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ISO (the International Organization for Standardization) and
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hckages described here are intended to provide the basic real and
r, vector, and matrix operations from which portable, reusable
an be built. This International Standard serves a broad class of
vith reasonable case of use, while demanding implementations
gh quality, capable of validation and also practical given the
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ions included in this International Standard are preseited as
la specifications in annexes A, B, C; D and E with explathatory
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2 Normativereferences

The follow

e

ational Standard defines the specifications of three generic packageslof scalar, vector and 1
RIC_COMPLEX_TYPES, GENERIC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS, the specificd
xceptions called ARRAY_EXCEPTIONS and the specification of a, generic package of complex
called COMPLEX_I0. A package body is not required for ARRAY_EXCEPTIONS; bodies of tl
vided by this International Standard.

-ations of non-generic packages called COMPLEX_TYPES, REAL_ARRAYS and COMPLEX_ARRAYS
ith thosc of analogous packages for other precisions. This International Standard does
1c8¢ packages.

hational Standard specifies certain fundamental scalar, vector and matrix arithmetic op

and complex numbers. They were ché$en because of their utility in various application
cded to support a generic package for complex clementary functions.

bational Standard is applicableto programiming cnvironments conforming to ISO/IEC 86

[his International Standard is specifically designed for applicability in programming environme
52:1987. Except for the\packages and generic packages dealing with arrays, comparable facilit]
52:1995; specifications for the generic array packages comforming to ISO/IEC 8652:1995 are pro

ng’standards contain provisions which, through reference in this text, constitute provisior

natrix operations
tion of a package
nput and output
c other packages

arc also defined,
not provide the

brations for real,
areas; moreover,
2.

nts conforming to
es are specified in
yided in annex G.

s of this Interna-

tional Star

dard. At the tiine of publication, the editions indicated were valid. All standards are su

ject to revision,

and partics to agreements based on this International Standard are encouraged to investigate the possibility of applying
the most recent editions of the standards indicated below. Members of IEC and ISO maintain registers of currently
valid International Standards.

ISO/IEC 8652, Information technology

ISO/IEC
Ada.

ISO/IEC
Ada.

1SO/IEC

Programming languages - Ada.

11430, Information technology — Programming languages Generic package of element

11729, Information technology Programming languages

13814, Information technology  Programming languages Generic package of complex

tions for Ada.

ary functions for

Generic package of primitive functions for

elementary func-
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The following record type, scalar type and four array types are exported by the packages provided by this International

Standard:

COMPLEX

REAL_VECTOR
COMPLEX_VECTOR

IMAGINARY
REAL_MATRIX
COMPLEX_MATRIX

Type COMPLEX

imaginary scalalrs; two composite types with clements of type REAL are provided, REAL_VECTOR an(DRE

to represent reg
PLEX_VECTOR aj

The following t

ll+l'

I|<|l

n %%k 1"

RE
COMPOSE_
UNIT_VEC

These are the 1
and complex vd
operators (<, <4
and for real ang
real and complg
for complex vec
component-part
and matrices (3
component-part
scalars, vectors
operations (UNT]
operations (GET]

4 Instantiations

rovides a cartesian representation of complex scalars; type IMAGINARY is provided to pep

1 vectors and matrices; and two composite types with clements of type COMPLEX jare’ pro
\d COMPLEX_MATRIX, to represent complex vectors and matrices.

wenty-four operations arc provided:

n_n "yt n/n

=" "> ">="

"abs" CONJUGATE TRANSPOSE

M SET_RE SET_IM
FFROM_CARTESIAN MODULUS ARGUMENT, COMPOSE_FRO
TOR IDENTITY_MATRIX GET PUT

isual mathematical operators (+, =, * and /) for)real, complex and imaginary scalars, g
ctors and matrices (together with analogousr¢omponentwise operations for vectors); th
, > and >=) for imaginary scalars; the exponcutiation operator (**) for complex and imagi
complex vectors; the absolute value opérator (abs) for real, imaginary and complex scal
x vectors and matrices; the conjugatesdperation (CONJUGATE) for complex and imaginary
tors and matrices; the transpose operation (TRANSPOSE) for rcal and complex matrices; th
opcrations (RE, IM, SET_RE, SET_IM and COMPOSE_FROM_CARTESIAN) for complex scal
nd, where applicable, for imédgimary scalars), for selecting component-parts and for comyj
s; the polar component-partoperations (MODULUS, ARGUMENT and COMPOSE_FROM_POLAR)
and matrices, for sclegting component-parts and for composing from component-parts; the

and PUT) for complex scalars.

resent pure
AL_MATRIX,
vided, COM-

M_POLAR

nd for real
» relational
ary scalars,
hrs, and for
bealars, and
e cartesian
hI's, vectors
osing from
or complex
initializing

T_VECTOR and IDENTETY_MATRIX) for real and complex vectors and matrices; and the input/output

This Internatiol

1ab"Standard describes eceneric packages GENERIC COMPLEX TYPES, GENERIC REAL ARR

YS, GENER-

IC_COMPLEX_ARRAYS and COMPLEX_IO.

Each package has a generic formal paramecter, which is a generic formal

floating-point type named REAL. At instantiation, this paramecter determines the precision of the arithmetic.

This International Standard also describes non-generic packages COMPLEX_TYPES, REAL_ARRAYS and COMPLEX_ARRAYS,
which provide the same capability as instantiations of the packages GENERIC_COMPLEX_TYPES, GENERIC_REAL_ARRAYS
and GENERIC_COMPLEX_ARRAYS. It is required that non-generic packages be constructed for cach precision of floating-
point type defined in package STANDARD.

Depending on the implementation, the user may or may not be allowed to specify a generic actual type having a range
constraint (sce clause 5). If allowed, such a range constraint will have the nsual effect of causing CONSTRAINT_ERROR
to be raised when a scalar argument outside the user’s range is passed in a call to one of the subprograms, or when
one of the subprograins attempts to return a scalar value (or to coustruct a composite value with a scalar component
or element) outside the user’s range. Allowing the generic actual type to have a range constraint also has some
implications for implementers.

2
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5 Implementations

Portable implementations of GENERIC_COMPLEX_TYPES, GENERIC_REAL_ARRAYS, GENERIC_COMPLEX_ARRAYS and COM-
PLEX_IO arc strongly encouraged. However, implementations are not required to be portable. In particular, an
implementation of this International Standard in Ada may usc pragma INTERFACE or other pragmas, unchecked
conversion, machine-code insertions, or other machine-dependent techniques as desired.

An implementation is allowed to make reasonable assumptions about the environment in which it is to be used,
but only when necessary in order to match algorithms to hardware characteristics in an economical manner. For
example, an implementation is allowed to limit the precision it supports (by stating an assumed maximum value for
SYSTEM.MAY_DIGITSY; Siice portabic (MpICICItations wotrtt Tot, i generat; be possibteotherwisen All such limits
and assumpltions shall be clearly documented. By convention, an implementation of GENERIC_COMPLEK_TYPES, GENER-
IC_REAL_ARRAYS, GENERIC_COMPLEX_ARRAYS or COMPLEX_IO is said not to conform to this Intéryatignal Standard in
any envirogment in which its limits or assumptions are not satisfied, and this International-Standard does not define
its behaviod in that environment. In effect, this convention delimits the portability of implementatiops.

For any of the generic packages GENERIC_COMPLEX_TYPES, GENERIC_REAL_ARRAYS, GENERIC_COMPLEX| ARRAYS or COM-
PLEX_IO, afi implementation may impose a restriction that the generic actual type/shall not have a frange constraint
that reduces the range of allowable values. If it does impose this restriction, thetithe restriction shall|be documented,
and the cfffcts of violating the restriction shall be one of the following:

Conlpilation of a unit containing an instantiation of that generie package is rejected.

CONYTRAINT_ERROR or PROGRAM_ERROR is raised during théelaboration of an instantiation of that generic pack-
age.

Conversely) if an implementation does not impose the restriction, then such a range constraint shall not be allowed,
when includled with the user’s actual type, to interferé@ith the internal computations of the subprograms; that is, if
the argumchts and result (of functions), or their components, are within the range of the type, then thq implementation
shall returt} the result (if any) and shall not raise‘an exception (such as CONSTRAINT_ERROR).

Any of the[restrictions discussed above mayun fact be inherited from implementations of the package GENERIC_ELE-
MENTARY_FPNCTIONS of ISO/IEC 11430 _and the package GENERIC_PRIMITIVE_FUNCTIONS of ISO/IE{ 11729, if used.
The dependlence of an implementatidn pn such inherited restrictions should be documented.

Lmplementations of GENERIC_COMPLEX_TYPES, GENERIC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS shall function
properly in|a tasking environment. Apart from the obvious restriction that an implementation of thepe packages shall
avoid declafing variables that are global to the subprograms, no special constraints are imposed on implementations.
With the ckeeption of €BMPLEX_IO, nothing in this International Standard requires the use of such global variables.

Some hard{vare andstheir accompanying Ada implementations have the capability of representing arfd discriminating
between pésitively and negatively signed zeros as a means (for example) of preserving the sign ofl an infinitesimal
quantity tHathés underflowed to zero. Iinplementations of these packages may exploit that capability, when available,
0 as to exhibit continuity in the results of ARGUMENT as certain linits are approached. At the same time, implemen-
tations in which that capability is unavailable are also allowed. Because a definition of what comprises the capability
of representing and distinguishing signed zeros is beyond the scope of this International Standard, implementations
arc allowed the freedom not to exploit the capability, even when it is available. This International Standard does not,
specify the signs that an implementation exploiting signed zeros shall give to zcro results; it does, however, specify
that an implementation exploiting signed zeros shall yield a scalar result (or a scalar element of a composite result)
for ARGUMENT that depends on the sign of a zero imaginary component of a scalar argument (or a corresponding scalar
clement of a composite argument). An implementation shall exercise its choice consistently, cither exploiting signed-
zero behavior everywhere or nowhere in these packages. In addition, an implementation shall document its behavior

with respect to signed zeros.
In implementations of GENERIC_COMPLEX_TYPES and GENERIC_COMPLEX_ARRAYS, all operations involving mixed real

and complex arithmetic are required to construct the result by using real arithmetic (instcad of by converting rcal
values to complex values and then using complex arithmetic). This is to facilitate conformance with IEEE arithmetic.

3
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The ARGUMENT_ERROR cxception is declared in GENERIC_COMPLEX_TYPES and GENERIC_COMPLEX_ARRAYS. This excep-
tion is raised by a subprogram in these generic packages when the argument(s) of the subprogram violate one or more

of the conditions given in the subprogram’s definition (sce clause 8).

NOTE — These conditions are related only to the mathematical definition of the subprogram and are therefore implementation

independent.

The ARRAY_INDEX_ERROR cxception is declared in GENERIC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS. This cxcep-

tion is raised by : > oy > >
of the conditionls for matching clements of arrays (as in predefined equality); that is, for dyadic arrhy
the bounds of the given left and right array operands need not be equal, but their appropriate vector ten
and/or column lengths (for matrices) shall be equal.

The ARGUMENT_ERROR and ARRAY_INDEX_ERROR exceptions arc declared as renamings of exceptions of the san
clared in the ELEMENTARY _FUNCTIONS_EXCEPTIONS package of ISO/IEC 11430 and in the ARRAY_EXCEPTIONY
this Internationfl Standard, respectively. These exceptions distinguish neither between(different kinds of a1
rors or array index errors, nor between different subprograms. The ARGUMENT _ERROR ¢xGeption docs not dist
tween instantiatfions of either GENERIC_COMPLEX_TYPES, GENERIC_COMPLEX _ARRAYS,\the¢ GENERIC_ELEMEN]
TIONS package ¢f ISO/IEC 11430 or the GENERIC_COMPLEX_ELEMENTARY_FUNCTIONS package of ISO/IEC
ARRAY_INDEX_ERROR cxception does not distinguish between different instaritiations of cither GENERIC_RH
or GENERIC_COMPLEX_ARRAYS.

Besides ARGUME
packages are pr

T_ERROR and ARRAY_INDEX_ERROR, the only exceptidusallowed during a call to a subprogr
defined exceptions, as follows:

Virtually|
packages. For
has an undefi
actual type, f
user’s generic
perform the «
no bearing ol

any predefined exception is possible during e evaluation of an argument of a subprogr:
cxample, NUMERIC_ERROR, CONSTRAINT_ERROR, or cven PROGRAM_ERROR could be raised if a
ned value; and, as stated in clause 4, ifSthe implementation allows range constraints in

hen CONSTRAINT_ERROR will be raisedhwhen the value of an argument lies outside the r
actual type. Additionally, STORAGE_ERROR could be raised, c.g. if insufficient storage is

all. All these exceptions are raised before the body of the subprogram is entered and the
implementations of these pagkages.

For the 9
raised in the

ubprograms in COMPLEX_IO only, any of the exceptions declared (by renaming) in TEXT |

11C OT More
opcrations,
bths or row

le name de-
package of
gument cr-
inguish be-
[ARY_FUNC-
13814. The
AL_ARRAYS

hin in these

m in thesce
1 argument
the generic
nge of the
vailable to
refore have

I0 may be

appropriate circumstances. For example, TEXT_I0.LAYOUT_ERROR will be raised during
operation to g string if the givensstring is too short to hold the formatted output. Additionally, TEXT_I
ROR will be r
value obtaine

TEXT_IO.FLO/

an output
.DATA_ER-

hised during theevaluation of arguments of an input operation if the components of the complex
1 are not ofytlie type REAL, or, for implementations of COMPLEX_I0 not based on an instgntiation of
AT_I0, if thevinput sequence does not have the required syntax. Implementations of COMPLEK_I0 which

make use of an instantiation of TEXT_IO.FLOAT_IO shall make every attempt to raise TEXT_I0.DATA_ERROR in the

presence of in
all possible in

alid input sequences for these types of implementations.

alid\idput sequence syntax; however, this International Standard recognizes the difficulty {n handling

Also, as stated in clause 4, if the implementation allows range constraints in the generic actual

type, then

CONSTRAINT_ERROR will be raised when a subprogram in these packages attempts to return a scalar value (or to
construct a composite value with a scalar component or element) outside the range of the user’s generic actual type.

The exception raised for this reason shall be propagated to the caller of the subprogram.

Whenever the arguments of a subprogram are such that a scalar result (or a scalar component or

clement of

a composite result) permitted by the accuracy requirements would exceed REAL' SAFE_LARGE in absolute value, as
formalized below in clause 10, an implementation may raise (and shall then propagate to the caller) the exception

specified by Ada for signaling overflow.

Once exccution of the body of a subprograin has begun, an iinplementation may propagate STORAGE_ERROR to
the caller of the subprogram, but only to signal the unexpected exhaustion of storage. Similarly, once execution
of the body of a subprogramn has begun, an implementation may propagate PROGRAM_ERROR to the caller of the

subprogram, but only to signal errors made by the user of these packages.
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No exception is allowed during a call to a subprogram in these packages except those permitted by the foregoing rules.
In particular, for arguments for which all scalar results (or scalar components or elements of all composite results)
satisfying the accuracy requirements remain less than or equal to REAL'SAFE_LARGE in absolute value, a subprogram
shall locally handle an overflow occurring during the computation of an intermediate result, if such an overflow is
possible, and not propagate an exception signaling that overflow to the caller of the subprogram.

The only exceptions allowed during an instantiation of GENERIC_COMPLEX_TYPES, GENERIC_REAL_ARRAYS, GENER-
IC_COMPLEX_ARRAYS or COMPLEX_IO, including the execution of the optional sequence of statements in the body
of the instance, are CONSTRAINT_ERROR, PROGRAM_ERROR and STORAGE_ERROR, and then only for the following reasons.
The raising of CONSTRAINT_ERROR during instantiation is only allowed when the implementation imposes the restriction
that the geperic actual type shall not have a range constraint, and the user violates that restriction(if may, in fact, be
an inescappble consequence of the violation). The raising of PROGRAM_ERROR during instantiatiényis|only allowed for
the purpos of signaling errors made by the user - for example, violation of this same restriction,or of jother limitations
of the implpmentation. The raising of STORAGE_ERROR during instantiation is only allowed for the pugpose of signaling
the exhauspion of storage.

NOTE — In ISO/IEC 8652:1987, the exception specified for signaling overflow or division by zero is NU
ISO/IEC 8452:1995 replaces that by CONSTRAINT_ERROR.

MERIC_ERROR, but

7 Arguments outside the range of safe numbers

ISO/IEC §

absolute va
result in tl
requiremer
does not dd
scalar com
and other
subprograr
to REAL'SA

8 Met]

Some of th
tional Star
restricted,
applicable

The specif]
ization of
or other ¢
conditions,
satisfied.

652 fails to define the result safe interval of any basic ¢ predefined operation of a real s
lue of one of its operands exceeds the largest safe nutber of the operand subtype. (The f]
is case occurs because no safe interval is defined for¢the operand in question.) In order t
ts that would, conscquently, be more stringent thap those of Ada itself, this International
fine the result of a contained subprogram whewsthe absolute value of one of its scalar argume
bonents or clements of composite argument$) exceeds REAL'SAFE_LARGE. All of the accur
rovisions of the following clauses are understood to be implicitly qualified by the assum
1 argiments (or scalar components orelements of composite subprogram arguments) are |
FE_LARGE in absolute value.

hod of specification( of subprograms
» subprograms have $wo or more overloaded forms. For cach form of a subprogram covereq

its range if restrieted, and the accuracy required of its implementation. The meaning of,
to, the domaii; range and accuracy specifications are described below.

cationcof ¢ach subprogram covered by this International Standard includes, where necess
he Argument values for which the subprogram is mathematically defined. It is expressq
nditions which the arguments shall satisfy to be valid. Whenever the argnments fail

ibtype when the
hilure to define a
b avoid imposing
tandard likewise
nts (or one of the
hCy requirements
ption that scalar
»ss than or equal

| by this Interna-

dard, the subprogram is specified by its parameter and result type profile, the domain of its argument(s) if

and conventions

ary, a character-
d by inequalities
to satisfy all the

the implementation shall raise ARGUMENT_ERROR. It shall not raise that exception 1t all t

1e conditions are

Inability to deliver a result for valid arguments because the scalar result (or a scalar component or element of the
composite result) overflows, for example, shall not raise ARGUMENT_ERROR, but shall be treated in the same way that
Ada defines for its predefined floating-point operations (sce clause 10).

The usual mathematical meaning of the “range” of a function is the set of values into which the function maps the
values in its domain. Some of the subprograms covered by this International Standard (for example, ARGUMENT) arc
mathematically multivalued, in the sense that a given argument value can be mapped by the subprogram into many
different result values. By means of range restrictions, this International Standard imposes a uniqueness requircment
on the results of multivalued functions, thereby reducing themn to single-valued functions.

The range of cach subprogram result is shown, where necessary, in the specifications. Range definitions take the form
of inequalities limiting the results of a subprogram. An implementation shall not exceed a limit of the range when

5
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that limit is a safe number of REAL (like 0.0, 1.0, or CYCLE/2.0 for certain values of CYCLE). On the other hand, when
a range limit is not a safe number of REAL (like 7, or CYCLE/2.0 for certain other values of CYCLE), an implementation
may exceed the range limit, but may not exceed the safe number of REAL next beyvond the range limit in the direction
away from the interior of the range; this is, in general, the best that can be expected from a portable iimplementation.
Effectively, therefore, range definitions have the added effect of imposing accuracy requirements on implementations

above and beyor

1d those presented as error bounds in the specifications (sce clanse 9).

9 Accuracy requirements
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(scalar) accuracy requircment used-in'the specifications is a “maximum relative error req
bounds on appropriate measures of the relative error in the computed result of a subprog
bt as provided by the rules imNelauses 10 and 12) for all arguinents satisfying the condit
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measure are used in the specifications; they depend on the type (real, iinaginary or ¢

In the rcal or irfagihary case, the measure is the usual “relative error”; in the comple
cach component-part is, whenever possible, a “component-part error,” but in cases where
' be involvedethis is relaxed to a “box error.”

, if thesmmathematical result is « and the computed result is 2, then the relative error 74
bual way:
rel_err(r) = |o — z|/|q|
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provided the mathematical result is finite and nonzero.

For a complex result, if the mathematical result is « + 43 and the computed result is = 4 iy, then the component-part
errors real_comp_err(x), imag-comp_err(y) arc defined as:

real_comp_err(r) = |a — x|/|w|

provided the mathematical component-part « is finite and nonzero, and

provided the mathematical component-part 3 is finite and nonzero;

mmag-comp_err(y) = |3 —y|/|3]

imag_box_err(y) arc defined as:

real_box_err(r) = |o — x|/ max(|«|, |3])

imag-box_err(y) = |3 — y|/ max(|«|, |A])

and the box errors real_bor_err(zx),
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provided the mathematical component-parts «, 3 are finite and not both zero.

In all other cases, the above measures of the relative error are not defined (i.c., when the mathematical result, or a
component-part of the mathematical result, is infinite or zero).

The sccond kind of (scalar) accuracy requirement used in the specifications is a stipulation, usually in the form of an
cquality, that the implementation shall deliver “prescribed results” for certain special arguments. It is used for two

purposes:

to define the computed result when one of the measures of the relative error is undefined, i.c., when the
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NOTES

1

The rule permits an implementation to raise an exception, instead of delivering a result, for arguments for which the math-

ematical result (or a component-part of the mathematical result) is close to but does not exceed REAL'SAFE_LARGE in absolute
value. Such arguments must necessarily be very close to an argument for which the mathematical result (or a component-part
of the mathematical result) does exceed REAL'SAFE_LARGE in absolute value. In general, this is the best that can be expected
from a portable implementation with a reasonable amount of effort.

2 The rule is motivated by the behavior prescribed by ISO/IEC 8652 for the predefined operations. That is, when the set of
possible results of a predefined operation includes a number whose absolute value exceeds the implementation-defined maximum,
the implementation is allowed to raise the exception specified for signaling overflow instead of delivering a result.

3 In ISO/IEC 8652:1987, the exception specified for signaling overflow is NUMERIC_ERROR, but ISO/IEC 8652:1995 replaces
that by CONSTRAINT_ERROR.
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An implementation shall raise the exception specified by Ada for signaling division by zero in the following specific

cases where the

corresponding mathematical results, or component-parts thercof, are infinite:

a) division by (real, imaginary or complex) zero;

b)
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subprograms do
result (or a scal
and a prescribq]

iation of (real, imaginary or complex) zero by a negative (integer) exponent;

Underflow

rations whose mathematical definition involves exponentiation of (real or complex) zcro by
nent;

IEC 8652:1987, the exception specified for signaling division by zero is NUMERIC_ERROR, but ISO/IE
CONSTRAINT_ERROR.

wardware is typically incapable of representing nonzeto mumbers whose absolute value
ration-defined minimum. For the type REAL, that mituinmtun will be at most REAL' SAFE_SMA
fined by this International Standard, whenever thedraximum relative error requircments per
ar component or clement of a composite result hwhose absolute value is less than REAL '
 result is not stipulated, the implementation@nhay yield for that scalar result (or a scalar

array operations whose mathematical definition involves division of an clement by (real or complex) zero;

ra negative

C 8652:1995

s less than
LL. For the
init a scalar
AFE_SMALL
component

or element of that composite result)

a) any valu¢ permitted by the maximum relativeserror requirements;

b) any nongero value less than or equal to*REAL'SAFE_SMALL in magnitude (and having the correct pign, unless

the maximunp relative error requirements, permit values with either sign); or
bl

zero.

9

NOTES

e behavior on underflow is as described in 12 b) or 12 c¢), the maximum relative error requirermjents are, in

able and are waived.

1  Whenever th|
general, unachiey

2 The rule permits an implementation to deliver a scalar result (or component or element of a composite result) violating the
maximum relative error requirements for arguments for which the mathematical result (or component-part of the result) equals
or slightly exceeds REAL'SAFE_SMALL in absolute value. Such arguments must necessarily be very close to an argument for which
the mathematical result (or component-part of the result) is less than REAL'SAFE_SMALL in absolute value. In general, this is
the best that can be expected from a portable implementation with a reasonable amount of effort.

13 Generic Complex Types Package

The generic package GENERIC_COMPLEX_TYPES defines operations and types for scalar complex arithmetic. One generic
formal parameter, the floating-point type REAL, is defined for GENERIC_COMPLEX_TYPES. The corresponding generic
actual paramecter determines the precision of the arithmetic to be used in an instantiation of this generic package.

The Ada package specification for GENERIC_COMPLEX_TYPES is given in annex A.

8
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13.1 Types

Two types arc defined and cxported by GENERIC_COMPLEX_TYPES. The typc COMPLEX provides a cartesian represen-
tation of a complex number; it is declared as a record with two components which represent the real and imaginary
parts. The type IMAGINARY is provided to represent a pure imaginary number; it is declared as a private type whose
full type declaration reveals it to be derived from type REAL.

13.2 Constants

i: consfant IMAGINARY :=

03
j: constant IMAGINARY 1.0;

Each consthnt represents the imaginary unit value.

Each constpnt is exact.

13.3 COMPLEX selection, conversion and composition operations

function RE (X : COMPLEX) return REAL;
function [[M (X : COMPLEX) return REAL;

Each functjon returns the specified cartesian component-part of X

Each functjon is exact.

procedure| SET_RE (X : in out COMPLEX;

RE : in REAL) ;
procedure| SET_IM (X : in out COMPLEX;
IM : in REAL) ;

Each procddure resets the specified (cartesian) component of X; the other (cartesian) component is ynchanged.
Each procddure is exact.

function ['+" (LEFT : REALS
RIGHT : IMAGINARY) return COMPLEX;
function ['-" (LEFT : REAL;
RIGHT) = *IMAGINARY) return COMPLEX;

Each operdtion retirnis the COMPLEX result of applying the appropriate standard mathematical operatipn for arithmetic
between rdal afd) imaginary numbers. This is also the standard mathematical operation for composing a complex
number frdrnkeal and imaginary numbers.

The real component-part of the result is exact. The imaginary component-part of the result shall satisfy the accuracy
requirement of the appropriate unary operation for real arithmetic, as defined by Ada.

function "+" (LEFT : IMAGINARY;

RIGHT : REAL) return COMPLEX;
function "-" (LEFT : IMAGINARY;

RIGHT : REAL) return COMPLEX;

Each operation returns the COMPLEX result of applying the appropriate standard mathematical operation for arithmetic
between real and imaginary numbers. This is also the standard mathematical operation for composing a complex
number from real and imaginary numbers.

The real component-part of the result shall satisfy the accuracy requirement of the appropriate unary operation for
real arithmetic, as defined by Ada. The imaginary component-part of the result is exact.
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function COMPOSE_FROM_CARTESIAN (RE :
function COMPOSE_FROM_CARTESIAN (RE, IM :
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REAL) return COMPLEX;
REAL) return COMPLEX;

ISO/IEC

Each function constructs a COMPLEX result (in cartesian representation) formed from given cartesian component-parts
(when only the real component-part is given, a zero imaginary component-part is assumed).

Each function is

function

abs
ARGU
ARGU

function
function
function

Each function
—CYCLE/2.0 <
CYCLE is given,
CYCLE < 0.0.
The function MO
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a)
b)

1) for an
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!

for an fmplementation not exploiting signed-zeros, ARGUMENT returns CYCLE/2.0 (or ).

exact.

COMPLEX) return REAL;
(RIGHT : COMPLEX) return REAL renames MODULUS;

ENT (X : COMPLEX) return REAL;
ENT (X : COMPLEX;
CYCLE : REAL) return REAL;
alculates and returns the specified polar component-part of X (where MODULUS (X)

WRGUMENT (X, CYCLE) < CYCLE/2.0). CYCLE defines the period of ARGUMENF(X, CYCLE)
b period of 27 is assumed (—m < ARGUMENT(X) < 7). The exception ARGUMENT_ERROR i

PULUS returns 0.0 when X = (0.0,0.0).
ARGUMENT, special cases arce defined as follows:
RE > 0.0 and X.IM = 0.0, ARGUMENT rcturns 0.0.

RE < 0.0 and X.IM = (0.0, two cases can arisc:

mplementation exploiting signed zeros, ARGUMENT returns —CYCLE/2.0 (or —m) when X. IN
1 zero and CYCLE/2.0 (or 7) when X. IM is\a positively signed zero;

he function MODULUS (and its rehaming "abs"), the maximnm relative error is 3.0-REAL ' BAS]
ARGUMENT, the maximumerelative error is 4.0 - REAL'BASE'EPSILON.

function COMP(
function COMP(
(

Each function ¢
The period of
ARGUMENT_ERRO

For the functiohs - — —thre—trin rerrartie ,
(cartesian) COMPLEX result is formed from [MODULUS| and the rotation

DSE_FROM_POLAR (MODULUS, ARGUMENT :
DSE_FROM_POLAR
ODULUS, ARGUMENT, CYCLE :

REAL) return COMPLEX;
REAL) return COMPLEX;
nstructs A&COMPLEX result (in cartesian representation) formed from given polar compc

GUMENT\Y specified by CYCLE; when no CYCLE is given, a period of 27 is assumed. Th
is raised for CYCLE < 0.0.

0.0 and
; when no
raised for

1s a nega-

' EPSILON.

nent-parts.
» exception

"y

by

of ARGUMENT CcYcC

< 0.0, the

LE/2.0 (or m); for

|ARGUMENT| > CYCLE/2.0 (or |ARGUMENT| > ), the (cartesian) COMPLEX result is formed by reducing ARGUMENT ac-

cording to the p

criod CYCLE (or 27).

For these functions, special cases are defined as follows:

when MOD

a)
b)

ULUS = 0.0, the result is (0.0,0.0);

result is MODULUS and the imaginary component-part of the result is 0.0;

)

when ARGUMENT is an integral multiple of CYCLE (or an integral multiple of 27), the real component-part of the

when ARGUMENT is the sum of CYCLE/4.0 and an integral multiple of CYCLE (or the sum of 7/2 and an integral

multiple of 27), the real component-part of the result is 0.0 and the imaginary component-part of the result is

MODULUS;
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when ARGUMENT is an odd integral multiple of CYCLE/2.0 (or an odd integral multiple of ), the real component-

when ARGUMENT is the sum of —CYCLE/4.0 and an integral multiple of CYCLE (or the sum of —7/2 and an

integral multiple of 2m), the real component-part of the result is 0.0 and the imaginary component-part of the result
is —MODULUS.

Otherwise, for the function COMPOSE_FROM_POLAR with CYCLE specified, the maximum relative crror in the cartesian
component-parts is 3.0 - REAL'BASE'EPSILON. For the function COMPOSE_FROM_POLAR with CYCLE omitted, the maxi-
mum relative error in the cartesian component-parts is 3.0 - REAL'BASE'EPSILON when |[ARGUMENT| is less than or equal

to some do

For larger 3

large |ARGUMENT].

13.4 COMPLEX arithmetic operations

function '1+" (RIGHT : COMPLEX) return COMPLEX;
function '1-" (RIGHT : COMPLEX) return COMPLEX;
function ¢ONJUGATE (X : COMPLEX) return COMPLEX;
function 1+" (LEFT, RIGHT : COMPLEX) return COMPLEX;
function 1-" (LEFT, RIGHT : COMPLEX) return COMPLEX;

Each opcera
cmatical op

The real co
shall satisfy

function
function

Each opera)
cmatical of

ZCro 18 rais

For comple,

umented implementation-dependent threshold, which shall be not less than

REAL 'MACHINE RADIX |REAL'MACHINE_MANTISSA/2|

alues of [ARGUMENT|, degraded accuracy is allowed. An implementation'shiall document

ion applies the standard mathematical @peration for complex arithmetic. This is also the
cration for complex identity, negationl&onjugation, addition and subtraction.

imponent-part of the result of CONMUGATE is exact. Otherwise, cach cartesian component-f
the accuracy requirement of(the appropriate operation for real arithmetic, as defined by

" (LEFT, RIGHT :
/" (LEFT, RIGHT-:

COMPLEX) return COMPLEX;
COMPLEX) return COMPLEX;

fion applics tle standard mathematical operation for complex arithmetic. This is also the
cration foreomplex multiplication and division. The exception specified by Ada for sign

d when (ivision by complex zero is attempted.

k wuiltplication, the maximum box error is 5.0 - REAL'BASE'EPSILON.

its behavior for

standard math-
art of the result

Ada.

standard math-
hling division by

For complex division, the maximum box error is 13.0 - REAL'BASE' EPSILON.

function

ll**”

(LEFT : COMPLEX;
RIGHT : INTEGER) return COMPLEX;

This operation returns the result of applying the standard mathematical operation for complex exponentiation by an
integer power. The exception specified by Ada for signaling division by zero is raised when LEFT = (0.0,0.0), and

RIGHT < 0.
For this op
whet

a)

b)

cration special cases are defined as follows:

| LEFT = (0.0,0.0), and RIGHT > 0, the result is (0.0,0.0);

when LEFT = (1.0,0.0), the result is (1.0, 0.0);

11
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¢) when RIGHT = 0, the result is (1.0,0.0);
d) when RIGHT = 1, the resnlt is LEFT.

Otherwise, the following shall hold:
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a) For an implementation which obtains the result by converting LEFT to a polar representation, exponentiating
the modulus and multiplying the argument by RIGHT, and reconverting to a cartesian representation, an accuracy

requirement is not specified.

b) For all other implementations, the box error of the result is obtained by applying the sequence fof complex
multiplicatiops defined by RIGHT, assuming arbitrary association of the factors, and to the finalcgothplex division

when RIGHT 0.

Clause 10 applips when the arguments arc such that computation of an intermediate result-¢ould signal operflow.

13.5 Mixed REAL and COMPLEX arithmetic operations

function "+" |(LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX;
function "+" [(LEFT : COMPLEX;

RIGHT : REAL) return COMPLEX;
function "-" |(LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX;
function "-" |[(LEFT : COMPLEX;

RIGHT : REAL) return COMPLEX;

Each operation feturns the COMPLEX result of applying the appropriate standard mathematical operation for arithmetic

between real anfd complex numbers.

The real compdnent-part of the result shall satisfy the accuracy requirement of the appropriate operatjon for real

arithmetic, as defined by Ada. The imaginary component-part of the result is exact.

function "*" |[(LEFT : REAL;

RIGHT : COMPLEX))return COMPLEX;
function "*" [(LEFT : COMPLEX;

RIGHT : REAL) return COMPLEX;
function "/" [(LEFT -REAL;

RIGHT\:COMPLEX) return COMPLEX;
function "/" |[(LERT ,: COMPLEX;

RIGHT : REAL) return COMPLEX;

Each operation returns the result of applying the appropriate standard mathematical operation for arithmetic between
real and complex numbers. The exception specified by Ada for signaling division by zero is raised when division by

(real or complex) zero is attempted.

Each cartesian component-part of the result shall satisfy the accuracy requirement of the appropriate operation for real
arithmetic, as defined by Ada. Each operation constructs the mathematical result by using real arithmetic (instead

of by using complex arithmetic, after converting real values to complex values).

13.6 Mixed IMAGINARY and COMPLEX arithmetic operations

function "+" (LEFT : IMAGINARY;
RIGHT : COMPLEX) return COMPLEX;
function "+" (LEFT : COMPLEX;

12
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RIGHT : IMAGINARY) return COMPLEX;

function "-" (LEFT : IMAGINARY;

RIGHT : COMPLEX) return COMPLEX;

function "-" (LEFT : COMPLEX;

Each opera

RIGHT : IMAGINARY) return COMPLEX;

tion returns the COMPLEX result of applying the appropriate standard mathematical operation for arithmetic

between imaginary and complex numbers.

The real co

requiremeng

function
function
function

function

Each opera

mponent-part of the result is exact. The imaginary component-part of the result shall satisfy the accuracy
as-definedbwAda
T

£ ke 43 £ cool o atic
Ol UIIC appropriatc optratro 1o T Car o T o e oI Cy o o T Ca— o y— oot

tx" (LEFT : IMAGINARY;

RIGHT : COMPLEX) return COMPLEX;
*" (LEFT : COMPLEX;

RIGHT : IMAGINARY) return COMPLEX;
/" (LEFT : IMAGINARY;
RIGHT : COMPLEX) return COMPLEX;
'/" (LEFT : COMPLEX;
RIGHT : IMAGINARY) return COMPLEX;

bion returns the COMPLEX result of applying the appropriate standard mathematical operatipn for arithmetic

between imfaginary and complex numbers. The exception specified by Ada for signaling division by zefo is raised when

division by
Each cartes

arithmetic,
of by using

13.7 1IM|
function
This functi
This functi

procedure

This proce

This proceflureAs exact.

(imaginary or complex) zcro is attempted.
ian component-part of the result shall satisfy the a¢euracy requirement of the appropriate ¢peration for real
as defined by Ada. Each operation constructs‘the mathematical result by using real arithmetic (instead
complex arithmetic, after converting real valués to complex values).
\GINARY selection, conversion _and composition operations
[M (X : IMAGINARY) return REAL;

bn returns the REAL reprdseiitation of X.

on is cxact.

SET_IM (X ¢ ‘out IMAGINARY;
IMU$ in REAL);

lure sefs'the IMAGINARY representation of X.

function COMPOSE_FROM_CARTESIAN (IM : IMAGINARY) return COMPLEX;

This function coustructs a COMPLEX result (in cartesian representation) formed from the given IMAGINARY value (a zero

real compo

This functi

nent-part is assumed).

on is exact.

13.8 IMAGINARY ordinal and arithmetic operations

function "<" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;

function
function
function

"<=" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;
"> (LEFT, RIGHT : IMAGINARY) return BOOLEAN;
">=" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;

13
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Each operation returns the result of applying the appropriate standard mathematical relational operation between
real numbers to the REAL representations of LEFT and RIGHT.

Each result shall satisfy the accuracy requirement of the appropriate operation for real arithmnetic,

nyn

CONJ

n

function
function "
function

function "abs

function "+"

(RIGHT : IMAGINARY) return IMAGINARY;

(RIGHT : IMAGINARY) return IMAGINARY;

UGATE (X : IMAGINARY) return IMAGINARY renames "-";
" (RIGHT : IMAGINARY) return REAL;

(LEFT., RIGHT : IMAGINARY) return IMAGINARY;

as defined by Ada.

function
function
function

n * "
" / n
Each operation
cmatical operat,

and division. T
is attempted.

Each result sha

function "*x"

Each operation
tiation by an in
and RIGHT < 0.

For this operatil
a) when LE}
b)

when RI

when RI(

)
Otherwise, the

a) When R]
exponentiatid

(LEFT, RIGHT : IMAGINARY) return IMAGINARY;

(LEFT, RIGHT : IMAGINARY) return REAL;

(LEFT, RIGHT : IMAGINARY) return REAL;

applics the standard mathematical operation for imaginary arithmetic. Thisd$also the star
on for imaginary identity, negation (conjugation), absolute value, additionjsubtraction, m
1c exception specified by Ada for signaling division by zero is raised whénydivision by (ima

1 satisfy the accuracy requirement of the appropriate operationor real arithmetic, as defi

(LEFT : IMAGINARY;
RIGHT : INTEGER) return COMPLEX;

returns the COMPLEX result of applying the standard mathematical operation for imagina
teger power. The exception specified by Adafor signaling division by zero is raised when
on special cases are defined as follows:

'T = 0.0 and RIGHT > 0, the result-is (0.0, 0.0);

EHT = 0, the result is (1.0£0.0);

HT = 1, the result is.(0.0, LEFT).

ollowing shallthold:

GHT is dveny, the real component-part of the result shall satisfy the accuracy requiren
n by-an integer power, as defined by Ada. The imaginary component-part of the result is

When RI

dard math-
Itiplication
binary) zero

bed by Ada.

vV exXponeu-
LEFT = 0.0

ent of real

0.0.

f the result

b)

HT 1o odd the real component-nart of tho racult 10 00 Tho o oniory coppnmoiant nont
: : F P 2= e Yo P OO R PaE

shall satisfy the accuracy requircment of the appropriate operation for real exponentiation by an integer power, as
defined by Ada.

13.9 Mixed REAL and IMAGINARY arithmetic operations

function "x*"

function "x"

n/u

function

ll/ll

function

14

(LEFT : REAL;

RIGHT : IMAGINARY) return IMAGINARY;
(LEFT : IMAGINARY;

RIGHT : REAL) return IMAGINARY;
(LEFT : REAL;

RIGHT : IMAGINARY) return IMAGINARY;
(LEFT : IMAGINARY;

RIGHT : REAL) return IMAGINARY;
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oturns the REAL or IMAGINARY result of Annlvnm the appropriate standard mathematical operation

Tach +13
Ladn opiratvion I

for arithmetic between real and imaginary numbers. The exception specified by Ada for signaling division by zero is
raised when division by (real or imaginary) zero is attempted.

..
.
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<
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¥
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Each result shall satisfy the accuracy requirement of the appropriate operation for real arithmetic, as defined by Ada.

14 Array Exceptions Package

The ARRAY_EXCEPTIONS package defines one exception, ARRAY_INDEX_ERROR, which is raised by a subprogram in the
generic arrfiy packages WICT The argieIn(s) of tat STbpTOgralT Viotate One T ore ofthecomditipns for matching

clements of arrays (sce clause 6).

The Ada phekage specification for ARRAY_EXCEPTIONS is given in annex B.

15 Generic Real Arrays Package

The generif: package GENERIC_REAL_ARRAYS defines operations and types for ¢eal’vector and matrix|arithmetic. One
generic forfnal paramecter, the floating-point type REAL, is defined for GENERIC_REAL_ARRAYS. The corresponding
generic actiial parameter determines the precision of the arithmetic to.bé used in an instantiatiop of this generic
package.

The Ada phckage specification for GENERIC_REAL_ARRAYS is giveu hii annex C.

15.1 Types

Two types| are defined and exported by GENERIC_REAL_ARRAYS. The composite type REAL_VECTQR is provided to
represent g veetor with elements of type REAL; it is-defined as an unconstrained, onc-dimensional arfay with an index
of type INTEGER. The composite type REAL_MATRIX is provided to represent a matrix with elementg of type REAL; it
is defined 4s an unconstrained, two-dimensiofial array with indices of type INTEGER.

15.2 REAL_VECTOR arithmetic operations

function |"+" (RIGHT : REAISVECTOR) return REAL_VECTOR;
function |"-" (RIGHT : REAL/VECTOR) return REAL_VECTOR;
function |"abs" (RIGHT. :““REAL_VECTOR) return REAL_VECTOR;

Each opergtion retprfs the result of applying the appropriate operation to cach element of RIGHT.| This is also the
standard vhathematical operation for vector identity, negation and absolute value.

Each array| elefuent of the result shall satisfy the (scalar) accuracy requirement of the appropriate opefation, as defined
by Ada.

function "+" (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;
function "-" (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;
function "*" (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;
function "/" (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;

Each operation returns the result of applying the appropriate operation to cach clement of LEFT and the matching
clement of RIGHT. This is also the standard mathematical operation for vector addition, subtraction, multiplication and
division. The index range of the result is LEFT'RANGE. The exception ARRAY_INDEX_ERROR is raised if LEFT'LENGTH #
RIGHT'LENGTH. The exception specified by Ada for signaling division by zcro is raised when division by zero is
attempted.

Each array clement of the result shall satisfv the (scalar) accuracy requirement of the appropriate operation, as defined

by Ada.

15
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function "*x"

©

(LEFT
RIGHT :

: REAL_VECTOR;
INTEGER) return REAL_VECTOR;

ISO/IEC

This operation returns the result of applying the standard mathematical operation for exponentiation by an integer
power to each element of LEFT. The index range of the result is LEFT'RANGE. The exception specified by Ada for
signaling division by zero is raised if for some integer I (in the index range of LEFT), LEFT(I) = 0.0 and RIGHT < 0.

Each array element of the result shall satisfy the (scalar) accuracy requirement of exponentiation by an integer power,
as defined by Ada.

function "*"

This operation
LEFT'LENGTH #

LEFT, RIGHT : REAL_VECTOR) return REAL;

returns the inner (dot) product of LEFT and RIGHT. The exception ARRAY_INDEX_ERROR
RIGHT'LENGTH.

This operation fnvolves an inner product; an accuracy requirement is not specified.

Clause 10 appli
signal overflow.

15.3 REAL_YV|

function "x"

This operation
index range of t
Each array clen
function "*"
function "/"
Each operation

index range of t
when division b

bs when the elements of LEFT and RIGHT are such that computationyéf an intermediate 1

ECTOR scaling operations
LEFT : REAL;
RIGHT : REAL_VECTOR) return REAL_VECTORj

wpplies the standard mathematical operation for scaling a vector RIGHT by a real number
1e vector result is RIGHT ' RANGE.

cnt of the result shall satisfy thee(sealar) accuracy requirement of multiplication, as defin

LEFT : REAL_VECTOR;
RIGHT : REAL) return REAL_VECTOR;
LEFT : REAL_VECTOR;
RIGHT : REAL) return REAL_VECTOR;

applics the standard mathematical operation for scaling a vector LEFT by a real number §
1e vectorresult is LEFT'RANGE. The exception specified by Ada for signaling division by zg
I zerodstattempted.

Each array elem

is raised if

esult could

LEFT. The

d by Ada.

LIGHT. The
ro is raised

et of the result shall satisfy the (scalar) accuracy requirement of the appropriate operation|

as defined

by Ada.

15.4 Other

function UNIT_

REAL_VECTOR operations

VECTOR (INDEX INTEGER;
ORDER : POSITIVE;
FIRST : INTEGER := 1) return REAL_VECTOR;

This function returns a “unit vector” with ORDER clements and a lower bound of FIRST. All clements are set to 0.0
except for the INDEX clement which is set to 1.0. The exception ARRAY_INDEX_ERROR is raiscd if INDEX < FIRST or
INDEX > FIRST + ORDER — 1; the exception CONSTRAINT_ERROR is raised if FIRST + ORDER — 1 > INTEGER'LAST.

This function is

16

exact.
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15.5 REAL_MATRIX arithmetic operations

function "+" (RIGHT : REAL_MATRIX) return REAL_MATRIX;
function "-" (RIGHT : REAL_MATRIX) return REAL_MATRIX;
function "abs" (RIGHT : REAL_MATRIX) return REAL_MATRIX;

Each opcration returns the result of applying the appropriate operation to each element of RIGHT. This is also the
standard mathematical operation for matrix identity, negation and absolute value. The index ranges of the result are
thosc of RIGHT.

Each array cle
by Ada.

function TRANSPOSE (X :

This function
(first and seco

This function

II+"

function
function

Each opcratio
clement of RI
index ranges

RIGHT'LENGTH

Each array cle
by Ada.

function "x"
This operation
arc LEFT 'RANQ
raised if LEFT

This operatior

Clause 10 app)

signal overflow.

function "x*"

This opceratior

P Ga | li ol 11 PP R | L 1 \ o oo L1 MPS 42
TICITL OT UITC TCS UL SITAIT SAatISTy v otaral T attal at y 1T O U U I U tITC ap propTIatCc O p T atT

REAL_MATRIX) return REAL_MATRIX;

returns the transpose of a matrix X. The index ranges of the result are X'RANGE(2) and
1d index respectively).

s cxact.

(LEFT, RIGHT :
(LEFT, RIGHT :

REAL_MATRIX) return REAL_MATRIX;
REAL_MATRIX) return REAL_MATRIX;

1 returns the result of applying the appropriate operation to cach clement of LEFT and
GHT. This is also the standard mathematical operation for matrix addition and subt
f the result arce those of LEFT. The exception ARRAY_INDEX_ERROR is raised if LEFT!'
(1) or LEFT'LENGTH(2) # RIGHT'LENGTH(2)

nent of the result shall satisfy the (scalar) a¢etiracy requirement of the appropriate operati

(LEFT, RIGHT : REAL_MATRIX) réturn REAL_MATRIX;

applies the standard mathematical operation for matrix multiplication. The index range:
LENGTH(2) # RIGHT'LENGTH(1).
involves an inner product; an accuracy requirement is not specified.

lics when the elements of LEFT and RIGHT are such that computation of an intermediat

(LEFT;RIGHT : REAL_VECTOR) return REAL_MATRIX;

wltiplication of a (column)

vector RIGHT.
respectively).

on, as defined

X'RANGE (1)

the matching
raction. The
LENGTH(1) #

bn, as defined

of the result

E(1) and RIGHT'RANGE (2).(first and second index respectively). The exception ARRAY_INDEX_ERROR is

result could

T by a (row)

applies the standard mathematical operation for n vector LE]

second index

Each array clement of the result shall satisfy the (scalar) accuracy requirement of multiplication, as defined by Ada.

function "*"

(LEFT
RIGHT

: REAL_VECTOR;
: REAL_MATRIX) return REAL_VECTOR;

This opcration applies the standard mathematical operation for multiplication of a (row) vector LEFT by a matrix
RIGHT. The index range of the (row) vector result is RIGHT'RANGE(2). The exception ARRAY_INDEX_ERROR is raised if
LEFT'LENGTH # RIGHT'LENGTH(1).

This operation involves an inner product; an accuracy requirement is not specified.

Clause 10 applies when the clements of LEFT and RIGHT arc such that computation of an intermediate result could
signal overflow.

17
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function "*" (LEFT : REAL_MATRIX;
RIGHT : REAL_VECTOR) return REAL_VECTOR;

This operation applies the standard mathematical operation for multiplication of a matrix LEFT by a (column) vector
RIGHT. The index range of the (column) vector result is LEFT'RANGE(1). The exception ARRAY_INDEX_ERROR is raised
if LEFT'LENGTH(2) # RIGHT'LENGTH.

This opceration involves an inner product; an accuracy requirement is not specified.

Clause 10 applics when the clements of LEFT and RIGHT arc such that computation of an intermediate result could

signal overflow.

15.6 REAL_MATRIX scaling operations

function "*" (LEFT : REAL;
RIGHT : REAL_MATRIX) return REAL_MATRIX;

This operation gpplics the standard mathematical operation for scaling a matrix RIGHT by a rcal number LEFT. The
index ranges of fhe matrix result are those of RIGHT.

Each array clemnt of the result shall satisfy the (scalar) accuracy requirement™df multiplication, as definefl by Ada.

function "x" (LEFT : REAL_MATRIX;
RIGHT : REAL) return REAL_MATRIX;
function "/" (LEFT : REAL_MATRIX;
RIGHT : REAL) return REAL_MATRIX;

Each operation applies the standard mathematical operatiothfor scaling a matrix LEFT by a rcal number RIGHT. The
index ranges of the matrix result are those of LEFT. Thewexception specified by Ada for signaling division| by zero is
raised when divikion by zero is attempted.

Each array elemé¢nt of the result shall satisfy the (§¢alar) accuracy requirement of the appropriate operation | as defined

by Ada.

15.7 Other REAL_MATRIX operations

function IDENTITY_MATRIX (ORDER : POSITIVE;
FIRST_1, FIRST_2 : INTEGER := 1) return REAL_MATRIX;

This function refurns a.dquare “identity matrix” with ORDER? clements and lower bounds of FIRST_1 anfl FIRST_2
(for the first and sccord Index ranges respectively). All elements are set to 0.0 except for the main diagopal, whose
clements are set| t6,1:0. The exception CONSTRAINT_ERROR is raised if FIRST_1 + ORDER — 1 > INTEGHR'LAST or
FIRST_2 + ORDER =1 INTEGER'TAST

This function is exact.

16 Generic Complex Arrays Package

The generic package GENERIC_COMPLEX_ARRAYS defines operations and types for complex and mixed real and complex
vector and matrix arithmetic. Four generic formal type parameters are defined for GENERIC_COMPLEX_ARRAYS, including
the floating-point type REAL which determines the precision of the arithmetic to be used in an instantiation of this
generic package. The other generic formal type parameters are REAL_VECTOR, REAL_MATRIX and COMPLEX; a cartesian
representation for the COMPLEX type is required throughout. Twenty-two genceric formal subprograin parameters arce
also defined for GENERIC_COMPLEX_ARRAYS.

The Ada package specification for GENERIC_COMPLEX_ARRAYS is given in annex D.

18
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16.1 Types

Two types are defined and exported by GENERIC_COMPLEX_ARRAYS. The composite type COMPLEX_VECTOR is provided
to represent a vector with elements of type COMPLEX; it 1s defined as an unconstrained, one-dimensional array with an
index of tvpe INTEGER. The composite type COMPLEX_MATRIX is provided to represent a matrix with clements of type
COMPLEX; it is defined as an unconstrained, two-dimensional array with indices of type INTEGER.

16.2 COMPLEX_VECTOR selection, conversion and composition operations

function RE

function I

Each functi
X'RANGE.

Each functic
procedure
procedure
Each proced
of each of t}
X'LENGTH #
Each procec

function C

(RE :
function
(RE, IM

Each functid
component-
The index ¢

Each functi

function M

(¥ COMPLEX VECTOR) return REAT _VECTOR:

M (X : COMPLEX_VECTOR) return REAL_VECTOR;

n returns a vector of the specified cartesian component-parts of X. The indexhrange

n is exact.

SET_RE (X in out COMPLEX_VECTOR;
RE : in REAL_VECTOR) ;

SET_IM (X in out COMPLEX_VECTOR;
IM : in REAL_VECTOR) ;

IM'LENGTH.
urc is exact.

ODMPOSE_FROM_CARTESIAN

REAL_VECTOR) return COMPLEX_VECTOR;

OMPOSE_FROM_CARTESIAN
: REAL_VECTOR) return COMPLEX_VECTOR;

1 constructs a vector of COMPLEX results (in cartesian representation) formed from given vec
parts (when only the real\component-parts are given, imaginary component-parts of zer

1 is exact.

ODULUS (X “COMPLEX_VECTOR) return REAL_VECTOR;

ire resets the specified (cartesian) component of cach of ¢he elements of X; the other (cartes
[ clements is unchanged. The exception ARRAY_INDEXJERROR is raised if X'LENGTH # RE

hnge of the result is RE!RANGE. The exception ARRAY_INDEX_ERROR is raised if RE'LENGTH

of the result is

ian) component
'"LENGTH and if

tors of cartesian
are assumed).
# IM' LENGTH.

function "labs" (RIGHT : COMPLEX_VECTOR) return REAL_VECTOR
renames MODULUS;
function ARGUMENT (X : COMPLEX_VECTOR) return REAL_VECTOR;
function ﬂRGUMENT X : COMPLEX_VECTOR;
CYCLE : REAL) return REAL_VECTOR;

Each function calculates and returns a vector of the specified polar component-parts of X. The index range of the result
is X'RANGE. Each array clement of the result shall satisfy the (scalar) range definition of the appropriate function.

CYCLE defines the period of ARGUMENT; when no CYCLE is given, a period of 27 is assumed. The exception ARGUMENT_ER-
ROR is raised for CYCLE < 0.0.

Each array clement of the result shall satisfy the (scalar) accuracy requirement of the appropriate function.

function COMPOSE_FROM_POLAR

(MODULUS, ARGUMENT : REAL_VECTOR) return COMPLEX_VECTOR;
function COMPOSE_FROM_POLAR

(MODULUS, ARGUMENT : REAL_VECTOR;

CYCLE : REAL) return COMPLEX_VECTOR;
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Each function constructs a vector of COMPLEX results (in cartesian representation) formed from given vectors of polar
component-parts. Each clement of ARGUMENT is assumed to have a period of CYCLE (and is reduced accordingly);
when no CYCLE is given, a period of 27 is assumed. The index range of the result is MODULUS 'RANGE. The cxception
ARRAY_INDEX_ERROR is raised if MODULUS'LENGTH # ARGUMENT'LENGTH; the cxception ARGUMENT_ERROR is raised for

CYCLE < 0.0.

Each array clement of the result shall satisfy the (scalar) accuracy requirement of the appropriate function.

16.3 COMPLEX_VECTOR arithmetic operations

||+|l

function
function

Each operatior
standard math

Each array eler
arithmetic.

function CON

This function
clement of X. 1

Each array elegnent of the result shall satisfy the (scalar) accuracy@éqhirement of complex conjugation.

"yn

function

1

function
function "x"

n/n

function

Each operation
clement of RIGH
division. The i
RIGHT'LENGTH,
zero is attempt

Each array elen
arithmetic.

function '"**'

This operation

(RIGHT :
(RIGHT :

COMPLEX_VECTOR) return COMPLEX_VECTOR;
COMPLEX_VECTOR) return COMPLEX_VECTOR;

returns the result of applying the appropriate operation to cach element of RIGHT. Thil
matical operation for vector identity and negation. The index range of the rosult is RIGH

went of the result shall satisfy the (scalar) accuracy requirement of the appropriate operation)

JUGATE (X : COMPLEX_VECTOR) return COMPLEX_VECTOR;

cturns the result of applying the standard mathematical gperation for complex conjuga
he index range of the result is X'RANGE.

(LEFT, RIGHT :
(LEFT, RIGHT :
(LEFT, RIGHT :
(LEFT, RIGHT :

COMPLEX_VECTOR)
COMPLEX_VECTOR)
COMPLEX_VECTOR)
COMPLEX_VECTOR)

return COMPLEX_VECTOR;
return(COMPLEX_VECTOR;
return COMPLEX_VECTOR;
return COMPLEX_VECTOR;

returns the result of applying the appropriate operation to cach element of LEFT and t
T. This is also the standard mathematical operation for vector addition, subtraction, multif
\dex range of the result is LERT,*"RANGE. The exception ARRAY_INDEX_ERROR is raisced if LEF

The exception specified(ByvAda for signaling division by zero is raised when division
ed.

hent of the result shall satisfy the (scalar) accuracy requirement of the appropriate operation

(LEFT _$/€0OMPLEX_VECTOR;
RIGHT\J INTEGER) return COMPLEX_VECTOR;

refurns the result of applying the standard mathematical operation for complex exponent

5 1s also the
['RANGE.

for complex

tion to each

1e matching
lication and
T'LENGTH #
v (complex)

for complex

jation by an

integer power t]

o each clement of LEFT. The index range of the result is LEFT'RANGE. The exception spec

fied by Ada

for signaling division by zero is raised if for some integer I (in the index range of LEFT), LEFT(I) = (0.0,0.0) and

RIGHT < 0.

Each array element of the result shall satisfy the (scalar) accuracy requirement of complex exponentiation by an integer

power.

function "x"

(LEFT, RIGHT : COMPLEX_VECTOR) return COMPLEX;

This operation returns the inner (dot) product of LEFT and RIGHT; no complex conjugation is performed. The exception
ARRAY_INDEX_ERROR is raised if LEFT'LENGTH ## RIGHT' LENGTH.

This operation

involves an inner product; an accuracy requirement is not specified.

Clause 10 applies when the clements of LEFT and RIGHT arc such that computation of an intermediate result could

signal overflow.
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16.4 Mixed REAL_VECTOR and COMPLEX_VECTOR arithmetic operations

function "+" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function "+" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;
function "-" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function "-" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL _VECTOR) return COMPLEX_VECTOR;

ISO/IEC 13813:1998(E)

function|"*" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function|"*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;
function|"/" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function|"/" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;

Each opefjation returns the result of applying the appropriate operatiofo cach clement of LEFT aind the matching
clement off RIGHT. This is also the standard mathematical operation forfyector addition, subtraction, multiplication and
division. The index range of the result is LEFT'RANGE. The exception“ARRAY_INDEX_ERROR is raised jf LEFT'LENGTH #
RIGHT'LENGTH. The cxception specified by Ada for signaling«division by zero is raised when diyision by (real or

complex) gero is attempted.

Each array clement of the result shall satisfy the (scalar) acéuracy requirement of the appropriate ofjeration for mixed

rcal and cpmplex arithmetic.

function|"*" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX;
function|"*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX;

Each opetlation returns the inner+(dot) product of LEFT and RIGHT. The exception ARRAY_INDEX_[ERROR is raised if

LEFT'LENGTH # RIGHT ' LENGTH;:

This operftion involves ansinner product; an accuracy requirement is not specified.

Clause 10[applics ghen the clements of LEFT and RIGHT arc such that computation of an intermegiate result could

signal ovefflow.,

16.5 COMPLEX_VECTOR scaling operations

function "*" (LEFT : COMPLEX;
RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;

Each operation applics the standard mathematical operation for scaling a vector RIGHT by a complex number LEFT.

The index range of the result is RIGHT ' RANGE.

Each array clement of the result shall satisfy the (scalar) accuracy requirement of complex multiplication.

function "*" (LEFT : COMPLEX_VECTOR;

RIGHT : COMPLEX) return COMPLEX_VECTOR;
function "/" (LEFT : COMPLEX_VECTOR;

RIGHT : COMPLEX) return COMPLEX_VECTOR;
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Each operation applies the standard mathematical operation for scaling a vector LEFT by a complex number RIGHT.
The index range of the result is LEFT'RANGE. The exception specified by Ada for signaling division by zero is raised
when division by (complex) zero is attempted.

Each array element of the result shall satisfy the (scalar) accuracy requirement of the appropriate operation for complex

arithmetic.

function "x*"

(LEFT

: REAL;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;

Each operation
LEFT. The index

Each array clem
tion.

function "x"
function "/"
Each opcration
RIGHT. The ind

raised when divi

Each array clem
real and comple

16.6 Other

function UNIT

This function ref
except for the I
or INDEX > FIRS

This function is

hpplies the standard mathematical operation for scaling a complex vector RIGHT by alrg
range of the result is RIGHT ' RANGE.

nt of the result shall satisfy the (scalar) accuracy requirement of mixed real and complex

LEFT : COMPLEX_VECTOR;
RIGHT : REAL) return COMPLEX_VECTOR;
LEFT : COMPLEX_VECTOR;
RIGHT : REAL) return COMPLEX_VECTOR;

applies the standard mathematical operation for scalifgr a complex vector LEFT by a rq
x range of the result is LEFT'RANGE. The exception spedified by Ada for signaling divisior
sion by (real) zero is attempted.

'nt of the result shall satisfy the (scalar) accuragy requirement of the appropriate operatior
k arithmetic.

COMPLEX_VECTOR operations

VECTOR (INDEX : INTEGER;
ORDER : POSITIVE;
FIRST : INTEGER := 1) return COMPLEX_VECTOR;

urns a “unit vectorwith ORDER clements and a lower bound of FIRST. All elements are sct {
[IDEX clement_which is set to (1.0,0.0). The exception ARRAY_INDEX_ERROR is raised if INDH
T + ORDER&ALY the exception CONSTRAINT_ERROR is raised if FIRST + ORDER — 1 > INTEGE

exacts

al number

nultiplica-

al number
by zero is

for mixed

0 (0.0,0.0)
X < FIRST
R'LAST

16.7 COMPLEX_MATRIX selection, conversion and composition operations

function RE (X :
function IM (X :

COMPLEX_MATRIX) return REAL_MATRIX;
COMPLEX_MATRIX) return REAL_MATRIX;

Each function returns a matrix of the specified cartesian component-parts of X. The index ranges of the result are

those of X.

Each function is

procedure SET_

procedure SET_

22

exact.

RE (X : in out COMPLEX_MATRIX;
RE : in REAL_MATRIX);

IM (X : in out COMPLEX_MATRIX;
IM : in REAL_MATRIX);
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Each procedure resets the specified (cartesian) component of cach of the elements of X; the other (cartesian) component
of each of the elements is nnchanged. The exception ARRAY_INDEX_ERROR is raised if X'LENGTH(1) # RE'LENGTH(1)
or X'LENGTH(2) # RE'LENGTH(2) and if X' LENGTH(1) = IM'LENGTH(1) or X'LENGTH(2) # IM'LENGTH(2).

Each procedure is exact.

function COMPOSE_FROM_CARTESIAN

(RE :

REAL_MATRIX) return COMPLEX_MATRIX;

function COMPOSE_FROM_CARTESIAN

(RE, IM :

BEach funct

of cartesian

arc assumie
RE'LENGTH

Each functi

function M

function '

renames
function ARGUMENT (X :
function A

Each functi

result are t
function.

CYCLE dcfin
ROR is raisc

Each array

function (
(MODULU

function (¢OMPOSE_FROM_POLAR
(MODULUS, ARGUMENT :(REAL_MATRIX;
CYCLE : -REAL) return COMPLEX_MATRIX;

Each funct
polar comp

when no C)
exception ARRAY INDEX_ERROR is raised if MODULUS'LENGTH(1) # ARGUMENT'LENGTH(1) or MODULU

REAL_MATRIX) return COMPLEX_MATRIX;

bn constructs a matrix of COMPLEX results (in cartesian representation) formed frém
component-parts (when only the real component-parts are given, imaginary couipenc

).

1) # IM'LENGTH(1) or RE'LENGTH(2) # IM'LENGTH(2).

1

n is exact,.

COMPLEX_MATRIX) return REAL_MATRIX;
COMPLEX_MATRIX) return REAL_MATRIX

ODULUS (X :

abs" (RIGHT :

MODULUS;

COMPLEX_MATRIX) return REAL_MATRIX;
: COMPLEX_MATRIX;

REAL) return REAL_MATRIX;

RGUMENT (X
CYCLE :

b calculates and returns a matrix of the specifiédipolar component-parts of X. The ind
10s¢ of X. Bach array clement of the result shalVsatisfy the (scalar) range definition of

' the period of ARGUMENT; when no CYGEE Is given, a period of 27 is assumed. The exceptig
| for CYCLE < 0.0.

slement of the result shall satisfy the (scalar) accuracy requirement of the appropriate fu

OMPOSE_FROM_POLAR
S, ARGUMENT : REALWMATRIX) return COMPLEX_MATRIX;

on constTicts a matrix of COMPLEX results (in cartesian representation) formed from g
bnent-parts. Each clement of ARGUMENT is assumed to have a period of CYCLE (and is redug
fCLE ¢ given, a period of 27 is assumed. The index ranges of the result are those of

given matrices
it-parts of zero

The index ranges of the result are those of RE. The exception ARRAY_INDEX_ERROR is raised if

bx ranges of the
the appropriate

n ARGUMENT _ER-

1ction.

ven matrices of
cd accordingly);
MODULUS. The

ARGUMENT ' LENGTH(2); the exception ARGUMENT _ERROR is raised for CYCLE < 0.0.

S'LENGTH(2) #

Each array clement of the result shall satisfy the (scalar) accuracy requirement of the appropriate function.

16.8 COMPLEX_MATRIX arithmetic operations

function
function

l|+l|

n_mn

(RIGHT :
(RIGHT :

COMPLEX_MATRIX) return COMPLEX_MATRIX;
COMPLEX_MATRIX) return COMPLEX_MATRIX;

Each operation returns the result of applying the appropriate operation to each clement of RIGHT. This is also the
standard mathematical operation for matrix identity and negation. The index ranges of the result are those of RIGHT.

Each array clement of the result shall satisfy the (scalar) accuracy requirement of the appropriate operation for complex
arithmetic.
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function CONJUGATE (X :

COMPLEX_MATRIX) return COMPLEX_MATRIX;

© ISO/IEC

This function returns the result of applying the standard mathematical operation for complex conjugation to cach
element of X. The index ranges of the result are those of X.

Each array cler

function TRANSPOSE (X :

This function g

(first and seco
This function i

function "+"

function

Each operation applies the appropriate standard mathematical operation for matiix addition or subtr

index ranges (
RIGHT'LENGTH

Each array elex
arithmetic.

function "x"
This operation|
are LEFT'RANG
raised if LEFT'

This operation

Clause 10 appl
signal overflow
"*ll

function

This operation
The index rang

nent of the result shall satisfy the (scalar) accuracy requirement of complex conjugation.

COMPLEX_MATRIX) return COMPLEX_MATRIX;

d index respectively).
s exact.

(LEFT, RIGHT :
(LEFT, RIGHT :

COMPLEX_MATRIX) return COMPLEX_MATRIX;
COMPLEX_MATRIX) return COMPLEX_MATRIX;

f the result are those of LEFT. The exception ARRAY_INDEX_ERRDR is raiscd if LEFT'L
1) or LEFT'LENGTH(2) # RIGHT'LENGTH(2).

1ent of the result shall satisfy the (scalar) accuracy requirGment of the appropriate operation

(LEFT, RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;

applics the standard mathematical operation for matrix multiplication. The index ranges
F (1) and RIGHT'RANGE(2) (first and sccond index respectively). The exception ARRAY_IND
LENGTH(2) # RIGHT'LENGTH(1).

involves an inner product; an acéuracy requirement is not specified.

ics when the clements of (LEFT and RIGHT are such that computation of an intermediate

(LEFT, RIGHT ( GOMPLEX_VECTOR) return COMPLEX_MATRIX;

applics thestandard mathematical operation for multiplication of a (column) vector by a
es of thd matrix result are LEFT'RANGE and RIGHT 'RANGE (first and sccond index respecti

Each array elezlnent of the result shall satisfy the (scalar) accuracy requirement of complex multiplication.

X'RANGE(1)

hction. The
ENGTH(1) #

for complex

of the result
EX_ERROR is

result could

row) vector.
vely).

function "x"

(LEFT : COMPLEX_VECTOR;
RIGHT : COMPLEX_MATRIX) return COMPLEX_VECTOR;

This operation applies the standard mathematical operation for multiplication of a (row) vector by a matrix. The index
range of the (row) vector result is RIGHT 'RANGE(2). The exception ARRAY_INDEX_ERROR is raised if LEFT'LENGTH #
RIGHT'LENGTH(1).

This operation

involves an inner product; an accuracy requirement is not specified.

Clause 10 applies when the clements of LEFT and RIGHT arc such that computation of an intermediate result could

signal overflow.

function "*"

24

(LEFT : COMPLEX_MATRIX;
RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
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This operation applies the standard mathematical operation for multiplication of a matrix by a (column) vector.
The index range of the (column) vector result is LEFT'RANGE(1). The exception ARRAY_INDEX_ERROR is raised if
LEFT'LENGTH(2) # RIGHT'LENGTH.

This operation involves an inner product; an accuracy requirement is not specified.

Clause 10 applies when the elements of LEFT and RIGHT are such that computation of an intermediate result could
signal overflow.

16.9 Mijxed REAL_MATRIX and COMPLEX_MATRIX arithmetic operations

function [|'+" (LEFT : REAL_MATRIX;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
function [|'+" (LEFT : COMPLEX_MATRIX;

RIGHT : REAL_MATRIX) return COMPLEX_MATRIX;

function ['-" (LEFT : REAL_MATRIX;
RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
function ['-" (LEFT : COMPLEX_MATRIX;

RIGHT : REAL_MATRIX) return COMPLEX_MATRIX;

Each operdtion applics the appropriate standard mathematical operation for matrix addition or spibtraction. The
index rangpes of the result are those of LEFT. The exception ARRAY_INDEX_ERROR is raised if LEFT'LENGTH(1) #
RIGHT'LENGTH(1) or LEFT'LENGTH(2) # RIGHT'LENGTH(2).

Each array|eclement of the result shall satisfy the (scalar) aé¢uracy requirement of the appropriate opgration for mixed
real and cdimplex arithmetic.

function ['*" (LEFT : REAL_MATRIX;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
function ['*" (LEFT : COMPLEX_MATRIXy

RIGHT : REAL_MATRIX)\return COMPLEX_MATRIX;

Each opergtion applies the standard mwathematical operation for matrix multiplication. The index rapges of the result
arc LEFT'RANGE (1) and RIGHT 'RANGE (2) (first and second index respectively). The exception ARRAY| INDEX_ERROR is
raised if LHFT' LENGTH(2) # RIGHT'LENGTH(1)

This operation involvessandinner product; an accuracy requirement is not specified.

Clausc 10 ppplics ‘when the clements of LEFT and RIGHT are such that computation of an intermediate result could
signal overflow!

function "¥" CLEFT . REAL_VECTOR;]

RIGHT : COMPLEX_VECTOR) return COMPLEX_MATRIX;
function "*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_MATRIX;

Each operation applics the standard mathematical operation for multiplication of a (column) vector by a (row) vector.
The index ranges of the matrix result are LEFT'RANGE and RIGHT'RANGE (first and second index respectively).

Each array clement of the result shall satisfy the (scalar) accuracy requirement of mixed real and complex multiplica-
tion.

function "*" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_MATRIX) return COMPLEX_VECTOR;
function "*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_MATRIX) return COMPLEX_VECTOR;
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Each operation applies the standard mathematical operation for multiplication of a (row) vector by a matrix. The index
range of the (row) vector result is RIGHT'RANGE(2). The exception ARRAY_INDEX_ERROR is raised if LEFT'LENGTH #

RIGHT'LENGTH(

1).

This operation involves an inner product; an accuracy requirement is not specified.

Clause 10 applies when the clements of LEFT and RIGHT are such that computation of an intermediate result could

signal overflow.
function "*"

function "x"

Each operation
The index rang
LEFT'LENGTH(2

This operation

Clause 10 appli
signal overflow.

16.10 COMPI

function "*"

Each operation
The index rang

Each array elen

function "x*"

function "/"
Each operation

The index rang
raised when diy

(LEFT : REAL_MATRIX;

RIGHT : COMPLEX_VECTOR) return CUMPLEX_VECTUR;
(LEFT : COMPLEX_MATRIX;
RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;

applics the standard mathematical operation for multiplication of a matrixhy’a (colu
e of the (column) vector result is LEFT'RANGE(1). The exception ARRAYDINDEX_ERROR
# RIGHT'LENGTH.

nvolves an inner product; an accuracy requirement is not specifieds

cs when the clements of LEFT and RIGHT arc such that computation of an intermediate

EX_MATRIX scaling operations

(LEFT : COMPLEX;
RIGHT : COMPLEX_MATRIX) return COMPLEX.MATRIX;

applies the standard mathematical operation for scaling a matrix RIGHT by a complex m
s of the result are those of RIGHT.

hent of the result shall satisfy she (scalar) accuracy requirement of complex multiplication

(LEFT : COMPLEX_MATRIX}
RIGHT : COMPLEX) return COMPLEX_MATRIX;
(LEFT : COMPLEX-=MATRIX;
RIGHT : COMPLEX)” return COMPLEX_MATRIX;

applics the'standard mathematical operation for scaling a matrix LEFT by a complex i
cs of thd result are those of LEFT. The exception specified by Ada for signaling divisiol
ision, by=(complex) zero is attempted.

Each array clen

nn) vector.
is raised if

esult could

mber LEFT.

iber RIGHT.
L by zcro is

entof the result shall satisfy the (scalar) accuracy requirement of the appropriate operation

for complex

arithmetic.

function "x"

(LEFT : REAL;
RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;

Each operation applies the standard mathematical operation for scaling a complex matrix RIGHT by a real munber
LEFT. The index ranges of the result arc those of RIGHT.

Each array clement of the result shall satisfy the (scalar) accuracy requirement of mixed real and complex multiplica-

tion.
function "*"

function "/"
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(LEFT : COMPLEX_MATRIX;
RIGHT : REAL) return COMPLEX_MATRIX;
(LEFT : COMPLEX_MATRIX;
RIGHT : REAL) return COMPLEX_MATRIX;
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Each operation applies the standard mathematical operation for scaling a complex matrix LEFT by a real number
RIGHT. The index ranges of the result are those of LEFT. The exception specified by Ada for signaling division by zero

is raised wh

en division by (real) zero is attempted.

Each array clement of the result shall satisfy the (scalar) accuracy requirement of the appropriate operation for mixed

rcal and cor

16.11

function I

This functi
the first anc
clements ar

FIRST_2 + (

This functid

17 Gen

The generic
Exceptional

Five generic
the precisi
paramcters

The Ada pd

procedure

procedure

Each proce
real literals
may be sep
the compor

nplex arithmetic.

Other COMPLEX_MATRIX operations

PDACTTIULR

AR ARDER
ENITIT _MMATRTA CURDLIV .

FIRST_1, FIRST_2

TOOT T TV,

INTEGER := 1) return COMPLEX_MATRIX;

sccond index ranges respectively). All clements are set to (0.0,0.0) except for the main
RDER — 1 > INTEGER'LAST.

n is exact.

eric Complex Input/Output Package

package COMPLEX_IO defines procedures for the formhatted input and output of scalar
conditions are reported by raising the appropriate exception defined in TEXT_IO.
The othe

 of the arithmetic to be used in an instantiation of this generic package.

ckage specification for COMPLEX_I@\is given in annex E.

GET (FILE in FILE_TYPE;
ITEM out COMPLEX;
WIDTH : in EIELD := 0);

GET (ITEM out~ COMPLEX;
WIDTH : in~FIELD := 0);

represaifting the real and imaginary components of a complex value; optionally, the pai

ents'ad before the parentheses and comma, if cither is used. If the value of the paramet

then

h returns a square “identity matrix” with ORDER? clements and lower bounds of FIRST_1 4

b set to (1.0,0.0). The exception CONSTRAINT _ERROR is raised if FIRST_1 +ORDER — 1> I

formal parameters arc defined for COMPLEX_@0, including the floating-point type REAL w

arc the type COMPLEX and subprograms-$o compose and decompose scalar complex valuey.

lure inputsa complex number from the indicated source. The input sequence is a pair of d

hratedshy a comma and/or surrounded by a pair of parentheses. Blanks are freely allowq

nd FIRST_2 (for
liagonal, whose
NTEGER'LAST or

:omplex values.

hich determines

1 generic formal

ptionally signed
of components
d before each of
br WIDTH is zero,

a)

line and page terminators arc also allowed in these places;

b) the components shall be separated by at least one blank or line terminator if the comma is omitted; and

¢) reading stops when the right parenthesis has been read, if the input sequence includes a left parenthesis, or

when the

imaginary component has been read, otherwise.

If a nonzero value of WIDTH is supplied, then

a) thec

omponents shall be separated by at least one blank if the comma is omitted; and

bh) exactly WIDTH characters are read, or the characters (possibly none) up to a line terminator, whichever comes

first (blax

iks are included in the connt).

27


https://iecnorm.com/api/?name=59c18804eb1a11feac50689a77746a57

ISO/IEC 13813:1998(E) © ISO/IEC

The value of type COMPLEX that corresponds to the input sequence is returned in the parameter ITEM.

The exception TEXT_IO.DATA_ERROR is raisced if the input sequence does not have the required syntax, or if the
components of the complex value obtained are not of type REAL. For an implementation of GET which uses invocation(s)
of GET from an instantiation of TEXT_IO.FLOAT_IO, nonstandard behavior is permitted in the presence of invalid input
sequence syntax. If nonstandard behavior is exhibited by an implementation, it shall be documented.

procedure PUT (FILE : in FILE_TYPE;
ITEM : in COMPLEX;
FORE : in FIELD := DEFAULT_FORE;
AFT in FIELD := DEFAULT_AFT;
EXP : in FIELD := DEFAULT_EXP);
procedure PUT (ITEM : in COMPLEX;
FORE : in FIELD := DEFAULT_FORE;
AFT in FIELD := DEFAULT_AFT;
EXP in FIELD := DEFAULT_EXP);

outputs the value of the parameter ITEM as a pair of decimal literals representing the real an
the complex value, using the syntax of an aggregate. More specifically; cach procedure

Each procedure l imaginary

components of
a) outputs f left parenthesis;

Lhe value of the real component of the parameter ITEM With the format defined by the co

> of an instance of TEXT_I0.FLOAT_IO using the given\valucs of FORE, AFT, and EXP;

b) outputs responding

PUT proceduy
)

d) outputs
responding P|
and

¢)

procedure GET|

outputs & comma;

the value of the imaginary component ofsthe paramecter ITEM with the format defined
UT procedure of an instance of TEXT_IQvDATA_ERROR using the given values of FORE, AF

by the cor-
[, and EXP;

outputs a right parenthesis.
(FROM :
ITEM :
LAST :

in STRING;
out COMPLEX,;
out POSITIVE);

The procedure
procedure that
of type COMPLE)
FROM(LAST) is t

The exception

reads a complex_value from the beginning of the given string, following the same rule
reads a complex ‘value from a file, but treating the end of the string as a line terminator
[ that corrégponds to the input sequence is returned in the parameter ITEM; the index vah
1e last character read is returned in LAST.

TE¥T. I0.DATA_ERROR is raised if the input sequence does not have the required synta

as the GET
The value
¢ such that

k. or if the

components of

41 1 1 A I 1 - £ n AT hm] - 1 . rd
I COTITPICAT VaraC UDUAaIITot alfC IO O vIIC Uy PT RERLT IO all HITPICIHICIHTAUION O GEL

which uses

invocation(s) of GET from an instantiation of TEXT_I0.FLOAT_IO, nonstandard behavior is permitted in the presence
of invalid input sequence syntax. If nonstandard behavior is exhibited by an iinplementation, it shall be docimented.

procedure PUT

(TO : out STRING;
ITEM : in COMPLEX;
AFT in FIELD := DEFAULT_AFT;
EXP in FIELD := DEFAULT_EXP);

This procedure outputs the value of the parameter ITEM to the given string as a pair of decimal literals representing
the real and imaginary components of the complex value, using the syntax of an aggregate. More specifically,

a)

a left parenthesis, the real component, and a comma are left justified in the given string, with the real component

having the format defined by the PUT procedure (for output to a file) of an instance of TEXT_I0.FLOAT_IO using a

value of zero

28
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b)
/

ISO/IEC 13813:1998(E)

the imaginary component and a right parenthesis are right justified in the given string, with the imaginary

component having the format defined by the PUT procedure (for output to a file) of an instance of TEXT_I0.FLOAT_IO
using a value for FORE that completely fills the remainder of the string, together with the given values of AFT and

EXP.

raised if the giv

18 Standard non-generic packages

2QG1U1011

and imagin
for all preci
packages of

The package
the same t)
RAYS and
throughout|

Names of t

if th
shall be

if th
shall be

if ot
by consic
and mat

Each non-g
generic pac

formatted output.

,,,,,,,,,,,, analo

to the gmmrn type pac lmon\’

Lions defined in package STANDARD. The same floating-point type shall be used to generate
the same precision.

EENERIC_COMPLEX_ARRAYS, respectively, except that the pr

1%

1¢ other non-generic packages (where defined) shall be assigned-as follows:

1er predefined floating-point types are supported (c.g., LONG_LONG_FLOAT), package names

hing the prefix of cach floating-peint type with that of the corresponding package names

kage, except that the appropriate predefined type shall replace type REAL throughout.

)gous non-generic packages are required to define standar,
hry types and bt&lld&l d real and complex vector and matrix types. Non-generic packages

edefined/type FLOAT shall re

» predefined floating-point type LONG_FLOAT is &tpported by a host implementation of Ad
1sed to gencerate the packages LONG_COMPLEX (TYPES, LONG_REAL_ARRAYS and LONG_COMPL

ering the predefined types in order of d@scending (for LONG-types) or descending (for SHORT]

d scalar complex
hall be provided
eal and complex

»s COMPLEX_TYPES, REAL_ARRAYS and COMPLEX_ARRAYS shall always be provided; these packages shall define
'pes, constants (COMPLEX_TYPES only) and subprograms as GENERIC COMPLEX_TYPES, GENERIC_REAL_AR-

place type REAL

» predefined floating-point type SHORT_FLOAT is supported by a host implementation of Ada, then this type
1sed to generate the packages SHORT_COMPLEX_TYPES) 'SHORT_REAL_ARRAYS and SHORT_CO

MPLEX_ARRAYS:;

h, then this type
EX_ARRAYS; and

shall be assigned
Ltypes) precision

neric package shall define thesame types, constants (if applicable) and subprograms as the corresponding
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AR L DQ L. 1070 \

tive)

ve)
Ada specification for GENERIC_COMPLEX_TYPES

with ELEMENTARY_FUNCTIONS_EXCEPTIONS;

generic

type REAL is digits <>;

package GENERIC_COMPLEX_TYPES is

-- TYPES --

type COMPLEX is
record
RE, IM|: REAL;

end recor|d;

type IMAGINARY is private;

—-— CONSTANTS

i: constant] IMAGINARY

j: constant] IMAGINARY;

~- SUBPROGRAMS for COMPLEX TYPES --

-—- COMPLEX |selection,

conversion and composition operations --

function RH (X : COMPLEX) return REAL;
function IM (X : COMPLEX) return{REAL;

procedure SET_RE (X

procedure SET_IM (X

IM":

: in oudCOMPLEX;
RE :

in REAL) ;

: Wn. out COMPLEX;
in REAL) ;

: REAL;

IMAGINARY) return COMPLEX;

: REAL;

function "#H" (LEET
RIGHT :

function """ \(LEFT
RIGHT :

function "+" (LEFT
RIGHT :
function "-" (LEFT
RIGHT :

function COMPOSE_FROM_
function COMPOSE_FROM_

function MODULUS (X :

function "abs" (RIGHT :
function ARGUMENT (X :

function ARGUMENT (X

30

IMAGINARY) return COMPLEX;

: IMAGINARY;

REAL) return COMPLEX;

: IMAGINARY;

REAL) return COMPLEX;

CARTESIAN (RE : REAL) return COMPLEX;
CARTESIAN (RE, IM : REAL) return COMPLEX;

COMPLEX) return REAL;
COMPLEX) return REAL renames MODULUS;
COMPLEX) return REAL;

: COMPLEX;
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function
function

CYCLE : REAL) return REAL;

COMPOSE_FROM_POLAR (MODULUS, ARGUMENT : REAL) return

COMPOSE_FROM_POLAR

(MODULUS, ARGUMENT, CYCLE : REAL) return COMPLEX;

-- COMPLEX arithmetic operations --

function
function

"+" (RIGHT : COMPLEX) return COMPLEX;
"-" (RIGHT : COMPLEX) return COMPLEX;

ISO/IEC 13813:1998(E)

COMPLEX;

functionp

function
functio

=4

function

function

functiop

-- Mixed

functiop

functioh

functioh

functioh

functio

=7

functioh

functiop

functiop

-- Mixefd

functiop

functio

CONJUGATE (X : COMPLEX) return COMPLEX;

"4+ (LEFT, RIGHT : COMPLEX) return COMPLEX;
m-n (LEFT, RIGHT : COMPLEX) return COMPLEX;
"x" (LEFT, RIGHT : COMPLEX) return COMPLEX;
w/" (LEFT, RIGHT : COMPLEX) return COMPLEX;
"xx" (LEFT : COMPLEX;

RIGHT : INTEGER) return COMPLEX;

REAL and COMPLEX arithmetic operations --

"+" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX;
"+" (LEFT : COMPLEX;

RIGHT : REAL) return COMPLEX;
"-" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX;
"-m (LEFT : COMPLEX;

RIGHT : REAL) return COMPLEX';
"x" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX;
"x" (LEFT : COMPLEX;

RIGHT : REAL) return COMPLEX;
v/" (LEFT : REAL;

RIGHT : COMRLEX) return COMPLEX;
"/" (LEFT : COMPLEX;

RIGHT { REAL) return COMPLEX;

IMAGINARY-and COMPLEX arithmetic operations --

"+ \(LEFT : IMAGINARY;

RIGHT : COMPLEX) return COMPLEX;
wiv (LEET - COMPLEX:

function

function

function

function

function

function

RIGHT : IMAGINARY) return COMPLEX;
"-n (LEFT : IMAGINARY;

RIGHT : COMPLEX) return COMPLEX;
m"-n (LEFT : COMPLEX;

RIGHT : IMAGINARY) return COMPLEX;
"x" (LEFT : IMAGINARY;

RIGHT : COMPLEX) return COMPLEX;
"x" (LEFT : COMPLEX;

RIGHT : IMAGINARY) return COMPLEX;
n/" (LEFT : IMAGINARY;

RIGHT : COMPLEX) return COMPLEX;
"/v (LEFT : COMPLEX;

RIGHT : IMAGINARY) return COMPLEX;
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—-- SUBPROGRAMS for IMAGINARY TYPES --
-— IMAGINARY selection, conversion and composition operations --
function IM (X : IMAGINARY) return REAL;

procedure SET_IM (X : out IMAGINARY;
IM : in REAL);

function COMPOSE_FROM_CARTESIAN (IM : IMAGINARY) return COMPLEX;

© ISO/IEC

—-- IMAGINARY ordinal and arithmetic operations --

function "4q" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;
function "4=" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;
function ">" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;
function ">=" (LEFT, RIGHT : IMAGINARY) return BOOLEAN;

function "H" (RIGHT : IMAGINARY) return IMAGINARY;

function "+" (RIGHT : IMAGINARY) return IMAGINARY;

function CONJUGATE (X : IMAGINARY) return IMAGINARY renames "™
function "gbs" (RIGHT : IMAGINARY) return REAL;

function "4" (LEFT, RIGHT : IMAGINARY) return IMAGINARYj;

function "H" (LEFT, RIGHT : IMAGINARY) return IMAGINARY:
function "H" (LEFT, RIGHT : IMAGINARY) return REAL}
function "/A" (LEFT, RIGHT : IMAGINARY) return REAL;

function "#H*" (LEFT : IMAGINARY;
RIGHT : INTEGER) return COMPLEX;

-- Mixed RHAL and IMAGINARY arithmetic 6perations --

"H" (LEFT : REAL;

RIGHT : IMAGINARY). return IMAGINARY;
function "H" (LEFT : IMAGINARY;

RIGHT : REAL)-return IMAGINARY;

function

function "/|" (LEFT : REAL;
RIGHT &) IMAGINARY) return IMAGINARY;
function "/|" (LEFT( )% IMAGINARY;

RIGHT : REAL) return IMAGINARY;

-- EXCEPTIONS —-<

ARGUMENT_ERROR: exception
renames ELEMENTARY_FUNCTIONS_EXCEPTIONS.ARGUMENT_ERROR;

-— IMAGINARY private definitions --
private
type IMAGINARY is new REAL;

i: constant IMAGINARY := 1
1

.0;
j: constant IMAGINARY := 1.0;

end GENERIC_COMPLEX_TYPES;
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package ARRAY_EXCEPTIONS is

ARRAY_INDEX_ERROR: exception;

Annex B
(normative)
Ada specification for ARRAY_EXCEPTIONS

end ARRAY|

|_EXCEPTIONS;

ISO/IEC 13813:1998(E)
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Annex C
(normative)

Ada specification for GENERIC_REAL_ARRAYS

with ARRAY_EXCEPTIONS;
generic

© ISO/IEC

type REAL i digits <>;
package GENER[IC_REAL_ARRAYS is
-- TYPES --

type REAL_VECTOR is array (INTEGER range <>) of REAL;

type REAL_MATRIX is array (INTEGER range <>,
INTEGER range <>) of REAL;

—-- SUBPROGRAMS for REAL_VECTOR TYPES
-— REAL_VECITOR arithmetic operations --

function "H" (RIGHT : REAL_VECTOR) return REAL_VECTOR}
function "' (RIGHT : REAL_VECTOR) return REAL_VECTOR};
function "aps" (RIGHT : REAL_VECTOR) return REAL_VECTOR;

function "H" (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;
function "-" (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;
function "«" (LEFT, RIGHT : REAL_VECTOR)“\return REAL_VECTOR;
function "/|' (LEFT, RIGHT : REAL_VECTOR) return REAL_VECTOR;
function "#k" (LEFT : REAL_VECTOR

RIGHT : INTEGER) return REAL_VECTOR;

function "#" (LEFT, RIGHT ;~REAL_VECTOR) return REAL;
-- REAL_VE(QTOR scaling ‘operations --

function "' (LEFT( )} REAL;

RIGHT : REAL_VECTOR) return REAL_VECTOR;

function "#" ALEFT : REAL_VECTOR;
RIGHT : REAL) return REAL_VECTOR;

function "/" (LEFT : REAL_VECTOR;
RIGHT : REAL) return REAL_VECTOR;

-- Other REAL_VECTOR operations --
function UNIT_VECTOR (INDEX : INTEGER;
ORDER : POSITIVE;
FIRST : INTEGER := 1) return REAL_VECTOR;
-- SUBPROGRAMS for REAL_MATRIX TYPES --

-— REAL_MATRIX arithmetic operations --

function "+" (RIGHT : REAL_MATRIX) return REAL_MATRIX;
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function "-" (RIGHT : REAL_MATRIX) return REAL_MATRIX;
function "abs" (RIGHT : REAL_MATRIX) return REAL_MATRIX;
function TRANSPOSE (X : REAL_MATRIX) return REAL_MATRIX;

function "+" (LEFT, RIGHT : REAL_MATRIX) return REAL_MATRIX;
n_n (LEFT, RIGHT : REAL_MATRIX) return REAL_MATRIX;
function "*" (LEFT, RIGHT : REAL_MATRIX) return REAL_MATRIX;

function

function "*" (LEFT, RIGHT : REAL_VECTOR) return REAL_MATRIX;

function "x" (LEFT : REAL_VECTOR;

ISO/IEC 13813:1998(E)

RIGHT : REAL_MATRIX) return REAL_VECTUR;

functiop "*" (LEFT : REAL_MATRIX;

-- REAL)]

functioj

functio:

functiol

-- 0Othe

functio

-- EXCEPT

ARRAY_I

end GENER

RIGHT : REAL_VECTOR) return REAL_VECTOR;
[MATRIX scaling operations --

p "x" (LEFT : REAL;

RIGHT : REAL_MATRIX) return REAL_MATRIX;
p "*" (LEFT : REAL_MATRIX;

RIGHT : REAL) return REAL_MATRIX;

h "/" (LEFT : REAL_MATRIX;

RIGHT : REAL) return REAL_MATRIX;

r REAL_MATRIX operations --

h IDENTITY_MATRIX (ORDER : POSITIVE;

[ONS --

[C_REAL_ARRAYS;

FIRST_1, FIRST_2 : @INTEGER := 1) return

REAL_MATRIX;

NDEX_ERROR: exception renames)ARRAY_EXCEPTIONS.ARRAY_INDEX_ERROR;
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Annex D
(normative)

Ada specification for GENERIC_COMPLEX_ARRAYS

with ARRAY_EXCEPTIONS, ELEMENTARY_FUNCTIONS_EXCEPTIONS;
generic

© ISO/IEC

type REAL

s digits <>;

type REAL_YECTOR is array (INTEGER range <>) of REAL;

type REAL_

type COMPL}
with funct
with funct
with proce

with proce

with funct

(RE, IM|:

with funct
with funct
with funct

with funct
(MODULU{
with funct]
(MODULU{

with funct]
with funct]

with funct]
with funct]
with funct]
with funct]

ATRIX is array (INTEGER range <>,
INTEGER range <>) of REAL;

EX is private;

lon RE (X : COMPLEX) return REAL is <>;
lon IM (X : COMPLEX) return REAL is <>;
lure SET_RE (X : in out COMPLEX;

RE : in REAL) is <>;
ilure SET_IM (X : in out COMPLEX;

IM : in REAL) is <>;

on COMPOSE_FROM_CARTESIAN
REAL) return COMPLEX is <>;

lon MODULUS (X : COMPLEX) return REALAISE <>;
lon ARGUMENT (X : COMPLEX) return REAL is <>;
lon ARGUMENT (X : COMPLEX;
CYCLE : REAL) return REAL is <>;
on COMPOSE_FROM_POLAR
, ARGUMENT : REAL) return COMPLEX is <>;
on COMPOSE_FROM_POLAR
, ARGUMENT, CYCLE : REAL) return COMPLEX is <>;

on "-" (RIGHT : COMPLEX) return COMPLEX is <>;
on CONJUGATE (X) : COMPLEX) return COMPLEX is <>;

on "+" (LEFT, RIGHT : COMPLEX) return COMPLEX is <>;
on "-'“\\(LEFT, RIGHT : COMPLEX) return COMPLEX is <>;
on M (LEFT, RIGHT : COMPLEX) return COMPLEX is <>;
on/'"/" (LEFT, RIGHT : COMPLEX) return COMPLEX is <>;

Dol (I RT OOMPL Y

with functt

O CTOLoT T © CUlNr G,

RIGHT : INTEGER) return COMPLEX is <>;

with function "+" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX is <>;

with function "-" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX is <>;

with function "*" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX is <>;

with function "/" (LEFT : REAL;

RIGHT : COMPLEX) return COMPLEX is <>;

with function "/" (LEFT : COMPLEX;
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-- TYPES -

type COMPLEX_VECTOR is array (INTEGER range <>) of COMPLEX;
type COMPLEX_MATRIX is array (INTEGER range <>,

INTEGER range <>) of COMPLEX;

-- SUBPROGRAMS for COMPLEX_VECTOR types --

-- COMPL

EX_VECTOR selection, conversion and composition operations --

ISO/IEC

13813:1998(E)

functioph
functiop

procedufr

procedu

functio
(RE |
functio
(RE,

functio
functi
ren
functi
functi

functi
(MO
functi
(MO

CY

RE (X : COMPLEX_VECTOR) return REAL_VECTOR;
IM (X : COMPLEX_VECTOR) return REAL_VECTOR;

e SET_RE (X : in out COMPLEX_VECTOR;
RE : in REAL_VECTOR) ;

e SET_IM (X : in out COMPLEX_VECTOR;
IM : in REAL_VECTOR) ;

COMPOSE_FROM_CARTESIAN

REAL_VECTOR) return COMPLEX_VECTOR;
COMPOSE_FROM_CARTESIAN

IM : REAL_VECTOR) return COMPLEX_VECTOR;

MODULUS (X : COMPLEX_VECTOR) return REAL.VECTOR;
"abs" (RIGHT : COMPLEX_VECTOR) return*REAL_VECTOR
es MODULUS;
ARGUMENT (X : COMPLEX_VECTOR) return REAL_VECTOR;
ARGUMENT (X : COMPLEX_VECTOR;
CYCLE : REAL) return REAL_VECTOR;

COMPOSE_FROM_POLAR
LUS, ARGUMENT : REAL_VECTOR) return COMPLEX_VECTOR;
COMPOSE_FROM_POLAR
LUS, ARGUMENT : REAL_VECTOR;
E ~REAL) return COMPLEX_VECTOR;

-- COMPLEX_VECTOR _arithmetic operations --

functi
functi
functi

"+" (RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
" US(RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
CONJUGATE (X : COMPLEX_VECTOR) return COMPLEX_VECTOR;

function
function
function
function
function

function

-- Mixed

function

function

"+" (LEFT, RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
"-n (LEFT, RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
"x" (LEFT, RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
n/" (LEFT, RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
"sx" (LEFT : COMPLEX_VECTOR;

RIGHT : INTEGER) return COMPLEX_VECTOR;

"x" (LEFT, RIGHT : COMPLEX_VECTOR) return COMPLEX;
REAL_VECTOR and COMPLEX_VECTOR arithmetic operations --
"+" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
"+" (LEFT : COMPLEX_VECTOR;
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RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;

function "-" (LEFT : REAL_VECTOR;
RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function "-" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;
function "x" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function "*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;
function "/" (LEFT : REAL_VECTOR;

© ISO/IEC

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function "/|' (LEFT : COMPLEX_VECTOR;
RIGHT : REAL_VECTOR) return COMPLEX_VECTOR;

function "*[' (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX;
function "*[' (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX;

~-- COMPLEX_NECTOR scaling operations --

function "*[' (LEFT : COMPLEX;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTORj
function "' (LEFT : COMPLEX_VECTOR;

RIGHT : COMPLEX) return COMPLEX_VECTOR;
function "/I' (LEFT : COMPLEX_VECTOR;

RIGHT : COMPLEX) return COMPLEX_VEECTOR;

function "*|' (LEFT : REAL;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
function "*|' (LEFT : COMPLEX_VECTOR;

RIGHT : REAL) return COMPLEX_VECTOR;

function "/|' (LEFT : COMPLEX_VECTGR;

RIGHT : REAL) returan’/COMPLEX_VECTOR;

-- Other COMPLEX_VECTOR operations --

function UN[[T_VECTOR (INDPEX : INTEGER;

ORDER : POSITIVE;

FIRST : INTEGER := 1) return COMPLEX_VECTOR;

-- SUBPROGRAMB.€o6r COMPLEX_MATRIX TYPES --

—-- COMPLEX_MATRIX selection, conversion and composition operations --

function RE (X : COMPLEX_MATRIX) return REAL_MATRIX;
function IM (X : COMPLEX_MATRIX) return REAL_MATRIX;

procedure SET_RE (X : in out COMPLEX_MATRIX;

RE : in REAL_MATRIX) ;
procedure SET_IM (X : in out COMPLEX_MATRIX;
IM : in REAL_MATRIX) ;

function COMPOSE_FROM_CARTESIAN

(RE : REAL_MATRIX) return COMPLEX_MATRIX;
function COMPOSE_FROM_CARTESIAN

(RE, IM : REAL_MATRIX) return COMPLEX_MATRIX;
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function MODULUS (X : COMPLEX_MATRIX) return REAL_MATRIX;
function "abs" (RIGHT : COMPLEX_MATRIX) return REAL_MATRIX
renames MODULUS;
function ARGUMENT (X : COMPLEX_MATRIX) return REAL,MATRIX;

function

function

ARGUMENT (X : COMPLEX_MATRIX;
CYCLE : REAL) return REAL_MATRIX;

COMPOSE_FROM_POLAR

ISO/IEC 13813:1998(E)

(MODY
functioq
(MODU
CYCI

-- COMPI

function
functioy
function
functioy

functioy
function
function

LUS, ARGUMENT : REAL_MATRIX) return COMPLEX_MATRIX;
COMPOSE_FROM_POLAR

LUS, ARGUMENT : REAL_MATRIX;

E : REAL) return COMPLEX_MATRIX;

EX_MATRIX arithmetic operations --

"+" (RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
"-" (RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
CONJUGATE (X : COMPLEX_MATRIX) return COMPLEX_MATRIX;
TRANSPOSE (X : COMPLEX_MATRIX) return COMPLEX_MATRIX]

"+" (LEFT, RIGHT : COMPLEX_MATRIX) return COMRLEX_MATRIX;
n—n (LEFT, RIGHT : COMPLEX_MATRIX) return(COMPLEX_MATRIX;
"x" (LEFT, RIGHT : COMPLEX_MATRIX) return, COMPLEX_MATRIX;

functiod "*" (LEFT, RIGHT : COMPLEX_VECTOR) xrebturn COMPLEX_MATRIX;

functiod "*" (LEFT : COMPLEX_VECTOR;

RIGHT : COMPLEX_MATRIX) return COMPLEX_VECTOR;
functiof "*" (LEFT : COMPLEX_MATRIX;

RIGHT : COMPLEX_VECTQR)) return COMPLEX_VECTOR;
-- Mixed REAL_MATRIX and COMPLEX-MATRIX arithmetic operations --—
functiop "+" (LEFT : REAL.MATRIX;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
function "+" (LEFT :( COMPLEX_MATRIX;

RIGHT . +REAL_MATRIX) return COMPLEX_MATRIX;
functiop "-" (LEET-' : REAL_MATRIX;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
functiop "-/ (LEFT : COMPLEX_MATRIX;

RIGHT : REAL_MATRIX) return COMPLEX_MATRIX;
functioh—x" (IEET . REAL MATRIX;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;

function "*" (LEFT : COMPLEX_MATRIX;

RIGHT : REAL_MATRIX) return COMPLEX_MATRIX;

function "*" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_VECTOR) return COMPLEX_MATRIX;

function "*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_VECTOR) return COMPLEX_MATRIX;

function "*" (LEFT : REAL_VECTOR;

RIGHT : COMPLEX_MATRIX) return COMPLEX_VECTOR;

function "*" (LEFT : COMPLEX_VECTOR;

RIGHT : REAL_MATRIX) return COMPLEX_VECTOR;

function "x" (LEFT : REAL_MATRIX;

RIGHT : COMPLEX_VECTOR) return COMPLEX_VECTOR;
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function

N

(LEFT

RIGHT :

: COMPLEX_MATRIX;

REAL_VECTOR) return COMPLEX_VECTOR;

—-- COMPLEX_MATRIX scaling operations --

function

function

function

function

function

function

-- Other

function

—-— EXCEPTIONS

ARGUMENT _

ARRAY_INDE)

end GENERIC_

40
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ll*ll

n/n
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ll* n

||1 "

(LEFT : COMPLEX;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
(LEFT : COMPLEX_MATRIX;

RIGHT : COMPLEX) return COMPLEX_MATRIX;

(LEFT : COMPLEX_MATRIX;

RIGHT : COMPLEX) return COMPLEX_MATRIX;

(LEFT : REAL;

RIGHT : COMPLEX_MATRIX) return COMPLEX_MATRIX;
(LEFT : COMPLEX_MATRIX;

RIGHT : REAL) return COMPLEX_MATRIX;

(LEFT : COMPLEX_MATRIX;

RIGHT : REAL) return COMPLEX_MATRIX;

COMPLEX_MATRIX operations --

IDENTITY_MATRIX (ORDER : POSITIVE;

FIRST_1, FIRST_2 : INTEGER := 1){return COMPLEX_MATRIX;

ERROR: exception
renames ELEMENTARY_FUNCTIONS_EXCEPTIONS.ARGUMENT_ERROR;

_ERROR: exception renames ARRAY_EXCEPTIONS.ARRAY_INDEX_ERROR;

OMPLEX_ARRAYS;
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Annex E
(normative)
Ada specification for COMPLEX_IO

with TEXT_IO; use TEXT_IO;

generic

type REAL is digits <>;

type COMPLEX is private;

with fupction
with fupction

RE (X :
M X :

COMPLEX) return REAL is <>;
COMPLEX) return REAL is <>;

with fuhction COMPOSE_FROM_CARTESIAN(RE, IM : REAL) return COMPLEX is <>;

package CPMPLEX_

DEFAULT| FORE :

DEFAULT| AFT
DEFAULT| EXP
procedufe GET

procedufre GET

procedure PUT

procedure PUT

procedure GET

procedure PUT

end COMPLEX_IO;

I0 is
FIELD := 2;

N : FIELD := REAL'DIGITS - 1;

N : FIELD := 3;
(FILE : in FILE_TYPE;
ITEM : out COMPLEX;
WIDTH : in FIELD := 0);
(ITEM : out COMPLEX;
WIDTH : in FIELD := 0);
(FILE : in FILE_TYPEj
ITEM : in COMPLEX;
FORE : in FIELD\:= DEFAULT_FORE;
AFT in FIELD' := DEFAULT_AFT;
EXP : in KIELD := DEFAULT_EXP);
(ITEM : in)COMPLEX;
FORE &_in FIELD := DEFAULT_FORE;
AFT in FIELD := DEFAULT_AFT;
EXP in FIELD := DEFAULT_EXP);
(FROM : in STRING;
ITEM : out COMPLEX;
LAS1T . Ooul FUOLILIVL),
(TO : out STRING;
ITEM : in COMPLEX;
AFT in FIELD := DEFAULT_AFT;
EXP in FIELD := DEFAULT_EXP);
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Annex F
(informative)
Rationale

F.1 Abstract

ISO/IEC

This annex, a revision of [6], outlines the history, purpose, features and development of International Standard ISO/IEC

13813 and prov
Working Group
is the third of fd
software writtey

F.2 Introd

The absence fr
complex vector

applications software written in that language. Whilst particular vendors havie) provided proprictary paj

has done little
because of the
their names an
accuracy of the

International S
imaginary type
complex vector
for the input aj
clause F.16.)

F.3 What |

In this clause o
the facilities in
arc defined by
arithmetic, not
complex arithn
extensions have

There are the

(65 @ Tationalc for 118 ICaturcs. Bascd Ol TCCOMICNURIONS INadc JOiTly by The Ada- Firo
and the ACM SIGAda Numerics Working Group, the real and complex types and operatio)
ur ISO standards to address the interrelated issues of portability, efficiency and robusbness
| in ISO/IEC 8652:1987. Its purpose, features and development are outlined in this comim

iction

m ISO/IEC 8652:1987 of predefined types and operations for compléx arithinetic and f
and matrix arithmetic has been one of the deterrents to the pottability of scientific and

to solve the broader problem of portability for applicationg-packages using these operati
ack of commonality among different packages: they differ in the number of operations iny
1 parameter type profiles, the handling of exceptional ¢onditions, the precision of the ty
operations, and cven the use (or avoidance) of genericity.

andard [SO/IEC 13813 defines a collection of-generic packages: namely, one package for ¢
v and operations; another package for real vector and matrix types and operations; a third
and matrix tvpes and operations; including mixed real and complex operations; and a fou
d output of complex scalar values. (‘e reasons for adopting this form of packaging arc

basic operations are included?

e discuss the types and operations that are included in the packages as a whole  the su
o separate packagCs)is discussed later in this annex. Floating-point types and their basiq
ISO/IEC 8652:1987, but types and operations involving vectors and matrices are not;

even the complex types and their basic operations are defined by ISO/IEC 8652:1987
ctic haveahamny features in common; where possible this commonality has been retained. A
been included for complex arithmetic, e.g. conjugation.

1stdl mathematical operations for vector and matrix arithmetic; for example, for vectd

¢ Numerics
ns standard
f numerical
cntary.

or rcal and
crgineering
kages, this
ns. This is
iplemented,
bes and the

pmplex and
package for
rth package
liscussed in

division of
operations
or complex

Real and
L1so, certain

rs X, Y the

operation X + Y

M 1. L 1 1L 3 Nk e 1.6 1 4+l 1 1 4 £ 37 13z 4
ISTUCIITCT It TOT A - UWO UPCTAatTOITS Al CCTTITOTT TITC STarar prouatact O & It - TOGTIT T

ing a scalar

result and the matrix product of X and Y returning a matrix result. Additionally, applications, particularly in signal
processing, use componentwise products; hence there is a third componentwise product of X and Y returning a vector
result (this is defined by applying the multiplication operation to matching components of X and Y).

This International Standard provides both the usual mathematical operations for vectors and matrices as well as the
componentwise operations for vectors (in some cases they arce one and the same, c.g. X + Y). Heunce, the operations
+, =, %/, **x arc provided as appropriate for vectors and matrices; additionally, operations for scaling vectors and
matrices are provided (c.g. XY for a vector X and a scalar Y). Both left-hand and right-hand operations are provided
where necessary, thus X « Y and Y * X arc both provided.

)

Operator notation is used throughout for clarity and case of use. This has the consequence that procedured forms are
not used and the optimizers of compilation systems may sometimes be relied upon to avoid nnnecessary intermediate
copying of array results (c.g. (X +Y) = X; the intermediate result X + Y is caleulated, but it is assumed that the
implementation will not copy the vector result, where it is inefficient to do so, before calenlating (X + Y) « X). This
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choice of operator 1 orwar ons can be included; operations
involving array sect arc comimon in th(\ asic Llnoat Alg,(\bra Subplogmms (BLAS) are not part of this

standard; such opora,tlons would require additional paramecters to define the array section (c.g. the row number and/or

its bounds).

The choice
types, and

of basic opcrations for scalars has been strictly limited  in the real case to those provided for floating-point
in the complex and imaginary case, to include only limited extensions (e.g. CONJUGATE). Operations such

as MIN, MAX. SIGN were cousidered, but were rejected for this standard since it was felt that they could be more

appropriat

philosophy!
output of «

Several op(

point valu

however,

vector and

POSE_FROML

as well. H
and lmagi
of a comp

write X + if*

all that is
applicatior

performange.

The abstra

lmaginary

arc providgc

tvpe IMAG
arc provid
the same 1
imaginary
mixed real
complex af

For reason
complex, 1
purposc. H

th

ely provided elsewhere or in other ways.

This choice has the added advantage of keeping the real and
complex operations as similar as possible since MIN, MAX and SIGN are inappropriate for complex values.

This design

IS also partly responsible 10T tie Iclusion of Cortaill operations, suchl as GET and PUT 1
omplex scalars, respectively.

rations have been provided for the selection, composition and construction of complex val
bs. The COMPLEX type in GENERIC_COMPLEX_TYPES can be manipulated dixcetly since
¢ RE, IM SET_RE and SET_IM operations are required for use as generic actual parameters

LC RE,

atrix fonm The traditional composition method from cartesian and polar coordinates is
CARTESIAN and COMPOSE_FROM_POLAR, respectively, and these proceduzes have vector an
wever, a more natural and abstract method is provided for compléxscalars through the

ary arithmetic operations with the imaginary constant i (or equivalently j). For example,

equired is the conversion of Y to the type IMAGINARY ahd construction of the complex sc
code involving complex scalars can be written in a gonglse, readable way, without sacrific

\

~

‘tion of expressing complex numbers in mathematical terms requires certain pure imaginar

I, both unary and binary, including intéger exponentiation. Ordinal arithmetic operatio
NARY arc also required for completeness. The analog of the REAL sclection and compo
d for IMAGINARY types; SET_IM is~defined as a procedure to be consistent with the COMH
bame. Both left-hand and right-hand COMPLEX composition operations are provided, i.e.
+ and -, but note there is:noymixed real and imaginary COMPOSE_FROM_CARTESIAN fun
and imaginary arithmetid operations (* and /) are also provided, as well as the set of mix4

L of cfficiency, ifis-Often desirable not to use full complex arithmetic when only one o
ut instead, ude operations on the components (which are real). “Mixed arithmetic” is
or examplefor a complex value X and a real value Y, then X * Y need only involve two res

sx number can be accomplished with the mixed real and imaginary operations * and 4
Y). An optimized implementation need not perform real arithmetic during this composit

ithmetic operations. Vector and matrix forms of the imaginary operations are not providp

br the input and

ies from floating-
t is not private;

and have useful
provided by COM-
1 matrix analogs
1se of mixed real
the construction
(i.c., one would
ion process since
alar (X,Y). Thus,
ng efficiency and

v, mixed real and

and mixed real and complex operations tobe defined. A full set of pure imaginary arithmetic operations

1s on the private
sition operations
LEX opcration of

mixed real and
‘tion. The other
rd imaginary and
1.

),

=

the operands is
provided for this
vl multiplications

rather that the fouf tliat would be required for the product of two complex operands.
Operationg that-provide combinations of more primitive operations could also have been includefl.  Consider, for
example, fhév¥calar product *; in the complex case the elements of one of the vectors are sometjmes conjugated.
Hence, X * Y and a combined operation X * CONJUGATE(Y) could both have been provided; since the types of the
operands no longer distinguish the operations, some other name would have had to be found for one of the operations.
Analogous combined operations occur for TRANSPOSE, and also for both conjugation and transposition (Hermitian
transposition in the complex case). Inclusion of all combined operations would have had a dramatic effect on the size
of the packages, hence only the primitive operations are provided, and it is left to the user to combine them in an
appropriatc way.

F.4 Selecting an array index subtype

The choice of INTEGER for the array index subtype in GENERIC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS is con-
sistent with established norms in the application arcas for which these packages are intended. This is not to say that
other possible choices were not considered. The type LONG_INTEGER was considered but rejected since it would require
significantly more overhead than INTEGER and the latter was deemed to have sufficient range for all but pathological
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applications. Defining a generic formal parameter INDEX_TYPE to allow GENERIC_REAL_ARRAYS and GENERIC_COM-
PLEX_ARRAYS to be instantiated with any discrete type was also discussed. This would have allowed creation of arrays
with enumeration type values for indices, for example. This idea was ruled out for several reasons:

Each discrete type supported by an implementation of these packages would require non-generic packages
corresponding to GENERIC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS to be provided for all of the floating-point
precisions defined in package STANDARD. This would have a dramatic, multiplicative effect on the number of packages

defined by th

is International Standard.

Array pé
be used as p

3 . PR . e 1 . .
CRages 1IVOIVIIE all CIIUHICI a0 HIACXSUDUYy PE WUUI(‘I requlre dLLIl‘[)UL(‘,b bll(,‘ll a> FRED

rt of an implementation, perhaps limiting their efficiency. Note that GENERIC_COMPLEXD

GENERIC_REAL_ARRAYS do not require the array operands in dyadic operations to have identical tanpés;

form of index

The pac
generalized 11

offsetting may be required to form the result of an operation.

kages defined in this International Standard are intended for general usef and extension
bdex type were deemed to be more appropriate for a set of related packages:

F.5 The ude of overloadings versus default values

Close scrutiny
POSE_FROM_CAR
representation.

function
rather than def]

function

(There is anotly
function

but it is not rel

The reason is t

f this International Standard will show a subtle overloading of one of the conversion fun
TESIAN is provided to compose the real and imaginagy parts (given as real values) into
It is overloaded with the additional form:

COMPOSE_FROM_CARTESIAN (RE : REAL) return COMPLEX;
ning a single function with a default forthe real imaginary part:

COMPOSE_FROM_CARTESIAN (RE.G)REAL;
IM. : REAL := 0.0) return COMPLEX;

er form of the COMPOSE_FROM_CARTESIAN function, namely,
COMPOSE_FROM_CARTESIAN (IM : IMAGINARY) return COMPLEX;
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Such functions are used as generic actual parameters whenever a genceric formal parameter of the form

function

CONVERT (X : REAL) return SCALAR_TYPE;

is required to convert from real to a genceral scalar type (real or complex).

Overloadings of the ARGUMENT and COMPOSE_FROM_POLAR functions arc provided to allow for arbitrary angular unit

values, e.g.,

function
function
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COMPOSE_FROM_POLAR (MODULUS, ARGUMENT : REAL) return COMPLEX;
COMPOSE_FROM_POLAR
(MODULUS, ARGUMENT, CYCLE : REAL) return COMPLEX;
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where the two-parameter form has the usual radian angular mceasure.

of a single function with a default value is quite different than that for COMPOSE_FROM_CARTESIAN and has to do with
the transcendental nature of 27r Since 27 cannot be exactly represented, in terms of accuracy, the most one could
expect from an implementatio s the use of an internal representation of 21 of hwh precision (norhans better precision
than provided by the generic par am(‘t(‘l type REAL), which ignores user-specified values for CYCLE in a small, arbitrary
interval about 2. The additional overhead involved in the interval comparison and its arbitrary nature make this

approach somewhat unattractive.
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The issue of accuracy cannot easily be ignored for the function COMPOSE_FROM_POLAR with CYCLE omitted, since
amplification of crrors in the computed result is unavoidable for large values of ARGUMENT, hence the relaxation of
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type and the constant i (and equivalently j) were included in ISO/IEC 8652:1995, and the ACM SIGAda Numerics
Working Group voted to adopt this modification to this International Standard as well. Thus, the constants i and j
of type IMAGINARY arc defined in GENERIC_COMPLEX_TYPES, and shall similarly be defined in the standard non-generic
packages, c.g., COMPLEX_TYPES. These are the only constants defined in this International Standard.

F.7 Why define a type IMAGINARY?

One of the main goals for an object-based language such as ISO/IEC 8652:1987 is to provide facilitics for the repre-
sentation and manipulation of objects which is as natural and consistent as possible with real-world constructs. This
was the primary technical motivation to standardize facilities for expressing a complex number as a mathematical
object represented by X 4+ 1 % Y (or equivalently X + j * Y) in this International Standard (although facilities for the
two-component record notation (X,Y) arc also provided). Use of a more abstract notation for a complex number (or
any object) serves to distinguish it from its underlying storage representation.
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Requisite to this abstract notation is the definition of a constant i to represent the imaginary unit value. However,
there are subtle difficulties with the obvious approach of defining i to be a constant of type COMPLEX (with an imaginary
component of unit value). Constructing X + i * Y would involve two mixed real and complex operations which consist
only of degenerate component, operations. The suppression of promoting REAL values to COMPLEX values (as prescribed
by this International Standard) ameliorates the situation by reducing the number of component operations; however,
the systematic avoidance of degenerate operations is still a primary concern to ensure efficiency. Implementations must
take algorithmic measures, such as argument prescreening, or rely upon an optimizing compiler to produce cfficient

code.

For implementations which are compatible with IEEE arithmetic, there is the additional concern of corru

pted results
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r signed zero components are encountered. For example, using the standard formula
he product (2.0%i)x(cox1) yields NaN+oo*i (where “NaN” is not “Not-a-Number”) sifet 0
NaN for any real number . Argument prescreening can be applied to obtain the brae re
of additional overhead. An example of corrupted results with signed zero comippuents d
sum (2.0 x 1) 4+ (—0.0 + 2.0 * i); the true result has a real component of —00-but applyi
n algorithm yields a zero of positive sign.

f a type IMAGINARY provides a solution to the difficulties noted abOx¢” It permits the
omplex and imaginary operations which remove the extrancous zegoweal component from co
b- the possibility of corrupted results. Defining a set of mixed re@land imaginary operation
the canonical form of a complex number trivial — the mixedereal and (unit) imaginary m
conversion and the mixed real and nmaginary addition,rednces to setting the cartesian
result. It is clearly possible for the real component pf\a complex number to vanish, res
nber of type COMPLEX which lics on the imaginary axi§? This is consistent with the relations
, complex numbers which lic on the real axis anditeal numbers which do not have a fract

‘h are not predefined since type IMAGINARY is private. The intent is to mirror the treaty
‘h as possible; however, there is variabion in the result type of operations since the set o
form an algebraic field (the set of fihaginary numbers is not closed under multiplication). H
l|*||

(LEFT, RIGHT IMAGINARY) return REAL;

ype one would matherhatically expect, as does

"abs" (RIGHT IMAGINARY) return REAL;
s" functiofiawith a result type of IMAGINARY, analogous to its definition along the real axis
sults of\the type

1.0+ abs(1.0xi) = 1.0 + 1.0 * i,

or complex
0xoco = NaN
ult of —oo,
ceurs when
¢ the usual

lcfinition of
wideration,
5 makes the
itiplication
omponents
ilting in an
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onal part.

EX_TYPES defines a full set of pure imaginaryopcerations (a scparate package for type INAGINARY is

went, of real
[ imaginary
or example,

would lead

1.0+ abs(0.04+1.0%x1) =2.04+0.0%1i

which illustrate the need to maintain counsistency between the results of mathematically identical complex and imagi-
nary operations.

The type IMAGINARY is private, with its full type declaration revealing it as derived from type REAL, for at least two
reasons:

The result type of the imaginary multiplication and division operations is REAL; defining IMAGINARY to be
private suppresses the derivation of these operations with an incorrect (IMAGINARY) result type.

Implicit conversion of real literal values to type IMAGINARY is suppressed, which allows overload resolution to
work correctly by avoiding various ambiguous expressions.

The difficulties noted above could be overcome by defining IMAGINARY as a one-compounent, visible record type and
indeed proposals made carly in the standardization process for ISO/IEC 8652:1995 included such a definition with a

46


https://iecnorm.com/api/?name=59c18804eb1a11feac50689a77746a57

© ISO/IEC ISO/IEC 13813:1998(E)

component named VALUE (IM was ruled out because it could be confused with the COMPLEX component of the same
name). However, this definition makes it somewhat awkward to represent and access imaginary values; positional
aggregates would be decidedly non-intuitive and named aggregates would scem redundant.

Ounce a type IMAGINARY is defined, it might appear natural to alter the COMPLEX type definition so that its IM component
is of type IMAGINARY. If this design change was implemented, the canonical aggregate representation of a complex
number would no longer be available; for example, one would write (1.0, 1.0 * i) instead of (1.0,1.0). This would
adversely affect current applications and data sets which rely upon this canonical form, perhaps hampering the
acceptance of this International Standard.

F.8 Thel use of operator notation versus function notation

her than the use
r related vector
ible ambiguities

le convenience to the user of operator notation, this has been chosen whenever possible rat]
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b) fundtion "*" (LEFT, RIGHT REAL_VECTOR) return REAL_MATRIX;
c¢) fundtion "*" (LEFT REAL; RIGHT REAL_MATRIX) .return REAL_MATRIX;
d) fundtion "*" (LEFT, RIGHT : REAL_MATRIX) retuxrn“REAL_MATRIX;
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T REAL_VECTOR) return REAL_MATRIX;

al) fug
bl) fuy
The expresgions then become INNER_PRODUCT (X # Y) % A or OUTER_PRODUCT (X * Y) * A. No qualificatfion is needed to

the two expressions Ssthe distinet function names are sufficient. Thus qualification can bd avoided, but at

of function notation.
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Les, the operator notation is the most convenient - only when ambiguity arises is it nec

dnd in such cases there is little difference in convenience between the two
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» results
perator-notation was chosen as the most convenient.

F.9 Complex arithmetic
These packages are intended to define portable, accurate and robust implementations of complex arithmetic. The
inclusion of accuracy requirements (discussed in clause F.10) not only controls the accuracy of the operations +, -, *,
/ and ** for complex types, but also imposes an implicit requirement to avoid intermediate overflow in the calculation
of component parts when the final complex result does not itself overflow (in its components). Hence the simple
implementation of 23 /2o, where z; = 21 4+ iy and 22 = z2 + 139, by the formula

21/20 = (11 +iy1) (w2 — i)/ (12 + y2?)

is not sufficiently robust since 722 or 22 could overflow prematurely, although the accuracy requirements would impose
a result within certain bounds of the true mathematical result.

The performance and accuracy of complex arithmetic is fundamentally dependent on the form of representation of
the complex value, i.c., whether a cartesian or polar representation is chosen. The algorithms for complex arithmetic
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in polar form are very different from their cartesian counterparts, and often involve the use of elementary mathe-
matical functions, which can, at best, only approximate the result in finite arithmetic. This International Standard
requires that a cartesian representation be used throughout, in order that reasonable accuracy requirements can be
given. Functionality for conversion to and from polar form is included by the functions ARGUMENT, MODULUS and COM-
POSE_FROM_POLAR, but the internal form of the complex value is required to be cartesian as is the form of algorithms
implementing the complex operations +, =, *, / and *x*.

Having chosen a cartesian representation for the complex types, it is no longer necessary to define such types as private
(which might be the case if both cartesian and polar forms were allowed). By explicitly defining complex types as
records (with realand imaginary compaonents) a user is able to initialize complex types (partienlarly arrays) directly
using aggregatgs (although complex types imported to generic packages will still require the use of thigstomposition
functions). Thq visible record structure also prevents additional components from being added to thereppesentation.

F.10 Accuracy requirements

A number of whys can be devised for measuring the error in a computed complex valye., For a true resulff ( = o + i3
and a calculatefl result z = x + iy, three bounds on the error were considered:

— the relatfive error in a component
|or — x| < nela

13—yl < pelf

the box prror in a component
| — 2| < e md(fer], |3])

|8 —y| < mentax(|al, |3])

the circylar error in a component
o — x| < celC]

13—yl < ce|(]

where n, p, in and ¢ are small, € is the achine precision, and the appropriate component(s) «, (3 are nogzero.

The use of relafive error measupes.ds uniform with other standards. Where possible, the tight bound on|the relative
error is desirable, but for some operations cancellation may occur (e.g. complex multiplication) and the ound needs
to be relaxed spmewhat. Both box crror and circular error serve this purpose, and the relationship between them is
obvious. Box efror is mgre straightforward to calculate (in test programs) and was therefore chosen.

This InternatiopalStahdard specifies error requirements for all complex scalar operations (but note the two gpecial cases
discussed below)yard for subprograms where no arithmetic operation should be performed, e.g., COMPOSH_FROM_CAR-
TESIAN, an exact result is required. Error requirements may differ on the real and imaginary components of the
result of a single complex operation; this is to ensure (of an implementation) the most stringent accuracy that is
feasibly obtainable. Whenever possible, this International Standard appeals to the accuracy requirements of the
indicated operation for real arithmetic, and never imposes an accuracy requirement more stringent than is defined in

ISO/IEC 8652:1987.

There are two instances in which the relative error requirement on a complex scalar operation is cither relaxed or
removed:

a) For the COMPOSE_FROM_POLAR function with natural cycle (CYCLE paramcter omitted), degraded accuracy is
allowed when |JARGUMENT| is greater than some documented implementation-dependent threshold, which shall be not
less than

REAL 'MACHINE RADIX |REAL'MACHINE_MANTISSA/2|
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This latitude is given to implementations becanse of the difficulty in accurately reducing the ARGUMENT parameter
to its principal value when ARGUMENT is large in magnitude relative to the length of the natural cycle.

b)

For complex exponentiation, there is no relative error requirement for implementations which calculate the result

by first converting the complex base to polar form, exponentiating its modulus and multiplying the argument by the
integer exponent, and reconverting to a cartesian representation. This latitude is given to implementations because
this International Standard makes no provision for the accuracy of operations performed on complex numbers
represented in polar form.

It is instructive to study the subprogram results permitted by the accuracy requirements when a component of the true
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F—echOES

r zero and a maximum relative error requirement is specified for that component (a simjlas

Its for which this component moves from n - REAL'BASE'EPSILON towards zeré)For valj
less than a certain threshold dependent upon n, the maximum relative erropallows comp

rossed when the maximum relative error requirement permits computed component valu
true result is close enough to one of the axes in the complex plane, a subprogram is per

analysis applies

ative error for a
isider a sequence
ies of this result
uted component
heceptable range
(also dependent
es of either sign.
mitted to return
1t quadrant.

betor and matrix
ector and matrix
s likely. Various
it computational
ucts; this allows
e choice shall be

qtandard. Prece-

X_TYPES, GENER-
lized in package

namely, RIGHT forymnary operators and LEFT, RIGHT for binary operators. Similarly, COMPLEX_IO adopts

RIGHT was not a
hat they convey
umunity. Earlier
ject represented,
standardization
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IQO/IEC 8652:1995 overruled the objections.

Renamings of certain operations and types were considered, for example RE renamed to REAL_PART for selecting the

rcal compo

of the packages, and the case could be made for many such renamings

nent-part of a complex number. Such additions were rejected because they did not add to

the choice to include or rejec

the functionality
t some would be

a matter of taste. Renamings of operations can always be declared external to these packages to provide names more

familiar to

a specific user group.

There are only five concessions to renaming provided in these packages:

The inclusion of "abs" as a renaming of MODULUS for all types that MODULUS is defined, namely COMPLEX, COM-
PLEX_VECTOR and COMPLEX_MATRIX. MODULUS and ARGUMENT provide the polar components of a complex number;
it just happens that the absolute value "abs" of a complex value is also its MODULUS  and the alternative forms
were retained for uniformity with the real case. Note that for type IMAGINARY there is an "abs" operation but no
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MODULUS; this mirrors the sitnation for real types and suppresses the inclination to pair MODULUS with an ARGUMENT
operation for type IMAGINARY which would have little utility.

The inclusion of CONJUGATE as a renaming of the unary "-" operation with operand of type IMAGINARY. Con-
jugation and negation are mathematically equivalent when applied to numbers lying on the imaginary axis and
the alternative form was retained for uniformity with the COMPLEX type.

The ELEMENTARY_FUNCTIONS_EXCEPTIONS.ARGUMENT_ERROR cxception is renamed to ARGUMENT_ERROR in GENER-
IC_COMPLEX_TYPES and GENERIC_COMPLEX_ARRAYS to export direct visibility to this exception from an application

IISiIlg a SiIlgl(, Trrstamtietion of-ome of—these b\,uplix, Va\,}\aij,o.

The ARHAY_EXCEPTIONS.ARRAY_INDEX_ERROR cxception is renamed to ARRAY_INDEX_ERROR [in GENER-
IC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS to cxport dircct visibility to this exceptiomfrom an [application
using a singlefinstantiation of one of these generic packages.

~ The inclysion of both i and j to represent the imaginary unit value. The coneession to include ] was made
primarily to gccommodate the engineering community, which cannot use i since itdpypically represents gn electrical
current value| Note however that j is independently defined and not a renaming of i (renaming of conspants is not

allowed in ISQ/IEC 8652:1987).

F.12 Generjicity

The Ada langupge defines two facilities by which packages (with types and basic operations) can be| defined so
that similar pag¢kages can be produced (possibly with constraiiits) namecly, genericity and derivation. | Derivation
is inappropriate| for composite types (e.g., the complex types or the vector and matrix types). Given a veftor type:

type REAL_VECTOR is array (INTEGER range\<>) of REAL;
a derived type NEW_VECTOR with
type NEW]VECTOR is new REAL_VECTOR;

generates a new| array type, butewith the old REAL components. Hence a user cannot derive a new set of scalar and
array types for which the newtscalar type and the new array types are consistent.

There remains the question of whether the ability to produce similar packages is nceded. Without suclf an ability,
distinct types t¢ represent different entities (c.g. distance, time, velocity, ete.) cannot be defined — a sigijificant loss
of functionality.| Q1 the other hand, many users will only wish to use a set of predefined standard types throughout
their appli(;atior s i order to share (Inv(\lnpmnnf ACTOSS 2pp|i(~2ﬁm\< Hence both a generic pnrkagv and 1011-gCLCTIC

packages defining standard types have been defined.

Unlike ISO/IEC 11430 in which a generic package is given and implementations may provide instances, this Interna-
tional Standard requires both the generic packages (defining types and basic operations, i.c., GENERIC_COMPLEX _TYPES,
GENERIC_REAL_ARRAYS and GENERIC_COMPLEX_ARRAYS) and their equivalent non-generic packages (defining the stan-
dard types and operations, ¢.g. COMPLEX_TYPES and REAL_ARRAYS, ctc.) to be provided. The reason that the non-generic
packages arc required is to ensure that standard types are always provided by an implementation of this standard,
and to avoid one group of users generating their own types which would be different tvpes from those generated by
another group of users.

Each of the non-generic packages must export identical type names, ¢.g., REAL_VECTOR or COMPLEX, rcgardless of the
precision of the floating-point type utilized. This approach enables a user to casily switch precisions in an application;
however, if two precisions are used simultancously, either fully qualified type specifications or renamings of types must
be used.
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