier

I ndex-Separator Small-Circle

Interrupt Syntax-Error

L abel System-Function-Name
habel-Name System-Variable-Name
Left-Argument-Name Unwind

L eft-Axis-Bracket Value-Error

L eft-End-of-Statement Variable

L eft-Index-Bracket Variable-Name

L eft-Operand-Name
L eft-Parenthesis

| ength-Frraor
Limit-Error

Token: An object with the following attributes:

— Class: A member of the set Class-Names.
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— Content: A number, acharacter, or an object, according to the class of the token, as
indicated in Table 2.

Note: Tokensrepresent the internal objects manipulated by an implementation of APL.

The Class of a token IS a siralghtforward mdication of the Sort of ODJect It represents. A token of
class nil, for example, is used to return a value-error from a defined function that does not set its
result name. Note that class-namesis an enumerated set. Thismeansthat nil has no definition other,
than its literal appearance on this page. Its significance, like the significance of APL charactersin
this document, liesin the use of its name in evaluation sequences.

Thecontent of atoken varieswith the class of thetoken. If specified, the contentisa char acter ;alist
of characters, alist of numbers, anarray, anindex-list, a shared-variable, or a defined-function.

5.34.1 Metaclasses

Note: Metaclassesare subsetsof theenumerated set class-names. They are usedto shorten evaluation
sequencesby abstracting a sequenceof tests on the class of a token.jito a single test for member ship
inametaclass. “ If Bisanerror,” isequivalentto “ If the classof\B'is in the metaclasserror”

— Metaclass: A subset of the enumerated set class-names.

— ldentifier: A metaclass containing simplesidentifier and distinguished-identifier.
— Literal: A metaclass containing character-literal and numeric-literal.

— Lexical-Unit: A metaclass containing primitive, literal, and identifier.

— Value: A metaclass containing committed-valueand constant.

— Delimiter: A metackass-containing primitive-function, branch-arrow, assignment-
arrow, left-end-of=statement, right-end-of-statement, left-index-bracket, right-
index-bracket{™ elided-index-marker, left-axis-bracket, right-axis-bracket, left-
parenthesigright-parenthesis, small-circle, and semicolon.

— Defined-Name: A metaclass containing shared-variable-name, variable-name,
defined=function-name, defined-dyadic-oper ator-name, defined-monadic-operator-
name, niladic-defined-function-name, result-name, left-argument-name, right-
argument-name, label-name, and local-name.

— Defined-Operator: A metaclass containing defined-dyadic-operator and defined-
monadic-oper ator.

— System-Name: A metaclass containing system-variable-name, system-tfunction-
name, and niladic-system-function-name.

— Classified-Name: A metaclass containing the members of system-name and defined-
name.

— Syntactic-Unit: A metaclass containing the members of classified-nameand delimiter.
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Assignment-Arrow
Axis-Error

Branch
Branch-Arrow

Content

An array
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Character-Liter al
Clear-State-I ndicator
Colon
Command-Complete
Committed-Value
Complete-Index-List
Constant
Defined-Function
Defined-Function-Name
Defined-Dyadic-Oper ator
Defined-Dyadic-Oper ator-Name
Defined-M onadic-Oper ator
Defined-M onadic-Oper ator-Name
Definition-Error
Distinguished-I dentifier
Domain-Error
Dyadic-Oper ator
Elided-Index-Marker
Escape

Implicit-Error

I ncorrect-Command
Index-Error

I ndex-Separ ator
Interrupt

Label

Label-Name

L eft-Argument-Name

L eft-Axis-Bracket

L eft-End-of-Statement
Left-Index-Bracket
Left-Operand-Name

L eft-Parenthesis
Length-Error
Limit-Error

A TISt Of characters

An array
Anindex-list

An array

A defined-function
A list of characters
A defined-function
A list of characters
A defined-function
A list of characters

A list of characters

A character

An array
A list of characters
A list of characters

A list of characters

Table 2: Relationship between Class-Name and Content
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Class-Name

L ocal-Name

M onadic-Oper ator

Nil
Niladic-Defined-Function

Content
A list of characters
A character

A defined-function

NiTadic-Defined-Funciion-Name
Niladic-System-Function-Name
Not-Copied

Not-Erased

Not-Found

Not-Saved
Numeric-Literal
Partial-Index-List
Primitive
Primitive-Function
Rank-Error
Result-Name
Right-Argument-Name
Right-Axis-Bracket
Right-End-of-Statement
Right-l1ndex-Bracket
Right-Operand-Name
Right-Parenthesis
Semicolon
Shared-Variable
Shared-Variable-Name
Simple-l dentifier
Small-Circle
Syntax-Error
System-Function-Name
System-Variahte-Name
Unwind

Value-Error

Variable
Variable-Name

A lISt Of Characters
A list of characters

A list of numbers
Anindex-list

A character

A character

A list of characters
A list of characters

A listof characters

A shared-variable
A list of characters
A list of characters

A list of characters
A list of characters

An array
A list of characters

Table 2: (Continued)
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— Error: A metaclass containing axis-error, domain-error, implicit-error, index-error,
length-error, limit-error, rank-error, syntax-error, value-error, and interrupt.

Note: This metaclassincludes only errorsthat occur in the evaluation of APL statements.

— Report: A metaclass containing incorrect-command, not-copied, not-erased, not-

found, and not-saved.

— Exception: A metaclass containingbranch, escape, clear-state-indicator, unwind, and
the members of error and report.

— Result: A metaclass containing nil and the members of exception and value,

53.4.2 Index-List

— Index-List: A (possibly empty) list consisting of tokens whoseclass is either constant
or eided-index-marker.

535 Symbols

Symbol: An object with the following attributes:

— Name: A list of characters.

— Referent-List: A list of tokens.

5.3.6 Contexts
— Mode-Names:( An enumerated set containing the members immediate-execution,

execute, functjon-definition, quad-input, and defined-function.

Context: An object with the following attributes:

~ Mode: An eement of the enumerated set mode-names.

— Stack: A list of tokens.

— Current-Line: A list of characters

— Current-Statement: A list of tokens.

— Current-Function: If mode is defined-function, a defined-function; otherwise
undefined.

— Current-Line-Number: If modeisdefined-function, an index; otherwise undefined.
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5.3.7 Workspaces

Note: Theworkspaceisthe basic organisational unit in an APL system. A workspacecontainsdata,
programs, execution status, and environmental infor mation.

— Workspace-Presence: An enumerated set containing absent and present.

Workspace: An object with the following attributes:

— Owner: A user-identification.

— Workspace-Name: A list of characters.

— Symbol-Table: A list of al symbolswhose names are distinet!
— State-Indicator: A list of contexts.

— Existential-Property: A member of the enumerated-set workspace-presence.

Clear-Workspace: A workspace with the follewing values:

— Owner: this-owner.
— Workspace-Name: The clear-wor kspace-identifier.

— Symbol-Table: A list of al'symbolswhose names are distinct and whoser eferent-lists
each consist of the |ist. whose only member isnil.

— State-Indicator: An empty list of contexts.

— Existential~Property: absent.

5.38Sessions

Note: A user interacts with an APL system through a session, an abstraction that represents a
hypothetical machine capable of carrying out the evaluation sequencesin the Inter national Sandard.

— Session-ldentification: Either a number or alist of characters, depending upon the
implementation-parameter session-identification-type.

— User-ldentification: Either a number or alist of characters, depending upon the
implementation-parameter user-identification-type.
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— Keyboard-States: An enumerated set containing the members open-keyboard and
locked-keyboard.
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— Active-Workspace: A workspace.

— This-Session: A session-identification.

— ThisOwner: A user-identification.

— Attention-Flag: A member of the enumerated set Boolean.

— Keyboard-State: A member of the enumerated set keyboard-states.
— Current-Prompt: A character vector.

— Quote-Quad-Prompt: A character vector.

— Event-Time: A nonnegative-number.

— Event-Message: A character array giving, ip an implementation-defined form, the
event-report and any other information theimplementation deems helpful in locating
the error’s source.

— Event-Type: A two-element integer\vector corresponding to the most recent event.
Defined values are:

0 0 — No eror
0 1 — Undefined.event

There may be additional implementation-defined values as well as values supplied by
aprogarm vialJES.

— Current=Context: Thefirst-item inthe state-indicator of the active-workspace.
— Current-Stack: The stack of the current-context.

=\Symbol-Named-By T: The symbol inthe symbol-tableof theactive-wor kspace whose
name isthe same as the content of thetoken T.

— Current-Referent of T: Thefirst-item inthereferent-list of the symbol-named-by T.

— Current-Class of T: The class of the current-referent of T.
— Current-Content of T: The content of the current-referent of 7.
— Comparison-Tolerance: The current-content of [JCT.

— Random-Link: The current-content of [(JRL.
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— Print-Precision: The current-content of [JPP.
— Index-Origin: The current-content of (J70.

— Latent-Expression: The current-content of [JLX.

System-Parameter: Any of comparison-tolerance, random-link, print-precision,
index-origin, or latent-expression.

The initial values of system-parameters in a clear-workspace are implementation-
defined.

5.3.9 Shared-Variables

Note: A shared-variableis a variable shared between two sessions.

Shared Variables are an optional-facility.

Shared-Variable: An object with the following attributes:

— Session-A: A session-identification.
— Session-A-Active: A Boolean.
— Session-A-ACV: A Boolean vecter of length four.

Note: ACV stands for accesscontrol vector.

— Session-B: A session:identification.

— Session-B-Active-A Boolean.

— Session-B-ACV: A Boolean vector of length four.
— Shared-Name: An identifier.

— Shared-Value: A token, either a constant or nil.
~/State: Aninteger, either zero, one, or two.

— Session-A-Event: A Boolean.

— Session-b-event. A boolean.

Note: Theoperationsinthe chapter Shared Variablesusethe shared-variableattributesasfollows:

— Session-A: The session-identification of the first session to offer the shared-variable.

32 © ISO/IEC 2001 — All rightsreserved



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

|SO/IEC 13751 2001 (E)

— Session-A-Active: A Boolean; oneif session-A is currently sharing this shared-variable, zero
if not.

— Session-A-ACV: The contribution of session-A to the ACV.

— Session-B: The session-identification of the session with which session-A offered to share the
shared-variable; this may be the gener al-offer while stateis one.

— Session-B-Active: ABoolean; oneif session-B is currently sharing this shared-variable, zeroiif
not.

— Session-B-ACV: The contribution of session-B to the ACYV.
— Shared-Name: Anidentifier, the name session-A designated for this shared-variable.
— Shared-Value: Atoken of class constant or nil; the current value of this shared-variable:

— State: Aninteger, either zero, one, or two, used in combination with the ACV to determinewhich
operations must be delayed.

5.3.10 Systems

Note: A system representsa set of active APL users, a library£and, optionally, a shared variable
facility.

System: An object with the following attributes:

— Library: A list of workspaces in which each combination of possible values for the
attributes owner and wor kspace-name occurs exactly once.

— Active-Users: A list of sessions:
— Shared-Variable-List: Alist of shared-variables.

— Implementation-Parameters: The following quantities, referred to in thisInternational
Standard by name, whose va ues are implementation-defined:

— Atomigc:Vector: An implementation-defined character vector containing every
memberof the required-character-set exactly once.

— Anitial-Comparison-Tolerancee A member of the internal-value-set for
eomparison-tolerance that is the value of comparison-tolerance in a clear-
wor kspace.

— Initial-Index-Origin: A member of the internal-value-set for index-origin that is
thevalue of index-origin in a clear-workspace.

for |
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expression that isthe value of latent-expression in a clear-workspace.

— Initial-Print-Precision: A member of theinternal-value-set for print-precision that
isthevaue of print-precision in aclear-workspace.

— Initial-Random-L ink: A member of theinternal-value-set for random-link that is
the value of random-link in aclear-workspace.
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— Initial-Event-M essage: The empty-event-message.

— Reduction-Style: One of the two symbolics Enclose-Reduction-Style or Insert-
Reduction-Style, indicating which of the two styles of reduction the system uses.

— Initial-Event-Type: The two-element integer vector (0,0).

—Clear-Workspace-tdentifra—Afistof tharacters:
— Positive-Number-Limit: The real-number greater-than all other real-numbers.
— Negative-Number-Limit: The real-number less-than all other real-numbers.

— Positive-Counting-Number-Limit: The counting-number greater than all, Other
counting-numbers.

— Negative-Counting-Number-Limit: The counting-number lessthan all other
counting-numbers.

— Index-Limit: The index grester than all other indices. This value specifies the
maximum vaue of any item of the shapelist of any array, ignoring storage
limitations.

— Count-Limit: An index not greater than index-limit¢that specifies the maximum
value for the count of an array, ignoring storage limitations.

— Rank-Limit: Anindex not greater than count-limit that specifies the maximum value
for therank of any array, ignoring storage limitations.

— Workspace-Name-L ength-Limit: A pasitiVe-counting-number that specifies the
maximum number of characters in aworkspace-name.

— ldentifier-Length-Limit: A positivezcounting-number not greater than count-limit
that specifies the maximum number of charactersin an identifier.

— Quote-Quad-Output-Limit: “A” nonnegative-counting-number that specifies the
maximum number of characters that can be used in a prompt set by Quote Quad
Output.

— Comparison-Tolerance-Limit: The largest real-number permitted by the
implementationfor the system parameter comparison-tolerance.

— Integer-Tolerance: A real-number not greater than comparison-tolerance-limit
used to determine whether a given number isto be considered integral .

— Reak-Tolerance: A nonnegative-number not greater than comparison-tolerance-
limit-Used to determine whether a given number isto be considered real.

= Full-Print-Precision: The smalest positive-counting-number which, when used as
thevalue of print-precision, causes numeric-output-conver sion to produceaunique
numeric-scalar-literal for every number.

— Print-Precision-Limit: The largest positive-counting-number permitted by the
implementation for the system parameter print-precision.

Note: Print-precision-limit must be at least full-print-precision if every unique number isto have
a unigque decimal representation.
— Exponent-Field-Width: A positive-counting-number giving the number of places,
including sign and trailing blanks, used for the exponent field in the result of dyadic
format.
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— Session-ldentification-Type A member of the enumerated set array-type, either
character or numeric.

— User-lIdentification-Type: A member of the enumerated set array-type, either
character or numeric.

— Inrlmf-Drnmlr_\f' A_list of characters used-toindicate to the user that the session is.

inimmediate-execution mode.

— Quad-Prompt: A list of characters used to indicate to the user that the session isin
gquad-input mode.

— Function-Definition-Prompt: A list of characters used to indicate to the usér'that
the session isin function-definition mode.

— Line-Limit: A positive-counting-number that specifies the maximum number of
lines permitted in adefined function, ignoring storage limitations.

— Definition-Line-Limit: A positive-number that specifies the maximum value of a
line number in function-definition mode.

— General-Offer: A reserved session-identification used to indicate that the offerer of
a shared-variable is willing to share the proffered varjable with any other session.
This implementation-parameter is required only if\the optional-facility shared-
variable-protocol is present.

Any action that would cause a limit specifiéd*by an implementation parameter to be
exceeded shall signa alimit-error.

5.4 Evaluation Sequerices

The evaluation sequences that define APL operationsin the remainder of this International
Standard are written4nEnglish in the imperative mood. The English phrases used in
eval uation sequences are restricted to the set specified in this subsection.

Indention is used in eval uation sequences to indicate scope, typically of the consequent of
an implication.

For example, in the evaluation sequence fragment below, the indented text is evaluated only if both
A and\B are vector s; the “ otherwise” clauseis evaluated only if at least one of 4 or B is hot avector.

If 4isavector and B isavector,
If Aisempty and ...

Othepuise—return
g

Expressionsin APL are used in evaluation sequences. A given evaluation sequence uses
only APL operations that have been specified earlier in the International Standard. Where
indices are generated or used by APL expressions in evaluation sequences, they are
evaluated with origin one. The APL relational operations are never used in evaluation
sequences unless they are qualified with the value to be used for comparison-tolerance.
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5.4.1 Evaluation Sequence Phrases

Note: The following phrases are used in evaluation sequences. They are not set in bold type nor
cross-referenced when employed in evaluation sequences.

— For all 4, C: An evaluation sequence phrase used to specify that the action or condition
specified by the consequent C is to be performed or checked for every value in thé
antecedent A.

Example:

For all I intheindex-set of 4,
Set item I of theravel-list of A to zero.

— For form F, C:
— For pattern F, C:

An evaluation sequence phrase used to specify that.the actions listed in the consequent
C are to be performed only if the pattern or form £ isthe one that caused this evaluation
seguence to be selected.

Example:
For form A ¢B
If Bisascalar ...

For form A eB
If ...

— If 4, C: An evauation. sequence phrase used to specify that the actions listed in the
consequent C are ta.beperformed only if the value of the antecedent 4 isone.

— If T'isan mc,(CyFor T atoken and mc a metaclass, an evaluation sequence phrase
equivalent to*If the classof T'isinthe metaclassmc, C”

— Let Astand for B: An evaluation sequence phrase used to indicate that thename 4 isto
be an‘abbreviation for the phrase B in subsequent eval uation sequence lines.

= Otherwise, C: An evaluation sequence phrase used to indicate that the actionslisted in
consequent C areto be performed only if the antecedent in theimmediately preceding if
phrase was zero. If aconsequent isan indented paragraph, theimmediately preceding if
statement isthe one at the same level of indention as the otherwise phrase.

— Repeat: An evaluation sequence phrase used to indicate that the block of text indented
after therepeat isto be executed repeatedly until areturn or signal phraseisencountered.
The end of a repeated block is indicated by the parenthetic remark “(End of repeated
block).”
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— Return X: Anevaluation sequence phraseused to specify that eval uation of thisevaluation
sequence is to stop and that a token is to be returned to the caller of the evaluation
sequence. If X isatoken, then X isreturned; if X isan array, atoken of class constant
and content X is returned.

Sat_4 to B Aneasauation-sequence. phrnen used-to. cnnr‘if\]/ that thereferent of 4 istobe
++ £ S| <P ++

assigned the value B.

— Signal X: Anevaluation sequence phrase used to specify that eval uation of thisevaluation
sequenceisto stop and that atoken whoseclassis X, where Xisanerror, isto bereturned.

— Using 0, C: An evaluation sequence phrase used to indicate that the consequent-C*is to
be evaluated against the specific object 0. This construct is used, for example, in the
description of shared variables to indicate which shared variable is to bechanged.

— Wait until: An evaluation sequence phrase that indicates that the seésSion is waiting for
a condition to hold before continuing.

5.4.2 Diagrams

Note: Diagrams are used in this International Standard to indicate permissible sequences of
charactersor of tokens.

— Character-Diagram: A graphthat designatesasubset of the set of all listsof characters.
— Token-Diagram: A graph that designates a subset of the set of all listsof tokens.

— Thread D with A: An evaluation sequence phrase used to indicate that a search is to
be made for a route through the diagram D that corresponds to the list or part of alist
A. A character-diagram isthreaded with alist of characters by setting a list-cursor
to thefirst item irrthe list, and a diagram-cursor to the arrow-tail =——, in the diagram,
then progressing along paths in the diagram to the arrow-head —. At ajunction, the
diagram-cursormay enter theaternate path only if it can do so by making an acute-angle
turn from¥its current direction. 1t may not back up into the aternate path.

For the diagram-cursor to advance along a path labelled with a graphic symbol such as +,
théat graphic symbol must be pointed to by thelist-cursor, which then also advances. For
the diagram-cursor to advance along a path |abelled with a diagram name, that diagram
must itself be threaded, using the same list-cursor and a new diagram-cursor. If in either
case the diagram-cursor cannot advance, the diagram-cursor is set back to the previous
junction, the list-cursor is set back correspondingly, and a new path is tried; or if the

diagram-cursor 1s now at the arrow-tail, the diagram cannot be threaded with the list.

If aroute is found through a diagram for a given list of characters, it is unique. In
this case, the diagram can be rethreaded, following the same route without entering
blind alleys. For example, characters are collected into identifier tokens through actions
performed while a character-diagram isbeing rethreaded.
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Token-diagrams are threaded exactly like character-diagrams, except that the items
pointed to by the list-cursor are tokens and are matched either by their class or by both
their class and their content.

— Rethread Dwith A: An evaluation sequence phrase used to indicate that the route found

h\]l a pl’ﬂlir\l isthreaded phrnen isto-bethreaded %ain, mn-order-to effect certain-actions,

through when phrases.

— When 4, C: An evaluation sequence phrase used during arethread phrase to indicatée
that when the antecedent A istrue, the consequent C'isto be performed.

— A Matches D: An operation that, for diagram D and list 4, istrueif A isamember,of the
set of listsdesignated by D, and fal se otherwise.

A list matches a diagram if it can be threaded in such a way that thefe’are no items
remaining in the list when thefinal exit pathistaken.

Note: The question of whether a list matches a diagramis different from,the question of whether a
list can thread a diagram, since there will normally be items left Quer in a list once a diagram has
been threaded—in collecting the digits in a number, for exampl€)the digit diagram removes only
onedigit at atime froma list of characters.

55 Other Terms

— Side-effect: Any effect an operation has'other than returning aresult.

— Atomic: The property of an operation with side-effects to produceits side-effects only
if it completes without error.

Note: For example, the specification of items 3, 4, and 5 of 4 in the APL line
B <A[3 4 5] <2

is a side effect, since the result placed in B is the scalar 2; further, since indexed assignment is
specified to he.atemic, no changeto A will occur if the indexed assignment fails with, for example,
an index error:
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6 Syntax and Evaluation

6.1 Introduction

Note: This chapter specifiesthe rules for evaluating lines. These rules are used by the subsettions
execute, quad input, immediate-execution, and defined-function-control.

The rules are described in three subsections, evaluate-line, evaluate-statement,~and' reduce-
statement.

The data structures and procedures used to describe syntax and\evauation in this
International Standard are strictly expository devices; they are not.intended to represent
required or desirable implementation techniques. The order of reperting errorsimplied by
the diagram-matching actions in the model is not required.

6.1.1 Evaluate-Line

Form: Evaluate-Line

Informal Description: Evaluate-lineisthe principa procedurein the evaluation of APL
lines. It decomposes the list of~characters named current-line into lexical-units
according to the character-diagram named line.

Some diagrams referred te-in line have their exit paths flagged with asterisks. Once the
diagram line has beghthreaded, the rethreading pass is used to gather certain character
sequences (diagramsending in two asterisks), and either create tokens (diagrams ending
in one asterisk)_or discard the character sequences gathered (diagrams ending in three
asterisks),

Evaltiate-linecalls evaluate-statement to convert the lexical-unitsinto aresult.

Note that the result can be a constant (from, for example, 2+2), committed-value
(from A<1), nil (¢' "), branch (¢'+>3"), escape (=), unwind (=), error (2-), clear-
state-indicator (from ) SIC) orinterrupt (from signal-interrupt).
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Note: The handling of these result classes by the different callers of evaluate-line specifies the
treatment of exceptions, and should be analysed carefully.

Evaluate-lineiscaled from evaluation sequences in the subsections defined-function-
control, execute, execute-alternate, immediate-execution, and quad-input. If the

optional-facilitv statament.sanar ator-facilit\vrisimnlemented aevaluatedine azaliiates
d 4 gt o Y Lid 7

successive statements in current-line beginning with the leftmost statement and
continuing until evaluation produces an exception or the rightmost statement has been
evaluated.

Evaluation Sequence:

Set C'to the empty-list of characters.
Set current-statement to the empty-list of tokens.
Thread line with current-line; if current-line does not match ling,*signa syntax-
error.
Rethread line with current-line, taking the following actions:
When acharacter-diagram endingin‘-*** " isrecognised, set Ctotheempty-list
of characters.
When acharacter-diagram ending in ‘—** - istecognised, append to C'as anew
last item the character just passed.
When acharacter-diagram endingin ‘—=*—" is recognised,
Appendto current-statement as anew'last item atoken with class given by the
name of the character-diagramtand with content C.
Set C'to the empty-list of characters.
When the optional-facility statement-separator-facility isimplemented and the
character-diagram statement-separator is recognised,
Set Z to evaluate-statement.
If Zisan exception;return Z.
If Zisaconstant, display Z.
Set currentsstatement to the empty-list of tokens.
Set C'totheempty-list of characters.
When the character-diagram line is matched,
Set Z-to evaluate-statement.
RetUrn Z.

6.Y2 Character-Diagrams

The diagrams in this subsection are character-diagrams; the APL Graphic Symbols
such as V in these char acter-diagrams match corresponding characters in the required-

character-set.
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The example introduced in this subsection is continued through the syntax analysis portion of this
International Standard.

After evaluate-line has processed the current-line
ABC<FN [¢[1+0] DEF[1;5 6]x3.u5FEu,p'ABC' aCOMMENT
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current-statement lookslike this:

| dentification Content Class

T01 "ABC! simple-identifier
T02 T<! primitive

703 Y STptesidentifier
Tou ' distinguished-identifier
T05 Th! primitive

T06 R primitive

T07 Tt numeric-literal
T08 T+! primitive

T09 0! numeric-literal
T10 R primitive

T11 'DEF" simple-identifier
712 ' primitive

T13 T numeric-literal
T14 ! primitive

T15 '56' numeric-literal
T16 N primitive

T17 Ix! primitive

T18 '3.45E! numeric-literal
T19 ! primitive

T20 o! primitive

721 "TABC! character-literal

Eachtoken hasacontent, whichisalist of Char acter s,and aclass, which isin the metaclasslexical-
unit. Thetokens produced are numbered’T01 to 721 for later reference. Note that comments and
blanks between tokens are discarded during this tokenisation process.

Note: As the diagram line shows, identifiers and numeric literals are separated by one or more
spaces, character-literals,'or primitives. 1 ABC'A' isaline, 1ABC'A" isnot. No such separation
rule appliesto primitivéfunction symbols. 1p 'AB' isaline.

The sequence 3+. U4.is parsed numeric-literal, primitive, numeric-literal but the sequence 3+. x
is parsed numeric-literal, primitive, primitive, primitive.

A comment.may appear at the end of a line or aloneon aline.
The'statement-separator-facility is an optional-facility.

Rarsing an identifier token signals a limit-error if the number-of-items in the list of
charactersisgreater than identifier-length-limit.

6.1.3 Evaluate-Statement

Evaluate-Statement

Informal Description: Evaluate-statement is performed on current-statement, alist of
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tokensfound in the current-context.
It uses bind-token-class to convert identifier sto classified-names and constants.
It uses literal-conver sion to convert literalsto constants.
It uses the token-diagram named statement to verify that the statement is properly
formed and to resolve certain ambiguoustokens. For example, thetoken containing

T 1STES0Ved 10 e ther TTgNT-axiS-br acket of Tignt-Index-br acket.
It calls the evaluation sequence in the subsection reduce-statement to convert the
current-statement to aresult, which it returnsto its caller.

Evaluate-statement iscalled by evaluate-line.
Evaluation Sequence:

For every index I intheindex-set of current-statement,
Let T stand for item I of current-statement.
If Tisanidentifier, set @ to bind-token-classof T
If Tisaliteral, set @ to theliteral-conversion of T.
If Tisaprimitive, set @ to T.
If Qisan exception, return Q.
Otherwise, set T'to &.
Thread statement with current-statement; if statement cannot be matched, signal
syntax-error.
Rethread statement with current-statement;’taking the following action:
When any token-diagram ending in!—* " is threaded,

Replace thetoken in current-statement that matched the diagram with atoken
having the same content, but having a class given by the name of the token-
diagram.

Append to current-statement as a new first item aleft-end-of-statement token.

Append to current-statement as a new last item aright-end-of-statement token.

Set 7 to reduce-statement.

If mode is defined=function and current-line-number isin current-trace-vector,
set Z to tracedisplay of Z.

Return Z.

Additienal Requirement:

TFhisInternational Standard permitstwo ordersof evaluation for expressionsin brackets, as
follows:

The syntax evaluator used here distinguishes axis brackets from index brackets in order

to r‘lnccif\]/ afunction immodinfoly tothe. righf as-monadic_or r*l\j/nrlir‘ Eor avnmpln' the

evauation of $[pX]+ X is specified to proceed by first caling monadic plus, then
evaluating monadic rho.

The permitted alternative is to evaluate any expression in brackets before determining
whether a function immediately to the right is monadic or dyadic. In the example given,
this alternative behaviour would eval uate monadic rho before discovering that plusis used
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monadically.

Note: The distinction can be observed only through side effects.

6.1.4 Bind-Token-Class

Bind-Token-Classof T

Informal Description: Bind-token-class is used to bind each identifier in current-
statement to its current syntactic-unit; if the class of a token changes between this
point and the time the token is used (as it would for example in F' (JEX ' E-', assuming
F were initially a defined-function), the change will be detected and, reported as a
syntax-error in the appropriate phrase-evaluator.

This prebinding limits the Internationa Standard to defining the meaning of statements
only when the syntax class of their tokens does not change in mid-statement.
Conforming-implementations may, of course, relax~these rules. Conforming-
programs must abide by them.

Evaluation Sequence:

Let f stand for the content of T.
If Tisasimple-identifier,
If thecurrent-classof T'is
defined-monadic-operator, ceturn atoken of class defined-monadic-operator-
name and content f.
defined-dyadic-oper ator; return atoken of class defined-dyadic-operator-name
and content f.
defined-function, return atoken of class defined-function-name and content f.
niladic-defined=function, return atoken of class niladic-defined-function-name
and content-f.
nil or variable, return atoken of classvariable-nameand content f.
sharéd-variable, return atoken of class shared-variable-name and content f.
|abet, return atoken of class constant and content the current-content of T.

Note: Other casescannot occur.
If Tisadistinguished-identifier,
If both forms Z «f and Z «f <B occur in the form-table, return atoken of class
system-variable-nameand content f.
If theform Z <f occursin the form-table, but the form

content f.

If either form Z <f Borform Z <4 f Boccursintheform-table, return atoken
of class system-function-name with content f.

Otherwise, signal syntax-error.
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6.1.5 Literal-Conversion

Literal-Conversion of T.

Lnformal Descrintion: 1 iteral-conversionconverts T atokenof classliteral toatoken
15d T T T

of class constant. The content of such atoken isconverted fromalist of charactersto
an array.

Evaluation Sequence;

If Tisa character-literal, generate Z, a character vector such that theyrave-list
of Z isthe content of T with theinitial and final quotes removed, and-each pair of
adjacent quotesin T replaced by asingle quote.

If Tisanumeric-literal, generate Z, a numeric vector such that\the ravel-list of
Z isalist of numbers, each of which is obtained by callingthe-implementation-
algorithm numeric-input-conver sion for the corresponding numeric-scalar-literal
inthe numeric-literal.

If thelength of Zisgreater-than one, return Z.

Otherwisg, return first-scalar in Z.

Note: A quote character is represented in a characterxliteral by two adjacent quote characters.
A single character between quotes is a scalar. All other cases are character vector literals. For
example, the character literal "' is the empty character vector literal and the character literal
''' 11 jsthe character scalar “ quote” .

A numeric literal containing a single numberys a scalar. A numeric literal containing two or more
numbersis a vector.

6.1.6 Statement-Analysis Token-Diagrams

Paths containingidéograms such as & in these token-diagramsmatch tokenswhose class
isprimitiveand whose content isthe ideogram. Paths containing the word token, such as
shared-variahle-nametoken in operand, match tokens with the given class.

Statement
L branch-arrow —JL expression J
Expression
> operand
L per at|on
operation
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Small-Circle
o0 —* p

Example

From thelist of charactersin current-line,
ABC<FN [J6[1+0] DEF[1;5 61x3.45E4,p'ABC' aCOMMENT

evaluate-line generated a list of tokens and stored it in current-statement. Here, evaluate-
statement has replaced that list with anew list of tokens.

| dentification Content Class

T00 left-end-of -statement
T01 "ABC" variable-name

T02 assignment-arrow
T03 "FN! defined-function-name
Tou i system-variable-name
T05 Th! primitive-function
T06 left-axis-bracket

T07 1 constant

T08 T+! primitive-function
T09 0 constant

710 right-axis-bracket
T11 '"DEF"! variable-name

T12 left<index-bracket
T13 1 constant

T1u4 index-separator

T15 56 constant

T16 right-index-bracket
T17 ! primitive-function
T18 34500 constant

T19 r,! primitive-function
720 "o! primitive-function
721 "ABC! constant

722 right-end-of-statement

Thedewlist, shown above, begins with aleft-end-of-statement token and ends with a right-end-
of-statement token. Old identifier tokens have a new class and the same content; old literal
tokens are now constants whose content is an appropriate array; old primitive tokens are now
either primitive-functions whose content is the char acter identifying the primitive function, or are
grouping signs such as right-axis-bracket with no specified content.

6.2 Reduce-Statement

Reduce-Statement
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Informal Description: Reduce-statement converts current-statement, a list of
syntactic-units, toaresult by decomposing it into shorter listsof syntactic-unitscalled
phrases, then calling procedurestermed phrase-evaluator sto convert these phrasesinto
tokens.

the resultant-prefix column of Table 3.
Evaluation Sequence:

Set current-stack to the empty-list of tokens.
Repeat:
Find thefirst entry in the phrase-tablewhose pattern matches a prefix of current-
stack.
If there is no matching entry,
If current-statement is empty, signal syntax-error.
Otherwise,
Remove the last token from current-statement,
Append it to current-stack as anew first item:
If thereis amatching entry,
Let p stand for the prefix of the current-stack that matched the entry.
Let r stand for theresultant-prefix of theentry.
Let s stand for the phrase-evaluatorof‘the entry.
Call sand set y to thetoken it returns:
If sis process-end-of-statement; returny.
If y isan exception, return y:
Otherwise, replace p witht'in whichy hasbeen substitutedfor Z, K or Jaccording
to whether y isaresult-acomplete-index-list or apartial-index-list.
(End of repeated block)

The graphic symbols inithe Pattern and Resultant-Prefix columns of Table 3 designate

lists of syntactic-units: Each graphic symbol matches tokens of the designated classes or
metacl asses.

Note: The graphic symbols employed are chosen to be suggestive of the list of char acter sthat give
riseto such-phrases.

Thebuild-index-list entriesare called with B bound to a valueand I boundto a partial-index-list;
they.returneither another partial-index-list (/) or acomplete-index-list (X). Bracketsarenot passed
asiarguments or returned by build-index-list; they are preserved by reduce-statement to make the
patterns more obvious.

Example

This example is continued from evaluate-statement.
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Theline being evaluated is
ABC<« FNO® [ 1+01DEF[1;56]x3u500 ,p 'ABC!

I R N A N T S N S S +44
T TT TTTTTTTT TTTT TTT TTT
0 0000000011 1111 111 122
1 23 45678901 2345 678 901

T00 isleft-end-of-statement, and 722 isright-end-of-statement.

Thetokens T00 through 722 initially form the columns of Figure 1. The rows of the figure show.
the actions taken because of the pattern or lack of pattern in current-stack.

Consider step 5: thelinefragment , p ' ABC'" matchesthephrase X F' Basfollows: X matehestoken
T19 because , is aprimitive-function. ¥ matchestoken 720 because p is a primitive-function.
B matches token T21 because ABC is a constant. Token 722, right-end-of-Statement, is not
considered becausethe pattern X F B is concerned with only thefirst three tokensin cur rent-stack.

The phrase-evaluator associated with X F B is evaluate-monadie-function. This phrase-
evaluator, seeing that p is a primitive function, searches the form-table for Z <«pB, and calls
the corresponding evaluation sequence, shape. Shape returns a constant, the one-element-vector
containing three.

This becomes Z in the resultant-prefix column for X F' B Current-stack now holds three tokens:
(primitive-function; ,), (constant; , 3) and (right-end-of-statement;). Since no entry in the
phrase-table has an entry whose pattern matchesa prefix of current-stack, the token 718
(constant; 34500) is added to current-stack. Alprefix of current-stack now matches a pattern (4
F B matches (constant; 34500), (primitiveésfunction; ,), (constant; , 3)), so the corresponding
phrase-evaluator (evaluate-dyadic-function) is called.
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Pattern Phrase Evaluator Resultant-Prefix
(B) Remove-Parentheses Z
N Evaluate-Niladic-Function Z
XFB Evaluate-M onadic-Function X Z
XFLTCITE Evaluate-Monadic-Function X Z
XFMB Evaluate-M onadic-Oper ator X Z
XFM[LC]B Evaluate-M onadic-Oper ator X7
AFMB Evaluate-M onadic-Oper ator X Z
AFM[LCI]B Evaluate-M onadic-Oper ator X7
AFB Evaluate-Dyadic-Function Z
AFLCI]B Evaluate-Dyadic-Function Z
XFDGB Evaluate-Dyadic-Oper ator Z
AFDGB Evaluate-Dyadic-Oper ator Z
A oD GB Evaluate-Dyadic-Oper ator Z
ALK] Evaluate-I ndexed-Reference Z
VILK] <B Evaluate-| ndexed-Assignment Z
V «B Evaluate-Assignment Z
4 Evaluate-Variable Y,

] Build-I ndex-List J ]
s 1 Build-Index-List J

s BT Build-Index-List J
(I Build-Index-List [ X
(BT Build-1ndex-List [ K
L R Process-End-pf-Statement -

L B R Process-End-of-Statement

L B R ProcessEnd-of-Statement -

L R Process-End-of-Statement -

L egend:

A, B, Z match result.
D matches dyadic-oper ator.

X matchesassignment-arrow,
branch-ar row, defined-function-name,

F', G match defined-function-name, index-separator, left-axis-bracket,

primitive-functioen, or
system-function-name.

I, Jmatch partial-index-list.

C, K matchcomplete-index-list.
L matches left-end-of-statement.

I'matches monadic-oper ator .

|eft-end-of -statement, |eft-index-bracket,
left-parenthesis, primitive-function,
system-function-name, or
right-axis-bracket.

( matchesleft-parenthesis.
) matchesright-parenthesis.
[ matches|eft-axis-bracket or

N matches niladic-defined-function-name or left-index-br acket.

niladic-system-function-name.

] matchesright-axis-bracket or

R matchesright-end-of-statement. right-index-br acket.

¥ matches variable-name,
system-variable-name, or
shared-variable-name.

58

o matchessmall-circle.

; matchesindex-separator.
< matches assignment-arrow.
- matches branch-arrow.

Table 3: The Phrase Table.
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)

2 GET NEXT TOKEN T21 (R)
3 GET NEXT TOKEN T20 (B R)
4 GET NEXT TOKEN T19 (F BR)
5 EVALUATE MONADIC FUNCTION (<X F B>R)
6 GETNEXTTOKENT18 <X7>—FRy
7 EVALUATE DYADIC FUNCTION (<A F B> R)
8 GET NEXT TOKEN T17 (Z R)
9 GET NEXT TOKEN T16 (FB R
10 BUILD INDEX LIST (<J>FB R)
11 GET NEXT TOKEN T15 (J1 FB R)
12 GET NEXT TOKEN T1h (BI] EB R)
13 BUILD INDEX LIST (<3 BI>1,¥EB R)
14 GET NEXT TOKEN T13 (J NV B R)
15 GET NEXT TOKEN T12 (B I D" FB R)
16 BUILD INDEX LIST (<L B I> 1 FB R)
17 GET NEXT TOKEN T11 (LK ] FB R)
18 EVALUATE VARIABLE (<V>[ & ]l FB R)
19 EVALUATE INDEXED REFERENCE (<A~E K 1> FB R)
20 EVALUATE DYADIC FUNCTION (<4 F B> R)
21 GET NEXT TOKEN T10 (Z R)
22 BUILD INDEX LIST ¢<1>B R)
23 GET NEXT TOKEN T09 (I18B R)
24 GET NEXT TOKEN T08 (BI1B R)
25 GET NEXT TOKEN T07 (BI1]1B R)
26 EVALUATE DYADIC (RAFB>I 1B FUNCTION R)
27 GET NEXT (Z I1B TOKEN T06 R)
28 BUILD INDEX (<[ B I>] B LIST R)
29 GET NEXT (CC 1B TOKEN T05 R)
30 GET NEXT (FLC 1B TOKEN Toh R)
31 EVALUATE (<V>F L C ] B VARIABLE R)
32 EVALUATE (<AFLC ] B>  DYADIC FUNCTION R)
33 GET NEXT (Z TOKEN T03 R)
34 (F B GET NEXT TOKEN T02 R)
35 (<X F B> EVALUATE MONADIC FUNCTION R)
36 (X Z GET NEXT TOKEN T01 R)
37 (<V < B> EVALUATE ASSIGNMENT R)
38 (Z GET NEXT TOKEN T00 R)
39 * (<L B END OF STATEMENT R>)

Figure 1. Statement Evaluation.
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6.3 ThePhrase Evaluators

Informal Description: Each phrase-evaluator takes a phrase and reduces it to asingle
token. The form-table used by the phrase-evaluatorsisgiven as Table 4.

6.3.1 Diagrams

Primitive-M onadic-Scalar-Function

Primitive-Dyadic-Scalar-Function

) 4

|

T

TTTTTTTTTITT mn
TR

6.3.2 Remove-Parentheses

]

Pattern ( B )
Evaluation Sequence;

If Bisnil, signd value-error.
If Bisaliranch, signa value-error.
Othenwise, return B.

Noter (¢ ') and (2 '+3") fail withavalue-error. (4<3) and (¢ '4<3") do not display, since
the-token returned by remove-parenthesesis a committed-value, not a constant; for the same
reason, ([]«3) displays the value three only once. (—3) fails with a syntax-error in evaluate-
statement.

(=) also fails in evaluate-statement, but (¢ '=>'") succeeds; evaluate-statement threads line
successfully, and remove-par enthesesreceivesand returnsan escape token.

6.3.3 Evaluate-Niladic-Function

Pattern N
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Evaluation Sequence:

Let n stand for the content of V.
If Nisaniladic-defined-function-name,
If the current-class of IV is niladic-defined-function,

DI

\r.‘t(]l L:h thC fUI LI tab:ch| Z /L znv.
Call the corresponding eval uation sequence, passing n as the value of DF'N.
Return the token it returns.

Otherwise, signal syntax-error.

If NVisaniladic-system-function-name,

Search the form-tablefor Z <n.

If it isnot found, signal syntax-error.

Otherwise, call the corresponding eval uation sequence.

Return the token it returns.

Note: This phraseevaluator checksfor a changein syntax class.

6.3.4 Evaluate-M onadic-Function

Pattern X F' B
Pattern X F[C] B
Evaluation Sequence:

If Bisnot avalue, signa value-error.
Let f stand for the content of: 7"
For pattern X F' B
If F'isadefined-function-name,
If the currentselass of F'isdefined-function,
Searchitheform-tablefor Z <DFN B.
Call the corresponding eval uation sequence, passing f asthe value of DF'N.
Return the token it returns.
Otherwise, signa syntax-error.
K Fisaprimitive-function or asystem-function-name,
If F" matches primitive-monadic-scalar-function and B isnot ascalar, perform
monadic-scalar-extension as follows:
Return anumeric array Z such that the shape-list of Z isthe shape-list of B
andfor al Iintheindex-set of theravel-list of Z, item I of theravel-list of
Zisf (item I of therave-list of B).

Otherwise,

Search the form-tablefor Z «f B.
If it isnot found, signal valence-error.
Otherwise, call the corresponding eval uation sequence.
Return the token it returns.
For pattern X F'[C] B
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If F'isnot aprimitive-function, signal syntax-error.

If index-origin isnil, signal implicit-error.

Let C1 stand for thefirst-item in theindex-list C.

If C1isnot ascalar or one-element-vector, signal axis-error.

If any item of theravel-list of C'Lisnotanumber, signal axis-error.

SE K10 CT pius (one minusindex-origmy.

Search the form-tablefor Z <f[K] B.

If it isnot found, signal syntax-error.

Otherwise, call the corresponding evaluation sequence and return the token. it
returns.

Additional Requirement:

Theorder inwhichtheindividua itemsof Z areproduced during monadic-scal ar-extension
is not specified by thisInternational Standard.

If any call of f signals an error during monadic-scalar-extension, that error is returned as
the result of evaluate-monadic-function.

Note: This phrase evaluator checksfor a changein syntaxclass.

6.3.5 Evaluate-Monadic-Operatar.

Pattern X F' M B
Pattern 4 F' M B
Pattern X F' M[C] B
Pattern A ' M[C3\B
Evaluation Seguence:

If BiSnot avalue, signa value-error.
he&t/m stand for the content of M.
Let f stand for the content of F.
For pattern X ' M B
If Misaprimitive-monadic-operator
Search theform-tablefor Z«<f m B
If itisnot found, signal syntax-error.

Otherwise, call the corresponding evaluation sequence, passing token F' as the
value of f.
Return thetoken it returns.
Otherwise,
Search theform-tablefor Z<f DFN B.
If itisnot found, signal syntax-error.
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Otherwise, call the corresponding evaluation sequence, passing token F' as the
value of f and thetoken DF'N as the value of m.
Return thetoken it returns.
For pattern A F' M B
If Aisnot avalue, signa value-error.

T Isaprimitivemonadic-Oper ator
Search theform-tablefor Z<A f m B.
If itisnot found, signal syntax-error.
Call the corresponding eval uation sequence, passing token F’ as the value of f.
Return thetoken it returns.
Otherwise,
Search theform-tablefor Z<A F' DFN B.
If itisnot found, signal syntax-error.
Call the corresponding evaluation sequence, passing token F"\as'the value of f
and thetoken DF'N as the value of m.
Return thetoken it returns.
For pattern X F* M[C] BorA F M[C] B
If Misnot an axis-operator, signa syntax-error
If F'isnot aprimitive-function, signal syntax-epror.
If index-originisnil, signal implicit-error.
Let C'1 stand for thefirst-item in theindexslist-C.
If C1isnot ascalar or one-element-vector, signal axis-error.
If any item of theravel-list of C'1isnetanumber, signal axis-error.
Set Kto C1 plus (one minusindex-origin).
For pattern X ' M[C] B
Search the form-tablefer 2 <f m[X] B.
If it isnot found, signal'syntax-error.
Otherwise, call theCarresponding eval uation sequence, passing token F'asthe
valueof f.
Return thetoken it returns.
For pattern4-~F M[C] B
If Aisnotavalue, signal value-error
Search'the form-tablefor Z < A fm[X] B.
Ifiitis not found, signal syntax-error.
Otherwise, cal the corresponding eval uation sequence, passing token F' asthe
valueof f.
Return the token it returns.

6.3.6 Evaluate-Dyadic-Function

Pattern 4 F' B
Pattern 4 F[C] B

Evaluation Sequence:
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If Aisnotavalue, signa value-error.
If Bisnot avalue, signa value-error.
Let f stand for the content of F.
For pattern 4 F' B

If F'isadefined-function-name,

[TTNecurrent-class of £ 1sdained-ranction,
Search the form-tablefor Z <A DEFN B.
Call the corresponding eval uation sequence, passing f as the value of DFN.
Return the token it returns.
Otherwise, signal syntax-error.
If F'isaprimitive-function or asystem-function-name,
If F"matches primitive-dyadic-scal ar-function and A and B are not hothscalarss,
perform dyadic-scalar-extension as follows:
If therank of A differsfrom therank of B,
If A is a scalar or one-element-vector and B is net/a scalar, return
((pB)pA)f B.
If Bisascalar or one-element-vector, return A f~(pA4) pB.
Otherwise, signal rank-error.
If the shape-list of 4 differsfrom the shape-list/of B, signal length-error.
Return Z, an array such that the shape-list of Z isthe same as the shape-list
of 4, thetype of Zisnumeric, and theravel-list of Z issuch that, for all I
intheindex-set of theravel-list of Z,item I of theravel-list of Zis(item I
of theravd-list of 4) f (item I ef\therave-list of B).
Otherwise, search theform-tablefor Z «AfB.
If itisnot found, signa valence‘error.
Call the corresponding evaluation sequence and return the token it returns.
For pattern 4 F[C] B
If Fisnot aprimitive-fdnction, signal syntax-error.
If index-originisnil, signal implicit-error.
Let C'1 stand for thefirst-item in theindex-list C.
If C1isnot ascalar or one-element-vector, signa axis-error.
If any itemr-of-therave-list of C1isnot anumber, signd axis-error.
Set K to-C'tplus (one minusindex-origin).
Searchithe form-tablefor Z <A f[X] B.
Ifitisnot found, signal syntax-error.
Otherwise, call the corresponding eval uation sequence, passing token F' asthevalue
of f.
Return the token it returns.

Additional Requirement:

There is an intentiona forward reference to shape and reshape in the description of
dyadic-scalar-extension.

The order in which theindividual items of Z are produced during dyadic-scalar-extension
is not specified by thisInternationa Standard.
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If any call of f signalsan error during dyadic-scalar-extension, that error isreturned asthe
result of evaluate-dyadic-function.

Note: Dyadic-scalar-extension is intentionally stricter than it is in existing systems. For example,
(1 1p1)+13signalsarank-errorand 1 2 + ,1signalsalength-error.

This phrase evaluator checksfor a changein syntax class.

An ambivalent function must be called either monadically or dyadically; hence, during syntax analysis
and execution of a line, thereis never a referenceto an ambivalent function as any given instance s
either monadic or dyadic.

6.3.7 Evaluate-Dyadic-Operator

Pattern X F' D G B
Pattern A F' D G B
Pattern 4 o D G B
Evaluation Sequence:

If Bisnot avalue, signa value-error.
Let d stand for the content of D.
Let f stand for the content of F.
Let g stand for the content of G.
For patteen X F' D G B
If Disaprimitive-dyadic-operator
Search theform-tabléfor Z <fd g B.
If itisnot found, Signal syntax-error.
If it isfound,call. the corresponding evaluation sequence, passing token f asthe
value of Fand token g as thevalue of G.
Return thetoken it returns.
Otherwise,
Search theform-tablefor Z <f DFN g B.
IfNtisnot found, signa syntax-error.
Ifitisfound, call the corresponding eval uation sequence, passing token f asthe
value of F, token g as the value of &, and token DF'N as the value of d.
Return the token it returns.
For pattern A F' D G B
If Aisnot avalue, signa value-error.
If d isaprimitive-dyadic-operator,

Sed Ch e Torm-tapielor 2 <A14ag B-
If itisnot found, signal syntax-error.
If it isfound, call the corresponding eval uation sequence, passing token f asthe
value of F'and token g as the value of G.
Return the token it returns.
Otherwise,
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Search theform-tablefor Z <Af DFN g B.

If itisnot found, signal syntax-error.

If itisfound, call the corresponding eval uation sequence, passing token f asthe
value of F'and token g as thevalue of G, and token DFN as the value of d.

Return the token it returns.

FOr paltefn A ° U G B

If Disnot dot, signal syntax-error.

Otherwise,
Search theform-tablefor Z <4 o dgB.
If itisnot found, signal syntax-error.
Ifitisfound, call the corresponding eval uation sequence, passing tokeng,asthe

value of G.

Return the token it returns.

6.3.8 Evaluate-Indexed-Reference

Pattern A [K]
Evaluation Sequence:

If Aisnotavalue, signa value-error.
If index-originisnil, signa implicit-error.
If the number-of-itemsin the index-list X differs from therank of 4, signal rank-
error.
If therank of 4 isgreater-than-one,
Search the form-tablefor Z «A[I].
Call the corresponding-éval uation sequence, passing K asthe value of 1.
Return the token it returns.
Otherwise,
If first-item ik is an elided-index-marker, return A.
Otherwisg;
Set Xtofirst-item intheindex-list X.
Ifany item of theravel-list of X isnot anear-integer, signal domain-error.
Generate X1, anumeric array with the shape-list of X such that each item of
theravel-list of X1 is(one minusindex-origin) plustheinteger-nearest-to X.
If any item of theravel-list of X1 isnotintheindex-set of 4, signd index-error.
Return Z, an array with the shape-list of X1, such that for each integer I inthe
index-set of Z, item I of theravel-list of Z isitem J of the ravel-list of 4,
where Jisitem I of theravel-list of X1. Thetypeof Zisthe sufficient-type
of theravd-list of Z under thetype of 4.

Note: Sincean index-list will never have zero items, indexing will alwayssignal arank-error when
argument 4 is a scalar.
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6.3.9 Evaluate-Assignment

Pattern V < B

Evialuation-Sequence:
=G .

If Bisnot avalue, signa value-error.
If Visashared-variable-name,
If the current-class of Visshared-variable,
Search theform-tablefor Z <SHV <B.
Call the corresponding eval uati on sequence, passing token Vasthevaueof SHYV.
Returnthetoken it returns.
Otherwise, signal syntax-error.
If Visasystem-variable-name,
Search the form-tablefor Z < q <«B, where g isthe content.ef V.
If it isnot found, signal syntax-error.
Otherwise,
Call the corresponding eval uation sequence
Returnthetoken it returns.
If Visavariable-name,
If the current-class of Visnil or variable,
Set the current-referent of V to atoekén whose class is variable and whose
content isthe content of B.
Return atoken whose class is committed-valueand whose content is B.
Otherwise, signal syntax-error-

Note: The phrase ABC<¢'>3"' vyields value-error. The phrase V<{JSVR 'V' where V was a
shared-variableyields syntax-ef ror.

6.3.10 Evaluatestndexed-Assignment

Pattern VK] \<B
Evaluation Sequence:

i index-origin isnil, signa implicit-error.
If Bisnot avalue, signa value-error.
If Visashared-variable-name,
If the current-class of Visshared-variable,
Search theform-tablefor 7 «<SHV[I] <B.

Call the corresponding eva uation sequence, passing token Vasthevaueof SHV,
and X asthevaueof I.
Return thetoken it returns.
Otherwise, signa syntax-error.
If Visasystem-variable-name,
Search the form-tablefor Z < q[I] <B, whereq isthe content of V.
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If it isnot found, signal syntax-error.
Otherwise,
Call the corresponding eval uation sequence, passing X as the value of 1.
Return thetoken it returns.
If Visavariable-name,

TIhecurrent-class of v Isnit, gnal value-error.

If thecurrent-class of Visavariable,
Search theform-tablefor Z <V[I] <B.
Call the corresponding eval uation sequence, passing X as the value of I.
Return thetoken it returns.

Otherwise, signal syntax-error.

6.3.11 Evaluate-Variable

Pattern V
Evaluation Sequence:

If Visashared-variable-name,
If the current-class of Visshared-variablé,
Search theform-tablefor Z <SHV.
Call thecorresponding eval uation sequence, passing token Vasthevaueof SHY.
Return thetoken it returns.
Otherwise, signal syntax-error.
If Visasystem-variable-name;
If the current-class of Visnil, signal value-error.
Search the form-tablefor Z <q, where g isthe content of V.
Call the corresponding eval uation sequence.
Return the token it returns.
If Visavariablesname,
If the current<class of Visnil, signal value-error.
If the current-class of Visvariable, return the current-content of V.
Otherwise, signd syntax-error.

6.312" Build-Index-List

Pattern ]

Pattern ; 1

Pattern ; B T
Pattern [ 1

Pattern [B 1
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Evaluation Sequence:

For pattern J
Return J, apartial-index-list with content theindex-list of length zero.

For pattern ; T
Dot v ol ool Lt ko + 7 H ol Lk ladloot tloo £1. o o4
M\CWwItro, apal UTAITTITIUTATTITOU VWITTTUUTILTIIT Ly AITTTTUTATTITOU SUUTT UIAL LTTTTIT SUTTUCHTT

in Zisan elided-index-marker and therest-of Zis I.
For pattern ; B T
Return J, apartial-index-list with content Z, an index-list such that thefir st-item
in ZisBand therest-of Zis I.
For pattern [ 1
Return J, a complete-index-list with content Z, an index-list such that the fir st-
itemin Z isan elided-index-marker and therest-of Zis I.
For pattern [B I
Return J, a complete-index-list with content Z, an index-list.such that the fir st-
itemin ZisBandtherest-of Zis I.

6.3.13 Process-End-of-Statement

Pattern L R

Pattern L A R
Pattern L >R
Pattern L ~A R
Evaluation Sequence:

For pattern L R
Return atoken whose classisnil.
For pattern L 4 R
Return 4)
For pattern L ~R Process-End-of-Statement
Return atoken whose classis escape.
Process-End-of - Statement
For pattern L ~A R
If therank of A isgreater-than one, signal rank-error.
If 4isempty, return atoken whose classisnil.
Otherwise, set A1 to thefirst-scalar in 4.
If A1 isnot anear-integer, signal domain-error.

Return atoken whose class is branch and whose content isthe numeric-scalar
with value theinteger-nearest-to 41.
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6.4 TheForm Table

The form-tableis the list of al lists of syntactic-units for which evaluation sequences
exist.

The following matching rules apply in the form-table.
A, B, Zmatch constant.
I, K match complete-index-list.
f, g match primitive-function or defined-function, but not defined-operator.
A given ideogram, such as ®, matches a primitive-function token that containsit!
A given distinguished-identifier, such as IO, matches any system-variablé-name
token or system-function-nametoken that containsit.

The behaviour of operationsin the form-tablethat do not create new ¢ohtexts is atomic.

Thisbehaviour is observable only for those operationsthat have side-effects. For example,
if any of the elements of an argument array is not in the domaiv’of roll, the value of the
system parameter random-link following execution will berasit was when roll was called.
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Form Operation Name Page
Z <+ B Conjugate 76
Z <« -8B Negative 76
Z < x B Direction 77
7 <+ B Reciprocal 77
Z <« |LB Floor 78
Z<«[B Ceéiling 78
Z < * B Exponential 79
Z <« @B Natural Logarithm 79
Z<« | B M agnitude 80
Z <« ! B Factorial 81
Z < oB Pi times 82
Z < ~B Not 83
Z <A+ B Plus 84
Z <+« A-B Minus 84
Z <A XxB Times 85
Z<«A+B Divide 85
Z<«AT[B M aximum 86
Z <A LB Minimum 86
Z <A *B Power 87
Z+~AeB Logarithm 88
Z<~ A | B Residue 89
Z<«A !B Binomial 90
Z«AoB Circular Functions 91
Z«AANB And/LCM 93
Z<«AVB Or/GCD 94
Z<«A~B Nand 94
7z« A~B Nor 95
7z« A=8B Equal 96
Z <« A<B Lessthan 97
7z« A<B ['essthan or equal to 98
7z« A=#B Not equal 99
Z«Az2B Greater than or equal to 100
7«43 B Greater than 101
<+~ B Ravel 102
Z-%<p B Shape 103
Z<+ 1B Index Generator 104
Z<+ 5B Table 105
Z<«ApB Reshape 107
Z <A, B Join 109
724 =B Jorm 169

Table 4: The Form Table
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72

Form Operation Name Page
7z < f/ B Reduction 110
Z < f/[K] B Reduction 110
7z < f# B Reduction 110
Z « /K] B Reduction 110
Z «f\ B Scan 113
Z < f\[K] B Scan 113
7z < f\ B Scan 113
Z < fX[K] B Scan 113
Z<«N f/ B N-wise Reduction 115
Z<N f/[K] B N-wise Reduction 115
Z<«N f +B N-wise Reduction 115
Z <N f £[K] B N-wise Reduction 115
Z<«f=<B Duplicate 118
Z<«Af<B Commute 118
Z<«Ao . fB Outer Product 120
Z«Af . gB Inner Product 121
Z<+fsyB Rank 124
Z<«AfsyB Rank 125
Z <+ ? B Roall 127
Z <« AB Grade Up 129
Z<« VB Grade Down 131
Z<¢B Reverse 132
Z <« e B Reverse 132
Z <« ¢[K] B Reverse 132
Z <« eo[K] B Reverse 132
Z <8 B Menadic Transpose 133
Z <« HB Matrix Inverse 134
Z < ¢ B Execute 135
Z < UB Unique 136
Z <+ A ,[KI\B Join Along an Axis 137
Z <A LB Index of 140
Z +~ A& B Member of 141
7 <A-? B Deal 142
r<4A /B Replicate 143
L4+ A + B Replicate 143
Z <A /[K] B Replicate 143
Z <« A +[K] B Replicate 143
Z < A\B Expand 145
Z < AXB Expand 145
7 <« /A \‘[V-I_' B Evp::nrl 145
Z <« AXIK] B Expand 145

Table 4: (Continued)
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Form Operation Name Page
Z<+A¢B Rotate 147
7z «AeB Rotate 147
Z < A ¢[K] B Rotate 147
7 < A e[K] B Rotate 147
Z«A 1B Base Value 149
Z«ATB Representation 151
Z«AQB Dyadic Transpose 153
Z <A+ B Take 155
Z <AV B Drop 156
Z <+~ AHB Matrix Divide 157
Z < A[LI] Indexed Reference 158
Z < V[I] «B Indexed Assignment 159
7z «A~B Without 161
Z <A -B L eft 161
Z <+« A+B Right 162
Z<+~AYVB Character Grade Down 163
Z<+«AAB Character Grade Up 164
Z < TS Time Stamp 171
7z < [JAV Atomic Vector 172
7 <« OLC Line Counter 172
7 <« [EM Event M essage 173
7 < OET Event Type 174
Z <« 0DL B Delay 174
Z <« [ONC B Name Class 175
7z <« [EX B Expunge 176
Z < [ONL B NamekLjst 177
7 < USTOP B Query Stop 178
7, < OTRACE B Query Trace 179
(FES B Monadic Event Simulation 180
Z <« A[NL B NameList 180
7 < A [OSFQP-B  Set Stop 181
7 « A [{TRACE B Set Trace 182
7 « A FA B Execute Alternate 183
A [AES™B Dyadic Event Simulation 184
A (OTF B Transfer Form 185
Z «[OCT <« B Comparison Tolerance 187
Z <« [Ccr Comparison Tolerance 187
Z «[0RL « B Random Link 188
7 < [ORL Random Link 188
7—PP=5 PrimtPrecrsion 189
7 < PP Print Precision 189

Table 4: (Continued)
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Form Operation Name Page
Z «[0I0 « B Index Origin 190
Z < 10 Index Origin 190
7z «[LX « B L atent Expression 191
7 <« [ALX L atent Expression 191
Z <« [JLX[I] « B Latent Expression 191
7 < DFN Call-Defined-Function 200
Z <« DFN B Call-Defined-Function 200
7z «ADFN B Call-Defined-Function 200
7 < f DFN B Call-Defined-Function 200
7z < Af DFN B Call-Defined-Function 200
7 «<f DFN g B Call-Defined-Function 200
7 < Af DFN g B Call-Defined-Function 200
Z «[FX B Function Fix 203
Z «[CR B Character Representation 204
Z < SHV Shared Variable Reference 217
Z < SHV « B Shared Variable Assignment 218
7 < SHV[I] < B Shared VariableIndexed Assignment 219
Z < [OSVC B Shared Variable Access Control vhquiry 219
Z <« [SVQ B Shared Variable Query 221
Z < [SVO B Shared Variable Degree 6f\Coupling 222
Z < A [JSVO B Shared Variable Offer 223
Z < [OSVR B Shared Variable Retraction 224
Z < AQOSVC B Shared VariableAccess Control Set 225
Z < [OSVS B Shared VariableState Inquiry 226
OSVE <« B Shared Variable Event 227
Z < [OSVE Shared.Variable Event 227
Z <7378 M onadic Format 233
Z«A79vB Dyadic Format 237
AR Quad Input 244
Z <[ Quote Quad Input 245
Z«<0<«8B Quad Output 245
Z <[ <«B Quote Quad Output 246

Table 4: (Concluded)
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7 Scalar Functions

Note: The primitive functions described in this chapter are called scalar-functions. All scalar-
functions have uniform behaviour with respect to the structure of their argument arrays. The shape
of the result of a scalar-function is determined solely by the shapes of its arguments.

This section defines scalar-functionsindividually for scalar arguments. Their common behaviour
is described in this informal description by the expository device of an implicit operator, ¢alled the
scalar-extension-oper ator .

If the argument to a monadic scalar function is not a scalar, a monadic scalar extension operator
can be thought of as being invoked to producea derived function which, in turn, applies the monadic
scalar function to every element of the argument array, producing a result array of the same shape as
the argument. The order in which the elements of the argument array areypresented to the monadic
scalar function is not specified by this Inter national Standard. Monadic scalar functionsnever signal
rank-error or length-error.

If either of the arguments of a dyadic scalar function is not-a‘scalar, a dyadic scalar extension
operator can be thought of as being invoked to produce a derived function, which provides pairs of
scalarsto the scalar function as follows:

Thedyadic scalar extension operator first testswhether the two argument arrayshave the same shape.
Argumentsto a dyadic scalar function must have the same shape. If they do not, and the argument of
lesser rank is a scalar or one-element vector, the'argument of lesser rank is reshaped to the shape of
the argument of greater rank.

If the argumentscannot be made to have the same shape, the dyadic scalar extension operator signals
arank-error if the argumentsare of different ranks and a length-error otherwise.

When the dyadic scalar extensi oriQperator succeeds, it producesa derived function which generatesa
scalar for each position in its result arr ay by applying the subject scalar-function to pairsof scalars
selected from corresponding positions in the argument arrays. The order in which the elements of
theresult array are produiced is not specified by this International Standard.

Because the derived function produced by either scalar extension operator never calls its scalar-
function argumentfor empty arrays, domain-error can never besignalledfor empty array arguments
or for arraysreshaped by scalar extension to empty.

The type-of“all empty results produced by the functions derived from monadic and dyadic scalar
extension’is a property of the function to scalar extension. Since all scalar functions specified in this
Intérnational Standard produce numeric results, the type of all empty results produced by scalar
extensionis specified asnumeric.

For example, ' ' A5 and - 'return empty numeric results rather than signalling an error.
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7.1 Monadic Scalar Functions

Note: The definitionsin this section cover only scalar arguments. The phrase-evaluator evaluate-
monadic-function handles non-scalar cases. All scalar-functionsyield scalar results when applied

& 1 "
wotdial aryurtcrito.

Notethat, in this International Sandard, roll is not a scalar-function.

7.1.1 Conjugate

Z <~ +B

Informal Description: Z is the conjugate of B. Geometricaly, it is the'reflection of the
number about the real axis.

Evaluation Sequence:

If Bisnot anumber, signal domain-error.
Return B with itsimaginary-part negated.

Example:

+ 3 40 0.5 3J4  3JU4 AU
0 0.

374 5 3J 4 " 3J 4 3J4
7.1.2 Negative
Z+«-B

Informal Description: Z isthe negation of B.
EvaluationSequence:

IfB,tsnot anumber, signa domain-error.
Return zero minus B.

Example

-7077
707
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7.1.3 Direction

Z < xB

lLnformal nncr\ripfinn: Ziszeroif B icvorn’ andotherwiseisthenumber with mngnifnr{n

one that has the same direction as B. Geometricaly, it is the number determined by the
radia projection of B onto the unit-circle. For real numbers, thisisidentical with the
sign or signum function, and takes on only the values one, zero, and negative one.

Evaluation Sequence;

If Bisnot anumber, signal domain-error.
If Biszero, return zero; otherwise, return B divided-by the magnitude of B.

Examples:
x1 .5 .33 0 1F 20
17110 1
x3JU4 3J 4 3J4 3J 4
0.6J0.8 0.6J 0.8 0.6J0.8 0.6J 0.8

7.1.4 Reciprocal

Z <+ B
Informal Description: Zis 1+B,
Evaluation Sequence:

If Bisnot anuniber, signal domain-error.
If Biszero, signad domain-error.
Return one divided-by B.

Examples:

+7.25 .512 4
VH 2 1 0.5 0.25
+0
domain-error
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715 Floor

Z<« LB

lLnformal nncr\ripfinn: 7 is-the hnmplov infegnr [l _associated with the vnit square

containing B, unless the sum of the fractional-parts of the real-part and imaginary-
part of B is greater-than-or-equal-to one, in which case it isthe nearer of U plusone
or U plusimaginary-one, In case of atie, itis U plusone. For real-numbers, Zisthe
greatest integer tolerantly less than or equal to B. Uses comparison-tolerance

Evaluation Sequence;

If comparison-toleranceisnil, signal implicit-error.
If Bisnot anumber, signal domain-error.
Return the tolerant-floor of B within comparison-tolerance.

Examples:
— In the following, comparison-toleranceis 1 10.

[73.1416 3.1416 .99999999999 5£20 0.5E 10
"4 31 5E200

[0.3J0.6 0.6J0.8 0.8J0.6.0:8J0.3 0.8J0.2 0.5J0.5
00J11011

Note: Thefollowing article describesthe design of the floor function for complex arguments:
McDonnell, E. E., “ Complex Floor” , APL Congress 73, North Holland Publishing Co., 1973

7.1.6 Caeiling

Z<« 1B

Informal Description: Z isthe negation of the floor of the negation of B. For B areal-
number\Z'isthe least integer tolerantly greater than or equal to B. Uses comparison-
tolefance.

Evaluation Sequence:
If comparison-toleranceisnil, signal implicit-error.

If Bisnot anumber, signal domain-error.
Return —| -B

Example:
— In the following, comparison-toleranceis 1 10.

[3.1416 3.1416 5.00000000001
345
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7.1.7 Exponential

Z <« x B

lLnformal ﬁncr\ripfinn: 7 is e raised-to the power D’ where o is the hase of the natural

logarithms.
Evaluation Sequence;

If Bisnot anumber, signal domain-error.
Return the exponential of B.

Examples:
x 1E50 "2 1012
0 0.135335 0.367879 1 2.71828 7.38906

* ,693147
2

7.1.8 Natural Logarithm

Z < ®B
Informal Description: Zisthe natural logarithm of B.
Evaluation Sequence:

If Bisnota number,&gha domain-error.
If Biszero, signa . domain-error.
Return the natural:logarithm of B.

Examples:

®1828u59045 2 1E 50 1E50
1 04693147 “115.129 115.129

®x1
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7.1.9 Magnitude

Z <+ | B

lLnformal nncr\ripfinn: Zisthe mvm‘unih ideof B

Evaluation Sequence:

If Bisnot anumber, signal domain-error.

Return the magnitude of B.
Example

[170.50.33 0.25 0 1E 20
10.50.33 0.25 0 1E 20

80
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7.1.10 Factorial

Z+« ! B

lLnformal nncr\ripfinn: 7 icfhng::mma functionof B4 _1f Bicao nnnnegnfi\ln_infegnr,

thisisfactoria B.
Evaluation Sequence:

If Bisnot anumber, signal domain-error.

If Bisanegative-integer, signal domain-error.
Set B1to B plusone.

Return gamma-function of B1.

Examples:
10123456789
1126 24 120 720 5040 40320 362880

7.5
1.77245

51p! -1.502 1.503 1.504 1.6505 1.506
T3.54471
3.54466
3.54464
3.54466
3.5447

Note: The gamma-function is defined in, for example, the National Bureau of Standards
Handbook of Mathematical kunctions, U.S. Government Printing Office, Washington D.C., 1964.

See also Hart, J. F, .Computer Approximations, Robert C. Krieger Publishing Company,
Huntington, NY, 1978(
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7.1.11 Pitimes

Z <« 0B

lLnformal nncr\ripfinn: Zisz times B

Evaluation Sequence:

If Bisnot anumber, signal domain-error.

Return pi-times B.
Example:

01 10 100
3.14159 31.4159 314.159

82
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7.1.12 Not

Z «<~B

Informal-Descri p,tign- Z isthe Boolean-complement of B
T g

Evaluation Sequence:

If Bisnot near-Boolean, signal domain-error.
If theinteger-nearest-to B isone, return zero.
Otherwise, return one.

Example:

— For the following, the implementation-par ameter integer-toleranceis 4F.-10.

~0 1 1F 11 .999999999999
1010

7.2 Dyadic Scalar Functions

Note: The definitionsin this section cover only.scalar arguments. The phrase-evaluator evaluate-
dyadic-function handles non-scalar cases. ;All’scalar-functions yield scalar results when applied
to scalar arguments.

The outer product operator, which has not yet been formally introduced at this point in the document,
is used in the examples in this section as a convenient way of generating tables. The use of outer
product in this section is limited to vector arguments. The same results could be obtained from each
example, although not so compactly, by supplying the elements of the left argument one at a time,
starting from the leftmost,.as left argumentsto the scalar function.

For example,
Example:

QN =0 1 2
1 0,6
0420

isequivalent to

Example:
0=012

100
1=012

010
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721 Plus

Z+«A+B

lLnformal nncr\ripfinn: Zis A plncp

Evaluation Sequence:

If either of A or Bisnot anumber, signal domain-error.
Return 4 plusB.

Example

4 T3 T2 1
3 T2 710
2 T1 0 1
10 1 2

7.2.2 Minus
7 <« A-B

Informal Description: ZisA minusB.
Evaluation Sequence:

If either of 4 or Bisnat anumber, signal domain-error.
Return A minus B,

Example

@WMN = O
N = O
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Z+«AxB

lLnformal nncr\ripfinn: Zis A times B
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Evaluation Sequence:

If either of 4 or Bisnot anumber, signal domain-error.

Return 4 times B.

Example
"2 710100.x27101
4 2 0 2
2 1 0o 1
0 0 0 0
2 1 0 1
7.24 Divide
Z <A+ B

Informal Description: ZisA divided by B.

Evaluation Sequence:

If either of A or Bisnat anumber, signal domain-error.

If Biszero and 4 ishot zero, signa domain-error.
If Biszero and-Aiszero, return one.
Otherwise, return A divided-by B.

Example:

01234 o0.,51234

0.0 0 0

¥~ 0.5 0.333333 0.25
2 1 0.666666 0.5
3 1.5 1 0.75
4 2 1.33333 1
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725 Maximum

Z<«ATB

lLnformal nncr\ripfinn: 7icfho|9rgnr of 4 and B

Evaluation Sequence:

If either of 4 or Bisnot anear-real number, signa domain-error.
Set A1 tothereal-number nearest to 4.

Set B1 to thereal-number nearest to B.

If Alisgreater-than B1, return 41.

Otherwise, return B1.

Example:

0Olo.[27101

L O O oM
PR R e

726 Minimum

Z<«A LB
Informal Description: Zisthesmaller of 4 and B.
Evaluation Sequence:

If either of A-orBisnota near-real number, signal domain-error.
Set A1 tothereal-number nearest to 4.

Set Bistothe real-number nearest to B.

If Atisgreater-than B1, return B1.

Otherwise, return 41.

Example:

2 101e.7271201
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7.2.7 Power

Z<«AxB

lLnformal nncr\ripfinn: 7is A raised taothe Bth power

Evaluation Sequence:

If either of A or Bisnot anumber, signal domain-error.
If Aiszero and B is zero, return one.

If Aiszero and thereal-part of Bisapositive-number, return zero, otherwise'signa
domain-error.

Return 4 to-the-power B.

Examples:
— Inthefollowing, print-precisionis 12.

2%32
4294967296

u%x0.5

T8%x+3
1J1.73205080757

Additional Requirement:

The foregoing example_shows that, when the optional complex arithmetic facility is
implemented, the implementation-algorithm should yield the principal value of the
nth (odd n) root of anegative number, not the real negative root. If it is not implemented,
adomain error-should be signalled.
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7.2.8 Logarithm

Z <« AeB

lLnformal nncr\ripfinn: 7 icfholngnrifhm of Btothehase 4

Evaluation Sequence:

If either of A or B are not numbers signal domain-error.
If Aand B are equal, return one.

If Aisone, signa domain-error.

Set A1 tothenatural-logarithm of A.

Set B1 tothenatural-logarithm of B.

Return B1 divided-by A1.

Example:

10 2 10 0.1 &2 65536 1F15 1F15
0.30103 16 15 15
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7.29 Resdue

Z<«A|B

Lnformal Descrintion:— 7 is B maodulao 4 LUlses comparison-tolerance.
g T g

Evaluation Sequence:

If comparison-toleranceisnil, signal implicit-error.

If either of A or Bisnot anumber, signal domain-error.

If Aiszero, return B.

If comparison-tolerance is not zero, and B divided-by 4 is integral-within
comparison-tolerance, return zero.

Otherwise set Z to B modulo A.

If ZisA4, return zero.

Otherwise, return Z.

Examples:

— Inthefollowing, print-precision is 16 and comparison-toléranceis 1E™ 10.

7 77 o.|31 28 30
30 5
4o T2
0.2 [1.4 1.5 1.6
00.10
1 |1E30 1E-30 ~“1E 80 .99999999999
0000

— In the following, comparison-toler anceis zero.

1 |1E30_1E 30 1E 30 .99999999999
0 1E7 30 0 0./89999999999

Additional Requirement:

Therange of residue isthose numbersthat are the product of afraction and 4, except when
4 Jis zero, in which case therange isthe single number B.

Note: The implementation-algorithm P modulo @ provides an exact modulo operation for real-
numbers Pand g. It evaluates R«P- (xP) x| @x| | P+Qexactly, andreturns R if ( xR)=x&, or R+&

otherwise.

The definition of “ mod” in the |IEEE standard for Binary Floating-Point Arithmetic (754) provides
an example of this exact evaluation.

Implementations should avoid signalling limit-error in residue. If the operation B divided-by 4
causes exponent-overflow, return zero. If it causes exponent-underflow, and if 4 and B have the
same signs, return B. If they have different signs, return zero.
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7.2.10 Binomial

Z+«A!B

lLnformal nncr\ripfinn: VAT (g::mmn( 4LBY Y~ ( (gnmmn( 14 gnmmn( 1B\

If A and B are nonnegative-integers, Z isthe number of combinations of B thingstaken
Aat atime.

Evaluation Sequence:

If either of A or Bisnot anumber, signal domain-error.

Determineif each of 4, B, and B-4 isanegative-integer.

Select the appropriate case from the following table, where a one indicates that the
corresponding value is anegative-integer and a zero indicatesthat it is not.

Case Rule

A B B-A

0O 0 O Return (1B)+(14)x!B-A

0O 0 1 Return zero.

0 1 0 Signa domain-error.

0 1 1 Return (T 1*A)xA!A-B+1.

1 0 0 Return zero.

1 0 1 (Case cannot arise.)

11 0 Return (~ 1*B-A)x(|B+1) ! (|A+1).

11 1 Return zero.

Example:

4372 1042340, T T372 1012314

1 3 3.0 0 0 0 0 0
0 1 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0 0
0 Q 0 1 0 0 0 0 0
1 b 1 1 1 1 1 1 1
Ty 3 T2 1 0 1 2 3 u
10 6 3 1 0 0 1 3 6
20 10 T4 1 0 0 0 1 4
35 15 5 1 0 0 0 0 1

Note: The APL expressionsin the rule column indicate the result required, not the algorithm to be
used. For example, 64165 should be 65 evenif |65 signalslimit-error.

90 © ISO/IEC 2001 — All rightsreserved



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

ISO/IEC 13751 2001 (E)

7.2.11 Circular Functions

Z<«<AoB

Lnformal Descrintion: 7 isthe result of anplvina afunctiondesianated-byv_4-to B.
g T bt i e AR ) o4

Evaluation Sequence:

If Aisnotanear-integer, signa domain-error.
If Bisnot anumber, signal domain-error.
Set A1 totheinteger-nearest-to 4.
If A1isnotintheclosed-interval-between ~ 12 and 12, signal domain=error.
If A1is™ 12, return x0J1xB.
If A1is™ 11, return 0J1xB.
If A1is™ 10, return +B.
If A1is™ 9, return B.
If A1is™ 8,return — (" 1-B*2)*.5.
If A1is™ 7,
If Bisnegative-one or one, sighal domain-error,
Return the inver se-hyperbolic-tangent of B.
If A1is 6,
Return Z, the principa value of the inver'se-hyperbolic-cosine of B, where Zisa
nonnegative-number.
If A1is™ 5, return theinver se-hypetbelic-sine of B.
If A1is 4,
If Bis™ 1returnzero
Otherwisereturn (B+1)%((B-1)+B+1)*0.5.
If A1is™ 3, return Z, thejprincipal valuein radians of theinver se-tangent of B, where
Z isinthe open-interval-between —7/2 and 7 /2.
If Al1is™ 2,
Return Z, theprincipa valueinradians of theinver se-cosine of B, where Z iseither
zero or @number in the open-interval-between zero and .
Alis™ 4
Return Z, the principa valuein radians of the inverse-sine of B, where Z is either
772, or anumber in the open-interval-between —7 /2 and = /2.
41 is0,
If Bisnot in the closed-interval-between negative-one and one, signa domain-
error.
Return (1-Bx2)*0.5.
If A1is 1, returnthe sine of B radians.
If A1is 2, returnthe cosine of B radians.

IfA1is3,
If Bisan odd multipleof 7/2, signal domain-error.
Return the tangent of B radians.

If Alis U4, return (14+B%2)*0.5.

If A1is 5, return the hyperbolic-sine of B.

If A1is6, returnthe hyperbolic-cosine of B.
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If A1is 7, returnthe hyperbolic-tangent of B.
If A1is8, return (" 1-B*2)*.5.

If A1is9, returnthereal-part of B.

If A1is 10, return | B.

If A1is 11, returntheimaginary-part of B.

ITALIS1Z, reurntnearc or 5.

Examples:
20 10.6
.8
2 o0
1
3 oo+l
1
6 00
1

Note: The APL expressionsused for 00X, ~4oX, and 4oX aboveindicate the result desired, not the
algorithmto be used.

Note:  The following article describes the reasons for*the' choices made in defining the circular
functions for complex arguments,

Penfield, Paul, “Principal Values and Branch, Cuts in Complex APL”, APL81 Conference
Proceedings, ACM, San Francisco, 1981

Note: Valuesof A greater than 7 in magnitudearereguiredonly for animplementation whichincludes
the optional complex-arithmetic-facility.
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7.2.12 And/LCM

Evaluation Sequence;

If comparison-toleranceisnil, signal implicit-error.
If either 4 or Bisnot anumber, signa domain-error.
If both 4 and B are near-boolean,
Set A1 totheinteger-nearest-to 4.
Set B1totheinteger-nearest-to B.
If either A1 or B1 iszero, return zero.
Otherwise, return one.
Otherwise, set A1 to the greatest-common-divisor 60 4 and B, using the
implementation-algorithm greatest-common-divisoers
If Aliszero, return zero.
Otherwise, return 4 times (B divided-by 41).

Examples:

010e°.n01
00
01

30 A 36

180

3 A 3.6
18

T29J53 ANN1J107
853J 329
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7.2.13 Or/GCD

Evaluation Sequence;

If comparison-toleranceisnil, signal implicit-error.
If either A or Bisnot anumber, signa domain-error.
If both A and B are near-boolean,
Set A1tothenearest-integer to 4.
Set B1 tothe nearest-integer to B.
If either A1 or B1 isone, return one.
Otherwise, return zero.
Otherwise, return the greatest-common-divisor of (4 and B, using the
implementation-defined-algorithm greatest-commen-divisor.

Examples:
01 o0.v0 1
01
11
30 v 36
6
3V 3.6
0.6
T29J53 v T 1J1QY
7J1
7.2.14 Nand
7 <40~ B

Infermal Description: Z isthe Boolean complement of the Boolean product of 4 and B.
Evaluation Sequence:

If either A or B isnot near-Boolean, signal domain-error.

Otherwisgreturm—A=5,withrcomparson=toteranceset tozero:
Example:
01 0,40 1
11
10
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7.2.15 Nor

Evaluation Sequence:

If either A or B isnot near-Boolean, signal domain-error.
Otherwise, return ~AvB, with comparison-tolerance set to zero.

Example

01o0.7#01

O =
o O
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7.216 Equal

Z<«A=8B

lLnformal ﬁncr\ripfinn- Zisoneif 4 and B are considered-equal-and zero othernwise 4
N |

and B are equal if they are the same character, or if they are both numeric and 4 is
tolerantly equal to B within comparison-tolerance. Uses comparison-tolerance.

Evaluation Sequence:

If comparison-toleranceisnil, signal implicit-error.
If thetype of 4 isnot the same as thetype of B, return zero.
If both 4 and B are characters,
If 4 isthe same character as B, return one.
Otherwise, return zero.
If both A and B are numbers,
If Aistolerantly-equal to B within comparison-tolerance, return one.
Otherwise, return zero.

Example:

12350.=2123

o O -
o B~ O
=, O O

— In the following, comparison-toleranceis 15 13.

4 =4 + 5F 182F 13 "2F 13 "5E 13

0110

0 = AE 20 1E 20 0
001

3= JA3!
00

Note:/Comparisons of number s whose signs differ are not affected by comparison-toler ance.

Foriany value of comparison-tolerance and any two real numbers A and B, exactly one of the
eXpressonsA<B, A=B, and A>B isone.

Equal should not signal alimit-error. For example, theresult of positive-number-limit = negative-
number-limit is zero. The following is a sample technique for handling exponent-overflow and

exponent-underlowwhen scaling compar 1Son-toler ance.
Set C'to the larger of the magnitudes of A and B.
Set D to compar ison-tolerancetimes C.
If exponent-under flow occurs,
Set A1 to A divided-by C.
Set B1 to B divided-by C.
Set C1 to the magnitude of A1 minus B1.
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If C1 isgreater-than comparison-tolerance, return zero.
Otherwise, return one.

Set £ to the magnitude of A minus B.

If exponent-over flow occurs, return zero.

If exponent-under flow occurs,
Set 41 to A divided-by C.

Set B1 to B divided-by C.
Set C'1 to the magnitude of A1 minus B1.
If C1 isgreater-than comparison-tolerance, return zero.
Otherwise, return one.
If £'isnot greater-than D, return one.
Otherwise, return zero.

7.217 Lessthan

Z«A<B

Informal Description: Zisoneif A istolerantly less-thanB, and zero otherwise. Uses
comparison-tolerance.

Evaluation Sequence:

If comparison-toleranceisnil, signa implicit-error.

If either of 4 or Bisnhot anear-real number, signal domain-error.

Set A1 tothereal-number nearesttgA.

Set B1to thereal-number nearest to B.

If A1=B1, evaluated with the current value of comparison-tolerance, is one, return
zero.

If Alislessthan B1, feturn one.

Otherwise, return zera.

Examples:

1,23 °.<123

o O O
o0
Sk

01°.<01

o O
O =
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7.218 Lessthan or equal to

Z <« A<B

lLnformal nncr\ripfinn- Zisoneif 4dislessthanor fnloranfl\ll equalto D’ andzeraotherwise.
N |

Uses comparison-tolerance.
Evaluation Sequence;

If comparison-toleranceisnil, signal implicit-error.

If either of A or Bisnot anear-real number, signa domain-error.

Set A1 tothereal-number nearest to A.

Set B1 to thereal-number nearest to B.

If A1=B1, evaluated with the current value of comparison-tolerange, is one, return
one.

If Alisless-than B1, returnone.

Otherwise, return zero.

Examples:

12 30,2123

O O -
(SRR
[N

010.201

oK
[
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7.219 Not equal

Z+«A=#B

lLnformal nncr\ripfinn- 7 is one-if 4 does not equal D’ and_zero othenaise.
N 1

Lses

comparison-tolerance.
Evaluation Sequence;

If comparison-toleranceisnil, signal implicit-error.
Return ~A=B, evaluated with the current value of comparison-tolerance.

Examples:
TA' #41

12 30,212 3

'_I.
RO R
o R K

0150.201

o
[N
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7.2.20 Greater than or equal to

Z <« A=>B

lLnformal ﬁncr\ripfinn- Zisoneif 4 is grnaror than or fnlornnfly equal-_to. D’ and-zero.
N 1

otherwise. Uses comparison-tolerance.
Evaluation Sequence;

If comparison-toleranceisnil, signal implicit-error.

If either of A or Bisnot anear-real number, signa domain-error.

Set A1 to thereal-number nearest to A.

Set B1 to thereal-number nearest to B.

If A1=B1, evaluated with the current value of comparison-tolerange, is one, return
one.

If Alisgreater-than B1, return one.

Otherwise, return zero.

Examples:

12 30,2123

I
e
= O O

010.201

o
= o
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7.2.21 Greater than

Z«A>B

lLnformal nncr\ripfinn: Zisoneif 4 icfnlornnfly grmfor than D’ and-zera othernaise |lses

comparison-tolerance.
Evaluation Sequence:

If comparison-toleranceisnil, signal implicit-error.

If either of A or Bisnot anear-real number, signa domain-error.

Set A1 tothereal-number nearest to A.

Set B1 to thereal-number nearest to B.

If A1=B1, evaluated with the current value of comparison-tolerange, is one, return
zero.

If Alisgreater-than B1, return one.

Otherwise, return zero.

Examples:

12 30.,>123

e
= O O
o O O

01 o0.,>01

= O
o O
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8 Structural Primitive Functions

8.1 Introduction

Note: The functions in this chapter are used in the evaluation sequences of many non;scalar
operations. They are defined here to avoid forward references.

8.2 Monadic Structural Primitive Functions

8.2.1 Rave

Z <« ,B
Informal Description: Zisavector containing theidements of B in row-major order.
Evaluation Sequence:

Return Z, avector such that the raveltlist of Z isthe same astheravel-list of B, the
type of Z isthe same as the thetype of B, and the shape-list of Zisalist of length
one containing the count of Basitsonly item.

Examples:

,N22
11 12 21 22
,N222
111 112421 122 211 212 221 222
WM2221
112401121 1211 1221 2111 2121 2211 2221

Nate:"Ravel alwaysproducesa vector result. Theexpressionsr avel-list of Z, typeof Z, and shape-list
of )Z refer to attributes of an array object.
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8.2.2 Shape

Z < p B

Lnformal Descrintion 7 is anumericvector contaninathe shane of the arrav B
g T ) it o o4

Evaluation Sequence:

Return Z, an array such that the type of Z is numeric, the ravel-list of Z is the
shape-list of B, and the shape-list of Z is a list whose only item contafs-the
number-of-itemsin the shape-list of B.

Examples:

oV

o,N
1

pplN
0

oN3
3

ppN3
1

oN34
34

Note: Shape always producesa vector result. The expression shape-list of Z refersto an attribute of
an array object.
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8.2.3 Index Generator

Z < 1B

Lnformal Descrintion— 7 is a numeric vector of B consecutive-ascendina-inteqaers-the
g T ) At g

first of which isindex-origin. Usesindex-origin.
Evaluation Sequence:

If index-origin isnil, signa implicit-error.

If therank of B isgreater-than one, signa rank-error.

If the count of Bisnot one, signal length-error.

If Bisnot anear-integer, signa domain-error.

Set B1 totheinteger-nearest-to B.

If B1isnot anonnegative-integer, signa domain-error.

If B1iszero, return an empty numeric vector.

Generate anumeric vector Z1 of length B1 such that the ravel-list of Z1 consists of
theinteger sintheclosed-interval-between oneand Bdin ascending order. Generate
Z, anumeric array with the shape-list of Z1 such that each item of the ravel-list
of Z is(index-origin minusone) plusthe corresponding element of Z1.

Return Z.

Examples:
— In thefollowing example, index-origin iszero.

14
0123

— In thefollowing example,‘index-origin is one.

14
1234
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8.24 Table

Z*‘jB

lLnformal nncr\ripfinn: 7ic::m::frivr\nnf::iningfhoolornmfcnf B_Zisformed h\}l r:uolling

thesubarrays of B aongitsfirst axis. For example, if Bisascalar, Z hasshape 1 1;if B
isafive-element vector, Z hasshape 5 1;if Bhasshape5 4 3 2, Zhasshape 5 24.

Evaluation Sequence:

If Bisascalar set Cto1 1.
Else set C'to atwo-element list as follows:
Set thefirst-item of C'to thefirst-item of the shape-list of B.
Set the last-item of C'to the product-of therest-of the shape-list\of B.
Set Z to the C'reshape of B.
Return Z.

Examples:

F WwN

sN22
11 12
21 22
sN222
111 112 2217122
211 212,221 222
SN2221
1141y1121 1211 1221
2¥¢11 2121 2211 2221
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8.25 Depth
Z « =B
lLnformal ﬁncr\ripfinn: 7 is a numeric-scalar rlncr\rihing the levd of nod-ing of B _For

simple-scalars, thisis 0. For arrays, thisis one greater than the depth of the element
with the greatest depth.

Note: Anenclosed arrayis an array.
Evaluation Sequence:

If Bisasimple-scalar, return zero.
Return 1+[/,="B.

Examples:
=5
0
=123
1
=N234
1
="ABC'",1 2 3
1
=cl1 2 3
2
=,c1 23
2
="HERO' ,c2+3,c2 3pch 8
m

106 © ISO/IEC 2001 — All rightsreserved



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

|SO/IEC 13751 2001 (E)

8.2.6 Enlist

aldas stmnle ala'all="g a

Otherwise, enlist has the effect of recursively raveling each element of B (in ravel-list
order) and joining them together. Thus, Z will aways be a simple-array of rank one,
containing al items of B.

Note: Enlistis sometimes called “ super ravel” .
Evaluation Sequence:

If Bisempty, return Ope 14 ,B.

If Bisasimple-array, return , B.

Set B1 to thefirst item of theravel-list of B.
Return (eB1), (e1v,B).

Examples:

€l 2 3,c4 56
123456

=12 3,c4k 56
2

=€l1 2 3,c4 56
1

8.3 Dyadic Structural Primitive Functions

8.3.1 Reshape

Z « ApZB

Infarmal Description: Zisan array of shape , 4 whose elements are taken sequentially
from , B repeated cyclically as required.

Evaluation Sequence:

If therank of 4 isgreater-than one, signal rank-error.

Hany ttemrof therave=tistof A snotamear=mteger;signatdonrai=error:

Set A1 totheinteger-array-nearest-to , 4.

If any item of the rave-list of A1 is not a nonnegative-counting-number, signa
domain-error.

Let RA stand for the product-of theravel-list of A1.

Let CB stand for the count of B.
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If RAisnot zero and CB iszero, signal length-error.

Return an array Z such that thetype of Z isthe sufficient-type of theravel-list of Z
under the type of B, the shape-list of Z isthe same as theravel-list of A1, and the
ravel-list of Zisalist with RA items such that for al I intheindex-set of Z, item
I of therave-list of Zisitem 1+CB|I-1 of therave-list of B.

Examples:

2 U4pN213
111 112 113 211
212 213 111 112
p0p 'ABCD'
0
B «<1E7 1E7 1E7 0 1E7 1E7 1E7 p 42
oB
1E7 AE7 1E7 0 1E7 1E7 1E7

Note: For any X that is not empty, ' 'pX and (10)pX produce the same result: a scalar whose
valueisthat of the fir st-scalar in X.
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8.3.2 Join

Z<«A,B

7 <« / B

5

Informal Description: If A and B are scalars or vectors, Z is the vector of length
(p,A4)+p ,Bwhosefirst p ,4 elements are , 4 and whoselast p , B lements are , B.

If either 4 or B has rank greater than one,
ForfomZ < 4 , B
ZisA,L(ppA) [ppBlE,

ForfomZ < 4 5 B
ZisA, [1]B,

as defined under Join Along an AXxis.
Evaluation Sequence:

If Aisascalar and Bisascalar, return ( , 4 )¢uB.
If Aisascalar and Bisavector, return ( , 4> ,B.
If Aisavector and Bisascalar, return 4%.,B.
If Aisavector and Bisavector,

If Aisempty and Bisempty andthetype of 4 differsfrom thetype of B, return an
empty-list whose type is determined by theimplementation-algorithm typical-
element-for-mixed.

If Bisempty, return A.

If Aisempty, returnB.

Otherwise, return avector Z, such that the shape-list of Zis (p4)+pB, theravel-
list of Zisalistwhosefirst p4itemsaretherave-list of A andwhoselast pBitems
aretherave-list of B, and thetype of Z isthe sufficient-type of theravel-list of
Z under the type mixed.

Otherwise Wwhen either 4 or B has rank greater than one, return A, [1]B for form
AsBand A, [(pp4) [ppBlBforform A, B.

Example:

10
0

Note: This subsection intentionally contains a forward referenceto Join Along an Axis. Join and

Join Along an Axis are defined separately because the description of Join Along an Axisrequires
APL operationsthat depend for their definitionsin turn upon Join.
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9 Operators

9.1 Introduction

Note: The formsin this chapter arereferredto as operators.

9.2 Monadic Operators

9.2.1 Reduction

Z </ B
Z +< r/[K] B
Z < I+ B
z « ff [K] B

Informal Description: Z isthe vaue produced by placing the dyadic function f between
adjacent items along a designatediaxis of B and evaluating the resulting expression. The
axis designated determines howsthe subarrays are chosen. Usesindex-origin.

There are two conforming definitions for Reduction; the | mplementation Parameter
Reduction-Style specifies which definition a particular implementation uses.

The EnclosesReduction-Style style, informally known as the APL2 style, uses a
definition-based on enclose which, for dl f, preserves the identity:
opZAas 0 1+ppB.

The Insert-Reduction-Style style, informaly known as the Sharp/J style, does not
universally preserve the above identity. Instead f is inserted between each successive
cell aong the frame axis (the axis of reduction). The rank of f controls the subseguent
eval uation.
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Note: Since reduction is used in the evaluation sequences of other operators, the choice of the
I mplementation Par ameter Reduction-Style has a pervasive effect on the implementation, and its
importance should not be underestimated.

Note: Thefunctionslisted in Table5 are scalar functions, that is their left and right function ranks
arezero

Evaluation Sequence:

If Implementation Parameter Reduction-Style is Enclose-Reduction-Style:
If f isnot adyadic-function, signal syntax-error.
For formf/B
If Bisascalar, return B.
Otherwise, returnf/ [ 1+1p0pB] B .
For formf#B
If Bisascalar, return B.
Otherwise, returnf/[11] B .
For formsf/[K] Bandf#[K] B

If Kisnot avalid-axisfor B, signal axis-error.

Otherwise, set K1 to theinteger-nearest-to .

If Bisavector,

If thelength of B iszero, takethe actién.designated in Table 5 for f.
If thelength of B isone, return ascalar Z such that the type of Z isthetype
of Bandtherave-list of Zistheravel-list of B.
If thelength of B isgreater-than one,
Set B1 to the fir st-scalar itrB.
Set B2 to the remainder-of B.
Return cB1f of /B2.

If therank of Bis greater-than one, return an array Z such that the shape-list
of Z isthe shapelist of B with item K1 omitted, and the ravel-list of Z has
the propertyithat if Z1 isanitem of Z and B3 isthe corresponding vector-item
along-axisk of B, then Z1isf/B3.

Otherwisel mplementation Parameter Reduction-Style islnsert-Reduction-Style:
If f isnot adyadic-function, signal syntax-error.
Forfarmf/B
[f Bisascalar, return B.
Otherwise, returnf/ [ 141pB] B .
For formf+B
If Bisascalar, return B.
Otherwise, returnf/[11] B .
For formsf/[K] Bandf#£[K] B
If Kisnot avalid-axisfor B, signal axis-error.

Otherwise, set K1 to theinteger-nearest-to .

Set B1to (AK1, (1ppB)~K1)&B.

Set C1to 14pB1.

If the number of C1-cellsin B1iszero, takethe action designated in Table5 for
f to choose aresultitem Z0. Returnan array Z such that the shape-list of Zis
C1, thetype of Z isthetype of Z0, and each item of theravel-list of Z isthe
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ravel-list of ZO.

If the number of C1-cellsin B1isone, returnan array Z such that the shape-list
of ZisCl, thetypeof Zisthetypeof B1, andtherave-list of Zistheravel-list
of B1.

If the number of C'1-cellsin Bl isgreater-than one,

SE BZ 10 an array such thal the shape-iist of BZ ISCL, thetype of BZ ISthe
typeof B1, and theravel-list of B2 istheravel-list of thefirst C1-cell in B1.

Set B3 to an array such that the shape-list of B3is ((~ 1+14pB1),C1),the
type of B3 isthetype of B1, and the ravel-list of B3 istherave-list of all
thethe C'1-cells of B1 except thefirst.

Return B2 f f£B3.
Examples:
+/12 3
6
x/1 2
2
=/'A!
A
=/TAA"
1
=/14AAA"
0
(3 8p0) =,#2 3 4p0 alngert-Reduction-Style
1
(3 UpcO 0) =,42 3*4p0 aEnclose-Reduction-Style
1

Additional Requirement:

If Zisempty, thetype of Z isdetermined by the argument function f.

When applied’aong an empty axisin an array, reduction produces an array whose shape
isthat of, the argument array with the designated axis deleted. The elements of the array,
if any,-are determined by the argument function and Table 5. In some cases, an error is
signalled.

Example:
+/2 0 p5.1
00
p+/2 0p5.1
2
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Dyadic Function Action

Plus + Return zero.

Minus - Return zero.

Times x Return one.

Divide < Return one.

Residue | Return zero.

Minimum | Return positive-number-limit.
Maximum [ Return negative-number-limit.
Power * Return one.

Binomia ! Return one.

And A Return one.

Or \ Return zero.

Less < Return zero.

Not greater < Return one.

Equa = Return one.

Not less > Return one.

Greater > Return zero.

Notequal = Return zero.

al others Signal domain-error

Table 5: Actionsfor the Reduction of an Empty Vector.

9.22 Scan

Z < f\B
z < f\[K] B
Z < fxB
z +~ {x[4] B

Informal Description: Zisan array having the same shape as B and containing the results
produced by f reduction over all prefixes of a designated axis of B. Usesindex-origin.

Evaluation Sequence:

If f isnot adyadic-function, signal syntax-error.

Fortormt \5

If Bisascalar, return B.
Otherwisg, returnf \ [ppB] Bevaluated with index-origin set to one.

For form f \B

If Bisascalar, return B.
Otherwise, returnf \ [1] B evaluated withindex-origin set to one.
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For formsf \ [K]Band f X [K]1B
If Kisnot avalid-axisfor B, signal axis-error.
Otherwise, set K1 to theinteger-nearest-to K.
If Bisavector,
If the count of B isless-than two, return B.

OterWISS Teturn Z, avector such thal the shape st of Z 1sthe shapelist of B,
and theravel-list of Zissuch that item I of therave-list of Zisf/B[1I] for
al T intheindex-set of theravel-list of B. Thetypeof Zisthe sufficient-type
of theravel-list of Z under thetype mixed.

If therank of Bisgreater-than one, each vector-item along-axisX1 of Zisf \B1,

where B1 is the corresponding vector-item along-axis K1 of B.

Examples:

+\1 11
123
A1 11 0111
1110000

_\IAY

00
00
A

=\'4B'
A0

Additional Requirement:

If the operator reduction signals anefror when called by scan, scan returns the resultant
error token.

The evaluation sequence above describes a quadratic algorithm for scan. If the function f
isassociative, scan may\be implemented with alinear agorithm.

Note: Variouserror_checks have been performed on K by the phrase evaluators, and index-origin is
one, before this'evaluation sequenceis called.
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9.2.3 N-wise Reduction

Z« NI/ B

7 <« N fI/[V-I_' B

Z <« NI+ B
Z <N /K] B

Informal Description: N-wise reduction is the dyadic invocation of a function derived
by reduction. Z isthe value produced by placing the primitive scalar dyadic function
f between subarrays of B and evaluating the resulting expression. If N/is-negative the
subarrays are reversed before application of f. Each subarray has.length NV aong a
common dimension. The axis designated determines how the subarrays are chosen.
Usesindex-origin.

Evaluation Sequence;

If therank of NVisgreater-than one, signal rank-error.
If the length of theravel-list of NVisgreater-than:one, signa length-error.
If Nisnot anear-integer, signa domain-error:
Set N1 totheinteger-nearest-to V.
Set M1 tothe magnitude of V1.
If f isnot adyadic-function, signal.Syntax-error.
For formNf/B
If Bisascalar,
If M1 isgreater-thantwo, signa domain-error.
If M1iszero, set R totwo and take the action designated in Table 6 for R and f.
Otherwise, return (2-M1)pB.
Otherwise, retur™V f/ [ppB] Bevauated withindex-origin set to one.
For form N f£B
If Bisascalar,
If M4 is greater-than two, signal domain-error.
[f\M1iszero, set Rtotwo and take the action designated in Table 6 for R and f.
Otherwise, return (2-M1) pB.
Otherwise, return NV f/[1] B evaluated with index-origin set to one.
For formsNf/[K] Band Nf/A[K] B
If Kisnot avalid-axisfor B, signa axis-error.
Otherwise, set K1 to theinteger-nearest-to X.
If Bisavector,

H-M 1 is-greater-than-oneplusthelength-of-Bsigna-domaii-er-or
If M1iszero, set R toone plusthelength of B and take the action designated in
Table6 for Rand f.
Set B1to M1takeB.
If N1islessthan zero,
set B2 to $B1
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otherwiseset B2 to B1.
If M1 equalsthelength of B, returnf/B2.
Otherwise,

Set B3tof/B2.

Set B4 toonedrop B.

R B3, v/ BT
If therank of Bisgreater-than one, return an array Z such that the shape-list of
7 isthe shape-list of B withitem K1 replaced by one plus the value of item K1
minus M1, and the ravel-list of Z has the property that if Z1 is the vector-item
along-axisK1 of Z and B3 isthe corresponding vector-item along-axis K4 ‘ofy B,
then Z1isNf/Ba3.

Examples:

0+/1 2 3
0000

1+/1 2 3
123

2+/1 2 3
35

3+/12 3
6

b+/1 2 3

2-/1 4 9 16 25
"7

3 5 9
"2-/14 9 16 25
35729
"3-/12 34587
23456
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Dyadic Function Action

Plus + Return R reshape zero.
Minus - Return R reshape zero.
Times x Return R reshape one.
Divide < Return R reshape one
Residue | Return R reshape zero.
Minimum | Return R reshape positive-number-limit.
Maximum [ Return R reshape negative-number-limit.
Power * Return K reshape one.
Logarithm & Signa domain-error.
Circular o Signa domain-error.
Binomial ! Return R reshape one.
And A Return R reshape one.
Or v Return R reshape zero.
Nand ~ Signa domain-error.
Nor ~ Signa domain-error.
Less < Return R reshape zero.
Not greater < Return R reshape one.
Equal = Return R reshape one,
Not less > Return R reshape one;
Greater > Return R reshape zero.
Notequal = Return R reshape zero.
al others Signal démain-error.

Table 6: Actionsfor the N-wise Reduction of an Empty Vector.
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9.24 Duplicate

Z+f~B

lLnformal nncr\ripfinn: 7isBfR

Evaluation Sequence:

Return Bf B.
Example

o, <~N3

O O
or R
(RN

Note: If f isnot an ambivalent-function, a valence-error will be'signalled.

9.25 Commute

Z<«Af=B
Informal Description: ZisBf A.

Evaluation Sequence:

Return Bf A.
Examples:
3E=k
1

F/2%x~2 204 7 18
£5.65
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9.2.6 Each

z<«f" B

7 « A f° B

Informal Description: The operand function f isapplied independently to corresponding
items of the arguments, or (monadic case) independently to theitems of the argument.
The corresponding resultsare assembled in an array of the same shape astheargument(s).

Evaluation Sequence:

For form Af "B:
If therank of A differsfrom therank of B,
If Aisascalar or one-dement-vector and B isnot ascalar,'set Ato (pB) pA.
Otherwise,
If Bisascalar or one-dlement-vector, set Bto (p4)pB.
Otherwise, Signal rank-error.
If the shape-list of 4 differsfrom the shape-list ofi B/ Signa length-error.
For both forms:
If Bisnot empty, Signal domain-error.
Create Z, an array having the same shapetlist as B.
For each I intheindex-set of the ravéklist of Z:
For formf ™ B,
Set X toitem I of theravelshst of B.
Evaluate-Monadic-Funetion with fX givingtoken T.
For form Af "B,
Set X toitem I of therave-list of A.
Set Y toitem I.ofi theravel-list of B.
For each pair X and Y of corresponding itemsfrom 4 and B, Evaluate-Dyadic-
Functienwith XfY givingtoken T.
If T isanerror, return T.
Set @to.the content of T.
Sefitem I of therave-list of Z asfollows:
It @isasimple-scalar, thefirst-item of therave-list of 4.
Otherwise, Q.
If al items of theravel-list of Z are nil, return nil.
If al items of theravd-list of Z are values, return Z.
Otherwise, signa value-error.

Example:

p c'AB’,c'CDFE
23
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9.3 Dyadic Operators

9.3.1 Outer Product

Z «Ao.fB

Informal Description: Zisan array of shape (pA4) , pB. The elements of Z are the result
of applying the dyadic-function f to every possible combination of scalar arguments
where the left argument is an element of 4 and theright an element of B.

Zissuchthat if T isanindex-list that selects asingledement of Z, thefirst.04 items of
T aretheindex-list that would select from 4 the element used as the leftvargument to f
and the last pB items of I are theindex-list that would select from\Bthe element used
as the right argument to f when producing the selected element of

Evaluation Sequence:

If f isnot adyadic-function, signal syntax-error.
Return Z, an array such that the shape-list of, Z4s*(p4) , pB, and theravel-list of Z
has the following property:
Let I stand for an item of the index-setof-the rave-list of A.
Let Jstand for an item of the index-set of therave-list of B.
Let X stand for item I of theraveZlist of 4.
Let Y stand for item J of therave-list of B.
Let NV stand for the count of<B:
Let Pstand for J+ (Nx(I=1)).
Set QtoXf7Y.
If Qisasimple-scalar, set Q1 to thefirst-item of theravel-list of Q.
Otherwise, set.Q1hto Q.
Then, item P of'therave-list of Zis@Q1.
Set thetype'of’ Z to the sufficient-type of theravel-list of Z under mixed.

Example:

10 20 30 .+ 1 2 3
1 12 13
21 22 23
31 32 33

Additional Kequirement:

If the dyadic-function f signals an error, outer product returns the resulting error token.
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9.3.2 Inner Product

Z<«Af .gB

lnfarmal Deserintion: Zisanarravofshane (o AN 20 440840 (ABRY[M40 .00 44n~D7]
d T Y e = T S0 = B = T =

The elements of Z are the results obtained from eval uating the expression f / XgY for al
possible combinations of X and ¥, where X isavector-item along-axispp4 of A and Y
avector-item along-axisone of B.

Evaluation Sequence;

If either f or g isnot adyadic-function, signal syntax-error.
If Aisascalar or one-element-vector and Bisnot, set A1 to (1ppB)pA.
If 4 and B are scalars or one-element-vectors, set A1 to , 4.
Otherwise, set A1 to A.
If Bisascalar or one-element-vector and 4 isnot, set B1to (‘04) [ppAlpB.
If 4 and B are scalars or one-element-vectors, set B1to , B!
Otherwise, set B1to B.
If thelast-item intheshape-list of 41 isnot thesaméasthefirst-item intheshape-list
of B1, signa length-error.
If A1 and B1 are both vectors, returnf/41 g ‘Bt
Otherwise, set Z to an array such<that the the shapelist of Z is
(pAL) [10[ 1+ppA1], (pB1)[1+1Q[ 1+ppBi]and the ravel-list of Z has
the following property:
Let T stand for an item of the index-set of the ravel-along-axis (ppA1) of A1.
Let X stand for vector-item, L of therave-along-axis (pp41) of A1.
Let J stand for an item ofthe index-set of the ravel-along-axisone of B1.
Let Y stand for vector-item J of theravel-along-axisone of B1.
Let N stand for the number-of-itemsin the ravel-along-axisone of B1.
Let Pstand for (V< (I-1) )+
Set Qtof/Xg\¥.
If Qisasimple-scalar, set Q1 to thefirst-item of theravel-list of Q.
Otherwise; set Q1 to 4.
Thehyitem P of therave-list of Zis@1.
Set thetype of Z to the sufficient-type of Z under mixed.
Return Z.
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Examples:

4 21+.x101

N22+.x0 1

H
N

L
N22+.x1 0
11 21
N22+.%x2 2p0 1 10
12 11
22 21

Additional Requirement:

If scalar-function f or g signalsan error, inner product returns the resulting error token.
Note: The evaluation sequencerule for when A1 and B1 arevectofsholdsif A1 or B1 isthe empty
vector. Theresult returnedisf/ 10.

The type of the result of inner product is numeric only because all permitted argument functions
return numeric results.
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9.3.3 Rank operator definitions

The following definitions are used in connection with therank operator:
cel: Thelast k itemsof the shape-list of an array determinerank-k cellsof thearray.

leading elements of its shape-list.

conform: The shape of a result is the frame of the argument (relative to the cells to
which the function applies) catenated with the shape of theindividual results produced
by applying the function to the individual cells. If the results do not agree in shape
they are brought to a common shape as follows:

If the ranks differ, they are brought to a common maximum rank by reshaping each
individual result to introduce leading unit lengths.

If theindividual shapesdiffer (after being brought to acommon r ank).gach isbrought
to a common shape by using take on each individual result, using ‘as the argument
to take the shape which is the maximum over the shapes.

rank-vector: Thisistheright argument of therank operator, andit is used to specify the
rank of the cells to which the function left argument is ta’be applied. For the monadic
case of a function thisis a single value. For the dyadic case of a function it isin
general atwo-element vector, thefirst element specifying therank of the cells of the left
argument, and the second el ement specifying therank of the cells of theright argument
to which the functionisto be applied. If only-asinglevaueis supplied for the dyadic
case of afunction, it isused to specify the€ells of both the left and right arguments to
which thefunctionwill be applied. In general, for an arbitrary function, the rank vector
isathree-element vector, with the elefents referring to the monadic rank, and the two
dyadic ranks, in order. No matter whether a one-, two-, or three-element vector v is
supplied as the rank vector, the &pression ¢ 3p $v produces a canonical rank-vector of
three elements, in which thefirst element defines the monadic rank, the second element
defines the dyadic left rank;'and the third element defines the dyadic right rank.
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9.3.4 Rank operator deriving monadic function

Z

<—f.o'yB

lLnformal nncr\ripfinn: Theresult of f o Y, isafunction \I\lhif‘h’ when applia’i o D’ raturns

Zl

the result of applying the function f to therank-y cells of B.

Evaluation Sequence:

If yisascalar, set ylto ,y. Otherwiseset yltoy.

If ylisnotavector, signal domain-error.

If y1 has more than three elements, signal length-error.

If any element of y1isnot anear-integer, signal domain-error.

Set y2 to $3pdyl.

Set y3to thefirst-item iny2.

Set y4 to theinteger-nearest-to y3.

If y4 exceeds therank of B, set y5totherank of B, otherwise set y5 to y4.

If y5isnegative, set y6to O [y5 plustherank of B, othérwise set y6 to y5.

Apply f to therank-y6 cells of B.

Conform theindividua result cells. Let their common shape after conforming beq,
and let p be the frame of B with respect tof;-that is, (rank of B) minusy6, and
return the overall result with shapep, g.

Examples:

,02 N233

111 112 113 121 122 123v131 132 133
211 212 213 221 222 @223 231 232 233

yo2 N233

111 121 131
112 122 132
113 123 133

211 22231
212 2227232
218 223 233

[N
NN O
w O O

150 N3

124
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9.3.5 Rank operator deriving dyadicfunction

Z«Af5SyB

lLnformal ﬁacr\ripfinn: Theresult of f o Y, isafunction \I\lhif‘h’ when applinrl H\J/::dir\nll\ll

between 4 and B, returns Z, the result of applying thefunction f between therank-I cells
of 4 and therank-r cellsof B, wherel and r are given by y.

Evaluation Sequence;

If yisascalar, set ylto ,y. Otherwiseset yltoy.
If ylisnotavector, signal domain-error.
If y1 has more than three elements, signal length-error.
If any element of y1 isnot anear-integer, signal domain-error.
Set each element of y2 to the integer-nearest-to each corresponding el ement of y1.
Set y3to ¢3pdy2.
Set y4 to the second e ement of y3.
Set y5 to the third eement of y3.
If y4 exceeds therank of 4, set y6to therank of 4; otherwiseset y6 toy4.
If y5 exceeds therank of B, set y7 to therank of\B, otherwise set y7 to y5.
If y6isnegative, set y8 to the maximum of zer@'and y6 plustherank of 4, otherwise
set y8toy6.
If y7 isnegative, set y9 to the maximum ofzero and y7 plustherank of B, otherwise
set y9toy7.
Set y10 to the shape of 4 with thelast y8 items removed.
Set y11 to the shape of B with the last y9 items removed.
Execute the indicated actionfor whichever of the following cases istrue;
Casey10 and y11 are-empty:
Set A1to 4 and B4.to B.
Case y10 isempty and y11 is nonempty:
Set A1 toAconform to B and B1 to B.
Case y10isnonempty and y11isempty:
Set A1 to A and B1to B conform to A.
Caseyi10 and y11 are nonempty:
If'y10 is not the same length as y11, signal arank-error.
If y10 does not match y11, signal alength-error.
Set A1toAand B1toB.
Apply f between each rank-y8 cell of A1 and each rank-y9 cell of B1.
Conform theindividual result cellsto give the overall resuilt.
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Examples:

0 1 2450 1 "ABC!
ABC

2 2 27151 0 N5

e o oo
coR RO
HOR OR

N3u+s2 N234
122 124 126 128
142 144 146 1u8
162 164 166 168

222 224 226 228
202 24l 2u6 248
262 264 266 268
N3,51 N3y
12311 12 13 14
12321222324
12 331 32 33 34
N2,50 2 N34
111 12 13 14
121 22 23 24
1 31 32 33 34

N

11 12 13 14
21 22 23 24
2 31 32 33,34

N
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10 Mixed Functions

10.1 Monadic Mixed Functions

10.1.1 Roll

Z < ?B

Informal Description: Z, for B a scaar integer, is index-origin plus'\R, where R is an
integer selected pseudorandomly from the set of all nonnegativéimtegers less than B.
Each integer in the set has an equal chance of being selected. Wsesindex-origin. Uses
and setsrandome-link.

Evaluation Sequence:

If index-originisnil, signa implicit-error.

If random-link isnil, signa implicit-error

Let J stand for item I of theravel-list of'5.

If B isnot scalar, return a numeric-array Z such that the shape-list of Z is the
shape-list of B and, for al I intheindex-set of the ravel-list of Z, item I of the
ravel-list of Zis 7.

If Bisnot anear-integer, signal domain-error.

Set B1 to theinteger-nearest-to B.

If B1isnotapositivetinteger, signal domain-error.

Using the implementation-algorithm pseudorandom-number-generator, whose
only inputsare-B1'and random-link, set Z0 to anonnegative-integer less-than B1,
then set random-link to anew value.

Return Zo-plusindex-origin.

Examples.

7111
r11
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S<IRL
?Up1E30
1.69584E29 2.5949F29 5.38382K29 8.38274E29
URL+S
?Up1E30

4 . T oL = b = =]
L. OIJOORLZLT Z.OTFILLT O« O0O00LLLT O«O0L/REZT

(71E20 1E20)+1E20
0.218959 0.678865

Additional Requirement:

The operation of roll isatomic: If roll signals an error, random-link shalde unchanged.
Theresult of 7B, where Bisan array, shall be reproducible.

A conforming-implementation shall provide documentation déscribing the properties of
its pseudorandom-number-gener ator.

Note: One class of appropriate algorithms is Lehmer’s linear* congruential method, described in
Knuth, D. E., Seminumerical Algorithms, page9.

Roll is often considered a scalar function. However, it<does not have the property that the elements
of its result array can be produced in parallel.
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10.1.2 GradeUp

Z<«AB

lLnformal ﬁncr\ripfinn: 7z ic' for B a \lor\fnr' a-perm tationof 1 pD forwhich D[7] s a

monotone increasing sequence. The indices of identical elements of B occur in Z in
ascending order. If Bisamatrix, A B grades therows, that is, it grades the base value
of the rows, using a base larger than the magnitude of any of the elements. Higher rank
arguments are graded as if their mgjor cells were ravelled. Usesindex-origin.

Evaluation Sequence:

If index-originisnil, signa implicit-error.
If therank of Biszero, signa rank-error.
If pBiszero, return 10.

If any item of theravel-list of Bisnot anear-real numbef, ’signa domain-error.
Otherwise, set B1 to an array having the same shape-as B, and with each element
having the value of thereal-number nearest to thabof'the corresponding el ement of
B.
If thefirst-item of pBisone, return a one-element-vector Z such that thetype of 2
isnumeric and therave-list of Z containsindex-origin.
Set K to the length of thefirst axis of B1.
If B1isavector, set B2 to B1.
Otherwise,
Set Mto 1+2x[/ | B1.
Set B2 toalist with X items, whereitem I isdetermined as follows:
Set B3 to the ravel-list’of subarray I along thefirst axisof B1. Set B2[I] to
M1B3.
Generate Z1, a permutation of 1 X such that for I and / elements of 1 X for which T
islessthan o;
B2[Z41[I]Jisnotgreater-than B2[Z1[J]] and
B2[ZtfI]] equalsB2[Z1[J]] impliesthat Z1[I] islessthan Z1[J].
Generate) Z, a numeric array with the shape-list of Z1 such that each item of the
ravel-list of Zis(index-origin minus one) plus the corresponding el ement of Z1.
Return Z.
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Examples:

AV +1.13.11.12.15.1
13425
ALY

1 T LY I
VLAV]
1.11.12.13.15.1
B

w w N w

BN N R
F oo F

AB
2143

— In thefollowing example, index-origin is zero.

AB
1032

Additional Requirement:

The system-parameter comparison-tolerance isnot an implicit argument of grade up.
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10.1.3 GradeDown

Z<«YVB

lLnformal ﬁncr\ripfinn- Grade-down-is like gr:rln up excent-that the. majnr cdals are in
N L

descending order.
Evaluation Sequence;
Return A-B.
Examples:

V<+1.13.11.12.15.1
v
52413
VLYV]
5.13.12.11.11.1
B

w w N w

RN N R
F o w0 F

VB
3142

— In thefollowing example, index-origifis zero.

VB
2031

Additional Reguirement:

Thesystem>*parameter comparison-toleranceisnot animplicit argument of gradedown.
Noté/Grade up and grade down are stable sort algorithms because they preserve the relative
order of identical elementsof B.

One appropriatealgorithmfor grade up and down appearsin Woodrum, L. J., I nternal Sorting with
Minimal Comparing, IBM System Journal, Vol. 8, No. 3, p.189, 1969.
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10.1.4 Reverse

Z <+ ¢B

7 < o B

Z < ¢[K] B
7 < e[K] B

Informal Description: Z isan array whose elements are those of B taken in reverse order
aong a specified axis. Usesindex-origin

Evaluation Sequence;

For form ¢B
If Bisscalar, return B.
Otherwise, return ¢ [ppB] B, evaluated with index-0rigin set to one.
For form eB
If Bisscalar, return B.
Otherwise, return ¢ [1] B, evaluated with index-origin set to one.
For forms $[X] Bande[K] B
If Kisnot avalid-axisfor B, signa axis-error.
Otherwise, set K1 to theinteger-neasest-to K.
If Bisavector, return B[ ( 1+pBJ)Z1pB], evaluated withindex-origin set to one.
Otherwise, returnan array Z, stich that thetype of Zisthetypeof B, the shape-list
of Z is the shape-list of B,”and the ravel-list of Z has the property that each
vector-item along-axis K1 of Z is ¢ applied to the corresponding vector-item
along-axisK1 of B.

Examples:

dN23
13 12 11
23 2221

d[2] N22y
1917122 123 124
111 112 113 114

221 222 223 224
211 212 213 214

Note: Variouserror checks have been performed on K by the phrase evaluators, and index-origin is
one, before this evaluation sequenceis called.
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10.1.5 Monadic Transpose

Z+Q8B

ISO/IEC 13751 2001 (E)

lLnformal nncr\ripfinn: 7 is B with the order of the axes razersed

Evaluation Sequence:

Return ($1ppB)&®B, evaluated with index-origin set to one.

Examples:

X3

PP83

&N23

11 21
12 22
13 23

111
121
131

112
122
132

113
123
133

114
124
18k

QN234

211
221
231

212
222
232

213
223
233

21K
224
234

Note: This subsection contains a forward referenceto dyadic transpose.
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10.1.6 Matrix Inverse

Z <« HB

Lnformal Descrintion— 7 is the result of annlvina a generalisation-of the matrix inverse.
g T PPy TSy

functionto B. Matrix inverseis matrix divide with an appropriate identity matrix as a
left argument.

Evaluation Sequence;

If therank of B isgreater-than two, signa rank-error.
Return ((2p1ppB)p1, (1ppB)e0) BB
Note: This subsection contains a forward referenceto matrix divide.
Thefollowing article describesthe motivation for matrix inverseand an acéeptable algorithm.

Jenkins, M. A,, Domino—An APL Primitive Function for Matrix | nversion—I tsI mplementation
and Applications. APL Quote-Quad Vol |11 No. 4, February 1972,{p. 4-15.
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10.1.7 Execute

Z < ¢ B

lLnformal nncr\ripfinn: Zisthe result of ar::ln::fing the character scalar or vector B as-a

line of APL.
Evaluation Sequence:

If therank of B isgreater-than one, signa rank-error.
If any item of therave-list of B isnot a character, signa domain-error.,Generate
anew context in which
mode is execute,
current-lineistheravel-list of B,
current-functionis0 0p' ',
current-line-number isone,
current-statement isthe empty list of tokens, and
stack istheempty list of tokens.
Append the new context to the state-indicator of the'aetive-workspaceasanew first
item.
Set Zto evaluate-line.
Remove thefirst context from the state-indicator.

Return Z.
Examples:
o' T<3!
T
3
(J«e'T<3"
3
A<e ™!
value-error

Note: If an exror is signalled during execute, the user should be able to deter mine from information
provided-by’the system where the error occurred in the argument of execute as well as where the
failirig.execute primitive occurredin the immediate-execution or defined-function line.
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10.1.8 Unique

Z < UB

lLnformal Descrintion— B must be avector orscalar 7 is avectorof the same tvyneas B
g T pA T

containing one copy of each uniqueitem in B. The order of theitemsin Z is the order
they first occur in the ravel of B. Uses comparison-tolerance.

Evaluation Sequence;

If comparison-toleranceisnil signa implicit-error.
If therank of B isgreater-than one, signa rank-error.
Set B1 to an empty-list of thetype of B.
Set B2 totheravel-list of B.
Repest:
If B2 isempty, return B1.
Set T'tothe vector-item one of B2.
Append T'to B1.
Remove from B2 dl itemstolerantly-equal-to Z, within comparison-tolerance.
(End of Repeated Block).

Examples:

U2 718281828458 04409
27184590

U'MISSISSIPPI'
MISP
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1019 First
Z «+ B
lLnformal ﬁacr\ripfinn: Zisthe first item of B in rows mejinr order If B is ampfy’ the

typical-element of B isreturned.
Evaluation Sequence:

Return first-thingy of B.

Examples:
M BEATA!
B
pp+'BEATA’
0
ANL32
111

Ay 5p(c'OSCAR'" ), (c"BEATA")
OSCAR

10.2 Dyadic Mixed Functions

10.2.1 Join Along an AXxis

z+A,[K]B

Informal Description:* Z isformed by joining A and B along adesignated axis. There are
two suboperations, catenate and laminate. The catenate suboperation joins the arrays
along an existing axis, the laminate suboperation along a new axis. The choice of axis
and the chice of operation is determined by X: if X is anear-integer, the operationis
catepate’and the axisis X; if X isnot anear-integer, the operation is laminate, the new
axisis [ K, and the axes greater than or equal to X are renumbered. Uses index-origin.

Evaluation Sequence:

If Kisnot anear-integer,
If Aisascalar, set A1to (pB)pA.

Otherwise, s&t A1 10 4.
If Bisascalar, set B1to (pA4)pB.
Otherwise, set B1to B.

If therank of A1 differsfromtherank of B1, signal rank-error.
If K isnotinthe open-interval-between zero and (oneplustherank of A1), signa

axis-error.

© ISO/IEC 2001 —All rightsreserved

137



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

I SO/IEC 13751 2001 (E)

If the shape-list of A1 differsfrom the shape-list of B1, signa length-error.

Set Tto (1,041) [AK, 1ppA1].

Set A2 to TpA1l.

Set B2 to TpB1.

Return A42,[[K] B2, evauated with index-origin set to one and with

comparison-tolerance set to nteger-toler ance.

If Kisanear-integer, evaluate the following with comparison-toler ance set to zero:
If both A and B are scalars, signal axis-error.
Set K1 to theinteger-nearest-to K.
If K1 isnotintheclosed-interval-between one and thelarger of therank of 4 and
therank of B, signal axis-error.
If Aisascalar,set A1to ((pB)*K1=1ppB)pA
Otherwise, set A1t0 A.
If Bisascalar, set B1to ((pA)*K1=1ppA4)pB.
Otherwise, set B1to B.
If therank of B1 minustherank of A1isone,
set A2to (1,pA1) [AK1,10pA1]pAL
Otherwise, set A2 to A1.
If therank of A1 minustherank of B1isone,
set B2to (1,0B1) [AK1,10pB1]pB1
Otherwise, set B2 to B1.
If therank of A2 differsfrom therank.of“52, signal rank-error.
If any axisof A2 except axis K1 differsfrom the corresponding axis of B2, signa
length-error.
If B2 isempty, return ( (pA2)+(pB2)xK1=1ppB2)pA2
If A2 isempty, return ( (pA2)+(pB2)*K1=1ppB2)pB2
If A2 and B2 are vectorsyreturn A2 , B2.
Otherwise, return Z,.anarray such that the
shape-list of Zis (pA2)+(pB2)xK1=1ppB2 and the ravel-list of Z has the
property that each vector-item along-axis K1 of Z is A3,B3, where A3 is the
correspondingyvector-item along-axis K1 of A2 and B3 is the corresponding
vector-itemyalong-axis K1 of B2. The type of Z is the sufficient-type of the
ravel-lish of Z under the type mixed.

138
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Examples:

(«M<«2 3p'A!
AAA
AAA

000
000
000
M,[1]H
AAA
AAA
000
000
000
«L<2 Up '’
oooa
oooa
M,L
AaAOO0O0
AaAOO0O0
M, "+
AAA+
AAA+
M, 347
AAA3
AANAY
M,[1]'3u5!
AAA
AAA
345
12 3,L5] 456
23
56
N2 3,[1.5]4 56

1
i

/N
O OV 4=

12 3,[1.5]4

o N
=

(2 0p5),'4"

~

p3,[.5]""

N
(@]
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Note: Variouserror checks have been performed on K by the phrase evaluators, and index-origin is
one, before this evaluation sequenceis called.

10.2.2 Index of

Z<«A11B

Informal Description: Zisanumericarray of shapepB. Each element of Zistheleastindex
in 4 of avaluetolerantly-equal withincomparison-toleranceto the correspondingitem
of B. Usesindex-origin. Uses comparison-tolerance.

Evaluation Sequence:

If index-originisnil, signa implicit-error.

If comparison-toleranceisnil, signa implicit-error.

If Aisnotavector, signa rank-error.

Set Zto +/A\Be .24, evaluated with the current valueQf comparison-tolerance.
Return Z plusindex-origin.

Examples:

Note: In the following example, index-origin is zero.
(«<4<2 2p1.4 3.1 5.1 4.t
3.1
4.1
3.1 4.1 5.114

1.1
5.1

0
1

N w

'ABC'13
3

Note: In the following example, index-origin isone.
'@234BC" 1 '3BD!
357
11234BC"13
7
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10.2.3 Member of

it iszero. Uses comparison-tolerance.

Evaluation Sequence:

If comparison-toleranceisnil, signal implicit-error.
Return v/Ao . =, B, evauated with the current value of comparison-toler ance.

Examples:

0<B<2 2p1.1 3.1 5.1 4.1

1.1 3.1
5.1 4.1
3.15.17.1 €B
110
19¢'CLUB'
0
'BE'" €'BOP'
10
'"NADA'€10
0000
(I/10)el/10
0

Note: If Bisempty, theresult of AeBis (pA4)pO0.
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10.2.4 Deal

Z<«A?B

lLnformal ﬁacr\ripfinn: Zisindex nrigin plnc D’ where P is aviector of chapn A _obtained

by making A pseudorandom sel ections without replacement from the set of nonnegative
integersless than B. Usesindex-origin. Uses and sets random-link.

Evaluation Sequence:

If index-origin isnil, signa implicit-error.

If random-link isnil, signa implicit-error.

If therank of 4 or therank of B isgreater-than one, signal rank-ertor:

If either of 4 or Bisneither ascalar nor aone-element-vector, signatlength-error.
If either of A or Bisnot anear-integer, signal domain-error.

Set A1 totheinteger-nearest-to 4.

Set B1 to theinteger-nearest-to B.

If either of A1 or B1isnot anonnegative-number,.signal domain-error.

If A1 isgreater-than B1, signal domain-error.

If Aliszero, return 10.

Using theimplementation-algorithm deal, generate anumeric vector Z0 of length
A1 whose elements are selected in a pseudorandom fashion without duplication
from the integer s in the closed-inter val-between zero and B1 minusone, then set
random-link to anew value.

Return Z0 plusindex-origin.

Example:

127300
2 3 42 94 70 10§ 215 9 110 298 201 5

Additional Requirement:

The selection of elementsin Z is pseudorandom (see the operation roll). The elements of
Z, theirorder, and the new value of random-link are determined by an implementation-
algorithm whose only inputs are A1, B1 and random-link. The operation of deal is
atomic: if deal signas an error, random-link shall be unchanged. The result of 4 7B,
where 4 and B are arrays, shall be reproducible.
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10.2.5 Replicate

Z<«A/B

7 <« A L B

z <+ A /K] B
z «< A +[K] B

Informal Description: Zisan array formed by replicating the subarrays, along a Specified
axisof B, thenumber of timesindicated by the corresponding el ement of thenear-=integer
vector or scalar A. Usesindex-origin.

Evaluation Sequence;

If Aisascalar, set A1to , A.
Otherwise, set A1 to A.
If Bisascalar, set B1to (pA1)pB.
Otherwise, set B1 to B.
ForformA/B
Return 41/ [ppB1] B1 evauated with index-origin set to one.

For form A#B
Return 41/ [1] B1 evduated withrindex-origin set to one.

For forms A/ [K] Band A#[K1 B
If Kisnot avalid-axisfor BL;’signal axis-error.
Otherwise, set K1 to theihteger-nearest-to X.
If therank of A1 isgQreater-than one, signal rank-error.
If the count of 41-isone, set A2to (pB1) [K1]pAdl
Otherwise, seted2-to A1.
If pA2 isnotthesameas (pB1) [K1], signa length-error.
If any item-of therave-list of A2 isnot anear-integer, signal domain-error.
Set A31t0theinteger-array-nearest-to 42.

If,-ahy item of the ravel-list of A3 is not a nonnegative-integer, signal domain-
error.
If Blisavector,
If every item of A3 isnear-Boolean return B1[ (+/43)pVA43].
Otherwise, return B1[( ,A30.>1[/0,43)/,(1pB1)o.+0x1[/0,A3]
Otherwise, return an array Z such that

Theshape-Hs-of-ts-{{Kkdz1ppBiixp Bl {Ki=rppBixrlA3 avalusted
with comparison-tolerance set to zero,

Theravd-list of Z has the property that if Z2 and B2 are corresponding vector-
itemsalong-axis K1 of Z and B1 respectively, then Z2 isA3/B2.

Thetypeof Zisthesufficient-type of the ravel-list of Z under thetype of B.
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Examples:

101/123

13
1/123
+2-3
321/123
111223
101/ 2
22

0010010 /[2] N2714
1311 1312 1313 1314

1611 1612 1613 1614
2311 2312 2313 2314

2611 2612 2613 2614

p1/1
1

oo(,1)/2
1

3u4/12
1112222

Note: Variouserror checks have been perforimed on K by the phrase evaluators, and index-origin is
one, before this evaluation sequenceis:called.

Note: If the left argument is boolean, the function may be called compress.

Note: 1/A for ascalar Ay returnsa vector.
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10.2.6 Expand

Z«A\B

7 <« A N B

Z <« A\[K] B
Z < AX[K] B

Informal Description: Zis, for anear-Boolean scalar or vector 4, an array of the same
type as B containing subarrays of B along a specified axis.

For vector B, Zissuchthat A/A\BisBand, if Pisthetypical-elementof B, (~4) /A\B
is (+/~A)pP, dmilarly, A/ [K1A\[K1Bis B, A#A\Bis B, andts4) / [K1A\ [(K]B
and (~A) fAX\Bare arrays of thetypical-element of B. Usesifdex-origin.

Evaluation Sequence:

If therank of 4 isgreater-than one, signal rank=error.
If any item of theravel-list of 4 isnot anear‘Boolean, signal domain-error.
Set A1 to the Boolean-array-nearest-to , AC
If Bisascalar, set B1to (+/41)pB.
Otherwise, set B1to B.
For form A\B
Return 41\ [ppB1] B1 evaluated with index-origin set to one.
For form AXB
Return 41\ [1] B1 evauated with index-origin set to one.
For forms A\ [K] BandA\[K] B
If Kisnot avalid-axisfor B1, signa axis-error.
Otherwise, set. X1 to theinteger-nearest-to X.
If (pB1)[EK<] differsfrom +/A41, signa length-error.
Return-an array Z such that
thetype of Z isthetypeof B,
the shape-list of Zis ((K1z1ppB1)*xpB1)+(K1=1ppB1)xpA1, evauated
with comparison-tolerance set to zero, and
theravel-list of Z hasthe property that A1/[K1]ZisB1land (~A1)/[K1]Z
isan array consisting entirely of thetypical-element of B.

Note: Variouserror checks have been performed on K by the phrase evaluators, and index-origin is
one, before this evaluation sequenceis called.
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Examples:

1011\13
1083
1110 1\"ABCD'

Va i aY
AD0 D

10 1\2
202
10 1\[2] 2 2 p'ABCD'
A B
CD
1011\123
1023
101 153
3033
0 1\31 p3.14 2E17 u47
0 3.14E0
0 2.00E17
0 u4.70FE1
0 O\5
00

10 1 0\[2] N22u
111 112 113 114

0O 0 0 0
121 122 123 124
0O 0 0 0
211 212 213 214
0O 0 0 0
221 222 223 22U
0 0 0,.-\0
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10.2.7 Rotate

Z<«A¢B

7 <« A o B

Z < A ¢LK] B
Z < Ae[K]B

Informal Description: Zisan array of the same type and shape as B in which &ements
have been shifted cyclically along a specified axis. The amount and directien of shiftis
controlled by 4. Usesindex-origin.

Evaluation Sequence;

For form4 ¢B
If Bisascalar and 4 iseither ascalar or avector ef\fength one,
If any item of theravel-list of 4 isnot anear<nteger, signal domain-error.
Otherwise, return B.
Otherwise, return A ¢ [ppB] Bevauated with index-origin set to one.
For form A eB
If Bisascalar and 4 iseither ascalar or avector of length one,
If any item of theravel-list of 4isnhot anear-integer, signa domain-error.
Otherwise, return B.
Otherwise, return 4 ¢ [1] .Bevaluated with index-origin set to one.
For forms4 ¢[K] Band ALe[K] B
If Kisnot avalid-axisfor B, signa axis-error.
Otherwise, set K1 totheinteger-nearest-to X.
If Aisascalary.set A1to ((K1z1ppB)/pB)pA4, evaluated with comparison-
tolerance set\to zero.
Otherwisg, set’ A1 to A.
If A1 isaoene-eement-vector and Bisavector, set A2to (10)p4d.
Othérwise, set A2to A1.
If-the rank of B minustherank of 42 isnot one, signd rank-error.
If the shape-list of A2 isnot the same as the shape-list of B with axis K1 omitted,
signa length-error.
If any item of theravel-list of 42 isnot anear-integer, signal domain-error.
Set A3totheinteger-array-nearest-to 42.
If A3 isascalar and B is avector, return B[1+(pB) | 1+A3+1pB] evauated
with comparison-tolerance set to zero.

Otherwisereturn Z, an array such that the shape-list of Z isthe same as the shape-
list of B, thetype of Z isthe same asthetype of B, and theravel-list of Z hasthe
property that if ZO isavector-item along-axis K1 of Z, A0 isthe corresponding
item of 43, and BO isthe corresponding vector-item along-axisK1 of B, then Z0
isA0 ¢BO.
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Examples:

3012 345
L5123
T141 2345

oo 1

\'._) 1 VARG RS
“7¢'"ABCDEF"

FABCDE
1eN33

21 22 23

31 32 33

11 12 18
1¢[11N33

21 22 23

31 32 33

11 12 18
1 2 3¢N34

12 13 14 11

23 24 21 22

34 31 32 33
N23¢[2]N2u3

141 112 123

111 122 133

121 132 143

131 142 113

221 232 243
231 242 213
241 212 223
211 222 233

Note: Variouserror chegks have been performed on K by the phrase evaluators, and index-origin is
one, before this evaluation sequenceis called.
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10.2.8 BaseValue

Z+«A1B

lnformal Descrintion: Zis for 4 and B numericvectors-—anumber nroduced by reqarding
g T g g Lig yog )

B astherepresentation of anumber inthe mixed radix number system specified by A. If A
or Bisan array of rank greater than onethevalueislikeinner product: each vector-item
along the last axisof A isapplied to each vector-item aong thefirst axis of B.

Evaluation Sequence:

Set A0to 1pd1, pA

Set BOto 1p(pB), 1.

If A0 differsfrom BO,
If Aisascalar or one-dlement-vector, return (BOp4) LB.
If Bisascalar or one-dlement-vector, return A1LA0pB.
Otherwise, signa length-error.

If A0 isthe same as BO,
If any item of therave-list of 4 isnot anumber,)signal domain-error.
If any item of theravel-list of B isnhot anumber, signa domain-error.
Return (68 ($pA)p&®x\ ¢4, 1)+. B,

Examples:

1011 2 3
123
24 60 60 11 2 3
3723
[J«A<2 3p10 10 410 12 60 60
10 10 10
12 60 60
[«B«32p1 4 2 536

w N =
o O F

41B
123 U56
8723 14706

~.001 10 1011 2 3
123

60 11 2 3

=

3723

11l3
0

TA'110
0
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Note: The shaperequirementsof 4 and B areintentionally stricter in this definition than in several
existing systems. Specifically, this International Standard does not requirethat if thelast axisof 4 is
one it be replicated to match thefirst axis of B, or that if the first axis of B is oneit be replicated to
match the last axis of A.

The first element of each left argument has no actual effect on the result of base value, but permits

USEOf e Same feftargument for basevatue and Tepresanmation. A TS a postive TaImer ic Vector and
B anon-negative numeric scalar such that B<x /4, then ALATBisB.
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10.2.9 Representation

Z«ATB

lLnformal nncr\ripfinn: Zisthe reprmaﬁf::finn of B inmixed-radix number cyd-am Vil

Evaluation Sequence:

If Aor Bisempty, return ( (pA),pB)p0.
If any item of theravel-list of 4 isacharacter, signal domain-error.
If any item of theravel-list of Bisacharacter, signal domain-error.
If Aisscalar, return 4 | B, evaluated with comparison-toler ance set to zero.
If Aisavector and Bisascalar,
Generate two numeric vectors Z and Cthat satisfy the following constraints:
Thelength of ZispA.
Thelength of C'is 1+pA.
C[1+pAlisB.
For all scalar indices I in 1pA:
ZLITisALI]TCLI+1].
If ALI]iszero, C[I] iszero;
Otherwise, C[I]is (CLI+1]-Z[IIHFALI].
Return Z.
Otherwise, return Z1, an array such that thetype of Z1isnumeric, the shape-list of
Z1is (p4) ,pBandtherave-list ofZ1 hasthe following property:
Let T stand for an item of the index-set of the ravel-along-axisone of A.
Let A1 stand for vector-item(J of theravel-along-axisone of A.
Let J stand for an item ofthe index-set of theravel-list of B.
Let B1 stand for item~J.ef theravel-list of B.
Let NV stand for the count of B.
Let Pstand for &+ (Nx(I-1)).
Then, vector=item P of therave-list of Z1 along-axisoneisA1TB1.
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Examples:

10 10 107123
123
10 10 107123 456

w N H
o o F

A«11 3p10 16 2

'0123456789ABCDEF' [81+AT1000 1024]
00000001000
000000003F£8
01111101000

00000001024
00000000400
10000000000
222711
111
022711
111
01 7T3.75 3.75
3 u
0.75 0.25

Note: The shape of the result of representation is always (pA4) , pB.

The system-parameter compar ison-toleranceis not an implicit argument of representation.
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10.2.10 Dyadic Transpose

Z«AS8B

Lnformal Descrintion:— 7 is-an-arrav formed by rearranaina-and-nossiblbv coalescina-the.
g T o4 Y grY 14 P4 g

axes of B according to the vector 4. Each element of A corresponds to an axis of B by
position and to an axis of Z by value. The largest vaue in A determines the rank of
Z. All axes of Z must be present in A. If A contains no repeated elements, the shape
of Zis (pB) [A4]. Repeated elementsin 4 select diagonals from B. The length of-the
corresponding axis of Z is the shortest of the lengths of the designated axes of-B.\Uses
index-origin.

Evaluation Sequence;

If index-origin isnil, signa implicit-error.

If Aisascalar, set A1to , A.

Otherwise, set A1 to A.

If A1isnotavector, signa rank-error.

If thelength of 41 isnot the same astherank of B_sighal length-error.

If any item of theravel-list of A1 isnot anear-integer, signa domain-error.

Set A2 to the integer-array-nearest-to A1. *Generate A3, a numeric array with
the shape-list of 42 such that each item<of the rave-list of 43 is (one minus
index-origin) plus the corresponding element of 42.

If A/JA3e1[/0,A3 evaluated with-comparison-tolerance set to zero is not one,
signal domain-error.

If A/(1[/0,A3)eA3evaduated with comparison-tolerance set to zero is not one,
signal domain-error.

Return an array Z havingthe following properties.

Therank of Zis [ Q) AS3.

Theshape-list of. Zissuchthat for al I intheindex-set of theshape-list of Z, item
I of theshapedlist of Zis |/ (43=I) /pB, evaluated with comparison-tolerance
set to zero.

Theravel-list of Zissuchthat, for al Jintheindex-set of theravel-list of Z, item
Jofttheraved-list of Zisitem 1+ (pB)L((pZ)TJ-1) [A3]of theravel-list of
B.

Thetypeof Z isthe sufficient-type of theravel-list of Z under thetype of B.
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Examples:
1 3 28%N234
111 121 131
112 122 132
++3—423—433
114 124 134
211 221 231
212 222 232
213 223 2383
214 224 234
1 18N34
11 22 33
3 1 28N234
111 211
112 212
113 213
114 214
121 221
122 222
123 223
124 224
131 231
132 232
133 2383
134 234
pp(10)85
0
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10.2.11 Take
Z <« A+ B
lnfarmal Descrintion: 7 is an arrav havina shane 1 4 Infarmally 7 is a caorner of B
~ N 7 J o LIl J

The choice of corner isbased on the signs of the elements of 4. If the absol ute val ues of
elements of A4 are greater than corresponding elements of pB, then Z is padded with the
typical-element of B.

Evaluation Sequence:

If therank of 4 isgreater-than one, signal rank-error.
Set A1to ,A.
If Bisascalar, set B1to ((p41)p1)pB.
Otherwise, set B1 to B.
If the shape-list of A1 does not match therank of B1, signal length-error.
If any item of theravel-list of A1 isnot anear-integer, signal domain-error.
Set A2 totheinteger-array-nearest-to A1.
Return an array Z such that:
The shape-list of Zis |42.
The ravel-list of Z has the property that foreach scalar I intheindex-set of the
ravel-list of Z, i tem I of theravel-list'of Z is determined as follows:

Let J stand for ((]A2)TI-4)+(42<0)x42+pB1 evaluated with

comparison-tolerance set to zexo:

If each dement of J is in 'the open-interval-between negative-one and
the corresponding elememt of pB1, item I of the ravd-list of Z is
(,B1)[1+(pB1) 1l

Otherwise, item I oftHerave-list of Z isthetypical-element of B.

Thetype of Z isthesufficient-type of theravel-of Z under thetype of B.

Examples:
24+N5
12
—21TN5
4 5
T2 64NuYL

81 32 333400
41 42 43 44 0 O

T4 4499
000 O
|V ANV VRV
000 O
0 00 99

2410
00
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10.2.12 Drop
Z <« AV B
lLnformal nncr\ripfinn: 7 is a cornerof Bwith chapo Q0 Ir( pD\ — ! A _The choice-of corner.

is based on the signs of the elements of A.

Evaluation Sequence;

If therank of 4 isgreater-than one, signal rank-error.

Set A1to ,A.
If Bisascalar, set B1to ((p41)p1)pB.
Otherwise, set B1to B.

If the shape-list of A1 does not match therank of B1, signa length-error.
If any item of theravel-list of A1 isnot anear-integer, signadamain-error.

Set A2 totheinteger-array-nearest-to A1.

Return (( (A2<0)x0TA2+pB1)+(A220)x0A2-pB1) 4B1 evaluated with

comparison-tolerance set to zero.

Examples:
1¥N5
2345
2 T1yNuy
31 32 33
41 42 43
p1+5
0
p0+5
1
pl 2 3v4
000
'1y5
5
pp" 5
0
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10.2.13 Matrix Divide

Z<+<AHB

lLnformal nncr\ripfinn- 7 istheleast sauares-solutionto-alinear Glldm\ spnecified h\J/ A and
N 1 bt

B.
Evaluation Sequence:

If therank of 4 or therank of B isgreater-than two, signal rank-error.

Set A1to (24(pA),1 1)pA

Set B1to (24(pB),1 1)pB.

If 14pAlisnotthesameas 1+pB1, signa length-error.

If 1+pBilislessthan ~14pB1, signa length-error.

If any item of therave-list of 4 isnot anumber, signal domain-error.

If any item of therave-list of Bisnot anumber, signal domain-error.

Usetheimplementation-algorithm matrix-divideto genérate an array Z, such that
the type of Z is numeric, the shapelist of Z is f~4+pB1), 14pA1, and the
ravel-list of Z has the property that for each scalaf)IYin 1~ 1+pA1, Z[;I] issuch
that it minimises+/ (A1[; I]-Bi+.xZ[; I1)*2

If Z cannot be uniquely determined within ateasonable round-off criterion by the
above constraints, signal domain-error.

Return ( (14pB) , 14p4)pZ

Additional Requirement:

The round-off criterion discussed above is not specified by this International Standard.

Note: The following article describesan acceptable algorithm for matrix division:

Jenkins, M. A, Domino—+An APL Primitive Function for Matrix | nver sion—Itsl mplementation
and Applications. '‘APL Quote-Quad Vol |11 No. 4, February 1972, pp 4-15.
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10.2.14 Indexed Reference

Z < ALI]

lLnformal ﬁncr\ripfinn: 7 is an array hnnciding of adlements-of the array- 4 _selected -and

structured by the positionand values of thearraysintheindex-list I. Usesindex-origin.
Evaluation Sequence;

If the number-of-items in the index-list T does not match the rank of A/sgha
rank-error.
In thefollowing,
Let 7X stand for (array) item X of 1.
Let JX stand for (array) item X of <.
Let LX stand for (array) item X of L.
Let LY stand for (array) item X+1 of L.
Generate J, an index-list having the same count as I such.that for every item X of
theindex-set of I,
If X isan eided-index-marker, set JXto ~ 1+{(p4) [X].
Otherwise,
If any item of theravel-list of IX isnot anear-integer, signa domain-error.
Set JX to theinteger-array-nearest-tod X.
Set JX to JX minusindex-origin.
If any element of JX isnot an element of ~ 1+1 (p4) [X], signa index-error.
Set JXto JX xx/ XypA.
Generate L, an index-list with. £3p oA (array) itemssuch that
Item 1+ppA of L isone:
Foral Xin 1pp4, LXisdX o.+ LY.
Let X stand for first-item' in thelist of arrays L.

Return (,4) [K)-
Examples:

N2 3[2]
2

N222[2 13;2]
212 222
112 122

Note: Snce an index-list has at least one item, indexing will always signal rank-error when
argument 4 is a scalar

The vector indexing on which this subsectionis basedis defined in the subsection evaluate-indexed-
reference.
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10.2.15 Indexed Assignment

Z « VLI] «B

lLnformal ﬁacr\ripfinn: 7is B _As a side affml indexed nccignmnnf sats elements of

the array V selected by the position and values of the arrays in the index-list I to
corresponding el ements of B. Notethat, at thisstage, Visknownto beavariable-name,
not avalue. Usesindex-origin.

Evaluation Sequence;

If index-origin isnil, signa implicit-error.
Set A to the current-content of V.
If the number-of-items in the index-list I does not match the-rank of 4, signd
rank-error.
In thefollowing,
Let 7X stand for (array) item X of 1.
Let JX stand for (array) item X of <.
Let LX stand for (array) item X of L.
Let LY stand for (array) item X+1 of L.
Generate J, an index-list having the same count as I such that for every item X of
theindex-set of I,
If X isan eided-index-marker, set,.J¥'to ~ 1+1 (p4) [X].
Otherwise,
If any item of theravel-list of\ ¥X isnot a near-integer, signal domain-error.
Set JX totheinteger-arraysnearest-to IX.
Set JX to JX minusindex-origin.
If any element of JX\s'not an element of ~ 1+1 (p4) [X], signa index-error.
Set JXto JX xx/ XJpA.
Generate L, an index-tist with 1+pp4 (array) items such that
Item 1+ppdefL isone.
Foral Xin 1pp4, LXisJX o.+ LY.
Let X standifor first-item inthelist of arrays L.
Set Ki4o ( (12pK) /pK) pKevauated with comparison-tolerance set to zero.
Set®B1to ((12pB)/pB)pBevauated with comparison-tolerance set to zero.
If\B1 isascalar, set B2to (pXK1)pBi.
Otherwise, set B2 to B1.
If therank of X1 isnot the same astherank of B2, signa rank-error.
If any item of the shape-list of K1 is not the same as the corresponding item of the
shape-list of B2, signal length-error.
Set Mto one.

Repest:
If Misnot greater-than the count of X1,
Let K2 stand for item M of theravd-list of X1.
Set item K2 of therave-list of 4 toitem M of the ravel-list of B.
Set Mto M plusone.
Otherwise,
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Set thetype of A to the sufficient-type of theravel-list of 4 under thetype mixed.
Set thecurrent-referent of Vtoatoken whoseclassisvariableand whose content
isA.
Return atoken whose classis committed-value and whose content is B.
(End of repeated block)

Examples:

X223

O«X[3 2]«4 5
45

X
154

O«Y<«N222
111 112
121 122

211 212
221 222
O«Y[2 1;;1]1«N12121
11111
11121

12111
12121

Y
12111 112
12121 122

11111 212
11121 222

Additional Requirements:

Thelevaluation sequence requires that after the statement A[1 1 1J<«1 2 3 has been
evaluated the value of A[1] be 3.

Indexed assignment exhibits atomic behaviour. If indexed assignment signals an error,
the value of ¥ shall be unchanged.

Note: Since an index-list has at least one item, indexing will always signal rank-error when
argument 4 is a scalar.
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10.2.16 Without

Z+«A~B

lLnformal Descri pfinn: 7 is avectorwhose alements-are the dements of 4 without those

that are also elements of B. Uses comparison-tolerance.
Evaluation Sequence:

If comparison-toleranceisnil, signal implicit-error. Iftherank of A or Bisgreater-
than one, signa rank-error. Set A1to ,4; set B1to ,B. Return (~4A1eBD) /A1,
evaluated with the current value of comparison-tolerance.

Examples:

123 45-342

15
1123345~342
115
'"NAPOLEON'~'NEON'
APL
10.2.17 Left
Z+«A-B

Informal Description: Zis#.

Evaluation Sequence:

Return A.
Examples:

0-1
0

1-0
1

N2 <4"FRANCE'
12
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10.2.18 Right

Z<«A+-B

lLnformal nncr\ripfinn: 7is B

Evaluation Sequence:

Return B.
Examples:

o1
1

1+~0
0

N2 ~"FRANCE'
FRANCE

10.2.19 Character Grade Definitions

A precedes Bin Corder: An operation that; for character-vectors A and B and character
array C of rank greater-than zero, returns a Boolean result determined by the following
eval uation sequence;

Evaluation Sequence:

Set AX totherank of C.
Repeat
Set C1 tothearray-of-vectors along-axisAX of C.
Generate A€, anumeric vector with the samelength as 4, such that for dl I inthe
index-set of 4, AC[I] istheminimumof V1A[I] over alitems Vin C1.
Generate BC, anumeric vector with the same length as B, such that for dl I inthe
index-set of B, BC[I] istheminimum of V1B[I] over alitems Vin C1.
If ((AC<BC)11) < (AC>BC)11,returnone.
Set AXtoAX-1.
If AX equals zero, return zero.
(end of repeated sequence).

e h D in otder - An

orderor B precedes 4in C order and otherwise returns one.
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10.2.20 Character Grade Down

Z <AV B

lLnformal ﬁncr\ripfinn: Zis-a permi tation-of the index sat of the first axisof B which

specifies a stable sort of the character subarrays crossing that axis into a non-increasing
seguence according to an ordering relation given in the collating array 4. Uses index-
origin.

Evaluation Sequence:

If index-originisnil, signa implicit-error.
Set 70 tothenumeric-scalar with valueindex-origin minusone.
If any item of theravel-list of A isnot acharacter, signa domain-error.
If any item of theravel-list of Bisnot acharacter, signa domain<error.
If Aisascalar signa rank-error.
If Aisempty, return 70+114pB.
Set B1to ((14pB),*x/1¥pB)pB
If 1+pBiszero, return 1 0.
If 14pBisone, return aone-edement-vector Z such'that the rave-list of Z contains
index-origin.
Otherwise, generate Z, a permutation of 1 1.%p B such that for every pair (Z and J) of
dements of 1 1+pBwhere I isless-than-J either:
B1[Z[J] ;] precedes BA[Z[I153in A-order or
B1[Z[I];] identifieswith BLNLZ[J] ;] in A-order and Z[I] is lessthan
Z[J].
Return Z+10.
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10.2.21 Character Grade Up

Z <A AB

lLnformal ﬁacr\ripfinn: Zis-a permi tation-of the index sat of the first axisof B which

specifies a stable sort of the character subarrays crossing that axisinto a non-decreasing
sequence according to an ordering relation given in the collating array A. Uses index-
origin.

Evaluation Sequence:

If index-originisnil, signa implicit-error.
Set 70 tothenumeric-scalar with valueindex-origin minusone.
If any item of theravel-list of A isnot acharacter, signa domain-error.
If any item of theravel-list of Bisnot acharacter, signa domain<error.
If Aisascalar signa rank-error.
If Aisempty, return 70+114pB.
Set B1to ((14pB),*x/1¥pB)pB
If 1+pBiszero, return 1 0.
If 14pBisone, return aone-edement-vector Z such'that the rave-list of Z contains
index-origin.
Otherwise, generate Z, a permutation of 1 1.%p B such that for every pair (Z and J) of
dements of 1 1+pBwhere I isless-than-J either:
BA[Z[I];] precedes B1[Z[J153in A-order or
B1[Z[I];] identifieswith B&NLZLJ] ;] in A-order and Z[I] is lessthan
ZLJ].
Return Z+10.

Note: In comparing rows of B1} differences at low index positions are more significant than those
at higher index positions. Thus, if 'a' comesbefore ' b' in A-order, therows 'aa', 'ab', 'ba’,
and 'bb' arein ascending 4-order.

Every axis of the collating array A defines an ordering of the character set. A character 's lowest
index along an axisdefinesits position in the order described by that axis (low indices precede high
indices). Charactersnot found in A are equal and occur after all charactersin A.

The order-given along A’s last axis is the most significant. The result of character grade groups
togetherrows of B which are equal under this (major) ordering. Within each such group, the result
arranges 5's rows according to the hierarchy of (minor) orderings along axes of A ending with the
first (least significant) axis. Character gradeis stable; its resultsare equal under all the A-orderings
in the order that they occur in B.

Hierarchical sorting allows distinctions such as spelling, case, font, and length to carry their proper
lexicographic weight. For example, the rows of ¥ (below) are taken in order from Webster’s New

Collegiate Dictionary.
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(2 20"ABBA') A 'AB'[?5 2p2] a A AND B ARE EQUIVALENT

12345

A«2 14p' abcdegikimnrt ABCDEGIKLMNRT'

LI AAT7. 1

e L amury:s

Ab aba

AB abaca

aba abecedarian
ABA black

abaca black belt
abecedarian blackball
Abelian blacking
black Ab

blackball Abelian

black belt  AB
blacking ABA

Black Mass Black Mass

abecedarian

black belt
blackball
blacking
Black Mass

W LZIW 5

ADb

AB

aba

ABA

abaca
abecedarian
Abelian
black
black belt
Black.Mass
blackball
blacking

Note: Character gradeis equivalent to the function SRT4 defined in Smith, Howard J., " Sorting —
A New/Old Problem", APL Quote-Quad 9, 1, June 1979, pp.123-127
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10.2.22 Pick

Z«A>B

lLnformal nncr\ripfinn: 7Zisanitem selected from-somelasa of B4 isascalar orvector

Theitems of 4 are selectors applying to one or more successive levels of B, such that the
first (or only) item of A selects an item from B, the next (if any) selects anitem fromthis
item, and so on. The length of each item in A must agree with the rank of the object to
whichitisto be applied. Usesindex-origin.

Evaluation Sequence;

If index-origin isnil, signa implicit-error.

If therank of 4 isgreater-than one, signal rank-error.
If 4isempty, return B.

If the count of a isone;

Set A1 tothefirst-thingy of A.

If A1isnotasimplearray, signa domain-error,

If therank of A1isgreater-than one, signa rank-error

Set A2 totheravel-list of A1.

If any itemin A2 isnot anear-integer, signa domain-error.

Set A3toalist with each item the integer-nearest-to the corresponding el ement of
A2.

If thenumber-of-itemsin A3 is\net the same as the rank of B, signa rank-error

Set A4 to alist, with each. item equa to the corresponding item in A3, minus
index-origin.

For every member X of\the index-set of AL

If item X of AU islessthan zero, or greater-than-or-equal-to item X of the
shape-list of\B,'signal index-error.
ReturnitemA(pB) LA4 of therave-list of B.

Otherwise, return (1vA)>(144)2B.

Examples:
3> 'OSCAR!
C
(,3)210 11 12 18
12
(c3 2)oNuy
32
5o HOSCAR ) BEA A
R
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10.2.23 Identical

Z+«A=B

lLnformal nncr\ripfinn- Raturns 1 if 4 and B match with resnect to structure and r\nnfonf'
N Dt o

and O otherwise.
Note: I|dentical is sometimes called “ match” .
Evaluation Sequence:

If A and B are both simple-scalars, return A=B.

If the shape-list of 4 isdifferent from the shape-list of B, return zero:

If Aisempty, return (14,4)=14,B.

Set 41 tothefirst item of theravel-list of 4, and B1 to the first-item of the ravel-list
of B.

Set Z71to A1=B1.

If Z1iszero, return zero.

Set A2 to therest of theravel-list of 4, and B2 to therest of theravd-list of B.

If A2 isempty, return one.

Return A2=B2.

Examples:

"SOLAR'="'SOLAR'

1

(2 3 p16) =16
0

(1,0p" '")=1,0p0
1
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10.2.24 Disclose

Z <>B

lnformal Descrintion: For B _an arravof shane 4 all of whoseitems have the same rank
g T T o4 it o T

K, Z isan array of shape 4, M where M is the maximum over the shapes of theitemsin
B, and each rank-X cdll of Zistheresult of /4 of the correspondingitemin B.

Evaluation Sequence:

Set Mto max-shape-of B.

Set M1to (pB) ,M

Set Kto pM.

Set Sto theindex-set of theravel-list of B.

Returnan array Z such that p ZisM1, and such that for every member I of S, the I"th
rank-K cell ism+C, where C'isitem I of theravel-list of B.

Examples:

T « (c'OSCAR'),(c'FRED")
oT
2
oT
OSCAR
FRED
p=T
25

10.2.25 Disclose with"Axis

Z <o[K] B

Informal Description: Thisis the same as Disclose, except that the function specifies
whichtaxesin theresult Z, are new. Usesindex-origin.

EvalUation Sequence;

Set Z1to oB.

If index-origin isnil, signa implicit-error.

HZATsnotasmptevectorsigmataxiserror

If any thingy-in Aisnot avalid-axis-of Z1, signa axis-error.

Set A1 totheinteger-array-nearest-to A.

If any item of theravel-list of A1 isnot distinct, signal axis-error.

If the count-of A1 isnot therank of thefirst-thingy-of B, signa axis-error.
Return (((1ppZ1)~4),A)RZ1L
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10.2.26 Enclose

Note: If Bisasimple-scalar, ZisB

Evaluation Sequence:

If Bisasimple-scalar, return B.
Return an array whose shape-list isempty, and whoseravd-list hasasingleitem, the
array B, and whosetypeis mixed.

Examples:

c'OSCAR'
OSCAR
ppc'OSCAR'
0
2=c?
1

10.2.27 Enclose with Axis

Z < c [K] B

Informal Description: 2 is B with the indicated axes diminated and replace by a
corresponding new level-of nesting. K specifies the axis to be enclosed, and their order
in the resulting items:* Uses index-origin.

Evaluation Sequerice:
If, forsame N, K = (-N)+1ppB, return an array whose shape is (-N)+pB, and

whose ravel-list contains the rank-V cells of B.
Otherwise, return <[ (-pX)+1ppB] (A((1ppB)~K) ,K)&R
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11 System Functions

11.1 Introduction

Note: System functions are primitive functions whose names are distinguished-identifier s,rather
than primitives. System function names are not permitted in the locals-list of a definedsfunction
header-line.

The system functions related to shared-variables and defined-functions are specified in those
chapters.

11.2 Definitions

Note: Some system functions take an argument which is treatethas an identifier-array.

— ldentifier-Array: A character array of rank’two each of whose rows matches the
character-diagram identifier-row.

— Event-Report: A representation of themost recent error.

— Event-Message: A character array giving, in an implementation-defined form, the
event-report and any other, information the implementation deems helpful in locating
the error’s source.

— Empty-Event-Message: An empty array, of an implementation-defined shape,
indicating that the most recent event-type corresponds to no error.
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11.3 Diagram

I dentifier-Row

simple-identifier

" L) Comed

11.4 Niladic System Functions

Note: A niladic system function is an implementation-provided facility associated with a
distinguished-identifier. The primary difference between a niladic system function’ and a system
variableisthat a niladic system function causesan error to be signalled if avalueis assignedto it,
or its nameisincluded in the list of locals of a defined function header.

1141 Time Stamp

z < [Ts

Informal Description: Z isaseven-eement humeric vector representing the current date
and time relative to an epoch and a time-Zzone.

Evaluation Sequence:

Return the seven-element Aumeric vector result of the implementation-algorithm
time-stamp.

Example

ars
1789 7 1Fyr1 14 45 586.4

Additional Requirements:

The first through sixth elements of the result returned by time-stamp are integral and
represent respectively the current year, month, day, hour, minute, and second relative to
the underlying epoch and time zone. The hour correspondsto the number of integral hours

that have elapsed within the current day.

The seventh and last element is a quantity, not necessarily integral, representing the
milliseconds that have el apsed within the current second.

The accuracy, resolution, epoch, and time zone for time-stamp are not specified by this
International Standard.
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11.4.2 Atomic Vector

Z « [0AV

lnformal Descrintion— 7 is an imnlement ation-defined character vector _containing
g T 1 )

every element of the required-character-set exactly once.
Evaluation Sequence:
Return atomic-vector.

Note: The elements of the atomic-vector are often ordered so that, in index-origin zero,
((r2eplAV)p2) TOAV:1'X' givesthe bit representation of X. This behaviour ishet required.

11.4.3 LineCounter

Z « [LC

Informal Description: Z is a vector of statement numbers of active defined functions
ordered so that the most recently called function has the lowest index.

Evaluation Sequence;

Set Y to anumeric vector whose length is the same as the number-of-items in the
state-indicator, such that forevery Iin 1pY, Y[ I] isthe current-line-number
of item I of the state-indicator, if the mode of item I of the state-indicator is
defined-function, and zefo otherwise.

Set M to a Boolean vector whose length is the same as the number-of-items in the
state-indicator, such that for every Tin 1pM, M[I] isoneif themodeof item I of
the state-indicator is defined-function, and zero otherwise.

Return M/ Y,

Note: The subsectionsthat affect the value of [JL.C are discussedin the subsection defined-function-
control.
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1144 Event Message

Z « [EM

lLnformal Descripntion. \When an error-occurs—three lines of information-are-usuallhyv
g T g P4

displayed: the first line indicates what happened, the second line shows the line in
which the error was found, and the third line contains one or more carets pointing to the
place(s) in the second line where the error was detected. Event-message is commonly
a character matrix corresponding to this three-line message. It is set according to-the
contents of event-type. If event-typeis 0 0 then event-message isan empty thiee-row
matrix. Otherwise, event-message is set to an appropriate message. In some.cases its
first row isblank (when event-message is set via[lES) because there is n@ message for
the given vaue of event-type. (See the description of event-type forproposed vaues

and messages.)

event-message islocal to acontext.
Evaluation Sequence:
Return event-message.
Note: Whiletheinformal description speaksof a threetine messageof a particular format, thisisan

attempt to describe common usage, rather than preseribed behaviour. The format of event-message
is implementation defined.
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11.45 Event Type

Z < [ET

lLnformal nacr\ripfinn: Thedefault valueforaesent hj/pn isQ O (nn orrnr) \AMhen an-aezent

happens which halts execution event-typeis set to apair of integers specifying the class
and sub-class of the event. event-typeislocal to acontext.

Evaluation Sequence;
Return event-type.
Note: Classesand subclassesof event-type:

0 O0-noerror
0 1 —unclassified event

Theremay be additional implementation-defined types.

11.5 Monadic System Functions

Note: Refer to the Defined Functions chapter for defifitions of JFX and (JCR.

11.5.1 Delay

Z «[DL B

Informal Description: Z isthetime, in seconds, for completion of this operation. Asa
side effect, [1DL causes d delay in execution of at least B seconds.

Evaluation Sequence:

Set T0de current-time seconds.

If Bisnot ascalar, signa rank-error.

If\B)is not a near-real-number, signal domain-error.

Set T1to T0 plusB.

Wait until current-timeisnot less-than T1.

Return Z, anumeric scalar such that thefirst-item in therave-list of Z iscurrent-
time minus T0.

Note—Bmay befractionator regative:
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11.5.2 NameClass

Z <« [NC B

lLnformal nncr\ripfinn- 7 is avector-of name-classes. gi\li Ag the usaae-of the identifier in
N ~

the corresponding row of B. 0 means an identifier is available without current referent;
1, alabdl; 2, avariable or ashared variable; 3, adefined function; 4, a defined operator;
5, asystem variable; 6, a system function.

Evaluation Sequence;

If therank of Bisgreater-than two, signal rank-error.

If Bisempty, return 10.

SetBito (" 241 1,pB)pB.

If any row of B1 does not match identifier-row, signal domain=error.

Generate Z, anumeric vector such that the length of Z isthe'same as the number-
of-rowsin B1, and the ravel-list of Z has the property that for every I in 114pB,
thefollowing holds:

Let ZI stand for item I of theravel-list of Z.

Let IV stand for the token that matched the character-diagram simple-identifier
in theidentifier-row.

If thecurrent-class of Nisnil, ZT iszero«

If thecurrent-class of Nislabel, Z1 isene.

If the current-class of Visvariableor shared-variable, ZI istwo.

If the current-class of NV is defined-function or niladic-defined-function, ZI is
three.

If the current-class of Nisdefined-operator, ZI isfour.

If the current-class of #-’'s system-variable, ZI isfive.

If the current-class'of’V is system-function, ZI issix.

Otherwise, signa domain-error.

Return Z.

Example

VZ<FTEST; ROy R21;R223;R31;R32
[1¥ R1:R21+«1 [OSVO 'R22'
[2F Z<{JFX 1 3p'R31'
[3] Z«{JFX 1 5p"R32 X'
(4] Z<{INC 6 3p'RO R1 R21R22R31R32'
Y
TEST

O—+2—2-53S8
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11.5.3 Expunge

Expunge changes the current-referent of symbols whose current-class is variable,
shared-variable, defined-function, defined-operator, or niladic-defined-function to
nil, making them available for redefinition. The symbolsto be changed are named.by
therowsof B, an identifier-array.

Evaluation Sequence;

If therank of B isgreater-than two, signal rank-error.
SetBito (" 241 1,pB)pB.
For eachrow Jof B1,

If row  of B1 does not match identifier-row, signal dofmain-error.

Let IV stand for the token that matched the character=diagram simple-identifier
inidentifier-row.

If the current-class of NVisshared-variable, retract N.

If thecurrent-class of Nisvariable, set thecurrent-referent of Ntoatoken whose
classisnil.

If the current-class of NV is defined-function or niladic-defined-function, and if
the current-referent of NV islocally-erasable, set the current-referent of Nto a
token whose classisnil.

Return ~x[JNC B.

Additional Requirement:

The operation of Expungeis atomic: if Expunge signals an error, current-referents shall
be unchanged.

Note: Becauseof the definition of locally-er asable, a defined-function or defined-operator cannot
be expunged by a conforming-program while it is pendent or waiting. This does not prevent a
conforming-implementation from permitting such behaviour; it simply leaves the consequencesto
a confor ming-progr am undefined.
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1154 Namelist

Z <« UNL B

lLnformal ﬁacr\ripfinn: 7Zis an-identifier array. AN identifier occursin - Z if its name-

classisin B. Elements of B can be: 1, for labels; 2, for variables or shared variables;
3, for defined functions; 4, for defined operators; 5, for system variables; 6, for system
functions.

Evaluation Sequence;

If therank of B isgreater-than one, signal rank-error.

If any item of theravel-list of Bisnot anear-integer, signal domair-error.

Set B1 totheinteger-array-nearest-to 5.

If B1 contains any numbers other than one, two, three, four, five, or six, signd
domain-error.

Generate Z, an identifier-array consisting of the names of.symbolswhose current-
class is label, variable, shared-variable, niladie:defined-function, defined-
function, defined-operator, system-variable or_system-function. The symbol
names are left-justified in the rows of Z.

Set Zto ((ONC Z)eB1)+4LZ

Remove any all-blank trailing columns from<Z.

Return Z.

Note: Therank of Z isalwaystwo. If there@re'no symbolswith a name-classdesighatedin B, Z is
0 Op'".
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1155 Query Stop

Z < [JSTOP B

lnformal Descrintion:— 7 is an- inteaer vector-of line numbers.in the function-or-operator
g T o g

whose name is B that have stop control set.
Evaluation Sequence:

If therank of B isgreater-than one, signa rank-error.

If B does not match identifier-row, signal domain-error.

Let NV stand for the token that matched the character-diagram simple<identifier in
identifier-row.

If the current-class of NV is not defined-function, defined-operator or niladic-
defined-function, signa domain-error.

Return the stop-vector of the current-content of V.

Additional Requirement:

Query Stop is part of the optional-facility Trace-and=Stop-Control.

Note: Query Stop is not origin sensitive.

If no lines have stop control set, the result is: 1@
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1156 Query Trace

Z < OTRACE B

lnformal Descrintion:— 7 is an- inteaer vector-of line numbers.in the function-or-operator
g T o g

whose name is B that are being traced.
Evaluation Sequence:

If therank of B isgreater-than one, signa rank-error.

If B does not match identifier-row, signal domain-error.

Let NV stand for the token that matched the character-diagram simple<identifier in
identifier-row.

If the current-class of NV is not defined-function, defined-operator or niladic-
defined-function, signa domain-error.

Return thetrace-vector of the current-content of N.

Additional Requirement:

Query Traceis part of the optional-facility Trace-and-Stop-Control.

Note: Query Traceis not origin sensitive.

If no lines are being traced, the resultis 1 0.
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11.5.7 Monadic Event Simulation

OES B

lLnformal ﬁacr\ripfinn- AN excentioniscreated-inthe caler’'s context B isather a pnir
N L

of integers specifying the class and sub-class of the event, or a character vector.

If Bisapair of integers, event-typeisset to B and event-messageis set to an approprigte
message. If the pair of integersisundefined, themessage part of event-messageisblank,
but an exception is signalled and event-typeisset. If BisO 0 (no error), eventitype
isset to 0 0 and event-message is set to empty-event-message, but no_exception is
signalled.

If Bisempty no action istaken. Thisalowsfor conditional signallingof an event.

Evaluation Sequence;

If therank of Bisgreater-than one, signal arank-exror.
If Bisempty, return nil.
If Bisnumeric,
If therank of Bisnot one, signa rank-egror.
If the count of itemsin B isnot two, signal length-error.
If any item in B isnot anear-integer; signal domain-error.
Set B1 totheinteger-nearest-to5:
Set event-typeto B1.
Set event-message to empty-eévent-message.
If BLisnot O O,
Set event-message as appropriate.
Signa event corresponding to event-type.
If Bischaracter;
Set event typeto 0 1.
Set message portion of event-messageto B.
Signa.event corresponding to event-type.

11:6- Dyadic System Functions

11.6.1 NamelList

Z « AUNL B

Informal Description: Zisanidentifier-array of al names havinganame-classin B that
begin with aletter in 4.

Evaluation Sequence:
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If therank of 4 isgreater-than one, signa rank-error.

If any item of theravel-list of A does not match letter, signal domain-error.
Set Z1toONL B.

If OepZ1, return Z1.

Return (Z1[;1J€A)#Z1

11.6.2 Set Stop

Z <« A [OSTOP B

Informal Description: Z isanumeric vector representing the stop controlsin effect for
the function or operator whose name isin B before JSTOP began evaluation. Asaside
effect, [JSTOP sets stop controlsfor the function or operator whose namme isin B at lines
specified by A.

Evaluation Sequence:

If therank of B isgreater-than one, signa rank-erfer.

If B does not match identifier-row, signal domain-error.

Let NV stand for the token that matched the character-diagram simple-identifier in
identifier-row.

If the current-class of N is not defined-function, defined-operator or niladic-
defined-function, signal domain-error.

If therank of 4 isgreater-than onefsigna rank-error.

If any item of theravel-list of 4ishot anear-integer, signal domain-error.

Set A1totheinteger-array-nearest-to A.

If any item of theravel-list of A1 isnot apositive-integer, signa domain-error.

Set ZtoOSTOPB.

Let M stand for thelast-line-number of the current-content of V.

Set the stop-vector of the current-content of Nto ( (1M)e€A1) /1M, evaluated with
index-origin‘ene.

Return Z,

Additional Requirement:

Set'Stop is part of the optional-facility Trace-and-Stop-Control.

Note: Sop controlsarean attribute of defined-function objects. [JSTOPaffectsthe current-referent
of B only.
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11.6.3 Set Trace

Z < A UTRACE B

lnformal Descrintion:— 7 is a numeric-vector renresentina-the lines heina traced-in-the
g T At ) g

function or operator whose name is in B before []TRACE began evauation. As a side
effect, [ITRACE begins tracing the lines specified by 4 in the function or operator whose
nameisin B.

Evaluation Sequence:

If therank of Bisgreater-than one, signal rank-error.

If B does not match identifier-row, signal domain-error.

Let IV stand for the token that matched the character-diagram simple-identifier in
identifier-row.

If the current-class of N is not defined-function, defined-operator, or niladic-
defined-function, signa domain-error.

If therank of 4 isgreater-than one, signal rank-error;

If any item of theravel-list of 4 isnot anear-integer,'signal domain-error.

Set A1 totheinteger-array-nearest-to A.

If any item of theravel-list of A1 isnot a positive-integer, signal domain-error.

Set Z to JTRACE B.

Let M stand for the last-line-number of the current-content of N.

Set thetrace-vector of thecurrent-cantent of Nto ( (1M)eA1l) /1M evauated with
index-origin one.

Return Z.

Additional Requirement:

Set Traceis part of the optional-facility Trace-and-Stop-Control.

Note: Trace controls are an attribute of defined-function objects. [JTRACE affects the current-
referent of Beenly.
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11.6.4 ExecuteAlternate

Z « AUEA B

lLnformal nacr\ripfinn: A _and B are hoth character vvectors. reprmaﬁfing executable

expressions. If execution of B is successful the result is Z. If there is an error or an
interrupt in the execution of B, execution is abandoned and 4 is executed. The execution
of A issubject to normal error handling.

Itispossibleto get avalue-error if the successful execution of B does not returma result
and an explicit result is needed. 4 isnot executed in thiscase.

Evaluation Sequence;

If therank of either 4 or Bisgreater-than onesignal rank-error.
If any item of theravel-list of 4 isnot acharacter, signa demain-error.
If any item of therave-list of Bisnot acharacter, signa domain-error.
Generate a new context inwhich
mode is execute,
current-lineistheravel-list of B,
current-functionis0 0p' ',
current-line-number isone,
current-statement isthe empty list of tokens,
stack istheempty list of tokens.
Append the new context to the state-indicator of the active-workspaceasanew first
item.
Set Zto evaluate-line.
Remove the first context from the state-indicator.
If Zisnot amember.of-error return Z,
Elsereturn ¢4

Note: See Conforming Programsin Compliance regarding hazardsto conforming programsif
this facility is used.
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11.6.5 Dyadic Event Simulation

A [ES B

lLnformal ﬁacr\ripfinn- An excentioniscreated-inthe caler’'s context 4 isacharacter
N L

scalar or vector and B is either apair of integers specifying the class and sub-class of
the event, or an empty vector.

Event-typeis set to B and the message portion of event-messageisset to 4. If Bjis0) 0
(no error), event-typeisset to O 0 and event-message is set to empty-event-message,
and no event issignalled.

If Bisempty no action istaken. This alows for conditiona signalling,of an event (for
example 4 [JES cond /B).

Evaluation Sequence:

If therank of 4 isgreater-than one, signal rank-ertor.
If any item of 4 isnot acharacter, signa domain-error.
If therank of B isnot one, signa rank-error
If Bisempty, return nil.
If the count of B isnot two, signa length-efror.
If any item in Bisnot anear-integer .signa domain-error.
Set B1 to theinteger-nearest-to B.
Set event-typeto B1.
Set event-message to empty-event-message.
If BLisnotO O,
Set the message portion of event-message to 4.
Set the rest of event-message as appropriate.
Signa event corresponding to event-type.
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11.6.6 Transfer Form

Z « AUTF B

lLnformal ﬁacr\ripfinn: B is a character vector gi\/i Ag the name of the. nhjm forwhich

the transfer form is desired. If there is no transfer form for the item named by B (for
example, B names a system function, a label, or has no value) the result is an empty
character vector.

Aiseither oneor two. If itisone B may hame only defined functions, defined opérators,
and simple homogeneous arrays. If it istwo, B may aso name mixed arrays.

For agiven 4, (JTF isitsown inverse. For example, if ABC names a transferable object,
A (OTF A OTF '"ABC" will reestablish the object named ABC and return the character
list 'ABC'.

If 4 istwo, theresult is an executable character vector givingthe name and contents of
the object named by B. (Numeric conversions are carried-out to full-print-precision.)

Evaluation Sequence:

If therank of 4 isgreater-than onesigna rank-error.
If the count of 4 isnot one signa length-érror.
If any item of theravel-list of 4 isnot@near-integer, signal domain-error.
Set A1 totheinteger-nearest-to 4;
If A1 has the value one, set Z to produce-canonical-representation-vector of the
object named by B.
If A1 hasthe valuetwo,
If therank of Bisgreater-than onesignal rank-error.
If thetype of B isnot character signa domain-error.
Set NC'to the name-class of B.
If NCistwo:
Set B1to’sB
Set % 10 an executable string that will recreate the object named by B
If-VCisthree or four:
Set B1 to the character-representation of the object named by B
If the count of the shape of B is not zero
Set Z to an executable string that will recreate the object named by B
Else set Z to an empty character vector.
If NCisnegative-one:
If eBissuccessful, set Z to the name of the object created

Otherwise-set-7-to-an-ermpty-charastervestor
Otherwise signal domain-error
Otherwise, signal domain-error.
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12 System Variables

12.1 Definitions

— System-Variable-Symbol: A symbol, having as its name a distinguished-identifier,,
and asitsreferent-list alist of tokens representing the value assigned to an associated
system-parameter in each context of the state-indicator.

Note: System parametersare valuesused implicitly and set as side effects by primitive-operations.

— Internal-Value-Set: An implementation-defined set of values thét the tokens in the
referent-list of asystem-variable-symbol can take on.

Note: When a system-variable-symbol is localised the initial class of its associated system-
parameter isnil. If a primitive operationis invoked that requirésa system parameter whose classis
currentlynil, the primitive operation signalsimplicit-er ror s Therefore, a confor ming-program that
localises system-var iable-symbols should assign them valtes from their internal-value-set before
calling primitive operations that require them.

Theassignment operation for a systemvariablerejectsattemptsto set its associated systemparameter
to a value outside its internal-value-set.
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12.2 Evaluation Sequences

12.2.1 Comparison Tolerance

Z < [0CT « B
Z < [CT

Informal Description: Z isthe current value of comparison-tolerance.

The distance within which numbers are to be considered equal by certain primitivesisa
function of comparison-tolerance.

Evaluation Sequence:

For form JCT
Return comparison-tolerance.
For formJCT « B
If therank of Bisgreater-than one, signa rank-error.
If the count of Bisnot one, signa length-efror.
Let B1 bethefirst-scalar in B.
If B1isnot anonnegative-number, signa domain-error.
If B1isnotintheinternal-value-set"of comparison-tolerance, signd limit-error.
Set comparison-toleranceto B,
Return a token whose classiscommitted-value and whose content is B.

Additional Requirement:

The internal-valuetset for comparison-tolerance consists of nonnegative-numbers not
greater than theimplementation-parameter comparison-tolerance-limit.

The initial\value of comparison-tolerance in a clear-workspace is that member of the
internal:value-set for comparison-tolerance given by the implementation-parameter
initial~eomparison-tolerance.

Note: The following subsections reference comparison-tolerance: ceiling, equal, floor, greater
than or equal to, greater than, index of, lessthan or equal to, lessthan, member of, not equal,
residue, and, or and unique.
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12.2.2 Random Link

Z <« [ORL « B

’74—DPT

Informal Description: Zisthe current value of random-link; random-link isthe current
seed of the pseudorandom number generator.

Evaluation Sequence:

For form (JRL
Return random-link.
For form[ORL <« B
If therank of Bisgreater-than one, signa rank-error.
If the count of Bisnot one, signa length-error.
Set B1tothefirst-scalar in B.
If B1isnot anear-integer, signa domain-error.
Set B2 totheinteger-nearest-to B1.
If B2 isless-than one, signa domain-error.
If B2 isnot intheinternal-value-set for rahdom-link, signal limit-error.
Set random-link to B2.
Return a token whose classis committed-value and whose content is B.

Additional Requirement:

Theinternal-value-set of randem-link isimplementation-defined.

The initial value of random-link in a clear-workspace is that member of the internal-
value-set for random:link given by theimplementation-parameter initial-random-link.

Note: The system parameter random-link is used and set by roll and deal. Roll gives a reference
for a suitablealgerithm.
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12.2.3 Print Precision

Z <« [OPP « B

’7<—DDD

Informal Description: Z is the current vaue of print-precision, which controls the
number of significant positions in the output form produced by monadic format and
numeric-output-conversion.

Evaluation Sequence:

For form JPP
Return print-precision.
For formJPP « B
If therank of Bisgreater-than one, signa rank-error.
If the count of Bisnot one, signa length-error.
If Bisnot near-integer, signa domain-error.
Set B1 totheinteger-nearest-to the first-scalar in'B:
If B1isless-than one, signa domain-error.
If B1isnotintheinternal-value-set of prift-precision, signa limit-error.
Set print-precision to B1.
Return a token whose classis commijtted-value and whose content is B.

Additional Requirements:

The internal-value-set of priat‘precision consists of the integer scaars in the closed-
interval-between one and print-precision-limit.

Theinitial value of print-precision in aclear-workspace isthat member of theinternal-
value-set for print=precision given by the implementation-parameter initial-print-
precision.

Note: The.SyStem parameter print-precision is used by monadic format and numeric-output-
conver§on: Print-precision-limit should be greater than or equal to full-print-precision.
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12.2.4 Index Origin

Z <« [0I0 « B

7<—DTf)

Informal Description: Zisthecurrent valueof index-origin, whichistheindex associated
with thefirst position of any axis of non-zero length.

Evaluation Sequence;

For form JI0
Returnindex-origin.
For form{JI0 « B
If therank of Bisgreater-than one, signa rank-error.
If the count of Bisnot one, signa length-error.
If Bisnot anear-integer, signal domain-error.
Set B1 totheinteger-nearest-to the first-scalar in B
If B1isnotintheinternal-value-set of index-origin, signa limit-error.
Set index-origin to B1.
Return atoken whose class is committed-value and whose content is B.

Additional Requirement:

Theinternal-value-set for index-origin isthe scalar integer values zero and one.

The initial value of index-origin’in a clear-workspace is that member of the internal-
value-set for index-origin given by theimplementation-parameter initial-index-origin.

Note: The following primitive operations refer to index-origin: deal, dyadic transpose, grade
down, grade up, index.generator, index of, indexed assignment, indexed reference, roll, and all
functions that providefor axis specification when the form containing an axisis used.
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12.25 Latent Expression

Z < [0LX[I] « B

Informal Description: Z isthe current value of latent-expression, which is a character
vector that is executed when aworkspaceis activated.

Evaluation Sequence;

For form JLX
Return latent-expression.
For form[JLX « B
If therank of Bisgreater-than one, signa rank-error.
If any item of theravel-list of B isnot acharacter, signa domain-error.
If Bisnot intheinternal-value-set of latent-expression, signd limit-error.
Set latent-expression to , B.
Return atoken whose class is committed-value and whose content is B.
ForformOLX[I] <« B
Set LX tolatent-expression.
Evaluate LX[I] <« B.
Set latent-expression to LX.
Return atoken whose class is.committed-value and whose content is B.

Additional Requirement:

Theinternal-value-set:for latent-expression is an implementation-defined subset of the
set of all character-vectors which includes the empty vector.

Theinitia valueof latent-expression inaclear-wor kspace isthat member of theinternal-
value-set-forlatent-expression given by the implementation-parameter initial-latent-
expression.
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13 Defined Functions

13.1 Introduction

Note: Algorithmswrittenin APL arecalled defined functions. A defined function consistsof a header
lineand zero or morebody lines. The header line indicatesthe name and syntax class of thefunction
and gives a list of names to be localised and, in the case of argument names, initialised. 'Eadch body
line consists of an optional label followed by an APL line to be evaluated. Body lines are evaluated
in the order in which they occur in the defined function unless a statement begitining with a right
arrow is evaluated. In this chapter, the term defined function also includes defined operator.

A defined function is established in a workspace by the system function [JRX,.by actions in function
definition mode, or by the system command ) COPY.

In this International Standard, a defined-function is represented dsan object with three attributes:
canonical-representation, trace-vector, and stop-vector. A-defined-function is called when its
name occursin a prefix of the cur rent-stack matching one of the patternsin the phrase-table.

A defined-function is called by the operation call-defined-function. This operation prefixes the
state-indicator with a new context, localises and initialises any local namesin the header-line, and
callsthe evaluation sequencein the subsection defined-function-control.

A defined-function ends the evaluation if defined-function-control finds current-line-number set
to a value not in the closed-inter val-betweeh'one and last-line-number. At this point, thefirstitem
of the state-indicator isdiscarded and atoken of classresult isreturned, via call-defined-function,
to the phrase-evaluator that called.it.

The returned token may be constant (for functions returning a value), nil (for functions that return
no value), unwind (for functionsthat end through the evaluation of an escapearrow), or clear-state-
indicator (astheresult oftan ) SIC command).

If aline in a defined4fuction signals an error, immediate-execution is called to report the error
and suspend the defined-function. I mmediate-execution may return either a branch to indicate
that evaluation(of the defined-function should continue, or an escape or clear-state-indicator to
indicate that ‘the defined-function context should be removed from the state-indicator .

13:2 Definitions

Note: The following term definesthe subset of ar raysthat can be used to create defined-functions.
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Proper-Defined-Function: Anarray Aisaproper-defined-function if
The typeof A ischaracter.

Therank of 4 istwo.

A has at least onerow.

Thefirst row of A matches the character-diagram header-line.

NO rdentiffer I the fiTstrow of Z 1S the distimgurshed-taentfier Jor 1] or 1S asystem-
function-name or niladic-system-function-name.
All rows after the first in A match the char acter-diagram body-line.

Note: The following definitions give properties of arrays that are proper -defined-functions,

Niladic: 4, anarray that isaproper-defined-function, isniladicif thefarm of thefirst
row of 4 isniladic-function-header.

Monadic: 4, an array that isaproper-defined-function, is monadicif the form of the
first row of 4 ismonadic-function-header.

Ambivalent: 4, an array that isaproper-defined-fupction, isambivalent if theform
of thefirst row of 4 isambivalent-function-header.,

Monadic-Monadic-Operator: 4, an array that is a proper-defined-function, is
monadic-monadic-operator if the form of(the first row of 4 is monadic-monadic-
operator-header.

Monadic-Dyadic-Operator: A4, an‘array that is a proper-defined-function, is
monadic-dyadic-operator if thefonm of thefirst row of Aismonadic-dyadic-oper ator-
header.

Ambivalent-Monadic-Qperator: A, an array that is a proper-defined-function, is
ambivalent-monadic-oper ator if theform of thefirst row of Aisambivalent-monadic-
operator-header,

Ambivalent-Dyadic-Operator: A4, an array that is a proper-defined-function, is
ambivalent-dyadic-operator if the form of thefirst row of 4 is ambivalent-dyadic-
oper ator-header.

Value’Returning: 4, an array that is a proper-defined-function, is value-returning
if,.when header-line is threaded with the first row of 4, the diagram result is threaded.

Note: The following terms categorise defined-functions according to their presence on or absence
fromthe state-indicator.

Suspended: N, asimple-identifier, issuspended if itisthefunction-name of acontext
that immediately follows an immediate-execution context.

Pendent: NV, asimple-identifier, ispendent if it isthefunction-name of acontext that
does not immediately follow an immediate-execution context.
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— Waiting: N, asimple-identifier, iswaiting if atoken whose classis defined-function-
name and whose content isthe content of V occursinthe stack of some context in the
state-indicator of the active-workspace, and is not thefirst defined-function-namein
that stack.

Belrpme = [ ] (=l [ L& " - s Letaas 4l 1 " Y]
INULC. TUIN TRAITIVIC, 1T [ Al U al ©UCHTICTU TUTICUHUTT TIANTICS, U 1S Walllltly uurimy uic tvaluaturtur (L

2) intheline
(F2) G 3.

— Editable: N, asimple-identifier, iseditableif the current-referent of Nisnil, ordfall
the following are true:
The current-class of N is defined-function, defined-operator or niladic-defined-
function.
The number-of-itemsin itsreferent-list isone.
Nisneither pendent nor waiting.
N, if suspended, issuspended inonly the current-context.

Note: This definition requires that a confor ming-implementation be-capable of editing the top
function onthestateindicator aslong asit has not beenlocalised and eccursnowhereelse on the state
indicator. Thisminimal definitionisincluded to be certain thatéall confor ming-implementations be
capable of interactive program correction.

— Globally-Erasable: Globally-Erasableisdefinedfor N,asimple-identifier, asfollows:

If no context of the state-indicator contains, in itscurrent-statement, adefined-name
with content that of IV, then IV is globally:erasable.

Otherwise, let L bethelast (most global) context in whose local-name-list V appears.

If thereis no such context then NV js not globally-erasable.

Otherwise, let C'bethelast (most global) context inwhose cur rent-statement adefined-
name with content that of AV appears.

If theindex of L is greater-than or equal to that of C'then NV is globally-erasable.

Note: Informally, Vis globally-er asableif it was|ocalised beforeit was made waiting or pendent.

— Locally-Erasable’L ocally-Erasableis defined for IV, asimple-identifier, asfollows:

If no context of the state-indicator contains, initscurrent-statement, adefined-name
with cantent that of IV, then Vislocally-erasable.

Otherwise, let L bethefirst (most local) context in whose local-name-list V appears.

If thereis no such context then Nis not locally-erasable.

Otherwise, let C'bethefirst (most local) context inwhose current-statement adefined-
name with content that of NV appears.

If theindex of C'isgreater than that of L, then Vislocally-erasable.

Note: Informally, Vislocally-er asableif it hasbeenlocalised since thelast time it wasmade waiting

Or pendent. THis defiition 1S used In JEX 10 Specity that the expression (JEX ' F ') F 1 bethe
sameas 0 F' 1; itisusedin [JFX to specify that the expression (JFX 1 1p'F') F 1signal a
domain-error.

Note: The following operations provide information about arrays that are proper-defined-
functions.
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— Function-Name of A: For A a proper-defined-function, the simple-identifier that
matches function-name when the char acter-diagram header-lineisthreaded with the
first row of A.

— Last-Line-Number of A: For A a proper-defined-function, negative-one plus the

number-of-rowsin 4

— Header-Name-List of A: For A a proper-defined-function, a list of identifiers
developed as follows:
Thread the character-diagram header-line with thefirst row of 4.
Return a list of tokens consisting of identifiers that matched any of the character-
diagrams local-name, result-name, left-argument-name, right-argumentzname
right-operand-name, or left-operand-name.

— Label-Name-List of 4: For A a proper-defined-function, alist of simple-identifiers

developed as follows:

Set Z to the empty-list of tokens.

For each index I in the closed-interval-between one and last-line-number of 4,
Thread the character-diagram body-linewith row I plusone of 4.
If labelled-line was matched, append the smple-identifier token that matched the

character-diagram label-nameto Z as anew lastitem.
Return Z.

— Local-Name-List of A: For A aproper-defined-function, alist of identifiers consisting
of thelabel-name-list followed by the header-name-list.

— ldentifier-Matching D in A: For A\a-proper-defined-function and D a character-
diagram, asimple-identifier token developed as follows:
Thread the character-diagram header-line with thefirst row of A.
Return atoken of class smpleidentifier whose content isthelist of characters that
meatched D.

Note: |dentifier-Matching is used to refer to the arguments and result of an arbitrary defined
function.

— Function-L(ine I of A: For A aproper-defined-function, alist of characters developed
asfollows:
Threadihe character-diagram body-linewith row I plusoneof 4.
Return the list of character s that matched the character-diagram linein body-line.

Note: The following operations affect symbols.

= LUbCl“xan?.
Append anew firstitem, atoken of class nil, tothereferent-list of the symbol-named-
by N.

— Delocalise V:
If the current-class of Visshared-variable, retract N.
Remove thefirst item from the referent-list of the symbol-named-by N.
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— Current-Canonical-Representation: The canonical-representation of the current-
function of the current-context in the active-wor kspace.

— Current-Function-Line I: Function-Line I of thecurrent-canonical-representation.

— Current-Last-Line-Number: The last-line-number of the current-canonical-

representation.

— Current-Stop-Vector: Thestop-vector of thecurrent-function of the current-context
in the active-wor kspace.

— Current-Trace-Vector: The trace-vector of the current-function of the eurrent-
context in the active-workspace.

— Current-L ocal-Names: Thelocal-name-list of thecurrent-canonical -kepresentation.

— Current-Right-Argument-Name: The identifier-matching right-acgument-namein
the cur rent-canonical-representation.

— Current-L eft-Argument-Name: The identifier-matching | eft-argument-namein the
current-canonical -representation.

— Current-Result-Name:  The identifier-matching. result-name in the current-
canonical-representation.

— Current-Left-Operand-Name:  The identifier-matching left-operand-name in the
current-canonical-representation.

— Current-Right-Operand-Name: The identifier-matchingright-operand-nameinthe
current-canonical-representation:

13.3 Diagrams

In these diagrams;
b stands for.per mitted-blanks.
r standsfor'required-blanks.

Header-Line

Db b—form—b >
[reﬂjltj Llocals-list—j

Example:
Z <A F B;C;01I0

Note: The header line indicates the name and syntactic class of the defined-function. It also gives
a list of identifiersto be localised when the defined-function is called.
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This International Standard does not provide for end-of-line commentsin header lines.

Result

»—result-name—b — assignment-arrow ——»

Result-Name

»—— simple-identifier ——»

Form
»——~——— niladic-function-headef —— ———
M——— monadic-function-header ——
M——— ambivalent-function-header ——
M— monadic-monadic-operator-header —
M— monadic-dyadic-operator-header —

N ambivalent-monadic-oper ator-header —

\— ambivalent-dyadic-operator-header —-

Niladic-Function-Header

»— function-name ——»

M onadic-Function-Header

»— function-name —r — right-argument-name ——

Ambivalent-Function-Header
»——— left-argument-name— r — function-name—r — right-argument-name ——

In the next four diagrams,

1 py claf Laft +
IaAaAtaiusTul 1Tt cugunlcut nartic

ra standsfor right-argument-name
mop stands for monadic-operator-part

dop stands for dyadic-oper ator-part
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M onadic-M onadic-Oper ator-Header

—Db —mop —b —ra ——

Monadie-Pyvadie-O
Voo 1=4 <

o
oTrmacTT yoaorc

»—Db —dop —b —ra ——

Ambivalent-M onadic-Operator-Header

—1Ila—b —mop —b —ra ——

Ambivalent-Dyadic-Oper ator-Header

»—Ila—b —dop —b —ra ——

M onadic-Operator-Part

»—( —b —Ileft-operand-name —r —function-name —b —) ——

Dyadic-Operator-Part

»—( —b —l€eft-operand-name—=r —function-name —r —right-operand-name —b -

Right-Argument-Name

»—— simple-identifief ——

L eft-Argument-Name

——simple-identifier ——

Right-Operand-Name

»—— simple-identifier ——

L eft-Operand-Name

»—— simple-identifier ——
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Locals-List

l7local-marke —b —local-name—b Tj
7

-
-

Y

N

Colon

L ocal-Marker

——

Function-Name

»—— simple-identifier ——

L ocal-Name

»— identifier —»

L abel-Name

»—— simple-identifier —<»

Body-Line

IabelledhiT—>
I|ne

kabeled-Line

»— label-name— b — colon — b — line——»

Per mitted-Blanks

L blank—]
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Required-Blanks

13.4 Operations

13.4.1 Call-Defined-Function

Z < DFN

Z <« DFN B

Z <« ADFN B

Z <t DFN B

Z <« AfDFNB

7 < fDFN g B

Z«AfDFNgB

Informal Description: Zisthevalueof-the variable given as the result name in the header
line of the defined function whose'name is DF'IN. If thereis no result name, Zisnil.

Evaluation Sequence:

Generate a new context in which

mode is defined-function,

current-lineisthe empty list of characters,
current-function isthe current-referent of DFN,
current-line-number isone,

current-statement isthe empty list of tokens, and
stack isthe empty list of tokens.

Append the new context tothe state-indicator of the active-workspaceasanew first

item.

L ocalise the current-local-names.
Forform Z<A f DFN g B

If current-function is not ambivalent-defined-dyadic-oper ator, signal valence-

200

error.
Set the symbol-named-by current-left-argument-nameto 4.
Set the symbol-named-by current-left-operand-nameto f.

Set the symbol-named-by current-right-operand-nameto g.
Set the symbol-named-by cur rent-right-argument-nameto B.

For form Z«f DFN g B
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If current-function is not monadic-defined-dyadic-operator, signal valence-
error.

Set the symbol-named-by current-left-operand-nameto f.

Set the symbol-named-by current-right-operand-nameto g.

Set the symbol-named-by cur rent-right-argument-nameto B.

Forform Z<A T DFN B
If current-function is not ambivalent-defined-monadic-operator, signal
valence-error.
Set the symbol-named-by cur rent-left-argument-nameto A.
Set the symbol-named-by current-left-operand-nameto f.
Set the symbol-named-by cur rent-right-argument-nameto B.
For form Z«<f DFN B
If current-function is not monadic-defined-monadic-operator, signal valence-
error.
Set the symbol-named-by current-left-operand-nameto f,
Set the symbol-named-by cur rent-right-argument-name'to-5.
Forform Z <A DFN B
If current-function is not ambivalent, signal valenceerror.
Set the symbol-named-by cur rent-left-ar gumentnameto 4.
Set the symbol-named-by cur rent-right-argument-nameto B.
For form Z <DFN
If current-function isnot niladic, signal walence-error.
For all indices I inthe closed-interval-between one and current-last-line-number,
If row I plusone of canonical-representation matches the diagram labelled-line,
set the current-referent of the.simple-identifier that matches label-nameto a
token of classlabel and coptent the numeric-scalar with value I.
Set Z to defined-function-control.
Delocalisethe current-lecal=names.
Remove the fir st-item(inthe state-indicator of the active-workspace.
If Zisescape, signa’unwind.
Otherwise, returZ.

Note: Tokensof.classescapeareconvertedto tokensof classunwind so that immediate-execution
can distinguishhnan escape issued in immediate-execution mode from one issued in a defined-
function.

The context attribute cur rent-function includes the function itself plusits trace and stop vectors.
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13.4.2 Defined-Function-Control

Informal Description: This procedure controlsthe execution of a user defined function.

Evialuation-Sequence:
=G .

Set 7 to atoken whose classisnil.
Let I stand for current-line-number.
Set T toone.
Repest:
If T isinthecurrent-stop-vector, set attention-flag to one.
If Zisan error or attention-flagisone,
Set N to immediate-execution with Z.
If Nisescape or clear-state-indicator, return NV.
If Nisbranch, set I to the content of M.
If T isnotinthe closed-interval-between one and current-last-line-number,
If the current-function isnot value-returning, return-ail.
If the current-class of the current-result-name™is variable or nil, return the
current-referent of the current-result-name;
Otherwise, signd value-error.
Set 7 to evaluate-line of current-function-line I.
If Zisescape, unwind, or clear-state-ipdicator, return Z.
If Zisbranch, set I to the content of Z:
If Zisvalueor nil, set I to I plusene.
(End of repeated block)

Note: The attention-flag is reset by:the user facility enter.
The class of the token returnegby.evaluate-line for ~1 0 isnil, not branch.

The value-error signalled from defined-function-control is signalled in the line that invoked the
defined function; the erforii's introduced to prevent confor ming-programs from exiting a defined-
function with the cur rent-class of the r esult-name set to such classesas defined-function, niladic-
defined-function, and shared-variable.
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13.4.3 Function Fix

Z «UFX B

lLnformal ﬁacr\ripfinn: 7z ic' for B the canonical reprmmfnfinn of a defined function-or

operator having function-name N, a character vector holding V. As a side effect, the
defined function that B represents is established as the current referent of N. Rows of B
that are all blanks give riseto blank linesin the established function.

Evaluation Sequence:

If therank of Bisnottwo, signa rank-error.
If Bisan empty array, signa length-error.
If any item of theravel-list of Bisnot acharacter, signa domain-error.
If Bisnot aproper-defined-function, signa domain-error.
If identifiers are duplicated in the local-name-list of B, signal domain-error.
Let NV stand for the simple-identifier that matches function-name in thefirst row of
B.
If thecurrent-class of Visnot defined-operator, défined-function, niladic-defined-
function, or nil, signal domain-error.
If Nisnotlocally-erasable, signal domain-error.
Set the current-referent of NV to adefined-function or defined-operator for which
canonical-representation is set from B;
stop-vector is 10,
trace-vector is 10.
Return a character vector Z such that thelength of Z isthe number-of-itemsin the
content of NV and theravellist of Z isthe content of N.
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13.4.4 Character Representation

Z <« UCR B

lLnformal ﬁacr\ripfinn: 7Zis-acharacter matrix reprccanfﬁrinn of the defined functionor

operator named by B.
Evaluation Sequence;

If therank of Bisgreater-than one, signal rank-error.

If thelength of Biszero, signal length-error.

If B does not match the character-diagram identifier-row, signa domain-error.

If the current-class of B is not defined-operator, defined-functionor niladic-
defined-function, signa domain-error.

Otherwisereturn atoken whose classisconstant and whose content’ isthe canonical -
representation of the current-content of B.

Additional Requirement:

The formal model of APL used in this International”Standard assumes that the internal
representation of a defined function is precisely the character matrix satisfying the
requirementsfor a proper-defined-function that was supplied as an argument to function
fix. Representation of defined functionsinthisway in animplementationisneither required
nor suggested.

The preservation of numeric litefalS and blanks as entered is desirable in the character
representation, but it is not required by this International Standard. JCR [FX [OCR OFX
X shall bethe same as [ICR\JFX X, if X isaproper-defined-function.

If numeric-literalsarestored as numbers in defined-functions, they are to be formatted
with print-precision-set to full-print-precision.

13.5_drunction Editing

Note: The function editing facilities described here are included to provide the APL programmer
with a standard method for entering and correcting defined functions.

1351 Evali |nte;E|_|_n_ctj_Qn;D_efinitinn-qu| 1est

Evaluate-Function-Definition-Request Q.

Note: This subsection provides minimal facilities for the establishment and alteration of defined-
functions.
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Anidentifier can be edited by the function editing facilities only if it is is editable. The header line
of a defined-function can be altered only if the function-name s locally-er asable.

In function-definition mode, lines of the function being edited are temporarily associated with
numbers in decimal-rational form by an unspecified mechanism. When a function is closed, the
order of the lines given by the line number associated with each line is maintained.

The display of a function should be the same as the entries required to add the function to a clear-
wor kspace.

Thisoperation is called by immediate-execution when it recognisesa function-definition-line.
Evaluation Sequence:

Thread opening-request with @; if @ does not match opening-request, signa
definition-error.
Rethread opening-request with &), taking the following actions:
When creation-request is matched,
Set Gtothelist of characters that matched creation-requést.
Set NV to the simple-identifier that matched function-namein G.
If the current-class of NVisnot nil and G does net.match identifier-row, signal
definition-error.
When change-request is matched,
Set NV to the simple-identifier that matchied the diagram subject-function in
change-request.
Set Gtothelist of characters that matched initial-request.
If the current-class of Nisnil, set Mteanew defined-function for which
Canonical-Representation is0\0p ' '
Stop-Vector is 10
Trace-Vector is 10.
Otherwise,
If Nisnot editable,'signal definition-error.
Set Mto the current-referent of N.
Generate a new-eontext inwhich
modeisfunction-definition,
current=lineisG,
current-function is ¥,
current-line-number isthe number-of-rows in the canonical-representation of
M,
current-statement isthe empty list of tokens, and
stack isthe empty list of tokens.
Append the context as anew first item to the state-indicator.
Repeat:
Set Z to evaluate-editing-request.

IT Z1scommand-complete,
Remove thefirst-item in the state-indicator of the active-workspace.
Return Z.
If Zisanerror, display Z.
Set current-prompt to function-definition-prompt of current-line-number.
Set current-line to read-keyboard.
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(End of repeated block)

Additional Requirement:

‘The prompt In definition mode IS a line number enclosed In brackets. Line numbers are
alwaysdisplayed indecimal-rational form. The line number of the header isalways zero;
itisnot affected by index-origin.

13.5.2 Evaluate-Editing-Request

Evaluate-Editing-Request

Informal Description: This subsection acts on asingle line of inputtethe editor.

Evaluation Sequence:

Let C stand for the current-canonical-representation:

Let NV stand for the smple-identifier that matchesfunction-namein function-line.
Let S stand for the current-stop-vector.

Let T stand for the current-trace-vector.

Thread general-request with current-ling, if general-request does not match

current-line, signal definition-error.

Otherwise, rethread gener al-requestiwith current-line, taking the following actions:

When positioning-request isthreaded,
Set L to the numeric-input-conversion of the list of characters that matched
line-number in positioning-request.
If Lisanegativesnumber, signa definition-error.
If Lisgreatex-than definition-line-limit, signa limit-error.
Set currentsline-number to L.
When deletion-request isthreaded,
Set /~tothe numeric-input-conversion of the list of characters that matched
lihe=number in deletion-request.
KL isnot a positive-number, signal definition-error.
If L isgreater-than definition-line-limit, signa limit-error.
Set current-line-number to L.
Delete from Ctherow associated with L, if it exists.
Deletefrom S and T theitem associated with L, if it exists.
When display-request isthreaded, display function-display of C.
When function-lineisthreaded, if function-linedoesnot match per mitted-blanks,

206

[T ecurrent-lnenumber 15 Zero,
If function-line does not match header-line, signa definition-error.
If Nisnot locally-erasable, signal definition-error.
Set the row of C associated with current-line-number to thelist of characters
that matched function-line.
If current-line-number is not an integer, or isgreater-than current-last-line-
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number, set the items of S and T associated with current-line-number to
Zero.
Set current-line-number to next-definition-line of current-line-number.
When end-definition is matched,
If C'isnot aproper-defined-function, signal definition-error.

[Tiaentifiers are duplicared Inthe tocal-name-11stof C, sgnal aefmition-error.
Set the current-referent of N to adefined-function for which
Canonical-Representation is C.
Stop-Vector is.S.
Trace-Vector is T.
Return command-complete.

13.5.3 Diagrams

In these diagrams,
b standsfor permitted-blanks.

Opening-Request

—Db—dd creation-request j—>
t change-request

Creation-Request

»— header-line ——

Change-Request

»—— b — subject-function — b — initial-request —

I nitial‘Request

= |eft-bracket —@j—>
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General-Request

Y

—Db —x—[ positioning-request
b J L function-lineJ {L end-definition J

dc:a;U|| 1 cqua
positioning-request L display-request J

b

Positioning-Request

»—— left-bracket — b — line-number — right-bracket ——»

Deetion-Request

»—— left-bracket — b — delta— b — line-number — rightsbracket ——

Display-Request

»—— left-bracket — b — quad — b — right-bracket —

Function-Line

»—— body-line——

End-Definition

—b—dd —h—»

L ine-Number

»—<decimal-rational —b —»

Subject-Function

> simple-identifior >
~

Delta

— A
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L eft-Bracket

— [ —

Dight-anPI{d

— ] —
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14 Shared Variables

14.1 Informal Introduction

This section gives an informal introduction to the Shared-Variable-Protocol. , ¢The
evaluation sequences which follow this introduction determine the required behaviour
of shared-variables exactly.

The Shared-Variable-Protocol is an optional-facility. The Shared-Variable-Protocol
is described in this document as an interface between cooperating sessions, but it may
also be used to provide an interface between a session and an auxifiary processor. An
auxiliary processor is a program, written in any programminglanguage, that typically
provides access to facilitiesin the underlying operating system, such as file systems.

A shared-variable can be shared by precisely two partners, each either a session or an
auxiliary processor.

Conforming-programsthat usethe Shared-Variable-Protocol should document thisfact,
sincethe Shared-Variable-Protocol isnot adefined-facility of thisInternational Standard.

Operations

There are conceptudly four operationsinvolved in the Shared-Variable-Protocol: offer,
retract, set, and reference.

Sharing

Offer is an operation provided to permit sessions to share shared-variables. A given
shared-variablecan be shared between at most two sessions. Once a shared-variable has
been shared,-assignments made to it in one session are visiblein the other session.

In the evaluation sequences for the Shared-Variable-Protocol, sharing is accomplished
by appending tokens of class shared-variable to the shared-variable-list which can be
actessed by all active-workspacesin the system.

Any Shared-Variable-Protocol operation may cause asession to be delayed whileanother
session changes a shared-variable or adds an item to the shared-variable-list.
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Sharing begins when one session offers to share a symbol whose current-class is nil
or variable. The system adds a new shared-variable to the shared-variable-list and
returnsthe shared-variableto the offering session. The shared-variablethen replacesthe
current-referent of the offered symbol.

Tl + £ £ £L A i £L HPA | CRE i l H +lo s
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the general-offer does not.

Two offers match if both sessions use the same shared-name and:
At least one of the offersis a specific-offer.
Either specific-offer identifiesthe other session.

Consequently, two gener al-offer s do not match.

Once both sessions have shared the shared-variable, the shared-variableisthe current-
referent of asymbol in both active-wor kspaces, and achangemadetothe shared-variable
by one session will be visibleto the other session.

Note that two sessions can share more than one shared-variable, that a given session can
share shared-variables with more that one other session) ‘and that each shared-variable
can be shared by only two sessions.

Retracting

Two sessions, coupled by a shared-variable, decouple when either retracts the shared-
variable. This leaves the shared-variable in the same state it would have been had the
remaining session made a specific-offer to the session that retracted. If the remaining
session retracts, the shared-variable’becomes inaccessible to the sessions.

Degree of Coupling

All symboals in the symbol-table of an active-workspace have a degree of coupling.
Thisiszero if the carrent-referent isnot ashared-variable, oneif the current-referent
is a shared-variable that is offered to another session, and two if current-referent is a
shared-variablé shared with another session.

Naming

Far.any session, therearetwoidentifier sassociated with agiven shared-variable. Thefirst
iSthe name of the symbol whose current-referent isthe shared-variable; the second is
the shared-name of the shared-variable. The shared-name isthe name used in matching
offersto share.

- ” ot  ecHor ok et et I
system functions other than Shared Variable Offer.

Setting, Referencing, and Using

Each partner can set and reference the shared-variable.
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A shared-variable is set when the operation shared-variable-assignment or shared-
variable-indexed-assignment is called. A shared-variable is referenced when the
operation shared-variable-referenceiscalled. A shared-variableisused whenitiseither
set or referenced. Both indexed assignment and indexed reference of shared-variables
are possible.

Synchronisation

Synchronisation of sessionssharing ashared-variableisachieved by access control. With
each shared-variable isassociated an access-control-vector, which is designated hefe as
the ACV. The ACVis afour element Boolean vector that is accessible to a sessionthrough
the Shared-Variable-Access-Control-I nquiry operation.

The order of the elementsin the ACV is relative to the viewing session. \When session A,
sharing a shared-variable with session B, viewsthe ACY, its elementshave the following
meanings:

— If ACV[1] isone, once A has set the shared-variable B-must use it before A can set it
again.

— If ACV[2] isone, once B has set the shared-variable A must use it before B can set it
again.

— If ACV[3] isone, once A has used the shared-variable B must set it before A can
reference it again.

— If ACV[U4] isone, once B has used the shared-variable A must set it before B can
reference it again.

If a session attemptsto use a'shared-variable when not permitted to by the above rules, it
isdelayed until the partner has performed the required intermediate operation.

The rules can be surmarised in athree-state state diagram. Let A be the session that made
theinitia offer. Then the states are as follows:

— State @: The shared-variable has been referenced by the partner of the session that
last set it.

=" State 1. The shared-variablewaslast set by A and hasnot been referenced by B since
then.

= State2' Theshared-variablewaslad set by B and hasnot been referenced by A since
then.

State 0O is the state entered when the shared-variable is initialy offered. Note that only
an explicit assignment is considered a set to the shared-variable. The act of transferring
the current-content of a symbol to the shared-value of a shared-variable when an offer
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Action attempted: | SETby A | SETbyB | REFby A | REFby B
Current state: 0 + + 13 4

1 1 + 3 +

2 + 2|+ 4
Next state: O 1 2|0 1 2|0 1 2|0 1 2

Figure 2: Shared Variable Access Rules.

is made is not a set. The state is not affected by retraction and re-sharing. pFigure 2
summarises the state transitions permitted. In the figure, the action is dwayspermitted if
thereisa+ intherow corresponding to the input state. The column in whi¢h the + appears
determines the output state. A digitin the row indicates that the correspending element in
the ACV as seen by A must be zero.

For example, if the state of ashared-variableis 0 andthe ACYi§0 0 1 0,session A can
assign anew vaueto the variable (SET by A), but must waituntil the variableisin state 2
torefer to it (REF by A).

Notethat all digitslie aong the diagonal in these matrices, indicating that only actionsthat
do not change the state can be blocked by the ACV. That is, the ACV can only prevent a
given session from referencing or setting a shared-variabletwiceinarow.

Other Rules

Retraction of al the shared-variablesin a session takes place when a new workspace
is loaded, the active-workspace'is cleared, or the session ends. A shared-variable is
automatically retracted when.the shared-variable is erased, expunged, or replaced by
a ) COPY command, or, if it'is local, when the function to which it is loca terminates
execution. The state of Sharing is not saved in alibrary workspace.

The shared variablelmechanism must appear to the user to be consistent with onein which
there exists a Single copy of each shared-variable. Specifically, this means:

— Whenashared-variableisinitially offered, its value, if any, becomes the shared-value
ofthe shared-variable.

~/When an offered shared-variable ismatched, it retainsitsvaueif it has one. If it does
not have avalue, it takes on the value (if any) in the matcher’s workspace.

— When ashared-variableisretracted, its value in the retractor’s workspace is the value

last set by either partner before the retraction.

Note that, since there is conceptually a single copy across a period of sharing, no useis
implied in the above rules for making the value of a shared-variable available.

It must appear to the APL user that sessions communicating via shared-variables are
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independently scheduled. Any synchronisation between the sessions must appear to be by
means of thedel ayscaused by ng shared-variables. The proceduresused to describe
the Shared-Variable-Protocol arewritten asthough synchronisation conflicts do not occur
when two sessions are ng the shared-variable-list or the same shared-variable.

not enough roomin aworkspaoefor the shared value of the shared varlable When the
expected system actionistoignorethevariable (asinthecase of ) CLEAR or del ocalisation),
alimit-error isnot signalled.

14.2 Definitions

— ldentifier-Pair-Array: A character array of rank two in which each\rew matchesthe
character-diagram identifier-pair-row.

14.3 Diagrams
In thefollowing, b standsfor blank.

| dentifier-Pair-Row

»—G—smpleldentlfler
L |dent|f|er rowj

14.4 Operations

1441 Rrimary-Name

Primary-Namein A: For 4, acharacter vector that matches identifier-pair-row, thefirst
simple-identifier matched inidentifier-pair-row.

14.4.2 Surrogate-Name

Surrogate-Name in A: For 4, a character vector that matches identifier-pair-row, the
last smple-identifier matched inidentifier-pair-row.
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14.4.3 Degree-of-Coupling

Degree-of-Coupling of N: For symbol N, anumber defined as follows:
If the current-class of NV isnot shared-variable, zero.

Okl H . +lo + ok %+ £ N7+l £ H A P &l H
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B-active.

1444 Access-Control-Vector

Access-Control-Vector of N: An operation that, for NV a shared-variable, 4s defined as
follows:
Using N,
Let ACVA stand for session-A-ACV and ACVB stand for session=-B<ACV.
If this-session is session-A, return ACVAVACVB.
If this-session is session-B, return (ACVAVACVB)[2 1 @ 3].

1445 Offer

Offer S to P with value V: An operation defiried as follows:
Let X stand for theitem in the shared-variable-list with the smallest index such that
shared-nameis S.
session-A isthis-session or, if Pishot general-offer, general-offer.
session-A-activeis zero.
session-Bis P.
session-B-activeis one:
or
shared-name issS.
session-A is P
session-A-activeisone.
session-B.isthis-session or, if Pisnot general-offer, general-offer.
session-B-activeis zero.
If such-a'shared-variable exists,
Jf.shared-valueisnil, set shared-valueto V.
If session-A-activeis zero,
Set session-B-event to one.
Set session-A-activeto one.
Set session-A to this-session.

Lf ca:cinn-R-nr‘fi\lnic7nrn'
Set session-A-event to one.
Set session-B-activeto one.
Set session-B to this-session.
Return X.
Otherwise, create anew shared-variable, Y, asfollows:
shared-nameis S.
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session-A isthis-session.
session-A-activeisone.
session-A-ACVis0 0 0 0.
session-B is P.
session-B-activeis zero.

SENON-B-ACV 150 U U U.
shared-valueis V.
stateis zero.
session-A-event iszero.
session-B-event isone.
Append Y to the shared-variable-list asanew last item.
Return Y.

1446 Retract

Retract N: Anoperation that, for V a shared-variable, isdefined as follows:
Using IV,
If session-A isthis-session, set session-A-activeto.zero.
If session-B isthis-session, set session-B-activeto zero.
Signal-event.
Clear-event.

1447 Shared-Variable-Reset

Shared-Variable-Reset
For each item in the shared-variable-list,
If session-A isthis-session, set session-A-activeto zero.
If session-B isthissession, set session-B-activeto zero.
For each symbel W.of the symbol-table of the active-wor kspace,
For each teken T inthereferent-list of IV,
If Tisashared-variable, set T to atoken whose classisnil.

Note: 4n'thé model, a shared-variableis never reused. It is effectively discarded once session-A-
active'and session-B-active are both zero.

1448 Report-State

Report-Statefor /V: Anoperation that, for [V asnared-variable, Isdefined as follows:
Using N,
If stateiszero, return 0 0 1 1.
Otherwise,
If stateis oneand session-A isthis-session,
or if stateistwo and session-B isthis-session,
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Return1 0 1 0.
Otherwisereturn0 1 0 1.

14.4.9 Signal-Event

Signal-Event for N: An operation that, for N ashared-variable, isdefined as follows:
Using N,
If session-A isthis-session, set session-B-event to one.
If session-B isthis-session, set session-A-event to one.

14410 Clear-Event

Clear-Event for N: An operation that, for V a shared-variable, js'defined asfollows:
Using N,
If session-A isthis-session, set session-A-event to zer o,
If session-B isthis-session, set session-B-event to zero!

145 Shared Variable Forms

145.1 Shared Variable Reference

Z <« SHV
Informal Description: Return the value of a shared variable.
Evaluation Sequence:

Using theeurfent-content of SHYV,

Let 46V 'stand for access-control-vector.

LetASV stand for report-state.

Set Ato ACVAASY.

If A[2] or A[3] isone, signal-event.

Wait until at least one of the followingistrue:
ACV[3]iszero.
Stateistwo and session-A isthis-session.
Stateisone and session-B isthis-session.

[T ather of the TolToWINg 1S ITUE, o6t State to 289 0,
Stateistwo and session-A isthis-session.
Stateisone and session-B isthis-session.

Clear-event.

Return Shared-Value.
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Note: Thisoperationisall that isrequiredfor shared-variable-indexed-reference, sincethephrase-

evaluator callsindexed referencewith a value, not a name.

145.2 Shared Variable Assignment

Z < SHV « B

Informal Description: ZisB. Asasideeffect, thevalueBisassigned totheshared variable

SHYV.

Evaluation Sequence:

Using the current-content of SHYV,

Let ACV stand for access-control-vector.

Let ASV stand for report-state.

Set Ato ACVAASY.

If A[1] or A[4] isone, signal-event.

Wait until at least one of the followingistrue:
ACV[1]iszero.
Stateis not one and session-A isthis-session.
Stateis not two and session-B isthis-session.

Set shared-valueto B.

If session-A isthis-session, set stateto one.

If session-B isthis-session, set state to two.

Clear-event.

Return atoken whose classiscommitted-value and whose content is B.

218

© ISO/IEC 2001 — All rightsreserved



https://standardsiso.com/api/?name=3599b53fb9227b913a2190285519707a

ISO/IEC 13751 2001 (E)

145.3 Shared VariableIndexed Assgnment

Z < SHV[I] <« B

B.

Evaluation Sequence:

Using the current-content of SHYV,

Let ACV stand for access-control-vector.

Let ASV stand for report-state.

Set Ato ACVAASY.

If AL1] or A[4] isone, signal-event.

Wait until at least one of the followingistrue:
ACV[1]iszero.
session-A isthis-session and state is not one.
session-B isthis-session and state is not two.

If the current-class of shared-valueisnil, signal value-error.

Set C'to shared-value.

Search the form-tablefor Z «V[I] <B.

Call the corresponding eval uation sequence, passing C asthevaueof V.

Set Z tothetoken it returns.

If Zisan exception, return Z.

Otherwise,
Set shared-valueto C:
If session-A isthis-session, set stateto one.
If session-B isthis-8ession, set stateto two.
Clear-event.
Return Z.

Note: Indexedassignment of a shared variable constitutes a set, not a reference, of the shared-
variable.

14.6~ Shared Variable System Functions

14.6.1 Shared Variable Access Control Inquiry

Z « [OSvC B

Informal Description: Each row of Z isthe access-control-vector of the shared variable
named by the corresponding row of B.

Evaluation Sequence:
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If therank of B isgreater-than two, signa rank-error.

Set Bito (" 241 1,pB)pB.

If any item of theravel-list of B1isnot acharacter, signa domain-error.
Set Zto ((14pB1),4)p0.

For every I'in 114pB1, evaluated with index-origin set to one,

Car BZSand for row L of BIL.
If B2 matches identifier-row,
Set N to thesimple-identifier in B2.
If the current-class of Nisshared-variable,
Set row I of Zto access-control-vector of the current-referent of V.
Otherwise, signal domain-error.
Return ( (" 14pB),4)pZ
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14.6.2 Shared Variable Query

Z < [dSVQ B

Lnformal Descrintion: 7 isoneof thefollowina:
g T "

An array representing sessions offering to share variables with this session.
An array representing the names of shared variables offered to this session by another
session.

Evaluation Sequence:

If session-identification-typeischaracter, and B is the gener al-offer,
Set ZtoO Op' .
Using each item of the shared-variable-lit,
If
session-A isthis-session and
session-A-activeis zero and
session-B-activeisone,
Set Sto session-B.
Set Zto ((pZ)[0,p0S), [1]( (T 140Z) pS) 4S5 evaluated with index-
origin set to one.
If
session-A-activeisone and
session-B isthis-session and
session-B-activeis zero,
Set S to session-B.
Set Zto ((pZ) [Q,0S), [1]1((T14pZ) [pS) 4S5 evaluated with index-
origin set to.one’
Return Z.
If session-identification-typeisnumeric, and B is zero, signal domain-error.
If session-identification-typeisnumeric, and Bis 10,
Set 7 to 10.
Using €ach item of the shared-variable-list,
IfCal} of the following are true,
session-A isthis-session.
session-A-activeis zero.
session-B-activeisone.
append session-B as a new last e ement to the vector Z.
If al of the following are true,
session-A-activeisone.
session-B isthis-session.

session-B-activeis zero.
append session-A as anew last element to the vector Z.
Return ((Z12)=1p2)/Z
Otherwise,
If Bisnot asession-identification, signal domain-error.
If Bisthis-session, signa domain-error.
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Set Z tothe empty character array of rank two.
Using each item of the shared-variable-list,
If dl of the following are true,
session-A isthis-session.
session-A-activeis zero.

SESON-B 1S5 5.
session-B-activeis one.
append shared-name as anew last row to the identifier-array Z.
If al of the following are true,
session-A isB.
session-A-activeisone.
session-B isthis-session.
session-B-activeis zero.
append shared-name as anew last row to the identifier-array\Z.
Return Z.

14.6.3 Shared Variable Degree of Coupling

Z < USVo B

Informal Description: Z is a numeric vector-iv which each element is the degree of
coupling of the symbol named by the corresponding row of B.

Evaluation Sequence:

If therank of B isgreater-thantwo, signa rank-error.
Set Bito (" 241 1,pB)0B.
If any item of therave-ljst of B1isnot acharacter, signa domain-error.
Set Zto (14pB1)p0,
For every Iin 1 340B1,
Let B2 stand-for row I of B1.
If B2 matches identifier-row,
Set N-to the primary-namein B2.
Setitem I of theravel-list of Z to degree-of-coupling of the symbol-named-by
N.
Otherwise, signal domain-error.
Return Z.

Note: Degree-of-coupling is a property of symbols, not shared-variables.
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