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Foreword

ISO (the

International Organization for Standardization) and

IEC (the International Electrotech

nical

Commission) form the specialized system for worldwide standardization. National bodies that are members of
ISO or IEC participate in the development of International Standards through technical committees
established by the respective organlzatlon to deal with particular flelds of technical act|V|ty ISO and IEC
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SO and IEC have established a joint technical committee, ISO/IEC JTC 1.

Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
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when the required support cannot be obtained for the publication of an International Stan
repeated efforts;

when the subject is still under technical development or where for any other reason there i
ut not immediate possibility of an agreement on an‘International Standard;

when the joint technical committee has-.collected data of a different kind from that whi
published as an International Standard (“state of the art”, for example).
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drawn to the possibility that some of the elements of this document may be the subject of p
nd IEC shall not be held responsible for identifying any or all such patent rights.
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Introduction

In the fast growing market of embedded systems there is an increasing need to write application programs in
a high-level language such as C. Basically there are two reasons for this trend: programs for embedded
systems become more complex (and hence are difficult to maintain in assembly language), and processor
models for embedded systems have a decreasing lifespan (which implies more frequent re-adapting of
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major step forward in addressing these issues.

us technical areas have been identified where functionality offered by processors, (such as
sed in embedded systems cannot easily be exploited by applications written incC.\Exampl
operations, usage of different memory spaces, low level I/O operations and others. The curn
esses only a few of these technical areas.

edded processors are often used to analyze analogue signals and process these signals
ng algorithms to the data received. Typical applications can be found in all wireless d
mon data type used in filtering algorithms is the fixed-point datatype, and in order to
ssary speed, embedded processors are often equipped with spécial hardware for fixed-point
lage (as defined in ISO/IEC 9899:1999) does not provide support for fixed-point arithmetig
ntly leaving programmers with no option but to handcraft most of their algorithms in assemb
Technical Report specifies a fixed-point data type for €, definable in a range of precision ar
ns. Optimizing C compilers can generate highly efficient code for fixed-point data as easily 4
loating-point data.

y embedded processors have multiple distinct.banks of memory and require that data bg
ent banks to achieve maximum performange~Ensuring the simultaneous flow of data and co
e multiplier/accumulator of processors designed for FIR filtering, for example, is critical to thg

ed, this Technical Report specifies\basic support for multiple address spaces. As a resul
pilers can utilize the ability of processors that support multiple address spaces, for instance,
two separate memories in a single cycle to maximize execution speed.

ters have been added-to address deficiencies in the language. Today almost all C ¢
tanding environments' and embedded systems support some method of direct access to ig
the C source leyel-However, these extensions have not been consistent across dialects.
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Programming languages — C — Extensions to support embedded processors

1

Scope

Thig Technical Report specifies a series of extensions of the programming language G, W
spegified by ISO/IEC 9899:1999. These extensions support embedded processors:

Each clause in this Technical Report deals with a specific topic. The first subelauses of ©
and|[6 contain a technical description of the features of the topic. These subclauses prov

ove

editorial changes to the standard necessary to fully specify the topic in‘the standard, and

pro

2

The
date
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ISO

3

This
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and
Tec
spe
impl

If, a
into
nee

hich is

lauses 4, 5
de an

iew but do not contain all the fine details. The last subclause of each clause contains the

ides a complete definition. Additional explanation and rational€ are provided in the A

Normative references

following referenced documents are indispensabledor the application of this docume
d references, only the edition cited applies. Forundated references, the latest edition
renced document (including any amendments).applies.

IEC 9899:1999 — Programming languages — C

Conformance

Technical Report presentsS.in three separate clauses specifications for three, in pring
pendent, sets of functianality (clause 4: fixed-point arithmetic, clause 5: named addre
named-register storage classes, and clause 6: basic I/O hardware addressing). Ast
nnical Report there are no conformance requirements and implementers are free to s
ifications that they need. However, if functionality is implemented from one of the clg
ementers arestrongly encouraged to implement that clause in full, and not just a part

a later.stage, a decision is taken to incorporate some or all of the text of this Technig
the C standard, then at that moment the conformance issues with respect to (parts of
|.to’be addressed (conformance with respect to freestanding implementations etc.)

thereby
nnexes.

nt. For
of the
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SS spaces
nis is a
clect those
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of it.

al Report
) this text
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4 Fixed-point arithmetic
4.1 Overview and principles of the fixed-point data types
411 The data types

For the purpose of this Technical Report, fixed-point data values are either fractional data values

(with value between -1.0 and +1.0), or data values with an integral part and a fractional part. As the
position of the radlx point is known |mpI|C|tIy, operatlons on the values of these data types can be

implemented-w , -
fixed-point data values and operatlons can be found in appllcatlons that convert analogue values to
digital representations and subsequently apply some filtering algorithm. For more information-of
fixed-point data types, see clause A.1.1 in the Annex of this Technical Report.

For the purpose of this Technical Report, two groups of fixed-point data types are added to the
C languags: the fract types and the accum types. The data value of a fract type_has no integral
part, hence values of a fract type are between -1.0 and +1.0. The value range ‘¢f'an accum type
depends on the number of integral bits in the data type.

The fixed-point data types are designated with the corresponding newkeywords and type-specifiers
_Fract and _Accum. These type-specifiers can be used in compination with the existing type
specifiers ghort, long, signed and unsigned to designate:the following twelve fixed-point
types:

ungigned short _Fract unsigned. short _Accum
ungigned _Fract unsigned _Accum
ungigned long _Fract unsigned long _Accum
signed short _Fract signed short _Accum
signed _Fract signed _Accum

signed long _Fract signed long _Accum

These twelye types are collectively called the primary fixed-point types. The fixed-point data types

short _Fract short _Accum
_Fract _Accum
long _Fract long _Accum

without eithler unsigned or signed are aliases for the corresponding signed fixed-point types,.

For each primary,fixed-point type there is a corresponding (but different) saturating fixed-point type,
designated|withr the type-specifier _Sat. The primary fixed-point types and the saturating fixed-
point types are collectively called the fixed-point types.

An implementation is required to support all above-mentioned twenty-four fixed-point data types.
Just as for integer types, there is no requirement that the types all have different formats.

2 © ISO/IEC 2008 — All rights reserved
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The fixed-point types are assigned a fixed-point rank. The following types are listed in order of
increasing rank:

short Fract, Fract, long _Fract, short _Accum, Accum, long _Accum

Each unsigned fixed-point type has the same size (in bytes) and the same rank as its corresponding
signed fixed-point type. Each saturating fixed-point type has the same representation and the same
rank as its corresponding primary fixed-point type.

The bits of an unsigned fixed-point type are divided into padding bits, fractional bits, and integral

bits.
and

The
the
for ¢

(For
X+

Ani
of th
clau

For

41.

The
acd
are

form

The bItS of a signed TIXed-point type are divided Into padding bits, fractional bits, inte
a sign bit.

fract fixed-point types have no integral bits; consequently, values of unsigned fract ty
ange of 0 to 1, and values of signed fract types are in the range of -1 to 1-Fhe minim

ach type are:
signed short _Fract s.7 signed short _Accum s4.7
signed _Fract s.15 signed _Accum s4.15
signed long _Fract s.23 signed long'“Accum s4.23
unsigned short _Fract .7 unsigned-'short Accum 4.7
unsigned _Fract 15 unsigned _Accum 4.15
unsigned long _Fract .23 unsigned long _Accum 4.23

the unsigned formats, the notation "x.y" means x integral bits and y fractional bits, fo
non-padding bits. The added "s" in the signed formats denotes the sign bit.)

mplementation may give any of the fixed-point types more fractional bits, and may alg
e accum types more integral bits;the relevant restrictions are given in the text for the
se 6.2.5 (see clause 4.2 of this-Technical Report).

an example of unsigned fixed-point datatypes see A.8.

D

Spelling of the'new keywords

natural spelling of the newly introduced keywords _Fract, Accumand _Sat, is f
um and;sat. However, in order to avoid nameclashes in existing programs the new
nandled:in the same way as the _Complex keyword in the ISO/IEC 9899:1999 stan
allnames of the new keywords start with an underscore, followed by a capital letter,

for f

ral bits,

pes are in
al formats

r a total of

o give any
new

fract,
keywords
Hard: the
ind in the

xed-point arithmetic required header <stdfix.h>, these formal nhames are used t

define the

natural spellings as aliases, and may be used to define other spellings, for instance, in an

envi

ronment with pre-existing fixed-point support.
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In the code

fragments in this Technical Report, the natural spelling will be used.

For information on the usage of the new keywords in a combined C/C++ environment, see Annex F.

4.1.3 Rounding and Overflow

Conversion of a real numeric value to a fixed-point type may require rounding and/or may overflow.

If the source value cannot be represented exactly by the fixed-point type, the source value is

rounded to
closest fixej

When the g
overflows.
modular wr
modular wr
overflow, th
fixed-point
signed fixe
type.)

Overflow b

By usin

either the closest fixed-point value greater than the source value (rounded up) or to t
d-point value less than the source value (rounded down).

ource value does not fit within the range of the fixed-point type, the conversian

Of the two common approaches for fixed-point overflow handling (saturation and
ap-around) only saturation is required by this Technical Report; for a deseription of
ap-around, see Annex E.4. When calculating the saturated result offixed-point

e source value is replaced by the closest available fixed-point value. (For unsigned
lypes, this will be either zero or the maximal positive value of the-fixed-point type. Fo
i-point types it will be the maximal negative or maximal positive” value of the fixed-poi

bhavior is controlled in two ways:

O explicit saturating fixed-point types (e.g., _Sat Fract).

In the
FX F
possibl
When t

_Frac
When t

_Accu

bsence of an explicit saturating fixed-pointtype, overflow behavior is controlled by thg
CT_OVERFLOW and FX_ ACCUM_OVERFLOW pragmas with SAT and DEFAULT a
states.

e state of the FX_FRACT OVERFLOW pragma is SAT, the overflow behavior on
types is saturatlon otherW|se overflow on _Fract types has undefined behavior.

e state of the FX_ACCUM. OVERFLOW pragma is SAT, the overflow behavior on
types is saturatlon otherW|se overflow on _Accum types has undefined behavior.

The default state for the FX FRACT OVERFLOW and FX ACCUM_OVERFLOW pragmas is
DEFAUILT.

Note: the DEFAULT state/of the overflow pragmas is intended to allow implementations to u
the mogt optimal instruction sequences irrespective of their overflow behavior for those
computgations where the actual overflow behavior is not relevant; the actual overflow behavig
may be|saturation; or anything else (including modular wrap-around) and may vary between
different occurrences of the same operation, or even between different executions of the san
operatiopny

=)

e

=

vV

\" 4

\*24

=3

Processors that support fixed-point arithmetic in hardware have no problems in attaining the
required precision without loss of speed; however, simulations using integer arithmetic may require
for multiplication and division extra instructions to get the correct result; often these additional

© ISO/IEC 2008 — All rights reserved
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instructions are not needed if the required precision is 2 ulps’). The FX_ FULL PRECISION
pragma provides a means to inform the implementation when a program requires full precision for
these operations (the state of the FX FULL PRECISION pragma is "on"), or when the relaxed
requirements are allowed (the state of the FX FULL PRECISION pragma is "off"). For more
discussion on this topic see A.4.

Whether rounding is up or down is implementation-defined and may differ for different values and
different situations; an implementation may specify that the rounding is indeterminable.

4.1.4 Type conversion, usual arithmetic conversions
All gonversions between a fixed-point type and another arithmetic type (which can‘be anqther fixed-
point type) are defined. Rounding and overflow are handled according to the usual rules for the

destination type. Conversions from a fixed-point to an integer type round toward zero. The

The|usual arithmetic conversions in the C standard (see 6.3.1.8) imply three requirements:
iven a pair of data types, the usual arithmetic conversions define the common type tp be used;
hen, if necessary, the usual arithmetic conversions require-that each operand is conyerted to
hat common type; and

3. itis required that the resulting type after the operation is ‘again of the common type.

For the combination of an integer type and a fixed-peint-type, or the combination of a fragt type and
an gccum type the usual arithmetic rules may lead“to Useless results (converting an integer to a
fixed-point type) or to gratuitous loss of precision.

In ofder to get useful and attainable resultsythe usual arithmetic conversions do not apply to the
compination of an integer type and a fixed-point type, or the combination of two fixed-point types.
In these cases:
1. the result of the operation is calculated using the values of the two operands, with thejir full
recision;
2. if one operand has signed fixed-point type and the other operand has unsigned fixed-point type,
hen the unsigned fixed:point operand is converted to its corresponding signed fixed-point type
nd the resulting type‘is the type of the converted operand;
3. the result type is the'type with the highest rank, whereby a fixed-point conversion rank is always
reater than an’integer conversion rank; if the type of either of the operands is a satufating fixed-
oint type, theresult type shall be the saturating fixed-point type corresponding to thel type with
he highest’rank; the resulting value is converted (taking into account rounding and oyerflow) to
he precision of the resulting type.

1) unit in the last place: precision up to the last bit
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EXAMPLE:

fract
int i

£

in the following code fragment:

£

0.25r;
3;

f i;

the variable f gets the value 0.75.

Note that as a consequence of the above, in the following fragment

-

g

fr
rl
the result v

If one of th¢
point operq

It is recomn
message W
floating-poi

4.1.5 Fixed-point constants

ict r, rl, r2; int i;

r * i; r2 r * (fract) i;

plues rl and r2 may not be the same.

nd is converted to the floating type in the usual way.

nended that a conforming compilation system provide anception to produce a diagnos
henever the usual arithmetic conversions cause a fixed-point operand to be converte
nt.

b operands has a floating type and the other operand has a fixed-point type, the fixedt

tic
d to

d

A fixed-constant is defined analogous to a floating=constant (see 6.4.4.2), with suffixes k (K) ang
(R) for accum type constants and fract type constants; for the short variants the suffix h (H) shou
be added as well.
The type of a fixed-point constant depends on its fixed-suffix as follows (note that the suffix is ca
insensitive;| the table below only givellowercase letters):

Suffix Fixed-point type

hr short Fract

uhr unsigned short Fract

r Fract

ur unsigned Fract

Ir long Fract

ulr unsigned long Fract

hk short Accum

uhk unsigned short Accum

k Accum

uk unsigned Accum

1k long Accum

ulk unsigned long Accum
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A fixed-point constant shall evaluate to a value that is in the range for the indicated type. An
exception to this requirement is made for constants of one of the fract types with value 1; these
constants shall denote the maximal value for the type.

4.1.6 Operations involving fixed-point types

41.6.1

41.6.1.1

Unary operators

Prefix and postfix increment and decrement operators

The
inte
sub

4.1.6

The
the

subfracting the operand from the integer value zero. It is not allowed to apply the comple

ope
fixed
com
4.1.6
4.1.6

The

poirk

If th
calc
to th
this
larg
this
almc

If th

prefix and postfix ++ and —- operators have their usual meaning of adding or subtra
er value 1 to or from the operand and returning the value before or after the, addition
raction as the result.

1.2 Unary arithmetic operators

unary arithmetic operators plus (+) and negation (=) are defined for fixed-point opera
esult type being the same as that of the operand. The negation operation is equivale

ator (~) to a fixed-point operand. The result of the logical-négation operator ! applig
-point operand is O if the operand compares unequal to 0, 1 if the value of the operai
pares equal to 0; the result has type int.

.2 Binary operators

.2.1 Binary arithmetic operators

binary arithmetic operators +, —, * ,sand / are supported for fixed-point data types,
| arithmetic meaning, whereby the‘usual arithmetic conversions for expressions invo
type operands, as described in 4.1.4, are applied.

b result type of an arithmeti€ operation is a fixed-point type, for operators other than *
Llated result is the mathematically exact result with overflow handling and rounding p
e full precision of the.result type as explained in 4.1.3. The * and / operators may r¢
rounded result of, depending of the state of the FX FULL PRECISION pragma, th
br or closest smaller value representable by the result fixed-point type. (Between rou
pptional adjustment, the multiplication and division operations permit a mathematical
pst 2 units)in the last place of the result type.)

the tixed point result type may be returned as the result_even if the result type can repres

b mathematical result of the * operator is exactly 1, the closest smaller value represe

cting the
or

nds, with
nt to
ment
dtoa

nd

with their
ving fixed-

and /, the
erformed
bturn either
b closest
nding and
error of

ntable by

jent the

value 1 exactly. Correspondingly, if the mathematical result of the * operator is exactly -1, the
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closest larger value representable by the fixed point result type may be returned as the result, even
if the result type can represent the value -1 exactly. The circumstances in which a 1 or -1 result
might be replaced in this manner are implementation-defined.

Note that the special treatment of the values 1 and -1 as result of a * operation, as indicated in this
paragraph, is only included to ensure that certain specific implementations, that otherwise would not
be conformant, can conform to this Technical Report; it is the intention to deprecate this treatment in
future revisions of this specification. For more discussion, see Annex A.7.

If the value of the second operand of the / operator is zero, the behavior is undefined.

According {o the rules above, the result type of an arithmefic operation where one operand has T
fixed-point fype and the other operand has an integer or a fixed-point type is always a fixed-poin
type. Othef combinations of operand and result types for arithmetic operations are supparted
through spegcial functions. The names for these functions are muli £fx, divi fx, fxdivi and
idivfx, where £x stands for one of r, 1r, k, 1k, ur, ulr, uk and ulk. The muli-functions
multiply anlinteger operand by a fixed-point operand and return an integer value; the'divi
functions d|vide the first (integer) operand by a fixed-point operand (divi £x) yielding an intege
type result,|or divide two integer operands (£fxdivi) yielding a fixed-pointtype result; the idivfx
functions dlvide the two fixed-point type operands (with the same type) ahd feturn an integer resplt.
If an integef result of one of these functions overflows, the behavior isundefined.

-

4.1.6.2.2 itwise shift operators

—

Shifts of fixed-point values using the standard << and >> operators are defined to be equivalent to
multiplication or division by a power of two (including the resulting rounding and overflow behavipr).
The right operand must have integer type and must be.nonnegative and less than the total number
of (nonpadging) bits of the fixed-point operand (the left'operand). The result type is the same as
that of the fixed-point operand. An exact result is<calculated and then converted to the result type in
the same way as the other fixed-point arithmetic'operators.

4.1.6.2.3 Relational operators, equality operators

The standdrd relational operators (<;<=, >=, and >) and equality operators (==, and !'=) accep
fixed-point pperands. When comparing fixed-point values with fixed-point values or integer valu
the values fire compared directly; the values of the operands are not converted before the
comparison is made. Othemwise, the usual arithmetic conversions are applied before the
comparison is made.

D——+

4.1.6.3 Asdsignment'operators

The standgrd aSsignment operators +=, —-=, *=, and /= are defined in the usual way when either
operand is fixed-point.

The standard assignment operators <<= and >>= are defined in the usual way when the left
operand is fixed-point.
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The following example calculating a scaled dot-product of two £ract vectors clarifies how the
fixed-point features are intended to be used.

Example:

fract a[N], b[N], z;
long accum acc = 0;
for ( int ix = 0; ix < N; ix++ )

This

41.

4.1.7

The
fixed
argu

The
valu

4.1.7

The
argu
the

unsi
fixeq

The

in thie fixed-point typé of the first argument. The rounding functions compute the value of]

argu
app
the

satu

acc += (long accum) al[ix] * b[ix];
acc >> SCALE;

z

example is without any explicit rounding and with default overflow handling.

f Fixed-point functions

.1 The fixed-point absolute value functions

absolute value functions abs £x, where f£x stands for one-of hr, r, 1r, hk, k or 1k
-point type argument (corresponding to £x); the result type is the same as the type ¢
ment.

absolute value functions compute the absolutevalue of a fixed-point value. If the ex
e cannot be represented, the saturated resultvalue is returned.

.2 The fixed-point rounding functions

rounding functions round fx, where £x stands for one of hr, r, 1r, hk, k or 1k, g
ments: a fixed-point argumentA(corresponding to £x) and an integer argument; the re
same as the type of the first@argument. Similarly the rounding functions roundufx t
gned fixed-point argument:as first argument, and the result type is the same unsigne
-point type.

value of the second argument must be nonnegative and less than the number of frag

ment, rounded to the number of fractional bits specified in the second argument. Th
ied is to-nearest, with unspecified rounding direction in the halfway case. Fractional

ounding-point are set to zero in the result. If the exact result value cannot be represe
rated result value is returned.

, take one
f the

hct result

ke two
sult type is
ake an
)

tional bits
the first

e rounding
bits beyond
bnted, the
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4.1.7.3 The fixed-point bit countls functions

The bit count functions countls £x, where £x stands for one of hr, r, 1r, hk, k, 1k, uhr, ur,
ulr, uhk, uk or ulk, take one fixed-point type argument (corresponding to £x); the result type is

int.

The integer return value of the above functions is defined as follows:

which the expression a<<k does not overflow;

if the value of the fixed-point argument is zero, an integer value is returned that is at least as

if the value of the fixed-point argument is non-zero, the return value is the largest integer k for

large a$ N, where N is the total number of value bits of the fixed-point type of the argument.

4174 T

The bitwise
1r, hk, k,
to £x); the
fixed-point
headerfile,

The bitwise
point value
point type.
fixed-point
declaration

fract a

the value o

41.7.5 The bitwise integer to fixed-pointonversion functions

The bitwissg
1r, hk, k,
uint fx|

The bitwise
integer valy
point result
rbits (03

Je bitwise fixed-point to integer conversion functions

fixed-point to integer conversion functions bits f£x, where £x stands forone of hr

1k, uhr, ur, ulr, uhk, uk or ulk, take one fixed-point type argument-(corresponad
type of the function is an implementation-defined integer type int “£x_t (for signed
lypes) or uint_fx t (for unsigned fixed-point types), defined,in the <stdfix.h>|
that is large enough to hold all the bits in the fixed-point type.

fixed-point to integer conversion functions return an intéger value equal to the fixed-
of the argument multiplied by 2F, where F is the numper of fractional bits in the fixed-
The result type is an integer type big enough to hald all valid result values for the giv
argument type. For example, if the fract type has_15 fractional bits, then after the

0.

5;

fbitsr (a) is 0.5 * 215 = 0x4000.

integer to fixed-point conversion functions £xbits, where £x stands for one of hr,
1k, uhr, ur, ulr, uhk; uk or ulk, take one argument with type int_fx t or
£, the result type is\a fixed-point type (corresponding to £x).

fixed-point te integer conversion functions return an fixed-point value equal to the

e of the argument divided by 2", where F is the number of fractional bits in the fixed-
type of the function. For example, if £ract has 15 fractional bits, then the value of
£2000) is 0.25.

ing

10
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4.1.7.6 Type-generic fixed-point functions

The header <stdfix.h> defines the following fixed-point type-generic macros. For each of the
fixed-point absolute value functions in 4.1.7.1, the fixed-point round functions in 4.1.7.2 and the
fixed-point countls functions in 4.1.7.3, a type-generic macro is defined as follows:

4.1.1.7 Fixed-point numeric conversion functions

The
hk,

type-generic macro

the fixed-point absolute value functions absfx
the fixed-point rounding functions roundfx
the fixed-point countls functions countlsfx

k, 1k, uhr, ur, ulr, uhk, uk or ulk, take two arguments: the first argiment has

fixed-point numeric conversion functions strtofxfx, where £x stands fof\one of hr, r, 1r,

const char * restrict type, the second argument has char **hrestrict type;the

resylt type is a fixed-point type (corresponding to £x).

Sim

lar to the strtod function, the strtofxfx functions convert a portion of the string pointed to

by the first argument to a fixed-point representation, with a type~corresponding to £x, and return that

fixed-point type value.

4.1.8 Fixed-point definitions <stdfix.h>

The
decl

41.

Add

Tog

point arguments) all fixed-point types can be converted in the normal manner. Conversig

from

header <stdfix.h> defines macros that specify the precision of the fixed-point types a
lares functions that support fixed-point arithmetic.

D Formatted I/O functions for.fixed-point arguments

tional conversion specifiers;for fixed-point arguments are defined as follows:
r for (signed) fract types
R for unsigned fract types
k for (signed) accum types
K for unsigned accum types.

ether with'the standard length modifiers h (for short fixed-point arguments) and 1 (fon

infinity and NaN representations are not supported.

long fixed-
ns to and

The Fprintf function and its derived functions with the r, R, k and K conversion formats convert
the argument with a fixed-point type representing a fixed-point number to decimal notation in the
style [-]ddd.ddd, where the number of digits after the decimal point is equal to the precision
specification (i.e., it corresponds to the output format of the £ (F) conversion specifier).

© ISO/IEC 2008 — All rights reserved
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The £scanf function and its derived functions match an optionally signed fixed-point number
whose format is the same as expected for the subject sequence of the corresponding strtofxfx
function. The corresponding argument of fscanf shall be a pointer to a fixed-point type variable with
a type corresponding to £x.

4.2 Detailed changes to ISO/IEC 9899:1999

This clause details the modifications to ISO/IEC 9899:1999 needed to incorporate the fixed-point

functionalit

as described in clause 4.1 of this Technical Report. The changes listed in this clau

Se

are limited
information
ISO/IEC 98
changes to
resulting ch
clause indi

Clause 5.2
The charag
representa
fixed-point
characteris

Analogous
Datatypes

X=

with the fol

S S>ST OO

For the pur|
apply:

b equal
(-p) <=
the rad

fo syntax and semantics; examples, (forward) references and other descriptive

are omitted. The modifications are ordered according to the clauses of

99:1999 to which they refer. If a clause of ISO/IEC 9899:1999 is not mentionéd, no
that clause are needed. New clauses are indicated with (NEW CLAUSE)however
anges in the existing numbering are not indicated; the clause number mm.rna of ney
tates that this clause follows immediately clause mm.nn at the same Ievel.

14.2.3 - Characteristics of fixed-point types (NEW CLAUSE)

teristics of fixed-point data types are defined in terms of a model that describes a

ion of fixed-point numbers and values that provide information about an implementat
arithmetic. (The fixed-point model is intended to clarify.the description of each fixed-p
lic and does not require the fixed-point arithmetic of the implementation to be identica

to the Scaled data type, as defined in ISO/IEC'11404:1996 - Language-Independent
LID), a fixed-point number ( x ) is defined by.the following model:

s*n* (b f)
owing parameters:

sign (1)

base or radix of nominator representation (an integer > 1)

precision (the number of base-b digits in the nominator)

nominator (nonnegative integer less than b raised to the power p)
factor (an integer value).

bose of thissTiechnical Report, the following restrictions to the above general model

5 2: only-binary fixed-point is considered;
f <,0. integer values (f >= 0) are not considered to form part of the fixed-point values,
X dot is assumed to be somewhere between the most significant digit and the least

=

on's
oint

1)

and

significant digit in the nominator, or immediately to the left of the most significant digit in the
nominator.

Fixed-point

12

infinities or NaNs are not supported.
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For fract fixed-point types, f equals (-p): values with (signed) fract fixed-point types are between -1

and

1, values with unsigned fract fixed-point types are between 0 and 1.

For accum fixed-point types, fis between (-p) and zero: the value range of accum fixed-point types
depends on the number of integral bits (f + p) in the type.

If the result type of an arithmetic operation is a fixed-point type, the operation is performed on the
operand values according to the operation's usual mathematical definition, and then rounding and
overflow handling is performed for the result type.

If th

rourj

clos

For
ope
the
the

divig

If th
the

valuge 1 exactly. Correspondingly, if the mathematical result of the * operator is exactly -
clospst larger value representable by the fixed point result type may be returned as the reg
if the result type can represent the value -1 exactly/ The circumstances in which a 1 or

E-Source vatue canmot be Tepresented exactty by thefixed=point type; thesourcevatu
ded to either the closest fixed-point value greater than the source value (rounded-up
bst fixed-point value less than the source value (rounded down).

arithmetic operators other than * and /, the rounded result is returned as-the result g
ation. The * and / operators may return either this rounded result or,.depending of

esult fixed_-point type. (Between rounding and this optional adjustment, the multiplica
ion operations permit a mathematical error of almost 2 units in the last place of the re

b mathematical result of the * operator is exactly 1, the closest smaller value represe
ixed point result type may be returned as the result, evenif the result type can repres

B is
or to the

f the
he state of

X FULL PRECISION pragma, the closest larger or closest smaller value representable by

tion and
sult type.)

ntable by
ent the

1, the
sult, even
-1 result

miglnt be replaced in this manner are implementation-defined.

Whether rounding is up or down is implementation-defined and may differ for different values and
diffgrent situations; an implementation may specify that the rounding is indeterminable.
Thelfixed-point overflow behavior is.either saturation or undefined. When calculating the saturated
resylt on fixed-point overflow, the source value is replaced by the closest available fixed-point value.
(Forjunsigned fixed-point types, this will be either zero or the most positive value of the fixed-point
typel. For signed fixed-point_types it will be the most negative or most positive value of the fixed-
point type.)

Overflow behavior (s ,determined as follows:

If the result‘type of an arithmetic operation is a saturating fixed-point type (see clause
pverflow behavior is saturation.

the result type is a primary fixed-point type (see clause 6.2.5), overflow behavior is

6.2.5) the

controlled

RELOW

pragma foT_AccuTn types. These pragmas?ollows the same scoping rules as e_xisting STDC

pragmas (see clause 6.10.6 of the C standard), and have the following syntax:

#pragma STDC FX FRACT OVERFLOW overflow-switch
#pragma STDC FX ACCUM_OVERFLOW overflow-switch

© ISO/IEC 2008 — All rights reserved
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where overflow-switch is one of SAT or DEFAULT.

When the state of the FX FRACT OVERFLOW pragma is SAT, the overflow behavior on
_Fracttypesis saturatlon otherW|se overflow on _Fract types has undefined behavior.

When the state of the FX ACCUM _OVERFLOW pragma is SAT, the overflow behavior on
_Accumtypes is saturatlon otherW|se overflow on _Accum types has undefined behavior.

The default state for the FX FRACT OVERFLOW and FX ACCUM_OVERFLOW pragmas is

DEFAULT.

Note: the DEFAULT state of the overflow pragmas is mtended to allow |mplementat|ons to use

Functions are supplied for arithmetic operations with different operand type and-result type
combinatiops (for instance, integer times fixed-point yielding integer, or integer divided by intege
yielding a fixed-point type); see 7.18a.6.1.

Clause 6.2.5 - Types, add the following new paragraphs after paragraph 9:

There are gix primary signed fixed-point types, designated as¢short _Fract, Fract,
long Frpct, short Accum, Accum, and long _Accum. For each of the primary signe
fixed- pomt ypes, there is a correspondlng (but dlfferent) primary unsigned fixed-point type

=

d

(designated with the keyword unsigned) that uses the’'same amount of storage and has the same

alignment nequirements as its corresponding signeddype. The primary signed fixed-point types
the primary| unsigned fixed-point types are collectively called primary fixed-point types.

For each of the primary fixed-point types, there is a corresponding (but different) saturating fixeq
point type (designated with the keyword «'Sat) that has the same representation and the same
alignment requirements as its corresponding type. The primary fixed-point types and the saturaf
fixed-point types are collectively called fixed-point types.

The six types short _Fract,® Fract, long_Fract, short _Sat Fract,
_Sat _Fract, and long Sat _Fractare coIIectlver called s:gned ‘fract types. The six
types unsigned short Fract unsigned _Fract, unsigned long_Fract,
_Sat unsgigned short _Fract, _Sat un51gned _Fract, and

Sat unsigned-long Fract are coIIectlver called uns:gned fract types. The signed fra¢

types and the unsigned fract types are collectively called fract types.

and

ing

The six types short _Accum, _Accum, Iong _Accum, _Sat short Accum,
_Sat _Accum,and _Sat long Accum are collectively called signed accum types. The six
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types unsigned short Accum, unsigned _Accum, unsigned long _Accum,

_Sat unsigned short Accum, Sat unsigned _Accum, and

Sat unsigned long _Accum are collectively called unsigned accum types. The signed

accum types and the unsigned accum types are collectively called accum types.

Clause 6.2.5 - Types, paragraph 17: change last sentence as follows.

Integer, fixed-point and real floating types are collectively called real types.

Clayse 6.2.5 - Types, paragraph 18: change first sentence as follows.

Integer, fixed-point and floating types are collectively called arithmetic types.

Clayise 6.2.6.3 - Fixed-point types (NEW CLAUSE)

For pnsigned fixed-point types, the bits of the object representation,shall be divided into t
valug bits and padding bits (there need not be any of the latter). \There are two types of \
integral bits and fractional bits; if there are N value bits and L-integral bits, then there are
fractional bits; for fract types, the number of integral bits iscalways zero (L=0). For fract ty
bit shall represent a different power of 2 between 2tV and 2('N), so that objects of that typ
capable of representing values from 0 to 1-2" using-a‘pure binar1y representation. For ag
types, each bit shall represent a different power of 2 between 2N and 2(L'N), so that obje
typel shall be capable of representing values from0 to 2boEN) using a pure binary repres
Thege representations shall be known as the value representations. The values of any p
are inspecified.

For signed fixed-point types, the bits ofthe object representation shall be divided into thre
valug bits, padding bits, and the sign bit. There need not be any padding bits; there shall
onelsign bit. There are two types of value bits: integral bits and fractional bits; if there arg
bits pnd L integral bits, then there are (N-L) fractional bits; for fract types, the number of if
is alivays zero (L=0). For ffact types, each value bit shall represent a different power of 2
2land 2('N), and the sign-bit shall represent the value -1; objects with signed fract type s
capable of representing-Values from -1 to 1-2"" using a pure binary representation. For 3
types, each value bit)shall represent a different power of 2 between 251 and 2(L'N), and t
shall represent the value of 2k objects with signed accum type shall be capable of repre
valups from -2 to 2t-2¢N) using a pure binary representation. These representations sh
knoyn asthe value representations. The values of any padding bits are unspecified.

The

VO groups:
alue bits:
N-L)

pes, each
e shall be
cum

bcts of that
entation.
adding bits

e groups:
be exactly
e N value
ntegral bits
between
shall be
ccum

he sign bit
senting

all be

préecision of a fixed-point type is the number of bits it uses to represent values, exclu

jing any

sign and padding bits. The width of a fixed-point type is the same but including any sign bit; thus for
unsigned fixed-point types the two values are the same, while for signed fixed-point types the width

is one greater than the precision.

© ISO/IEC 2008 — All rights reserved
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The minimum values for the number of fractional bits and the number of integral bits in the various
fixed-point types are specified in 7.18a.3. An implementation may give any of the fixed-point types
more fractional bits, and may also give any of the accum types more integral bits, subject to the
following restrictions:

- Each unsigned fract type has either the same number of fractional bits as, or one more fractional
bit than, its corresponding signed fract type.

- When arranged in order of increasing rank (see 6.3.1.3a), the number of fractional bits is
nondecreasing for each of the following sets of fixed-point types:
- signegfracttypes
- unsigned fract types
- signed accum types
- unsigned accum types.

- When grranged in order of increasing rank (see 6.3.1.3a), the number of integrabbits is
nondecteasing for each of the following sets of fixed-point types:
- signed accum types
- unsigned accum types

- Each signed accum type has at least as many integral bits as its_¢orresponding unsigned accum
type.

Furthermorg, in order to promote consistency amongst implementations, the following are
recommendgled practice:

- The signed long _Fract type has at least 31fractional bits.
- Each agcum type has at least 8 integral bits.

- Each unsigned accum type has the samé& number of fractional bits as its corresponding
unsigngd fract type.

- Each signed accum type has the.same number of fractional bits as either its corresponding
signed fract type or its corresponding unsigned fract type.
Clause 6.3,1.3a - Fixed-point types (NEW CLAUSE)

The fixed-point typesyare assigned a fixed-point rank. The following types are listed in order of
increasing fank;

short | Fract, Fract. long Fract, short Accum Accum long Accum

Each unsigned fixed-point type has the same rank as its corresponding signed fixed-point type.
Each saturating fixed-point type has the same rank as its corresponding primary fixed-point type.
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All conversions between a fixed-point type and another arithmetic type (which can be another fixed-
point type) are defined. Rounding and overflow are handled according to the usual rules for the
destination type. Conversions from a fixed-point to an integer type round toward zero. The
rounding of conversions from a fixed-point type to a floating-point type is unspecified.

Clause 6.3.1.8 - Usual arithmetic conversions, replace second and third sentence of paragraph 1

with

In most cases, the purpose is to determine a common real type for the operands and result.

(Exq

Clalise 6.3.1.8 - Usual arithmetic conversions, after the conversion rule for cehversion

Clayse 6.4.1 - Keywords, add-the following new keywords:

Clayse 6.4.4 - Constants, modify the syntax clause to include as nonterminal for consta

eptions ofterrappty for fixed=point operands:)

Clause6.4.4 - Constants, change the constraints clause to.

Otherwise, if one operand has fixed-point type and the other operand-has integer
no conversions are needed; the result type shall be the fixed-point.type.

Otherwise, if both operands have signed fixed-point types, ot.if both operands ha
unsigned fixed-point types, then no conversions are needed; the result type shall

to float

type, then

e
be the

fixed-point type with the higher fixed-point rank; if either.of the operands has a safurating

fixed-point type, the result type shall be the saturating-fixed-point type correspond
fixed-point type with the higher fixed-point rank.

Otherwise, if one operand has signed fixed<point type and the other operand has

ng to the

Linsigned

fixed-point type, the operand with unsigned type is converted to the signed fixed-point type

corresponding to its own unsigned fixed-point type; the result type shall be the sig

hed fixed-

point type with the higher fixed-point-fank; if either of the operands has a saturating fixed-

point type, the result type shall be\the saturating fixed-point type corresponding to
fixed-point type with the higher fixed-point rank.

_Accum _Fract _Sat

fixed-constant

the signed

The value of a constant shall be in the range of representable values for its type, with exception for
constants of a fract type with a value of exactly 1; such a constant shall denote the maximal value
for the type.

© ISO/IEC 2008 — All rights reserved
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Clause 6.4

Syntax

.4.2a - Fixed-point constants (NEW CLAUSE)

fixed-constant:

decimal-fixed-constant
hexadecimal-fixed-constant

decimal-fixed-constant:

fractional-constant exponent-part,,; fixed-suffix

hex

fixe

fxp-

sho

fixe

Descriptio

The
con
Suff
the

Clause 6.5

The left op¢

Uigit=SequeTice exXporTent=-party; Ixed-suffix

ndecimal-fixed-constant:

hexadecimal-prefix hexadecimal-fractional-constant
binary-exponent-part fixed-suffix

hexadecimal-prefix hexadecimal-digit-sequence
binary-exponent-part fixed-suffix

o-suffix: unsigned-suffixopt fXp-suffixopt fixed-qual
Suffix:
long-suffix

short-suffix

rt-suffix: one of
h H

H-qual: one of
k K r R

-

description and semantics for a fixed-constant are the same as those for a floating
stant (see 6.4.4.2). If suffixed by the letter r or R, the constant has a fract type; if
xed by the letter k ar’K, the constant has an accum type; if suffixed by the letter h or|
constant has a shert fract type or a short accum type.

L7 - Bitwise-shift operands, change the constraints clause as follows:

prand shall have integer or fixed-point type. The right operand shall have integer type.

H,

Clause 6.5

N Bitwise-shift ts—rent et thind F N

If E1 has a fixed-point type, the value of the result is E1*2%2. If E1 has an unsigned integer type,
the value of the result is E1*2E2, reduced modulo one more than the maximum value representable

18
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in the result type. If E1 has a signed integer type and nonnegative value, and E1*2%2 s
representable in the result type, then that is the resulting value; otherwise, the behavior is
undefined.

Clause 6.5.7 - Bitwise shift operands, replace second and third sentence of paragraph 5 with:

If E1 has a fixed-point type, the value of the result is E1*2 "¥2)  |f E1 has an unsigned integer type
or if E1 has a signed integer type and a nonnegative value, the value of the result is the integral part
of the quotient of E1/2%2. If E1 has a signed integer type and a negative value, the resulting value

is implementation-defined.

CIa|||se 6.6 - Constant expressions, change second sentence of paragraph 5 to start willh

If a floating expression or a fixed-point expression is evaluated in the translation_environn

Clalyse 6.6 - Constant expressions, change first sentence of paragraph-6 as follows:

An ihteger constant expression® shall have integer type and shall only have operands th
integer constants, enumeration constants, character constants,.sizeof expressions wh

are

congtants that are the immediate operands of casts.

Cladyse 6.6 - Constant expressions, change first sentence of paragraph 8 as follows:

An grithmetic constant expression shall have arithmetic type and shall only have operand

inte

cons

Clayse 6.7.2 - Type specifiers, add under Syntax, between 1long and float:

Cla

nteger constants, fixed-point constants that are the immediate operands of casts, an

ger constants, fixed-point constants, floating constants, enumeration constants, charz
stants, and sizeof expressions.

_Fract
_Accum
Sat

use 6.7.2-=Type specifiers, in paragraph 2 add before £loat:

- »/signed short Fract, or short Fract

hent, ...

at are
bse results
J floating

s that are
cter

_s_:__gned Fract,or Fract

signed long Fract orlong_Fract
- signed short _Accum, or short _Accum
- signed Accum, or _Accum
- signed long Accum, or long _Accum

© ISO/IEC 2008 — All rights reserved
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- unsigned short Fract
- unsigned Fract

- unsigned long _Fract
- unsigned short Accum
- unsigned Accum

- unsigned long _Accum
- _Sat signed short _Fract,or_Sat short Fract
- _Sat signed_Fract,or_Sat_Fract

- _Sat signedlong_Fract,or_Sat long_Fract

signed Accum, or _Sat_ Accum

signed long _Accum, or _Sat long_Accum
unsigned short Fract

unsigned _Fract

unsigned long _Fract

unsigned short _Accum

unsigned _Accum

unsigned long _Accum

(5w i o A e e e i

Clause 6.10.6 - Pragma directive, add to the list in paragraph 2:

#pragma STDC FX FULL PRECISION on-off-switch
#pragma STDC FX FRACT OVERFLOW overflow-switch
#pragma STDC FX ACCUM_OVERFLOW qverflow-switch

ovelflow-switch: one of
SAT DEFAULT

Clause 7.1,2 - Standard headers, add-to paragraph 2:

<stdfix.h>

Clause 7.18a - Fixed-point arithmetic <stdfix.h> (NEW CLAUSE)
7.18a.1 Infroductjon

The headel <stdfix.h> defines macros and declares functions that support fixed-point
arithmetic. LEach synopsis specifies a family of functions with, depending on the type of their
parameters and return value, names with r, k, h, 1 or u prefixes or suffixes which are
corresponding functions with fract type and accum type parameters or return values, with the
optional type specifiers for short, long and unsigned.
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macro

fract

expands to _Fract; the macro

accum

expands to _Accum; the macro

expgands to _Sat.

Notwithstanding the provisions of 7.1.3, a program may undefine and perhaps.then redef
magros fract, accum and sat.

718

The

The
funo

fung
that

implementation defined.

sat

a.2 Integer types used for the bits conversion functions
following integer types are introduced as typedefs:

int hr t
int r t
int 1r t
int_ hk t
int k t
int 1k t
uint uhr_ t
uint ur t
uint ulr t
uint uhk_t
uint uk t
uint ulk_t

types int_fx t'and uint_ fx t are the return types of the corresponding bits
tions, and are.chosen so that the return value can hold all the necessary bits; the £xl
tions usethese integer types as types for their parameters. If there is no integer type
is widesenough to hold the necessary bits for certain fixed-point types, the usage of t

ne the

fx

bits
available
he type is

7.18a.3 Precision macros

New constants are introduced to denote the behavior and limits of fixed-point arithmetic.

© ISO/IEC 2008 — All rights reserved
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A conforming implementation shall document all the limits specified in this clause, as an addition to
the limits required by the 1ISO C standard.

The integer values given below shall be replaced by constant expressions suitable for use in
#if preprocessing directives.

The values

in the following list shall be replaced by constant expressions with implementation-

defined values with the same type. Except for the various EPSILON values, their implementation-
defined values shall be greater or equal in magnitude (absolute value) to those shown, with the
same sign. For the various EPSILON values, their implementation-defined values shall be less or

equal in ma

number

SFRAC

- minimu

gnitude to those shown.
of fractional bits for object of type signed short _Fract
T FBIT 7

m value for an object of type signed short _Fract

type

act

SFRACT MIN (-0.5HR-0.5HR)

- maximym value for an object of type signed short _Fract
SFRAC[I MAX 0.9921875HR //, decimal constant
SFRACI MAX 0X1.FCP-1HR 1/ hex constant

- the leagt value greater than 0. OHR that is representable in the signed short _Fract
SFRACI EPSILON 0.0078125HR // decimal constant
SFRACT EPSILON 0X1P-T7HR // hex constant

- number of fractional bits for object oftype unsigned short _Fract
USFRACT FBIT 7

- maximym value for an object of type unsigned short _Fract
USFRACT MAX 0.'9921875UHR // decimal constant
USFRACT MAX <0X1.FCP-1UHR // hex constant

- the leagt valug greater than 0. OUHR that is representable in the unsigned short _Fr
type
USFRACT_EPSILON 0.0078125UHR // decimal constant
USFRACT EPSILON 0X1P-7UHR // hex constant
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- number of fractional bits for object of type signed _Fract
FRACT FBIT 15

- minimum value for an object of type signed _Fract
FRACT MIN (-0.5R-0.5R)

- maximum value for an object of type signed _Fract

RACT MAX 0.999969482421875R // decimal constant
RACT MAX 0X1.FFFCP-1R // hex constant

- the least value greater than 0. OR that is representable in the signed _Fract tyge

RACT EPSILON 0.000030517578125R // decimal “constant
RACT EPSILON 0X1P-15R // hex £8nstant

- umber of fractional bits for object of type unsigned _Fract
FRACT FBIT 15
- aximum value for an object of type unsigned {Fract

UFRACT MAX 0.999969482421875UR // decimal constant
PFRACT MAX OX1.FFFCP-1UR // hex constant

- the least value greater than 0. OUR that'is representable in the unsigned _Fract type

UFRACT EPSILON 0.000030517578125UR // decimal constant
PFRACT EPSILON 0X1P-15UR // hex constant

- number of fractional bits for object of type signed long _Fract
LFRACT FBIT 23
- minimum value for an object of type signed long _Fract

LFRACT-MIN (-0.5LR-0.5LR)

- maximum value for an object of type signed long Fract

LFRACT MAX 0.99999988079071044921875LR
// decimal constant
LFRACT MAX OX1.FFFFFCP-1LR // hex constant
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- the least value greater than 0. OLR that is representable in the signed long _Fract type

LFRACT _EPSILON 0.00000011920928955078125LR
// decimal constant
LFRACT EPSILON 0X1P-23LR // hex constant

- number of fractional bits for object of type unsigned long _Fract

ULFRACT_ FBIT 23

- maximym value for an object of type unsigned long _Fract

ULFRACT MAX 0.99999988079071044921875ULR
// decimal constant
ULFRACT_MAX 0X1.FFFFFCP-1ULR // hex constant

- the least value greater than 0. OULR that is representable in the unsigned long _Fract
type

ULFRACT EPSILON 0.00000011920928955078125ULR

// deC@mal constant
ULFRACT EPSILON 0X1P-23ULR // heéex constant

- number of fractional bits for object of type signed short _Accum
SACCUM_FBIT 7

- number of integral bits for object of type signed short Accum
SACCUM_IBIT 4

- minimum value for an object of type' signed short _Accum
SACCUM MIN (-8.0HK+8:O0HK)

- maximym value for an(object of type signed short _Accum

SACCUM MAX -15.9921875HK // decimal constant
SACCUM MAX.0X1.FFCP+3HK // hex constant

- the leagt'value greater than 0. OHK that is representable in the signed short Accumfype

SACCUM_EPSILON 0.0078125HK // decimal constant
SACCUM _EPSILON 0X1P-7HK // hex constant
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- number of fractional bits for object of type unsigned short _Accum
USACCUM_FBIT 7

- number of integral bits for object of type unsigned short Accum
USACCUM_IBIT 4

- maximum value for an object of type unsigned short _Accum

SACCUM MAX 15.9921875UHK // decimal constant
SACCUM_MAX 0X1.FFCP+3UHK // hex constant

- the least value greater than 0. OUHK that is representable in the unsigned' short

pe
SACCUM_EPSILON 0.0078125UHK // decimdl constant
SACCUM_EPSILON 0X1P-7UHK // hex constant

- umber fractional of bits for object of type signed _Accum
CCUM _FBIT 15

- umber of integral bits for object of type signed., Accum
CCUM_IBIT 4

- inimum value for an object of type signed _Accum

ACCUM MIN (-8.0K-8.0K)

- maximum value for an object of type signed _Accum

CCUM _MAX 15.999969482421875K // decimal constant
CCUM MAX O0X1.FFFFCP+3K // hex constant

\U

- the least value.greater than 0. OK that is representable in the signed _Accum typq

CCUM.EPSILON 0.000030517578125K // decimal constant
CCUM EPSILON 0X1P-15K // hex constant

- number fractional of bits for object of type unsigned _Accum

UACCUM_FBIT 15

© ISO/IEC 2008 — All rights reserved
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number of integral bits for object of type unsigned _Accum
UACCUM_IBIT 4
maximum value for an object of type unsigned _Accum

UACCUM MAX 15.999969482421875UK // decimal constant
UACCUM_MAX 0X1l.FFFFCP+3UK // hex constant

the least value greater than 0 . QUK that is representable in the unsigned Accum type

UACCUM EPSILON 0.000030517578125UK // decimal constant
UACC _EPSILON 0X1P-15UK // hex constant

number of fractional bits for object of type signed long _Accum
LACCUM FBIT 23

number of integral bits for object of type signed long _Accum
LACCUM IBIT 4

minimum value for an object of type signed long _A&cum
LACCUM MIN (-8.0LK-8.0LK)

maximym value for an object of type signed.long _Accum
LACCUM MAX 15.99999988079071044921875LK

// decimal constant
LACCUM_MAX 0X1.FFFFFFCP+3LK // hex constant

the leagt value greater than 0 {OLK that is representable in the signed long _Accum type

LACCUM EPSILON O 000000119209289550781251LK
// decimal constant
LACCUM EPSILON“0X1P-23LK // hex constant

number of fractional bits for object of type unsigned long _Accum

ULACC FBIT 23

number of integral bits for object of type unsigned long _Accum

ULACCUM_IBIT 4
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maximum value for an object of type unsigned long _Accum

ULACCUM MAX 15.99999988079071044921875ULK
// decimal constant

ULACCUM MAX 0X1.FFFFFFCP+3ULK // hex constant

type

ULACCUM EPSILON 0.00000011920928955078125ULK

37:2008(E)

the least value greater than 0 . OULK that is representable in the unsigned long _Accum

// decimal constant

ULACCUM EPSILON 0X1P-23ULK // hex constant

7.18a.4 The FX_FULL_PRECISION pragma

Synppsis

#include <stdfix.h>

#pragma STDC FX FULL PRECISION on-off-switch
Desgription
The
upto
divis
exe(
that
implementation is required to return results with full precision. Each pragma can occur ei
outside external declarations or preceding all explicit declarations and statements inside

compound statement. When outside external declarations, the pragma takes effect from
occyrrence until another FP_ FULL PRECISION pragma is encountered, or until the en
tranlation unit. When inside-a compound statement, the pragma takes effect from its oc
untillanother FP_FULL PRECISION pragma is encountered (including within a nested

stat¢ment), or until thesend of the compound statement; at the end of a compound statem
stat¢ for the pragma'is'restored to its condition just before the compound statement. If th
is uged in any other-context, the behavior is undefined. The default state ("on" or "off") fq
pragma is implementation defined.

normal required precision for fixed-point operations is 1 ULP (Unit in the Last Place: g
the last bit). However, in certain environmentsia precision of 2 ULPs on multiplicatio
ion operations is enough, and such relaxed.requirements may result in a significantly
ution speed. The FX FULL PRECISION pragma can be used to inform the imple
(where the state is "off") the relaxed réquirements are allowed. If the indicated state i

7.18a.5 The fixed-point overflow pragmas

recision

n and
increased
mentation
s "on", the

ither

i)
its

d of the
Currence
compound
ent the

S pragma
r the

Synopsis

#include <stdfix.h>
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#pragma STDC FX FRACT OVERFLOW overflow-switch
#pragma STDC FX ACCUM_OVERFLOW overflow-switch

overflow-switch: one of
SAT DEFAULT

Description

When a value is converted to a primary fixed-point type, the overflow behavior is controlled by either
the FX FRACT OVERFLOW or the FX ACCUM OVERFLOW pragma, depending on the destination
type. Whgn the state of an overflow pragma is DEFAULT, fixed-point overflow for the
corresponding type has undefined behavior. Otherwise, the overflow behavior is saturation->Th
default state of the overflow pragmas is DEFAULT. Each pragma can occur either outside external
declarationp or preceding all explicit declarations and statements inside a compound statement.
When outside external declarations, the pragma takes effect from its occurrence until-another
overflow pragma is encountered, or until the end of the translation unit. When inside a compourd
statement, @ pragma takes effect from its occurrence until another occurrence ‘ef the same pragma
is encountgred (including within a nested compound statement), or until the-end of the compoungd
statement; gt the end of a compound statement the state for the pragmads restored to its conditipn
just before the compound statement. If this pragma is used in any other context, the behavior is
undefined.

1Y%

7.18a.6 Fixed-point arithmetic <stdfix.h>

7.18a.6.1 The fixed-point arithmetic operation support functions

Synopsis

clude <stdfix.h>

mulir (int, fract);

g int mulilr (long .int, long fract):;
mulik (int, accum)’;

g int mulilk(long int, long accum) ;

divir (int,/ fract);
g int divilr (long int, long fract):;
divik(int, accum) ;
g int divilk(long int, long accum);

fract rdivi (int, int);
lOug fract 1J.d4..v4..(1uug J..l.l.t, 1uug J..l.l.t) 7
accum kdivi (int, int);
long accum lkdivi (long int, long int);
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int idivr (fract, fract);
long int idivlr(long fract, long fract);
int idivk(accum, accum);
long int idivlk(long accum, long accum) ;

unsigned int muliur (unsigned int, unsigned fract)
unsigned long int muliulr(

unsigned long int, unsigned long fract);
unsigned int muliuk (unsigned int, unsigned accum) ;

_un_s_i_g_n_eri 'Inng int muliulk(
unsigned long int, unsigned long accum) ;

unsigned int diviur (unsigned int, unsigned fract)s
unsigned long int diviulr(

unsigned long int, unsigned long fract);
unsigned int diviuk (unsigned int, unsigned accum) ;
unsigned long int diviulk(

unsigned long int, unsigned long agccum) ;

unsigned fract urdivi (unsigned int, muunsigned int) ;
unsigned long fract ulrdivi (

unsigned long int, unsigned long int);
unsigned accum ukdivi (unsigned{int, unsigned int);
unsigned long accum ulkdivi (

unsigned long int, unsigned long int);

unsigned int idivur (unsigned fract, unsigned fract);
unsigned long int idiwulr (

unsigned long fract, unsigned long fract);
unsigned int idivuk/(unsigned accum, unsigned accum) ;
unsigned long int-idivulk(

unsigned(long accum, unsigned long accum) ;

cription

above funrgtions compute the mathematically exact result of the multiplication or divis
ation on.the operands with the indicated types, and return a value with the indicated

Retvrns

ion
type.

For functions returning an integer value, the return value is rounded towards zero. For functions
returning a fixed-point value, the return value is saturated on overflow. If the second operand of one
of the divide functions is zero, the behavior is undefined.

© ISO/IEC 2008 — All rights reserved
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7.18a.6.2 The fixed-point absolute value functions

Synopsis

#include <stdfix.h>

short fract abshr (short fract f£f);
fract absr(fract f);

long fract abslr (long fract f);
short accum abshk (short accum f);
accum absk (accum f) ;

long accum abslk(long accum f);

Descriptio

The above [functions compute the absolute value of a fixed-point value £.

Returns
The functi
7.18a.6.3
Synopsis

#i
sh
fr
lo
sh
ac
lo
un
un
un
un
un
un

Descriptio

s return |£]. If the exact result cannot be represented, the saturated result is returne

he fixed-point rounding functions

clude <stdfix.h>

rt fract roundhr (short fract.f, int n);

ct roundr (fract £, int n);

g fract roundlr(long fract: f, int n);

rt accum roundhk (short accum £, int n);

um roundk (accum £, int\'n);

g accum roundlk (long.-accum £, int n);

igned short fract rounduhr (unsigned short fract £, int n)
igned fract roundur (unsigned fract £, int n);

igned long fract roundulr (unsigned long fract £, int n);
igned short-accum rounduhk (unsigned short accum £, int n)
igned accum rounduk (unsigned accum £, int n);

igned long accum roundulk (unsigned long accum £, int n);

pd.

~e

~e

nn.

The above [furctions compute the value of £, rounded to the number of fractional bits specified i
The rounding applied is to-nearest, with unspecified rounding direction in the halfway case. When
saturation has not occurred, fractional bits beyond the rounding point are set to zero in the result.
The value of n must be nonnegative and less than the number of fractional bits in the fixed-point

type of £.

30
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Returns

The rounding functions return the rounded result, as specified. If the value of n is negative or larger
than the number of fractional bits in the fixed-point type of £, the result is unspecified. If the exact
result cannot be represented, the saturated result is returned.

7.18a.6.4 The fixed-point countls functions

Synopsis

#finclude <stdfix.h>

int countlshr (short fract f);

int countlsr (fract f£f);

int countlslr(long fract f);

int countlshk (short accum f);

int countlsk(accum f);

int countlslk(long accum f£f);

int countlsuhr (unsigned short fract f);
int countlsur (unsigned fract f);

int countlsulr (unsigned long fract f£f)(;
int countlsuhk (unsigned short accum f) ;
int countlsuk (unsigned accum f);

int countlsulk (unsigned long acc¢um f) ;

Deskription

Thelinteger return value of the above functiefis is defined as follows:
- if the value of the fixed-point argument £ is non-zero, the return value is the largest integer k for
vhich the expression £<<k does not overflow;
- if the value of the fixed-point argument is zero, an integer value is returned that is at I¢ast as
large as N, where N is the total'number of value bits of the fixed-point type of the argyment.
Notg: if the value of the fixed,point argument is zero, the recommended return value is exactly N.
Retlrns

The|countls functions return the integer value as indicated.

7.18a.6.5 The' bitwise fixed-point to integer conversion functions

Syansis

#include <stdfix.h>
int hr t bitshr(short fract f);
int r t bitsr(fract f);
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int 1lr t bitslr(long fract f);

int _hk t bitshk(short accum f);

int k t bitsk(accum f);

int 1k t bitslk(long accum f);

uint uhr t bitsuhr (unsigned short fract f);
uint ur t bitsur(unsigned fract f);

uint ulr t bitsulr(unsigned long fract f);

uint uhk_t bitsuhk (unsigned short accum f);
uint uk t bitsuk (unsigned accum f) ;

uint n'lle t bitsulk (unsigned long accum f) ;

Descriptio

unctions return an integer value equal to the fixed-point value of £ multiplied by 2F,
where F is fhe number of fractional bits in the type of £. The result type is an integertype big

enough to hold all valid result values for the given fixed-point argument type. Ear example, if the
fract type hias 15 fractional bits, then after the declaration

The above

fract a = 0.5;

the value of bitsr (a) is 0.5 * 215 = 0x4000.

Returns

The above [functions return the value of the argument as:an integer bit pattern as indicated.

7.18a.6.6 The bitwise integer to fixed-point conversion functions

Synopsis

clude <stdfix.h>

rt fract hrbits(int hr t n);

ct rbits(int _r €,/n);

g fract lrbits'(int_lr t n);

rt accum hkbits(int_hk t n);

um kbits(int k_t n);

g accum.lkbits(int_1lk t n);

igned-short fract uhrbits(uint uhr t n);
igned-fract urbits(uint_ur_ t n);

igned long fract ulrbits(uint ulr t n);
ighed short accum uhkbits (uint uhk t n);
unsigned accum ukbits(uint uk t n);
unsigned long accum ulkblts(ulnt ulk t n);

32 © ISO/IEC 2008 — Al rights reserved


https://iecnorm.com/api/?name=b71c2d961b5b6d0805269f8a0f29983f

ISO/IEC TR 18037:2008(E)

Description

The above functions return an fixed-point value equal to the integer value of the argument divided
by 2F, where F is the number of fractional bits in the fixed-point result type of the function. For

example, if £ract has 15 fractional bits, then the value of rbits (0x2000) is 0.25.

Returns

The

above functions return the indicated value.

718

For pach of the fixed-point absolute value functions in 7.18a.6.2, the fixed-point.founding
18a.6.3 and the fixed-point countls functions in 7.18a.6.4, a type-genericimacro is de

in7)

a.6.7 Type-generic fixed-point functions

follows:

For pach macro, use of the macro invokes the function.whose corresponding type and tyy
e fixed-point type of the first generic argument. Ifthe type of the first generic argume

is th
fixed

718

type-generic macro

the fixed-point absolute value functions absfx
the fixed-point rounding functions roundfx
the fixed-point countls functions countlsfx

-point type, the behavior is undefined.

a.6.8 Numeric conversion functions

Synppsis

#include <stdfix.h>

short fract strtofxhr (const char * restrict nptr,
char ** restrict endptr);

fract strtofxr(const char * restrict nptr,
charn ** restrict endptr);

long fract strtofxlr (const char * restrict nptr,
char ** restrict endptr);

short accum strtofxhk (const char * restrict nptr,
char ** restrict endptr);

| ~accum stritofxk (const char * restrict nptr,

functions
fined as

be domain
nt is not a

char ** restrict endptr);
long accum strtofxlk(const char * restrict nptr,
char ** restrict endptr);
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unsigned short fract strtofxuhr (const char * restrict nptr,
char ** restrict endptr);

unsigned fract strtofxur (const char * restrict nptr,
char ** restrict endptr);

unsigned long fract strtofxulr(const char * restrict nptr,
char ** restrict endptr);

unsigned short accum strtofxuhk (const char * restrict nptr,
char ** restrict endptr);

t char * restrict nptr,
char ** restrict endptr);

unsigned long accum strtofxulk (const char * restrict nptr),
char ** restrict endptr);

accum, and unsigned long accum representation, respectively. First, they decompose th
input string|into three parts: an initial, possibly empty, sequence of white-space characters (as
specified by the isspace function), a subject sequence resembling a fixed -point constant; ang
final string pf one or more unrecognized characters, ingluding the terminating null character of th
input stringl Then, they attempt to convert the subjeet sequence to a fixed-point number, and re
the result.

The expected form of the subject sequence_isian optional plus or minus sign, then one of the
following:

- anonempty sequence of decimahdigits optionally containing a decimal-point character, then
optional exponent part as defined in 6.4.4.3;

- a 0x or|0X, then a nonempty sequence of hexadecimal digits optionally containing a decima
point character, then an/optional binary exponent part as defined in 6.4.4.3.

The subject sequence.is defined as the longest initial subsequence of the input string, starting w
the first nomp-white=space character, that is of the expected form. The subject sequence contains
characters |f the_input string is not of the expected form.

e
turn

an

—

h
no

If the subject sequence has the expected form for a fixed-point number, the sequence of characters
starting with the first digit or the decimal-point character (whichever occurs first) is interpreted as a
fixed-point constant according to the rules of 6.4.4.3, except that the decimal-point character is used
in place of a period, and that if neither an exponent part nor a decimal-point character appears in a
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decimal fixed-point number, or if a binary exponent part does not appear in a hexadecimal fixed-
point number, an exponent part of the appropriate type with value zero is assumed to follow the last
digit in the string. If the subject sequence begins with a minus sign, the sequence is interpreted as
negated. A pointer to the final string is stored in the object pointed to by endptr, provided that
endptr is not a null pointer.

The value resulting from the conversion is rounded as necessary in an implementation-defined
manner.

In other than the "C" locale, additional locale-specific subject sequence forms may be accepted.

If th
the

b subject sequence is empty or does not have the expected form, no conversion is\pé
alue of nptr is stored in the object pointed to by endptr, provided that endptr ig

pointer.

Returns

The
retu
retu
stor:

functions return the converted value, if any. If no conversion could\be performed, ze
'ned. If the correct value is outside the range of representablevalues, a saturated res
'ned (according to the return type and sign of the value), and'thé value of the macro E
bd in errno.

Clauyse 7.19.6.1 - The fprintf function, paragraph 4, thirdybullet, change begin of first se

An ¢
con
R, k

ptional precision that gives the minimum numberof digits to appear for the 4, i, o, u
ersions, the number of digits to appear after.the decimal-point character for a, A, e,
and K conversions, . . .

Clayise 7.19.6.1 - The fprintf function, paragraph 6, the '#' bullet, change begin of fourtl

to

For

a, A e E £ F, g, G, r, R .k and K conversions, . . .

Clayse 7.19.6.1 - The fprintf function, paragraph 6, the 'o' bullet, change begin of first g

For

d, i,0,u,x,X,a)A, e, E £ F, g,G,r, R, kandKconversions, . . .

Clauyse 7.19.6.1:=The fprintf function, paragraph 7, the 'h' bullet, add before last semic

that

a follewing r, R, k or K conversion specifier applies to a short fixed-point type argum

Clau

that

rformed:;
5 not a null

ro is
ultis
FRANGE is

htence to
, X, and X

El fi Fl ri

 sentence

entence to

blon:

ent.

a following r, R, k or K conversion specifier applies to a fixed-point type argument;
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Clause 7.19.6.1 - The fprintf function, paragraph 8, add new bullet before the 'c' bullet:

r R k, K

A signed fixed-point fract type (x), an unsigned fract type (R), a signed accum type

(k) or an unsigned accum type (K) representing a fixed-point number is converted to
decimal notation in the style [-]Jddd.ddd, where the number of digits after the decimal-
point character is equal to the precision specification. If the precision is missing, it is

taken as 6; if the precision is zero and the # flag is not specified, no decimal-point
character appears. If a decimal-point character appears, at least one digit appears

before it. The value is rounded to the appropriate number of digits.

Clause 7.1
Fore,E, £

Clause 7.1
sentence:

or that a fo
fixed-point

Clause 7.1

that a folloV
fixed-point

Clause 7.1

r R k, K

9.6.1 - The fprintf function, paragraph 13, change beginning of first sentence to
F, g, G, r, R, k and K conversions, . . .

0.6.2 - The fscanf function, paragraph 11, the 'h' bullet, add at the end-ofithe first

lowing r, R, k or K conversion specifier applies to an argumentwith type pointer to s
lype.

9.6.2 - The fscanf function, paragraph 11, the '1 (ell)' bullet, insert after last semico

ving r, R, k or K conversion specifier applies to an‘argument with type pointer to long
fype;

9.6.2 - The fscanf function, paragraph 12,,add new bullet before the 'c' bullet:

Matches an optionally signed fixed*point number, whose format is the same as

expected for the subject sequence of the strtofx£x functions. The correspon
argument shall be a pointer te.a signed fract type (x), a pointer to an unsigned frg
type (R), a pointer to a signed accum type (k), or a pointer to an unsigned fract ty|

(K).

hort

on:

ding
ct
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Named address spaces and named-register storage classes

Overview and principles of named address spaces

5.1.1 Additional address spaces

37:2008(E)

Embedded applications are often implemented on processors with multiple independent address
spaces. An embedded processor may have separate address spaces, for example, for a general-
purpose memory, for smaller, faster memories, for code and constant data, and for I/O accesses.

Typi

:ally’ the distinction between various address. spaces is_ built into the prnrneenr'e inst

uction set,

with
add

ISO
the

spaq
whid
add
allog
the

tos

The
betw
not

5.1.

Eac
Add
type
as ty
add

accesses to different spaces requiring distinctly different instructions. For more disc
ess spaces, see Annex B of this Technical Report.

IEC 9899:1999 stipulates that all objects are allocated in a single, common-address
burpose of this Technical Report, the C language is extended to supportadditional ac
tes. When not specified otherwise, objects are allocated by default in a~generic addr
h corresponds to the single address space of ISO/IEC 9899:1999« In addition to the
ess space, an implementation may support other, named address spaces. Objects r
ated in these alternate address spaces, and pointers may be‘defined that point to ob

address spaces. It is intended that pointers into an address'space only need be la
pport the range of addresses in that address space.

named address space approach, as described in this-Clause, enables application pof
een systems with similar memory configurations. )This portability is at source code g
ht binary or execution level.

D

Address-space type qualifiers

n address space other than the generic one has a unique name in the form of an ider
ess space names are ordinaryidentifiers, sharing the same name space as variable
def names. Any such names follow the same rules for scope as other ordinary identi
pedef names). An implementation may provide an implementation-defined set of int

Ission on

space. For
dress

PSS space,
generic
nay be
ects in

ge enough

tability
vel, and

tifier.
5 and
fiers (such
rinsic

ess spaces that are, in‘effect, predefined at the start of every translation unit. The names of

intrinsic address spacesimust be reserved identifiers (beginning with an underscore and
uppércase letter or with*two underscores). An implementation may also optionally suppo
for new address space names to be defined within a translation unit.

An address space name can be used in a declaration to specify the address space in wh

obj

name as.a valid type qualifier. If the type of an object is qualified by an address space n4

obj

t will.be-allocated. The C syntax for type qualifiers is extended to include an addres

tis"allocated in the specified address space; otherwise, the object is allocated in the

s
rt a means

ch an

S space
me, the
generic

address space. Note that, since a function is not an object, address-space type qualifiers cannot be
used with functions.
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Example:

If an implementation provides intrinsic address spaces with names _X and _Y, the following

are valid declarations:

_X char a, b, c;
// Declares three characters in address space X

_X const int *p;
// Declares a pointer in the generic address space
// that points to a constant int object in

// address space X
X|struct { int a; char b; } * Y q;
// Declares a pointer in address space _Y that points

// to a structure in address space _X

There are gome constraints on the use of address-space type qualifiers. The‘most significant

constraint is that an address space name cannot be used to qualify an object that has automatic

storage duration. This implies, in particular, that variables declared inside a function cannot be
allocated il a named address space unless they are also explicitly deClared as static or
extern.

For the exgmples above, the declarations of a, b, ¢, and g weuld have to be outside any function to

be valid. The declaration of p would be acceptable withina function, because p itself would be
the generid address space.

Other limitgtions are detailed in clause 5.3 below.

5.1.3 Address space nesting and rules for pointers

Address spaces may overlap in a nested fashion. For any two address spaces, either the addrefss

spaces must be disjoint, they must be equivalent, or one must be a subset of the other. Other fgrms

of overlappjng are not permitted. If an object is in address space A and A is a subset of address
space B, the object is simultaheously in address space B.

An implemegntation mustidefine the relationship between all pairs of address spaces. (The complete

set of addréss spaces‘includes the generic address space plus any address spaces that may be

defined within a translation unit, if the implementation supports such definitions within a program.

There is ng requifement that named address spaces (intrinsic or otherwise) be subsets of the
generic adgréss space.

As determined by its type, every pointer points into a specific address space, either the generic
address space or a named address space. A pointer into an address space can only point to
locations in that address space (including any subset address spaces).
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A non-null pointer into an address space A can be cast to a pointer into another address space B,
but such a cast is undefined if the source pointer does not point to a location in B. Note thatif Ais a
subset of B, the cast is always valid; however, if B is a subset of A, the cast is valid only if the
source pointer refers to a location in B. A null pointer into one address space can be cast to a null
pointer into any overlapping address space.

If a pointer into address space A is assigned to a pointer into a different address space B, a
constraint requires that A be a subset of B. (As usual, this constraint can be circumvented by a cast
of the source pointer before the assignment.)

5.1.4 Standard library support

The|standard C library (ISO/IEC 9899:1999 clause 7 - Libraries) is unchanged; thelibrary's
ions and objects continue to be declared only with regard to the generic address space. One
congequence is that pointers into named address spaces cannot be passed-as arguments to library
ions except in the special case that the named address spaces are-subsets of the generic
address space. Likewise, library functions such as malloc that allocate memory do so pnly for the

generic address space; there are no standard functions for allocatingspace in other address
spages.

5.2 | Overview and principles of named-register storage classes

5.2.1 Access to machine registers

Embedded applications sometimes need to aecess processor registers that are not addrgssable in
any fof the machine's address spaces. Thereasons for accessing such a register might include:

he application must manipulate the“tegister to achieve certain side effects;
- Imemory is at a premium and the register is needed as a storage location; and/or

- other software (e.g., an\operating system) expects certain information to be stored in the
register.

For the purpose of(this Technical Report, the C language is extended to permit the allocation of

variables within<named registers. Allocating a variable in a named register essentially esfablishes
the variable as/an alias for that register.

5.2.2.5dNamed-register storage-class specifiers

Just like named address spaces, each of the registers supported by an implementation has a
unique name in the form of an identifier. Register names are ordinary identifiers, sharing the same
name space as variables and typedef names. Any such names follow the same rules for scope as
other ordinary identifiers (just like typedef names and address space names). An implementation
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may provide an implementation-defined set of intrinsic register names that are, in effect, predefined
at the start of every translation unit. The names of intrinsic registers must be reserved identifiers
(beginning with an underscore and an uppercase letter or with two underscores). An
implementation may also optionally support a means for new register names to be defined within a
translation unit.

The C syntax for storage-class specifiers is extended to include the sequence

register register-name

specifier. $uch a storage-class specifier is a named-register storage-class specifier, not to be
confused with a register storage-class specifier which ISO/IEC 9899:1999 defines asrbeing the

registex keyword alone.

A named-register storage-class specifier is permitted only for identifiers designating-an object. Like
the plain register storage class, the address-of operator & cannot be used to take the address of an
identifier dgclared with a named-register storage class. However, in contrast to plain register,
an identifie[ declared with a named-register storage class has external linkage and static storag
duration. Thus, named-register storage classes operate more like extern than plain register.

As there is[only one instance of any machine register, a program®may not have in the same scope
more than pne identifier with the same named-register storage,class. Furthermore, the type of gn
object declared with a named-register storage class cannotdbean array and must not be of a size
larger than|the register itself. If the type of the object is smaller than the register, the portion of the
register that actually corresponds to the declared identifier is implementation-defined.

Examples:
Assuming _DP and _CC are the names of intrinsic registers, the following are possible valid

declarations:

register DP volatile unsigned char direct_page reg;

register CC volatile struct ({
int is_IRQ '+ 1;

int disable FIRQ : 1;

int half-carry : 1;

int disable IRQ : 1;

int negative : 1;

int zero : 1;

int overflow : 1;
e dm 1

ddl \.;G.J.J._Y . Ly

} cond_reg;
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However, a declaration associating a different identifier with one of the same registers is not

permitted:

register DP volatile unsigned char DP_reg;

// Not allowed; conflicts with previous declaration of

// direct page reg.

Ensuring correct side effects via objects allocated in registers

If re
regi
that
Eve
stipt

Thu
regi
is dg
ina

5.2.4

Whe
clau
regi
iow
clau
othe

5.3

Thig
of n
this

hding from or writing to a register has a side effect in the machine (as is often the cag
sters), an object allocated in a named register may need to be declared volatile't
accesses to the object (and hence to the register) occur as they appear in the' C souf

lates

What constitutes an access to an object that has volatile-qualifiedtype is implemg
defined.

5, in theory at least, achieving a specific sequence of reads-{rom and writes to a phys
ster depends on implementation-defined behavior, even ifthe C object allocated in th
pclared volatile. In practice, to avoid this problemythe C code will likely need to |
conservative style.

i Relationship between named registers.and 1/O-register designators

ther register names as defined above*are also valid 1/0-register designators as defin
se 6 is implementation-defined. An-implementation may or may not permit storage-c
ster names to be used as 1/0-register designators in the functions of clause 6 such as
r. In particular, although an.implementation may support the basic I/O hardware adc
se 4, it might at the same time not provide any intrinsic named registers or any mean
r named registers can be.declared in a program.

Detailed changes to ISO/IEC 9899:1999

clause details the modifications to ISO/IEC 9899:1999 needed to incorporate the fun

n then, it is important to be aware that ISO/IEC 9899:1999 (Clause 6.7.3, paragraph 6

e for 1/0O
D ensure
ce code.

)

D

ntation-

cal
b register
be written

ed in
ass

iord and
iressing of
5 by which

ctionality

hmed address spaces and named-register storage classes overviewed in Clauses 5.1
Technical Report. The changes listed in this clause are limited to syntax and seman

exa
ord

ples; (forward) references and other descriptive information are omitted. The modifi

and 5.2 of
ics;
cations are

ISO/IEC 9899:1999 is not mentioned, no changes to that clause are needed. New clauses are
indicated with (NEW CLAUSE), however resulting changes in the existing numbering are not
indicated; the clause number mm.nna of new clause indicates that this clause follows immediately
clause mm.nn at the same level.
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Clause 6.2

An identifie

.1 - Scopes of identifiers, change the first sentence of paragraph 1 to:

r can denote an object; a function; an address space; a named register; a tag or a

member of a structure, union, or enumeration; a typedef name; a label name; a macro name; or a
macro parameter.

Clause 6.2

.1 - Scopes of identifiers, replace the first two sentences of paragraph 4 with:

Every other identifier has scope determined by the placement of its declaration (in a declarator or

type specif
declared as
declarator

parameters

Clause 6.2

Identifiers t

Clause 6.2

If the decla
external lin

Clause 6.2

The followi
or a functio
declared w
extern.

Clause 6.2

Objects arg
exists. Evsg
identifier. A
is always ¢
are allocatg

Some (poss

Ty, i amy (T hemames of ntrinsicaddressspaces and-ntrinsic Tegistersare mpiicitly
specified in 6.2.4a and 6.7.1.1 below.) If the identifier is implicitly declared, or if the
br type specifier that declares the identifier appears outside of any block or list ef
, the identifier has file scope, which terminates at the end of the translation unit:

L1 - Scopes of identifiers, add at the start of paragraph 7:

hat are implicitly declared have scope that begins at the start of(ajtranslation unit.

L2 - Linkages of identifiers, add a new paragraph between existing paragraphs 3 ar
ration of an identifier contains a named-register stérage-class specifier, the identifier
Kage.

L2 - Linkages of identifiers, change paragraph 6 to:

ng identifiers have no linkage: an identifier declared to be anything other than an obje

thout either a named-register.storage-class specifier or the storage-class specifier

L4a - Address spaces (NEW CLAUSE)

allocated inohe or more address spaces. A unique generic address space always
ry address,space other than the generic one has a unique name in the form of an
\ddress(Spaces other than the generic one are called named address spaces. An ob
pbmpletely allocated into at least one address space. Unless otherwise specified, obje
d/n\the generic address space.

d4:

nas

ct

n; an identifier declared to be a function parameter; a block scope identifier for an object

ect
bcts

ibly empty) implementation-defined set of named address spaces are intrinsic. The

name of an intrinsic address space shall begin with an underscore and an uppercase letter or with

two underscores (and hence is a reserved identifier as defined in 7.1.3). There is no declaration for
the name of an intrinsic address space in a translation unit; the identifier is implicitly declared with a
scope covering the entire translation unit.

42
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An implementation may optionally support an implementation-defined syntax for declaring other (not
intrinsic) named address spaces.

Each address space (intrinsic or otherwise) exists for the entire execution of the program.

If address space A encloses address space B, then every location (address) within B is also
within A. (Either A or B may be the generic address space.) The property of “enclosing” is
transitive: if A encloses B and B encloses a third address space C, then A also encloses C. Every
address space encloses itself.

For
encl

If on
add
disjd

share a location, one address space must enclose the other.)

Clause 6.2.5 - Types, replace the second sentence of paragraph.25 with:

Eac
of o
of a
spa(q
add

Clayse 6.2.5 - Types, replace paragraph,26 with three paragraphs:

The

If tyf
not

BVery pair of diStinctaddress spaces A and B, It 1S implementation-defined whether A
pses B.

e address space encloses another, the two address spaces overlap, and théir combi
ess space is the one that encloses the other. If two address spaces do net-overlap,
int, and no location (address) within one is also within the other. (Thus'ibtwo addres

h unqualified type has several qualified versions of its type,*® corresponding to the cg
ne, two, or all three of the const, volatile, and restrict qualifiers, and all co
Ny subset of these three qualifiers with one address/space qualifier. (Syntactically, ar
be qualifier is an address space name, so there’issan address space qualifier for each
ess space name.)

qualifiers const, volatile, and restrict are access qualifiers.

pe T is qualified by the address space qualifier for address space A, then "Tis in A".
hualified by an address(space qualifier, then T is in the generic address space. If typs

ess space A, a pointer to T is also a "pointer into A", and the referenced address spa
eris A.

hed
hey are
5 spaces

mbinations

mbinations
address
visible

If type T is
p Tis in
ce of the

nt

inters to
on and
nave the
es in the

sa at-ha : ation-and-alignmen as‘each
other. Pointers to other types need not have the same representation or alignment requirements.
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Clause 6.3.

2.3 - Pointers, replace the first two paragraphs with three paragraphs:

If, as provided below, a pointer into one address space is converted to a pointer into another
address space, then unless the original pointer is a null pointer (defined below) or the location
referred to by the original pointer is within the second address space, the behavior is undefined.
(For the original pointer to refer to a location within the second address space, the two address
spaces must overlap.)

A pointer to void in any address space may be converted to or from a pointer to any incomplete or
object type. A pointer to any incomplete or object type in some address space may be converted to

a pointer to
the original

A pointer tg
(but with th

compare equal.

Clause 6.3

If the referg
undefined.

Clause 6.5

The effecti
any, withou
an object h
the type of
for that acg

Clause 6.5

both tyy

pointer.

a type may be converted to a pointer to a differently access-qualified versjon of the {
& same address-space qualifier, if any); the original and converted pointers, shall

2.3 - Pointers, replace the last sentence of paragraph 4 with;
nced address spaces of the original and converted pointers’/are disjoint, the behavior
Any two null pointers whose referenced address spaces:-overlap shall compare equ3
- Expressions, replace the first two sentences)of’paragraph 6 with:

e type of an object for an access to its stored value is the declared type of the object
t any address-space qualifier that the de€lared type may have.”® If a value is stored
aving no declared type through an Ivalue having a type that is not a character type, th
the Ivalue, without any address-space qualifier, becomes the effective type of the obj
ess and for subsequent accesses that do not modify the stored value.

2.2 - Function calls, change the second bullet of paragraph 6 to:

es are pointers tosunqualified or access-qualified versions of a character type or voi

the sa

Clause 6.52.5 - Compound literals, add another constraint paragraph:

If the com

an addresstspace gualifier.

e address space-

und-literal occurs inside the body of a function, the type name shall not be qualified

voidinan enclosmg address space and back again; the result shall compare equal to

ype

is

if
into
en
bct

din
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Clause 6.5.3.2 - Address and indirection operators, change the end of paragraph 1 to:

... and is not declared with the register storage-class specifier or with a named-register storage-
class specifier.

Clause 6.5.6 - Additive operators, add another constraint paragraph:

For subtraction, if the two operands are pointers into different address spaces, the address spaces
must overlap.

Clayse 6.5.8 - Relational operators, add another constraint paragraph:

If the two operands are pointers into different address spaces, the address spacés must ¢verlap.

Clayse 6.5.8 - Relational operators, add a new paragraph between existing paragraphg 3 and 4:

If the¢ two operands are pointers into different address spaces, oné.of the address spaceq encloses
the pther. The pointer into the enclosed address space is firsticonverted to a pointer to the same
refefence type except with any address-space qualifier removed and any address-space gualifier of
the pther pointer's reference type added. (After this conversion, both operands are pointérs into the
samie address space.)

Clauyse 6.5.9 - Equality operators, add another-constraint paragraph:

If the¢ two operands are pointers into different address spaces, the address spaces must gverlap.

Clauyse 6.5.9 - Equality operators,replace paragraph 5 with:

Othg¢rwise, at least one operand is a pointer. If one operand is a pointer and the other is g null
pointer constant, the null pointer constant is converted to the type of the pointer. If both qperands
are pointers, each of the following conversions is performed as applicable:

- the two operands are pointers into different address spaces, one of the address spdces
ncloses thewother. The pointer into the enclosed address space is first converted to a pointer to
he samgreference type except with any address-space qualifier removed and any address-
pacesqualifier of the other pointer's reference type added. (After this conversion, both
perands are pointers into the same address space.)

- Then, if one operand is a pointer to an object or incomplete type and the other is a pointer to a
qualified or unqualified version of void, the former is converted to the type of the latter.
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Clause 6.5.15 - Conditional operator, add another constraint paragraph:

If the second and third operands are pointers into different address spaces, the address spaces
must overlap.

Clause 6.5.15 - Conditional operator, change the first sentence of paragraph 6 to:

If both the second and third operands are pointers or one is a null pointer constant and the other is a
pointer, the result type is a pointer to a type qualified with all the access qualifiers of the referenced

types of bo

space of the referenced address spaces of the two operands or with no address-space qualifier

the combin

Clause 6.

d address space is the generic one.

16.1 - Simple assignment, change the third and fourth bullets of paragraph 1 to:

=

referenged address space of the left encloses the referenced address space of the right, anq the

or unqu
addresy
referen

Clause 6.7
class-spec

reg

Clause 6.7

A declarati

Clause 6.7

ced type of the right;

fier.
register register-name
Ster-name:

identifier

- Declarations;‘add one new constraint paragraph:

L1 - Storage-class specifiers, in paragraph 1, add to the syntax options for storage-

bn containinga named-register storage-class specifier shall not contain an initializer.

1.~ Storage-class specifiers, add three new constraint paragraphs:

rand is a pointer to an object or incomplete type and the other is a pointer to a qualifled
alified version of void, the referenced address space of the left encloses the referenced
b space of the right, and the referenced type of the'left has all the access qualifiers of|the

A named-register storage-class specifier shall only be used in the declaration of an object. The type
of an object declared with a named-register storage-class specifier shall not be an array, shall not
be qualified by an address-space qualifier, and shall be of a size that is not larger than the size of

the named

46

register.
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If an object is declared with a named-register storage-class specifier, every declaration of that object
within the same translation unit shall include the same named-register storage-class specifier.

For any named register, there shall be no more than one object declared with the named-register
storage-class specifier of that name within the same scope.

Clause 6.7.1 - Storage-class specifiers, add a new paragraph between existing paragraphs 4 and

5:

A st
spel

Clauyse 6.7.1.1 - Named registers (NEW CLAUSE)

Ani
extr
the

an implementation-defined fixed size and may or may not have an‘address in some addrg

Eve

Son
nam
und
nam
COVE

Ani

intrinsic) named registers.

An ¢
indiq
size
unsf

If an
shal
is dd

pifier, corresponding to the given register name. Register names are discussed inm6:7

mplementation may recognize some number of named registers, which are intended
hordinary storage locations that are not treated as ordinary address-space locations.
alue of a named register may have additional, unspecified side. effects. A named reg

'y named register has a unique name in the form of an identifier.

e (possibly empty) implementation-defined set of hramed registers are intrinsic regist
e of an intrinsic register shall begin with an underscore and an uppercase letter or wi

e of an intrinsic register in a translation unit;-the identifier is implicitly declared with a
ring the entire translation unit.

mplementation may optionally support an implementation-defined syntax for declaring

bject declared with a namgd-register storage-class specifier is allocated in the name
ated by the specifier (thus; in effect, associating the object with the register). If the o
smaller than the register, the correspondence of bits between the object and the reg
pecified.

object is declared with a named-register storage-class specifier, every declaration of
include the'same named-register storage-class specifier. If more than one object in
bclared with the same named-register storage-class specifier, the behavior is undefin

Clause“6.7.2.1 - Structure and union specifiers, add a new constraint paragraph:

rage-class
A1,

lo be
Accessing
jister has
PSS space.

brs. The
th two

prscores (and hence is a reserved identifier as. defined in 7.1.3). There is no declaratjon for the

scope

) other (not

H register
bject has a
ster is

that object
B program
ed.

Within a structure or union specifier, the type of a member shall not be qualified by an address
space qualifier.
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Clause 6.7.3 - Type qualifiers, in paragraph 1, add to the syntax options for type-qualifier:
address-space-name
address-space-name:

identifier

Clause 6.7.3 - Type qualifiers, add three new constraint paragraphs:

No type shattbequatifred-by quatifiers fortwoormore differentaddressspaces:

The type off an object with automatic storage duration shall not be qualified by an address-space
qualifier.

A function fype shall not be qualified by an address-space qualifier.
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Basic I/0 hardware addressing

Rationale

Embedded applications often must interact with specialized 1/0 devices, such as real-time sensors,
motors, and LCD displays. At the lowest level, these devices are accessed and controlled through a
set of special hardware registers (I/O registers) that device driver software can read and/or write.

Although different embedded systems typically have their own unique collections of hardware

devi

ces. it is not unusual for otherwise very different systems to have virtually identical in

erfaces to

simi

Idedlly it should be possible to compile C or C++ source code which operates directly on

harg
logid
hard

conmected.

6.1.

A st
reqy

ar devices.

ware registers with different compiler implementations for different platforms ‘and get
al behavior at runtime. As a simple portability goal the driver source codefor a giver
ware should be portable to all processor architectures where the hardware itself can

| Basic Standardization Objectives

hndardization method for basic /0 hardware addressingimust be able to fulfil three
irements at the same time:

\ standardized interface must not prevent compilers from producing machine code th

[

6.2

The

dditional overhead compared to code produced by existing proprietary solutions. This

equirement is essential in order to get widespread acceptance from the marketplace

he 1/0 driver source code modules should be completely portable to any processor s
ithout any modifications to the driverisource code being required [i.e. the syntax shg
romote I/O driver source code portability across different execution environments.]

standardized interface should provide an “encapsulation” of the underlying access

echanisms to allow different access methods, different processor architectures, and
pus systems to be used.with the same I/O driver source code [i.e. the standardization
should separate thetcharacteristics of the 1/O register itself from the characteristics of
inderlying execution environment (processor architecture, bus system, addresses, al
bndianness, etc.].

Terminology

following is an overview of the concepts related to basic I/O hardware addressing an

/O

the same
110

be

at has no

bystem
uld

different
method
the
gnment,

d short

definitions of the terms used in this Technical Report:

O and 1/0 are short notations for Input-Output.

- An 1/O device is a hardware unit which uses I/O registers to create a data interface between a
processor and the external world.

© ISO/IEC 2008 — All rights reserved
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- An 1/O register is the basic data unit in an I/O device.

- An 1/O device driver is software which operates on I/O registers in an I/O device.

- The logical I/O register is the register unit as it is seen from the 1/0O hardware. The language
data type used for holding the I/O register data must have a bit-width equal to, or larger than, the
bit-width of logical I/O register. The bit-width of the logical I/O register may be larger than the
bit-width of the I/O device data bus or the processor data bus.

- /O register access is the process of transferring data between an I/O register and one of the

compilg
designeé

- AnllO
register
related
location

- Anl/O
all of a
single /
hide thi
indeper

- Multiple
registef
elemen

- An//O
group
1/O cell

- Typical

by the IO group designator.

- Typical
designa
e The

r'sTative data storage objectsma progranT this process is defimed viaamr 70 regrst
tor specification for the given I/O register or I/O register buffer.

register designator specification specifies 1/O access properties related to the 1/0
itself (for instance the I/O register bit width and I/O register endianness) and propert
to the I/O register access method (for instance processor address space and addres

)-

register designator encapsulates an I/O register designator spegification -- the sum
register’s properties plus the properties of its access method=<and uniquely identifies
O register or I/O register buffer. The main purpose of the(l/O register designator is 4
5 information from the 1/O device driver code, in order to.make the I/O device driver ¢
dent of any particular processor (or compiler).

I/0 registers of equal size may form an 1/O register buffer. All registers in the I/O
buffer are addressed using the same I/O register designator. An I/O register buffer
{ is referenced with an index in the same manner as a C array.

hich is portable as a specification for a single hardware unit (for instance an 1/O chig
a plug-in board etc.).

y common I/O access propetrties for the I/O registers in an I/O register group are defi
/0 access properties which are defined and encapsulated via the I/O register

tor are the following:
access methods used for I/O register access. Access methods refer to the various

way
har

addressing-via I/O access drivers. Different methods have different I/O access propetrti
Common.for all access methods is that all access properties are encapsulated by the I/G
register designator.

s that I/O registers can be addressed and //O devices can be connected in a given
ware platform. Typical methods are direct addressing, indexed addressing, and

evice may contain multiple I/O registers. These registers can be combined into an I/O

er

, an

ned
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If all the access properties defined by the I/O register designator specification can
initialized at compile time then its designator is called a static designator.

If some access properties defined by the I/O register designator specification are i
at compile time and others require initialization at run time, then its designator is ¢
dynamic designator.

I/0 registers within the same 1/O group shall share the same platform related

37:2008(E)

be

nitialized
alled a

characteristics. Only the I/O register characteristics and address information will vary

between the I/O register designator specifications.
Direct designators are designators that are fully initialized either at compile time
iogroup_acquire operation.

or by an

The

6.3

The
pror

6.3.

The
sou
plat

The
for g
spe(

Indirect designators are designators that are fully initialized by an jogroup_map
The I/O driver will determine whether a designator is a direct designator or an'ind
designator only for the purpose of mapping (initializing) an I/O group desighator.
If the bit-width of the logical I/O register is larger than the bit width of the, /O devic
then seen from the processor system the logical I/O register will consistyof two or
partial /O registers. In such cases the I/O register endianness will'be specifie
designator specification. The I/O register endianness is not related to any endian
by the processor system or compiler.

If the bit-width of the logical I/O register is larger than the hit'width of the processg
or the bit width of the I/O device data bus, then a singlelogical 1/O register acce
operation will consist of multiple partial 1/O registercaccess operations. Such [

5e concepts and terms are described in greater detail in the following clauses.

Basic I/0 Hardware addressing header<iohw.h>

purpose of the I/0 hardware accessifunctions defined in a new header file <iohw.h
hote portability of I/O device drivetsource code across different execution environme

| Standardization principles

I/0 access functions create a simple and platform independent interface between 1/Q
ce code and thelunderlying access methods used when addressing the 1/O registers
rm.

primary purpose of the interface is to separate characteristics which are portable ang
given/O register, for instance the register bit width, from characteristics which are r
Lific, eXecution environment, for instance the 1/O register address, the processor bus t

may be encapsulated by a single I/O register designator for the logical I/O registet.

pperation.
rect

e data bus,
more

i by the
hess used

r data bus
5S
roperties

1> is to
nts.

driver
in a given

specific
clated to a
ype and
nethod etc.

end

anness, device bus size and endianness, address interleaving, the compiler access 1

Use of this separation principle enables I/O driver source code itself to be portable to all platforms

whe

re the I/O registers can be connected.
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In portable driver source code, an I/O register must always be referred to a symbolic name, the
I/O-register designator. The symbolic name must refer to a complete definition of the access
method used with the given register. A standardized I/O syntax approach creates a conceptually
simple model for I/O registers:

symbolic name for 1/O register <> complete definition of the access method

When porting the /O driver source code to a new platform, only the definition of the symbolic name
encapsulating the access properties needs to be updated.

6.3.2 The abstract model

The standardization of basic I/O hardware addressing is based on a three layer abstract model:

The portable 1/O device driver source code
The user’s I/O register designator definitions
The vendor’'s <iohw. h> implementation

The top layer contains the I/O driver code supplied by the hardware vendor or written by a driver
developer. [ The source code in this layer is intended to be fully portabte to any platform where the
I/O hardwarle can be connected. This code must only access |/Othardware registers via the

standardized 1/O functions described in this clause. Each I/Oregister must be identified using a
symbolic name, the I/O register designator, and referred to only by that name. These names are¢
supplied by the author of the driver code.

The middle{layer associates symbolic names with complete I/O register designator specification$ for
the I/O registers in the given platform. This layer.associates a symbolic name with a complete
access-spdcification for the I/O register in the given platform. The 1/O register designator definitjons
in this layer are the only part which must be updated when the I/O driver source code is ported tp a

different platform.

The botton layer is the implementation of the <iohw.h> header. It provides prototypes for the
functions dgfined in this clause and_specifies the various different access methods supported by|the
given procgssor and platform architecture. This layer is typically implemented by the compiler
vendor. THe features provided by this layer, and used by the middle layer, may depend on intrinsic
compiler cgpabilities.

Annex C cgntains some general considerations, which should be addressed when a compiler
vendor impjements the iohw functionality.
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6.3.2.1 Structuring for I/O driver portability

I/O driver portability is achieved by using a minimum of three modules, one for each of th
layers:

e abstract

I/O driver module The I/O driver source code. Portable across compilers and platforms.
Includes the other header files below.

given execution environment.

“iodriv_hw.h” Specifies the I/O-register designators used by the I/O driver module and
maps the I/O-register designators to an access method specific for the

The name of this header file is arbitrary. The creator of the /O driver
module must only define the header file name and the symbolic name
the I/O-register designators. The rest is implemented and maintained
the user of the I/O driver module.

5 for
by

methods which can be used with I/O-register designatenspecifications|
Typically specific for a given compiler. Implemented by the compiler
vendor.

<iohw.h> Standard header. Defines I/O functions in this standard and the acces

[7)

Example:

#include <iohw.h>

for (int 1 = 0; i < 10; .i+4)

The|device driver programmer only.sees the characteristics of the 1/O register itself. The

#include "iodriv_hw.h" // I/O register definitions for ftarget
unsigned char mybuf[10];

//..

iowr (MYPORT1, 0x8); // write single regijster

mybuf[i] = iordbuf (MYPORT2, i); // read register arrpy

underlying

platform, bus architecture, and compiler implementation do not matter during driver programming.

Thelunderlying system hardware may later be changed without modifications to the I/O d
soufce code being necessary.

6.3.2.2 Typical information required by the user of a portable 1/0 driver module

In ofder to enable.l/O driver library users later to define the 1/O register designators and t

river

he 1I/0O

groyp designators for a specific platform, a portable 1/O driver library based on the <iohw.h>

intefface should (in addition to the library source code) provide at least the following infor|
the library user:

mation to

T I H £ (W7 Hy N aY P AT R H N
= AT S YTTTOUNC TIATTITS TUT I U TTYISLCTS allu 170U ylruupo UsTU Uy U1 TToTary.

- 10 device and register type information for all designators:
e The bit width of the logical I/O register;

The designator type: a single I/O register, an 1/O register buffer or an /O register group;

[ ]
e Bit width of the I/O device data bus;
[ ]

Endianness of I/O registers in the I/O device (if any register has a logical width larger than

the I/O device data bus);

¢ Relative address offset of registers in the device (if the device contains more than
register);

o Whether the I/O device driver assumes the use of indirect designators.
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6.4 Spec

ifying 1/O registers

For the purpose of this Technical Report, a new standard header <iohw.h> defined that provides
compiler support for accessing hardware I/O registers. It is not assumed that an implementation has
prior knowledge of all the 1/O registers a program may access. Therefore, a program must in
general supply information about an 1/O register before the register can be accessed.

6.4.1 1/O-

register designators

Withina C

register des
implementa
register des

Any unique
definition o
however, b
defined.

By choosin
driver code
on any macq
platform to
new platfor|

Additional i
Annexes C

6.4.2 Acg

program, a machine's I/O registers are specified by I/O-register designators. An |/O-
signator may be an identifier or some other, implementation-specific construct. An
tion must support I/O-register designators in the form of identifiers; other forms|of I/G
bignators may be supported but might not be portable to all implementations.

, hon-reserved identifier can be defined as a designator for an 1/O register. The
the identifier includes the size and access method of the 1/O register- The means,
y which an identifier is defined as an I/O-register designator are.entirely implementati

g convenient identifiers as designators for registers, a programmer can create device
with the expectation that the identifiers can be defined to refer to the actual I/O regis
hine supporting the same interface. So long as the only important differences from g
another are the access methods for the registers; device driver code can be ported tq
m simply by updating the designator definitions{or the new platform.

ssues and recommendations concerning I/O-register designators are discussed in
and D of this Technical Report.

esses to individual I/O registers

The <ioh

.h> header declares a-ntmber of functions and/or macros for accessing an |/O regi

ers
ne
b a

ster

given an |/Q-register designator.. Each "function" defined by the <iohw.h> header may actual
be implemented either as a function or as a function-like macro that expands into an expression
having the pffects described for the function. If a function is implemented as a function-like mac
there will ofdinarily not he‘a’corresponding actual function declared or defined within the library.

o,

The functions iord-and iordl take an I/O-register designator argument and return a value rex
from the dgsignated register. The register is read as an unsigned integer of the size of the regis
This integef is then converted to the result type of the function (unsigned int for iord or
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For writing to registers, the functions iowr and iowr1l take two arguments, an I/O-register
designator and an unsigned integer, and write the integer to the designated register. The integer
argument (unsigned int for iowr or unsigned long for iowrl) is converted to an
unsigned integer of the size of the register, and this converted value is then written to the register.

The

result type of iowr and iowrl is void.

Example:

If dev_status and dev_out are |/O-register designators defined in the file
"iodriv hw.h", the following is possible valid code:

Bes
corr
and
argu
corr
argu
fung
of th

6.4.

Bes
whid
toa

The
iog
to th

#include <iohw.h>
#include "iodriv_hw.h" /* Platform-specific designator

definitions. */

// Wait until controller is no longer busy.
while (iord(dev_status) & STATUS_BUSY) /* do nothing */

// Write wvalue to controller.
iowr (dev_out, ch);

bsponding to the bit-wise logical operations AND,-OR, and XOR. The functions ioaz
ioxor take as arguments an I/O-register designator and an unsigned int valug
ments as iowr). For each function, the designated register is first read as if with ig
psponding bitwise logical operation is then performed between the value read and the
ment, and this result is written back to:the register as if with iowr. The result type 9
tions is void. The functions ioandil, ioorl, and ioxorl are unsigned long
e same (a read is performed as if\by iordl, and a write is performed as if by iowr

B 1/0 register buffers

des individual I/O registers, an I/O-register designator may also designate an I/O reg|
h is essentially anjarray of I/O registers. As with a C array, an integer index must be
ccess a specificregister in an I/O register buffer.

<iohw/h> header declares the functions iordbuf, iordbufl, iowrbuf, iows
rbuf;-ioorbufl, ioandbuf, ioandbufl, ioxorbuf, and ioxorbufl, corrg

eacltake an additional argument supplying the index for the I/O register to access. The|

inde

e functions for accessing individual 1/O registers. These -buf versions of the access

des simple read and write operations, three read-modify-write operations are supporied,

nd, ioor,
(the same
rd. The
 integer

f the
versions
L).

ster buffer,
supplied

rbufl,
bsponding
functions

x argument is ioindex_t, an integer type defined in <iohw.h>.
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Example:

If ctrl buffer is defined in the file ctrl regs.h as an |/O-register designator for an

I/O

register buffer, the following is possible valid code:

#include <iohw.h>

#include "ctrl regs.h"

// Platform-specific designator
// definitions.

unsigned char buf[CTRL BUFSIZE];

//

for

Two /O buffer indexes index and index+1 refer to two adjacent I/O registers in the 1/0 device. N
that this ma

for a more

As with an

Unlike an o

index migh

determine the valid indices from documentation for the 1/0-device or the machine.) If an I/O reg
buffer is ac|

6.44 1/0

An I/O grot
encompass
for 1/0O grou
register des

Like I/O reg
some other
a designat

be defined

designators

6.4.5 Directand indirect designators

Copy buffer contents.
(int i = 0; i < CTRL_BUFSIZE; i++)
buf[i] iordbuf (ctrl buffer, i);

y be different from adjacent address locations in the underlying platform. See Annex
Hetailed discussion.

prdinary array, a larger index refers to a platform location at'a higher address.

rdinary array, the valid locations within an 1/O register-buffer might not be "dense"; ar
not correspond to an actual I/O register in the buffer.” (A programmer should be ablg

cessed at an invalid index, the behavior is undéfined.

groups

p is an arbitrary collection of I/O-register designators. Each I/O group is intended to

all the designators for a singlé_hardware device. Certain operations are supported g
ps; these operations apply'te-the members of an I/O group as a whole. Whether an

bignator can be a membeér.of more than one group is implementation-defined.

isters, an I/O groupis specified by an I/O-group designator, which is an identifier or
implementation‘specific construct. Any unique nonreserved identifier can be defined
r for an 1/0 group. As with I/O-register designators, the means by which an identifien
as an |/O-group designator are implementation-defined. Other forms of 1/0-group
may be supported but might not be portable to all implementations.

ote

y
b to
ster

nly

/O-

as
can

Each I/O-register designator is either direct or indirect. An indirect I/O-register designator has a
definition that does not fully specify the register or register buffer to which the designator refers.
Before any accesses can be performed with it, an indirect designator must be mapped to refer to a
specific register or register buffer. A direct I/0O-register designator, by contrast, has a definition that

fully specifi

es the register or register buffer to which the designator refers. A direct designator

always refers to the same register or register buffer and cannot be changed.
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An indirect I/O-register designator is mapped by associating it with a direct I/O-register designator.
Accesses to the indirect designator then occur as though with the direct designator to which the
indirect designator is mapped. An indirect I/O-register designator can be remapped any number of
times; accesses through the designator always occur with respect to its latest mapping.

An implementation is not required to support indirect designators. If an implementation does
support indirect designators, it may place arbitrary restrictions on the direct designators to which a
specific indirect designator can be mapped. Typically, an indirect designator will be defined to be of
a certain "kind", capable of mapping to some subclass of access methods. An indirect designator
can be mapped to a direct designator only if the direct designator's access method is compatible
withrthemdirect desigmator—Suchissues are specific toamimptermerntatior:

For gn 1/O group, the members of the group must be either all direct designators orall indirect
designators. An I/O-group designator is either direct or indirect, according to the\members of the
I/O group it designates.

6.4.6 Operations on I/O groups

6.4.6.1 Acquiring access to I/O registers

For some implementations, it may be necessary to acquire anl/O register or 1/O register puffer
befgre it can be accessed. What constitutes “acquiring” aregister is specific to an implementation.

The[<iohw.h> header declares two functions, iogroup acquire and iogroup_release,
each taking a single direct 1/O-group designator as.an argument. The iogroup_acquire
fungtion acquires every register referred to by the group, and the iogroup_release flinction

relegses every register referred to by the group. If there is no need to acquire some I/O register or
I/O register buffer, these functions have no effect for that register or register buffer.

Example:
In an implementation for a*hosted environment, an invocation of iogroup _acquire might
call the operating system to map the physical I/O registers of the group into a blogk of
addresses in the process's address space so that they can be accessed. In the same
implementation,an-invocation of iogroup release would call the operating system to
unmap the I/O-registers, making them inaccessible to the process.

6.4.§.2 Mappingindirect designators

The|<iohw'.h> header declares a function iogroup_map taking two arguments, the first an
indirect I7Q-group designator and the second a direct I/O-group designator. The function|maps each
indinect’)/O-register designator in the first group to a corresponding direct I/0O-register designator in
the seconmdgroup. T he correspondence between members of the two tfOgroups is determined in
an implementation-defined way. (For example, if I/O-group designators are defined with their
members listed in a particular order, the correspondence could be determined by matching the first
member of one group with the first member of the other, etc.)
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Example:

If dev_hw. h defines two indirect I/O-register designators, dev_config and dev_data,
an indirect 1/O- -group designator dev_group with both dev_config and dev__ data as
members, and two direct I/O-group designators devl group and dev2_group, the

following is possible valid code:

#include <iohw.h>
#include "dev_hw.h" // Platform-specific designator

// definitions.

//

uin

//
iog
uin
//
iog
uin

6.5 Deta

This claussg

The changzs
references

One new ¢

new clause
of the C stg

Clause 7.8a - Basic I/O hardware addressing "<iohw.h>" (NEW CLAUSE)

The heade

Portable device driver function.
t8_t get dev_data(void)

{
iowr (dev_config, 0x33);
return iord(dev_data);

}

Read data from device 1.

roup map (dev_group, devl group) ;

t8 t dl = get _dev_data();

Read data from device 2.

roup_map (dev_group, dev2 group) ;

t8 _t d2 = get_dev_data();

led changes to ISO/IEC 9899:1999

details the modifications to ISO/IEG*9899:1999 needed to incorporate the basic I/0
hardware addressing functionality overviewed' in clauses 6.1 through 6.4 of this Technical Repof
bs listed in this clause are limited to syntax and semantics; examples, forward
and other descriptive information are omitted.

ause is added to ISO/IEC 9899:1999 covering the new library header <iohw . h>; this
(designated as clause 7.8.a) is to be inserted between the current clauses 7.8 and 7.9
ndard. No changes to other clauses are needed.

—

<iohw.h> declares a type and defines macros and/or declares functions for accegsing

nnnnnnnnnnnnnn

implementat
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type declared is

ioindex_t

which is the unsigned integer type of an index into an 1/O register buffer.

37:2008(E)

Any "function" declared in <iohw.h> as described below may alternatively be implemented as a
function-like macro defined in <iohw.h>. (If a function in <iohw.h> is implemented as a
function-like macro, there need not be an actual function declared or defined as described, despite
the use of the word function.) Any invocation of such a function-like macro shall expand to code

that
SO if]

evaluates each of its arguments exactly once, fully protected by parentheses wherg |
is generally safe to use arbitrary expressions as arguments.

7.83.1 - 1/0 registers

An |
has
regi
who
avai
regi

Acc
impl
Acc
side

An |
othe
ina
of v

An |
spe
argu
follo|

O register is a storage location that is addressable within some address‘space. An |
a size and an access method, which is the method by which an implementation acce
ster at execution time. An I/O register is accessed (read or written)\as an unsigned in
5e representation (in the register) is implementation-defined and-need not conform to
able integer type. An I/O register may need to be acquired before it can be accesse
sters are acquired with the iogroup_acquire function'described in 7.8a.3.1.)

psses to an 1/O register may have unspecified side effects that may be unknown to th

psses to 1/0 registers performed by functions declared in <iohw . h> are therefore tr
effects which respect sequence points.

rwise sharing a common size and access method. The set of valid indices for the I/C
lid indices need not be contiguous and need not include zero.

O-register designator refers’ (except as stipulated below) to a specific individual 1/O r
ific 1/0 register buffer. \Eunctions that access /O registers take an 1/O-register desig
ment to determine the‘register to access. An implementation shall support at least o
wing as a valid 1/Osregister designator for any individual I/O register or I/O register bu

ny ordinary.identifier that is not a reserved identifier, defined by some implementatiq
eans; and/or

hecessary,

O register
sses the
teger

any

j. (/0

e

ementation, and an I/O register may be modified-if‘ways unknown to the implementation.

bated as

O register buffer is a collection of 1/O registers indexed by an integer of type ioindex t and

registers

I/O register buffer may be any subset of the nonnegative integers of type ioindex t; the set

bgister or a
hator

ne of the
ffer:

n-defined

ny Object-like macro name that is not a reserved identifier, defined in accordance with some
implementation-defined convention.

An implementation may optionally support other, implementation-defined forms of 1/O-register

desi

gnators.
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Each 1/O-register designator is either direct or indirect. A direct |/O-register designator refers to a
specific 1/0 register or 1/O register buffer as determined by the designator's definition. An indirect

I/O-register

designator h

designator does not refer to a specific 1/0 register or 1/O register buffer until the
as been mapped to a direct I/0-register designator. Once mapped, an indirect I/O-

register designator can subsequently be remapped (mapped again) to the same or a different direct

I/O-register

designator. An indirect I/O-register designator refers to the same 1/O register or 1/O

register buffer as the direct designator to which it was last mapped. (I/O-register designators are
mapped with the iogroup_map function described in 7.8a.3.2.)

An indirect I/O-register designator is compatible with a direct |/O-register designator if it is possible

to map the
individual |
buffer, and
with a spedg

An implem¢

An |/O-regi

register buffer that includes the register.

7.8a.2 -1/0

An I/O grot
encompass

The memb
group is dif

An 1/O grou
I/O register]
same time

An [/O-grot
following as
- anyord
means;
any obj
implem

vice versa. Otherwise, whether a specific indirect I/O-register designator is compatily
ific direct I/O-register designator is implementation-defined.

pntation need not support a means for indirect 1/O-register designators,ta_be defined.

ster designator covers an 1/O register if it refers to the I/O registeror it refers to an 1/C

groups

p is a collection of I/O-register designators. It is intended that each I/O group
all the designators for a single hardware controlleror device.

brs of an 1/0 group shall be either all direct designators or all indirect designators. An
ect if its members are direct. An I/O groupris’indirect if its members are indirect.

p shall not have as members two or mere I/O-register designators that cover the sa
. Whether an 1/O-register designater can be a member of more than one 1/O group
s implementation-defined.

p designator specifies an /O group. An implementation shall support at least one of
5 a valid 1/0-group designator for any supported 1/O group:

nary identifier that.is*not a reserved identifier, defined by some implementation-defin
and/or

bct-like macro name that is not a reserved identifier, defined in accordance with somg
bntation-defined convention.

mmmmm | | | | . Tegl |
O register is not compatible with an I/O-register designator that refers to an I/O register

i

n

le

I/0

e
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the

D

=
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7.8a.3 - 1/0 group functions
7.8a.3.1 - The iogroup_acquire and iogroup_release functions
Synopsis

#include <iohw.h>

void iogroup_acquire ( iogroup_designator ) ;
void iogroup_release ( iogroup_designator ) ;

Deskription
The
fung
the

desi
is in

iogroup_acquire function acquires a collection of I/O registers; the iogtoup |
tion releases a collection of I/O registers. Releasing an |/O register undoes.the act o
egister. The functions acquire or release all the 1/O registers covered by'the 1/0-regi
gnators that are members of the 1/0 group designated by iogroup_designator. If the
Hirect, the behavior is undefined.

An |
acquires the register and the next subsequent invocation of iogroup_release, if any
releases the register. If iogroup_release releases an |[Oregister that is not at the t
acquired, or if iogroup_acquire acquires an I/O register that is at the time already a

the behavior is undefined.
Acqliring or releasing an /O register is treated as_a side effect which respects sequence

implementation can access a particular (/O register without needing it to be first acql
pf acquiring and the act of releasing theregister may have no real effect.

If an
act (

7.83.3.2 - The iogroup_map function
Synppsis

#include <iohw<h>
void iogroup map ( iogroup_designator, iogroup_designator ) ;

Desgription

The|iogroup: map function maps the indirect I/O-register designators in the 1/0O group
by the firstiogroup_designator to the corresponding direct I/O-register designators in the
designated by the second iogroup designator. The first I/O group shall be indirect, and t

release
[ acquiring
ster

/O group

O register is only said to be acquired between an invocation of ¥ogroup acquire that

that
me

cquired,

points.

lired, the

lesignated

I/O group
he second

o

implementation-defined and shall be one-to-one.
a direct I/O-register designator with which it is not compatible, the behavior is undefined.
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7.8a.4 - 1/0 register access functions

If a register is accessed (read or written) when it is not acquired, the behavior is undefined. If an
indirect I/O-register designator is given as an argument to one of the functions below and the
designator has not been mapped, the behavior is undefined.

7.8a.4.1 - The iord functions

Synopsis

ungigned int iord( Jjoreg _designator ) ;

#igcxuae Jiohw.h>
ungigned long iordl ( Jioreg_designator ) ;

Descriptio

-

The functions iord and iordl read the individual I/O register referred to by,ioreg_designator and

return the Value read. The I/O register is read as an unsigned integer of its-size; the read value
then convefted to the result type, and this converted value is returned.

7.8a.4.2 - The iordbuf functions
Synopsis

#include <iohw.h>
ungigned int iordbuf ( joreg designator, ioindex t ix );
ungigned long iordbufl ( ioreg desighator, ioindex t ix );

Descriptio

The functions iordbuf and iordbufl(ead one of the I/O registers in the I/O register buffer
referred to py ioreg_designator and return the value read. The functions are equivalent to iord
and iordl, respectively, except thatthe 1/O register read is the one with index ix in the I/O
register bulffer referred to by ioreg_designator. If ix is not a valid index for the I/O register buffe
the behavigr is undefined.

7.8a.4.3 - The iowr functions

Synopsis

?

#include <iohw.h>

votd—iowr{foreg—designator—unsigned—int—a—)

void iowrl ( ioreg_designator, unsigned long a );
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Description

The functions iowr and iowrl write the individual I/O register referred to by ioreg_designator.
The unsigned integer a is converted to an unsigned integer of the size of the I/O register, and this
converted value is written to the 1/O register.

7.8a

.4.4 - The iowrbuf functions

Synopsis

Desgription

The
refe
EXxCé
iore

7.843

Synppsis

Des|

The
regi

#include <iohw.h>
void iowrbuf ( joreg designator, ioindex t ix, unsigned int 3
void iowrbufl ( ioreg_designator, ioindex t ix, unsigned, lor

functions iowrbuf and iowrbufl write one of the I/O registers iri the 1/O register
rred to by ioreg_designator. The functions are equivalent to iowr and iowrl, respq

y_designator. If ix is not a valid index for the I/O registerbuffer, the behavior is unds

.4.5 - The ioor, ioand, and ioxor functions

#include <iohw.h>

void ioand( ioreg_designator,-dinsigned int a ) ;
void ioor ( ioreg_designator; unsigned int a );
void ioxor ( ioreg_designator, unsigned int a );

void ioorl ( ioreg.designator, unsigned long a );
void ioandl ( Jjoreg designator, unsigned long a );
void ioxorl ( lereg designator, unsigned long a );

cription

functions ieand, ioandl, ioor, ioorl, ioxor, and ioxorl modify the individ

iowr ( ioreg _designator, iord( ioreg designator ) & a )

ster referred to by ioreg _designator. The function ioand has a behavior equivalent {o

L)/
g a );

buffer
pctively,

pt that the 1/O register written is the one with index ix in thed/O register buffer referfed to by

pfined.

ual I/0

except that the joreg _designator is not evaluated twice (assuming it is an expression).
Likewise, the function iooxr has a behavior equivalent to

iowr ( ioreg_designator, iord( ioreg designator ) | a )
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and the function ioxor has a behavior equivalent to
iowr ( ioreg_designator, iord( ioreg designator ) * a )

Corresponding equivalencies apply for ioandl, ioorl, and ioxorl, but with the unsigned
long functions iordl and iowrl replacing iord and iowr.

7.8a.4.6 - The ioorbuf, ioandbuf, and ioxorbuf functions

Synopsis

#include <iohw.h>

void ioandbuf ( joreg designator, ioindex_ t ix, unsigned int.a');
void ioorbuf ( joreg designator, ioindex t ix, unsigned int,a );
void ioxorbuf ( joreg designator, ioindex_ t ix, unsigneddint a );

void ioandbufl ( Jjoreg designator, ioindex t ix, unsigned long a };

void ioorbufl ( joreg designator, ioindex t ix, unsigned long a )}

void ioxorbufl ( Jjoreg designator, ioindex t ix, ‘unsigned long a };
Description

The functions ioandbuf, ioorbuf, ioxorbuf, ioandbufl, ioorbufl, and ioxorbuffl
modify one|of the I/O registers in the 1/O register buffer referred to by ioreg designator. The
functions afe equivalent to ioand, iooor, ioxor, icandl, ioorl, and ioxorl, respectively,
except that|the I/O register modified is the one with index ix in the I/O register buffer referred tq by
ioreg_designator. If ix is not a valid index for thed/O register buffer, the behavior is undefined.
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Annex A - Fixed-point arithmetic

A.1 Fixed-point datatypes
A.1.1 Introduction

A.1.11_The fixed-point data types

The
by a
den
the

that
and

set of representable floating-point values (which is a subset of the real values) is\cha
sign, a precision and the position of the radix point. For those values that are comm
bted as floating-point values, the characterizing parameters are defined within a form
EEE formats or the VAX floating-point formats), usually supported by hardware instru
defines the size of the container, the size (and position within the container) of the ex
the size (and position within the container) of the sign. The remaining part of the con
confains the mantissa. [The formats discussed in this clause are assumed to be binary fl
point formats, with sizes expressed in bits. A generalization to othetradixes (like radix-1

possible, but not done here.] The value of the exponent then defines the position of the r
Conmpmon hardware support for floating-point operations impléments a limited number of f]
int formats, usually characterized by the size of the container (32-bits, 64-bits etc); with
iner the number of bits allocated for the exponent (and thus for the mantissa) is fixe

the pperations on the fixed-point values should know where the radix point is positioned.

thedretical point of view this leads (for each number of databits in a fixed-point data type)
infinjte number of different fixed-point data types (the radix point can be located anywher
or after the bits comprising the value).

Thefe is no (known) hardware available that can implement all possible fixed-point data t
unfgrtunately, each’ hardware manufacturer has made its own selection, depending on th
application ofthe processor implementing the fixed-point data type. Unless a complete d
a pdrameterized typesystem is used (not part of the current C standard, hence not propo
for grogramming language support of fixed-point data types a number of choices need to

uses are investigated here.
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For the sake of this discussion, a fixed-point data value is assumed to consist of a number of
databits and a signbit. On some systems, the signbit can be used as an extra databit, thereby
creating an unsigned fixed-point data type with a larger (positive) maximum value.

Note that the size of (the number of bits used for) a fixed-point data value does not necessarily
equal the size of the container in which the fixed-point data value is contained (or through which the
fixed-point data value is addressed): there may be gaps here!

Most (all?) modern hardware uses two's complement arithmetic for integers. The hardware
implementation of fixed-point arithmetic uses the same mechanisms and representations as the
integer |mplementat|on on that same hardware Hence, aIthough the C standard allows other types
of impleme
behaviour

r fixed-point arithmetic.

A.1.1.2 Clpssification of Fixed Point Types

As stated before, it is necessary, when using a fixed-point data value, to know the. place of the radix
pomt Thefe are several possibilities.
The radix point is located immediately to the right of the rightmost (least significant) bit of the
databitg. This is a form of the ordinary integer data type, and does not{(for this discussion) form
part of {he fixed-point data types.
- The radix point is located further to the right of the rightmost (least significant) bit of the databits.
This is @ form of an integer data type (for large, but not very precise integer values) that is
normally not supported by (fixed-point) hardware. For this Technical Report, these fixed-point
data types will not be taken into account.
- The radix point is located to the left of (but not adjacent)to) the leftmost (most significant) bit pf
abits. It is not clear whether this category should be taken into account: when the radix

fixed-pq
(signed|and unsigned) possibletype-A fixed-point data types
- The radix point is located samewhere between the leftmost and the rightmost bit of the databhits.
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databitg N, there are (N-1) (signed) or (2*N-1) (signed and unsigned) r;ossible type-B fixed-ppint

Apart from of
possible fixed- pomt data types: the presence of a signbit, the number of databits comprising the
fixed-point data values and the size of the container in which the fixed-point data values are stored.
In the embedded processor world, support for unsigned fixed-point data types is rare; normally only
signed fixed-point data types are supported. However, to disallow unsigned fixed-point arithmetic
from programming languages (in general, and from C in particular) based on this observation,

seems overly restrictive.
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There are two further design criteria that should be considered when defining the nature of the fixed-

poi

A1

With

1.

nt data types:

it should be possible to generate optimal fixed-point code for various processors, supporting

different sized fixed-point data types (examples could include an 8-bit fixed-point data
also a 6-bit fixed-point data type in an 8-bit container, or a 12-bit fixed-point data type
container);

it should be possible to write fixed-point algorithms that are independent of the actual

type, but
in a 16-bit

fixed-point

hardware support. This implies that a programmer (or a running program) should have access

to all parameters that define the behavior of the underlying hardware (in other words:
these parameters are implementation-defined).

.3 Recommendations for Fixed Point Types in C

the above observations in mind, the following recommendations are made:
Introduce signed and unsigned fixed-point data types, and use the existing signe
insigned keywords (in the 'normal’ C-fashion) to distinguish these types.©Omission o
eyword implies a signed fixed-point data type.

ntroduce a new keyword and type-specifier _Fract (similar to the.existing keyword

oint data types, as described above): short _Fract, _Fract and long _Fra
upported (or required) underlying fixed-point data typesare’mapped on the above in

atabits in the corresponding fixed-point data value. Note that there is not necessaril

n 18-bit and a 30-bit fixed-point data type are supported, the 18-bit will probably hav
hort _Fract type and the 30-bit type wilkprobably have the _Fract type, while
ontainers of these types will be the same,
ntroduce a new keyword and type-spegifier _Accum, and define the following three §
igned fixed-point types (corresponding to the type-B fixed-point data types, as descr
bove): short _Accum, Accumand long _Accum, with similar representation
equirements as for the _Fract type.

more fixed-point data types are needed, (or if there is a need to better distinguish c4
oint data types), an approach similar to the <stdint.h> approach could be taken
ract_leN_t could designate a (type-A) fixed-point data type with at least N datal
ract_leM lel 't could designate a (type-B) fixed-point data type with at least M
its and N fractional bits. Note that the introduction of these generalized fixed-point d
is currently not'included in the main text of this Technical Report.

n order for-the programmer to be able to write portable algorithms using fixed-point d
information-on (and/or control over) the nature and precision of the underlying fixed-p
pes should be provided. The normal C-way of doing this is by defining macro name
ERACT FBIT etc.) that should be defined in an implementation-defined manner.

even if

d and
F either

int), and

efine the following three standard signed fixed-point types (corresponding to the type-A fixed-

ct. The
an

plementation-defined manner, but in a non-decreasing-order with respect to the nufnber of

U a

orrespondence between a fixed-point data type designator and the type of its container: when

b the
the

standard
bed

ertain fixed-
, whereby
its, while
integral
ata types

ata types,
bint data
s (like
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The C standard , with its defined keywords, allows for yet another size for fixed-point data types:
long long fract. The specified three sizes were considered to be enough for the current

systems, the long long variant might, for the time being, be added by an implementation in an
implementation-defined manner.

A.2 Number of data bits in _Fract versus _Accum

At some point it was considered to require that the number of fractional bits in a _Fract type
would be exactly the same as the number of fractional bits in the corresponding Accum type. The

reason for this was that _Accum can be viewed upon as the placeholder sums of _Fracts. (I
requirement would be fulfilled for implementations on typical DSP processors. However, itiwas
chosen not{to make this a strict requirement because other machine classes would have trouble
using their hardware supported data types when implementing the fractional data types,‘\A
discussion pn this issue is given below.

A type forlaccumulating sums cannot always be fixed at the same number of fractional
as the asspciated fractional type.

68

Many SIMD architectures do not support fixed-point types that-have the same number of]
fractional bits as a fractional type, plus some integer bits. To-tnanufacture accumulator
typas that are not supported by the hardware would add overhead and often require a lo
parallelism. Also, often there is no way to detect a carry ‘eut of a packed data type, so ey
the [simple implementation of providing one SIMD wardg-of fractions plus one SIMD word
integer bits is not always available.

In addition, manufacturing accumulator types.of artificial widths is usually unnecessary s
thefle are already accumulator types supported by the hardware. This means that the

language needs to be flexible enough to.allow the existing hardware-supported data typg
be wsed rather than imposing a strict.model that hampers performance.

Forlexample, Radiax pairs 16-bit objects into a 32-bit SIMD word. The accumulator type
provided for arithmetic on these objects is 40 bits wide per object, composed of 32 fractic
bits|and 8 integer bits. Thére'is no other accumulator type supported. An artificial
requirement that exactly 16 fractional bits be available would severely impact performang
and would have the surprising effect that addition would become much slower than
multiplication.

In the VIS architecture, the supported hardware types that can be used as accumulation

S

bits

5S of
en
Df

nce

s to

nal

€,

stores to move data between the SIMD registers and the integer registers.

The proposal to fix an accum's fractional bits at the same number as the underlying fract

type is therefore prohibitively expensive on some architectures and needs to be removed.
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A signed accum type has to have at least as many integral bits as the corresponding unsi

gned

accum type because the usual arithmetic conversions prescribe that, when signed and unsigned

fixed-point types are mixed, the unsigned type is converted to the corresponding signed type, and

this should go without loss of magnitude; note also that the notion 'integral bits' does not include the

sign bit.

A.3 Possible Data Type Implementations

By way of example, these tabies show the fixed-point formats we would suggest for vario
of processors:

--- signed _Fract --- --- signed _Accunrt--
short middle long short middle clohg

typi¢al desktop processor s.7 s.15 s.31 s8.7 s16:15 s32.31
typigal 16-bit DSP s.15 s.15 s.31 s8.15 s8:15 s8.31
typigal 24-bit DSP s.23 s.23 s.47 s8.23 s8.23 s8.47
Inte] MMX s.7 s.15 s.31 s8.7 s$16.15 s32.31
PowerPC AltiVec s.7 s.15 s.31 s8.7 $16.15 s32.31
Sun|VIS s.7 s.15 s.31 $8.7 s16.15 s32.31
MIPE MDMX s.7 s.15 s.31 s8.7 s8.15 s$17.30
Lexna Radiax s.7 s.15 sé31 s8.7 s8.15 s8.31
ARNM! Piccolo s.7 s.15 s.31 s8.7 s16.15 s16.31
--- unsigned.‘Fract --- --- unsigned _Accum ---

short middle  long short middle  long

typi¢al desktop processor .8 .16 .32 8.8 16.16 32.32
typigal 16-bit DSP .16 .16 .32 8.16 8.16 8.32
typigal 24-bit DSP .24 .24 48 8.24 8.24 8.48
Intel MMX .8 .16 .32 8.8 16.16 32.32
PowerPC AltiVec .8 .16 .32 8.8 16.16 32.32
Sun|VIS .8 .16 .32 8.8 16.16 32.32
MIPE MDMX .8 .16 .32 8.8 8.16 16.32
Lexna Radiax .8 .16 .32 8.8 8.16 8.32
ARN! Piccolo .8 .16 .32 8.8 16.16 16.32

(The "typical" DSPs referred to in the table cannot address units in memory smaller than

16 or 24

bits,Lwhich is why these processors aren't expected to support a short Fract small

br than

_Fract))
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A.4 Rounding and Overflow

Fixed-point data types are often used in situations where floating-point data types otherwise would
have been used. Typically because the underlying hardware does not support floating-point
operations directly for various reasons. One important property of fixed-point data types is the fixed
dynamic range. To exploit the dynamic range, data are often scaled so overflow will occur with a
certain likelihood. Therefore overflow behavior is important for fixed-point data types. Saturation on
overflow is often preferred. Furthermore saturation on overflow is often supported in hardware by
processors that naturally operate on fixed-point data types. This TR introduces saturating fixed-
point types next to non saturating fixed-point types (called primary fixed-point types).

It was decidled to give the programmer control over the general behavior of operands declared
without an explicit fixed-point overflow type-qualifier by two pragmas, FX FRACT OVERFLOW gnd
» | OVERFLOW, for fract and accum types respectively. The default behavior of this
pragma is default (implying an undefined behavior), but a programmer can choose tochange the
default behavior to saturation on overflow with these pragmas. This is subject to the’usual scoping

Generally it is required that if a value cannot be represented exactly by the\fixed-point type, it shpuld
be rounded up or down to the nearest representable value in either direction. It was chosen not|to

is| further as there is no common path chosen for this in hardware implementations, so it
to leave this implementation defined.
The above [requirement to precision means that the result should be within 1 unit in last place (ulp).
Processorg that support fixed-point arithmetic in hardware have no problems in meeting this
precision requirement without loss of speed. However, processors that will implement this with
integer arithmetic may suffer a speed penalty to get to the 1 ulp result.

One such type of processors would be would be mainstream 32-bit processors, on which

"long fract"|might reasonably be implemented as 32'bits (format s.31). A multiplication of two 32-bit
"long fract"s to a "long fract" result would typically be compiled as a 32 x 32 -> 64-bit integer
multiplication followed by a shift right by 31 bits, keeping only the bottom 32 bits at the end. On
many of these processors, the 64-bit product would be obtained in two 32-bit registers (say, RO and
R1) and thgn the 31-bit shift across the register pair would take three instructions:

shift R left 1 bit
shift R]l right 31 bits (an unsigned shift)
OR R1jinto RO

which leavgs the 32-bit tlong fract" result in RO. But note that the most significant 31 bits of the

result are glready available in RO after the first shift; the other two instructions serve only to mov
the last, legst significant bit into position. If the product is permitted to be up to 2 ulps in error, a
implementation-could choose instead to leave the least significant bit zero and dispense with thg
last two insfructions.

Although a
larger bound. Therefore the user is allowed to choose speed over precision with a pragma,
FX FULL PRECISION. The default state of this pragma is implementation-defined.

11

7
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A.5 Type conversions, usual arithmetic conversions
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The fixed-point data types are positioned 'between' the integer data types and the floating-point data
types: if only integer data types are involved then the current standard rules (cf. 6.3.1.1 and 6.3.1.8)

are followed, when fixed-point operands but no floating-point operands are involved the o
will be done using fixed-point data types, otherwise everything will be converted to the ap
floating-point data type.

Since it is likely that an implementation will support more than one (type-A and/or type-B)
data type, in order to assure arithmetic conS|stency |t should be well- deflned to which fixe

plementation dependent optimal way of calculating the result (depending, on the reg
precision of the expression by selecting certain fixed-point operations, or,maybe, em
ixed-point expression in a floating-point unit), as long as the required result is obtaing

peration
propriate

fixed-point
d-point
values is

pration is
n
uired
hlate the
d.

jo define an extended fixed-point data type to which every operandiis converted befo

pperation.
extended fixed-point type in order to control the arithmetic andtits results. This could

e the

It is then important that the programmer has access to)the parameters of this

ither be

lhe 'largest’ type-B fixed-point data type (if supported), or the 'largest' type-A fixed-point data

fype.

For
and
loss|of precision. Consider the case of converting.ah integer to a _Fract type. This wil
useful for the integer values 0 and —1. The same case can be made for mixing _Fract
_Adcum types. Therefore the approach taken was to define that the result of any operat
involving fixed-point types should be as if\the operation is done using infinite precision. T
deviptes from the usual arithmetic conversions, in that no common type whereto both ope
converted is defined. Rather it can-be said that the operation is performed directly with th
the {wo operands, without any change in value due to usual arithmetic conversions. The
value of the operation is then-subject to rounding and overflow as specified by its result ty

The
invo
ope

mentioned approach gives the expected results for multiplication and division operat
ving an integer and a fixed-point type operand, and is also used for addition and sub
ations.
resylt in an overflow for practically all values of the integer operand. It was decided not tq
the gombinations of integer and fixed-point type operands for addition and subtraction op
but {o encourage implementations to produce a warning when these operations are enco

he combination of an integer type and a fixed-point type, or the combination of a _Fract type
an _Accum type, the usual arithmetic conversions may lead to useless results or to gratuitous

only be
and
on
his

rands are
e value of
resulting

pe.

ons
traction

In these latter cases, when the fixed-point type is a _Fract type, the operation will

» disallow
brations,
Lintered.

A.6 Operations involving fixed-point types

The decision not to promote integers to fixed-point to balance the operands is clearly a departure
from the way C is normally defined and, in particular, the way the same operations work when
integer and floating-point operands are mixed. The inconsistency has been introduced because
integer values often cannot be promoted honestly to fixed-point types. None of the _Fract types
has any integer bits, and an implementation may have as few as four integer bits in its _Accum

types.
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On such an implementation, it is impossible to convert an integer with a value larger than 8 to any
fixed-point type, which leaves only a limited range of integers to work with. Consider, for example,
the problem of dividing a fixed-point value by a (non-constant) integer value which could be as large

as 15.

The floating-point types have the property that (on all known machines) the range of all the integers
fits within even the smallest floating-point type, so converting an integer to floating-point at worst
suffers a rounding error (and often not even that). This is definitely not the case for the fixed-point
types. On the other hand, unlike with floating-point, fixed-point and integer values have very similar
representations, and their operations have similar implementations in hardware. Thus, it is less

trouble for
directly tha

The result {
mixing inte
for this cho
and when §
fixed-point

As specifie
the fixed-p¢
type, the re

A.7 Exce
The rule ab
of-products

to do). Usi
products (g

fract

T mptementationto mixmtegerand-fixed=point operanmds-and performr the catcutatio
n it would be for floating-point.

ype of an operation involving fixed-point types is the type with the higher rank..Wher
per and fixed-point types, fixed-point types are chosen to have higher rank. The reas
ce is based on the common case where a fixed-point value is multiplieddy a factor o
fixed-point type is divided by an integer value. The natural result type in this case is

lype.

1 in the clause "Rounding and Overflow", two types of overflow.handling are defined 1
int types: saturating and default. Generally, if either operand has a saturating fixed-
sult type of the operation will be a saturating fixed-point\type.

btion for 1 and —1 Multiplication Results

calculations on many DSPs (sum-of-products being primarily what DPSs are design
ng the long accum type for the accumulator that holds the running sum, a sum-of-
r dot product) can be naturally coded as:

a[N], b[N];

long accum acc = 0;

for (ix
acc +

}

While the 3
really does

acc +=

=0;ix <N; ++ix ) {
= (long accum) a[ix] * b[ix];

bove would.be the obvious code, on many DSPs the multiply-accumulate hardware
this:

long,accum) ( (sat long fract) a[ix] * b[ix] );

on
f2,
the

or
boint

out 1 and -1 multiplication results is needed\to permit an important optimization for siim-

ed
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In other words, the product is saturated to the long fract format before being added into the
accumulator. The only detectable difference between this and the code above occurs when "a[ix]"
and "b[ix]" are both -1, in which case the product is 1, which cannot be represented exactly as a
long fract. Inthis case (and only this case), the DSP hardware saturates the 1 to the
maximum long fract value before adding.

With the original code above, the rules in the clause on "Rounding and Overflow" require that the
product be represented exactly if the result type permits it. Since a 1 can always be represented
exactly by a long accum, the rounding rules do not permit the 1 to be replaced by the maximum
long fract value. (Note thatthe long fract type makes no appearance in the original
codé.) Unfortunately, on processors that only support sum-of-product operations that safurate the

prog
with
bee

A.8

The
that
the
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that
retu

Linguistic variables are used in many non-linear.complex applications, in consumer appli

nonf

App
tod

varigbles select a resolution to be used throughout the application. Typical linguistic varia

com
app

uct to long fract, it is not possible to implement the code above efficiently as-wr

but some compromise. Rather than relax the rounding rules in general, a special cas
n made to cover this condition.

Linguistic Variables and unsigned _Fract: an example of unsigned fi)

Linguistic variables definition and manipulation have been identiified as a major appli
use unsigned _Fract variables as a storage requirement. Linguistic variables r
jata of interest to an application between the values of 0-and 1. In applications the v
ciated with a linguistic variable is an expression of a degree of truth unlike Boolean V
take on the value of either 0 or 1. Fuzzy logic funetions combining linguistic variable
'n logic values scaled between 0 and 1.

linear process control, animation, patternsrecognition and financial applications.

ications that use linguistic variables.depend on the size of a linguistic variable in the
btermine the precision in which the‘results are computed. Applications that use lingu

mercial applications are 8 or_16 bits in size. Other sizes have been seen in commerd
ications but would be impaeted less by using their signed counterpart.
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Annex B - Named address spaces and named-register storage classes

B.1 Embedded systems extended memory support

B.1.1 Mod

ifiers for named address spaces

Applications on small-scale embedded systems run in a non-hosted environment, and on resource-

constraine
developer
consumer
of their inte
spaces. C
space that,
developers
hardware.

Named ad(
requiremen
be able to ¢

B.1.1.1 Us

systems. Compilers for such systems are responsible for freeing the application
om most, but not all, target-specific responsibilities. Embedded systems, including 1
lectronics products and DSP-driven devices, are optimized to support the requireme
nded applications. Their central processors generally contain many separate addres
language support for these systems extends the C linear address space,toan addres
although linear within memory spaces, is not always created equal. Application
need the vocabulary to efficiently express how their application uses-the target

ress space type modifiers allow the application developer to\express a very specific
t, that variables be associated with a specific memory space. In turn, the compiler w
jenerate more efficient code for the target implementation.

er-defined device drivers

Many emb

driver. Thdse include memories accessed by serial data busses (1°C, SPI), and on-board

non-volatil

support is ysed in applications where the details‘of the access method can be separated from th
details of the application.

In contrast fo memory-mapped I/O, the extended memory layout and its use should be
administrated by the compiler/linker;

Language support for embedded systems needs to address the following issues:
Memory with user-defined device drivers. User-defined device drivers are required for
readling and writing user-defined memory.

1)

dded systems include memory that can only.be accessed with some form of device

memory that must be programmed under software control. Device-driver memory

Memory=read functions take as an argument an address in the user-defined mem
spacejand return data of a user-defined size.
Memery-write functions take two arguments, an address in the user-defined mem
space and data with a user-specified size.

Applications require support for multiple user-defined address spaces.

ory

ory

74

All memory in a specific named address space may not necessarily have contiguous

addressing. Itis common to find that memory, even though accessed through a

common means, may have gaps in it structure. In similar way some named address

space memory may have physical address aliases.
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The compiler is responsible for:
Allocating variables, according to the needs of the application, in "normal"

space, and in space accessed by the user-defined memory device drivers.
Making calls to device drivers, when accessing variables supported by user-defined

device drivers.
Automating the process of casting and accessing the data.
Application variables in user-defined memory areas:

[ ]
fundamental data types, arrays and structures.
Users need to direct the compiler to use a specific memory area.

37:2008(E)

address

Need to support all of the available data types. For example, declarations for

B.1.

Inhe
the

supy
spaq
ope

Use

The compiler needs to be free to use a user-defined memory area as a ge
general-purpose memory area, for the purpose of a variable spill area.

2 Application-defined multiple address space support

rent processor-architecture based address spaces are implementation-defined and p
compiler for that processor architecture and as such will be available to all application
ported by the processor. Examples include accesses to variods native data spaces, ¢
tes where write and read operations are not symmetrical (f-i.) flash memories where 1
ations may run at full speed, while write operations occur-through some driver code).

cod

r-defined named address spaces are part of an application specific address space. T
for user defined address space may very well be\portable across many applications

possibly many different processors, but its nature iscessentially part of an application. Daf
to user defined named address spaces are often.through 12C, microwire, or compact flas
parts. Accesses to 'normal' address spaces may be handled by the compiler or may be r

the
supf

The
tod
reqy
glob

Typ
files

add

inker, for the user defined address spaces the modifier names need to be associated
lied access code.

addressmod is a method to encapsulate the memory declaration, to tie variable dg
bvice drivers, and to provide the compiler the information necessary to generate the ¢
ired to access the variables that are declared by an application. User-defined memo
al in nature, or local to'one program segment.

cal implementations of the address space modifiers are in project application specific

lressmod (memory space_ name,
Read_access,

Write access,

neric,

rovided by
s normally
r data
ead

he support
and quite
a access
N memory
esolved by
with user

clarations
ode that is
y could be

header

1

[ optional additional address base and ranges

4

Read and write access is assumed to be byte wide. The resolution of data types other than
character size is implementation-defined and may be resolved either in the

compiler or the read and write device drivers.
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Read _access points to a user defined macro, function or inline function that the compiler will

use to read variables assigned by the compiler in the named memory space.

Write_access  points to user defined macro, function or inline function that is used to read

from the defined memory space.

Address base and size information is optional and implementation-defined. In many systems it may

B.1.3 1/O register definition for intrinsic or user defined address spaces

Input/Outpdit registers may be located within any of the address spaces: either intrinsic address

be defined at link time as part of the conventional linking process or at
compile time.

Note that this is perhaps an odd place to define the physical address space.
A named address space can be an application specific address space or
simply a name designed to group variables for some common purpos€.The
generated code, especially if either an inline function or macro is used’for jan
access definition, may be significantly optimized (in the absence/of a goog
optimizing linker) through a compile time optimization familiar with specifig
address information. It is possible to define physical addressispace
information at the linking phase in the traditional manner;

spaces or few address spaces defined by addressmod as partof an application. The _Accelss

modifier provides a means to extend the information associated with the declaration. The
_Access Mmodifier associates the address, the memory space and the access limitstoa C
declaration} The _Access modifier is an extension and-alternative to the register declaration

examples described in Clause 5. The following is the definition of a declaration using the _Access

modifier.

[registefr] Access ( memory_space-name, address

The minimyim declaration using the \Access modifier requires two arguments:
memory_space_name and address; defined as follows:

memory_space_name is any defined named address space, either intrinsic or an address sgace
defined|by addressmod;

address is an integer expression resolvable at translation time, designating the memory

76

[, access_method [, size [, endian]]] ) declaration ;

£SS

but
registers, and is one of read_write, read, write, or read modlfy write; the default
is full access (read modlfy write);

size is the physical size in bytes of the hardware object; the default size is 1. In general size will
be equal to sizeof (declaration), however this is not guaranteed. When size is not
equal to the size of the declaration then the usual C conversion rules apply;

endian is one of little endian orbig_endian, and defines the byte order of the
physical hardware. The default value for endian is the same as the default endian value of the
compiler and target processor; endian is never needed when the size is 1 and may be omitted
when the endianness of the hardware object to be accessed is always the same as the
endianness of the processor it is connected to.
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