TECHNICAL ISO/IEC
REPORT TR
18015

First edition
2006-09-01

Information technology — Programmming
languages, their environments and
system software interfaces — Technical
Report on C++ Performance

Technologies de l'information>— Langages de programmatipn, leurs
environnements et interfaces du logiciel systeme — Rapport technique
sur la performance C#+

Reference number
ISO/IEC TR 18015:2006(E)

1SO|IEC
g g © ISO/IEC 2006



https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

ISO/IEC TR 18015:2006(E)

PDF disclaimer

This PDF file may contain embedded typefaces. In accordance with Adobe's licensing policy, this file may be printed or viewed but
shall not be edited unless the typefaces which are embedded are licensed to and installed on the computer performing the editing. In
downloading this file, parties accept therein the responsibility of not infringing Adobe's licensing policy. The ISO Central Secretariat
accepts no liability in this area.

Adobe is a trademark of Adobe Systems Incorporated.

Details of the software products used to create this PDF file can be found in the General Info relative to the file; the PDF-creation
parameters were optimized for printing. Every care has been taken to ensure that the file is suitable for use by ISO member bodies. In
the unlikely event that a problem relating to it is found, please inform the Central Secretariat at the address given below.

© ISO/IEC 2006

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the address below or
ISO's member body in the country of the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. +412274901 11

Fax + 4122749 09 47

E-mail copyright@iso.org

Web www.iso.org
Published in Switzerland

ii © ISO/IEC 2006 — All rights reserved


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

ISO/IEC TR 18015:2006(E) Technical Report on C++ Performance

Contents
[ OF0)'s 1155 0 1 1= ISPt iii
| 2003 C =A% 03y « RN \%
| o N8 0 Ye L0 e Lo} o W vi
PArtiCIPANTS ceevveeiiiiiiiiiiiiiiiiieeiiiiiitiiieeeeeeeerarreee e aaaaaa e e s vii
[ SCOPE ettt e e e e s e e e e s dasede e e e e e |
D INormative References ..cvuuiuieieieieieienieeececenceceeeeeNuciecencencenenn. 3
B Terms and defiNitioNS . .ceeveeeeeirenireienieenierneeeeenseessessssaeessesserssesssesse 4
#  Typical Application Areas.......ccuueeeeiiiinneeeeesndsteeennnnnneeeinneeeens 13
4.1 Embedded SYStems ......ccoviiiiiiniiiiiiiiiie St 13
4.2 SEIVELS wovviieeeeieeeeeeeieeeeeeessreessseesseesssseessseessnsessssessssf o eesesseessseessssessssesssseessssessssesssseessens 15
b Language Features: Overheads and Strategies...........ccccuuuueeene. 14
5.1 NAMESPACES ..vuviiiiiiiiiiiicrcscscses Sibgs sttt saeas 14
52 Type Conversion OPErators ...t 17
5.3 Classes and INhetitanCe. e sl oottt ettt se e st eseeseesseesas 18
54  Exception Handling ........ccocoadiecoiiiniiicceece e 2]
5.5 Templates....iiiies il 37
5.6 Programmer Directed Optimizations........ccoceivviiemiiiiiciiiiiciiiecesscsenens 41
b Creating EfficientLibraries . ....eeeeeeeeiiiiiiinnnnnineeeeiiniicnnnnnnnnnnnee. 63
6.1 The Standard [QS7reams Library — OVErVIEW ......ccceuvuieiuerviniiicnviniieeisiceensieeenes 0%
6.2  Optimizing Libraries — Reference Example: "An Efficient Implementation of
L0005 ANNA IO STTEAIIS" <o ee e e et e et e et e e e eaeee et eane e et eaneeaneenneeneennesnnenn 64
/  Using €++ in Embedded Systems......ccccoouvuuuurrirreeeiiiiiiinnnnnnnnnnen. 77
7.1 ROMADIILY ..ot 77
7.2« 2Hard Real-TIime CoOnSIACTATIONS wuveieveeeeeeeeieeeeeeeeeeeeeeeeeeeeseeeeteeeseeeesseeseeesaseeesssees 81
B.. Hardware Addressing Interface ........ccooceuveueennnnnnnnnnnnnnnnnnnnnnnnnnnne. 85
8.1 Introduction to Hardware Addressing .........cococeevviiueirininicienniniieneiceerecenes 86
8.2 The <iohw.h> Interface for C and CH ...ooieooieieeeeeeeeeeeeeeeeee e 102
8.3 The <hardware> Interface fOr Ca .o iieeeeeeeeeeeeeeteeeeeeeeeeeeesreeseenns 108

© ISO/IEC 2006 — All rights resetved 1ii


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

Annex A:  Guidelines on Using the <hardware> Interface.......... 118
AT Usage Introduction.........ccviiiiiiniiiiiic s 118
A.2  Using Hardware Register Designator Specifications..........cccevveccuevviricienninennes 118
A3 HAardWare ACCESS ...viuiuiiiiieieiriiicieiriiciesiee et senas 121

Annex B: Implementing the ijohAw Interfaces..........cccuuuuunnnnnnneenen. 124
B.1  General Implementation Considerations ..........ccoeeeuviieiniiiniinnniniinieennes 124
B.2  Overview of Hardware Device Connection Options ........cceeeeeuvereeuerrireecnennenes 125
B.3 Hardware Register Designators for Ditferent Device Addressing Methods..... 12§
B4 Atomic OPeration... ..ol 13(]
B.5 Read-Modify-Write Operations and Multi-Addressing.........ccocvvivirinnnit e 13(
B.6 Initialization ... B 131
B.7 Intrinsic Features for Hardware Register ACCess.......coovuiuemviniiecrvecsiidicncnnenee. 133
B.8 Implementation Guidelines for the <hardware> Interface ... i 134

Annex C: A <hardware> Implementation for the <iohw.h>
[Nterface  .oiiiiiiiiiii e e 149
C.1 Implementation of the Basic Access Functions........fi i, 149
C.2 Buffer FUNCHONS ..o T e 15(
C.3  Group Functionality........cccocevvvivininininiiiiicnse e i 151
Cid ReMATKS. oo s ettt s 153
Annex D:  Timing Code.......ieeiiiiincioniiniiniiieccnieecccneneen, 156
D.1 Measuring the Overhead of Class OPErations .........cceveveeueuvenicerriniceensesicnenen. 15
D.2 Measuring Template OverheadsiCu e, 165
D.3 The Stepanov Abstraction Pegalty Benchmark ..o, 171
D.4 Comparing Function Objéets to Function Pointers........cocevvcvivivicininicncnnnnee. 177
D.5 Measuring the Cost of Synchronized I/O ....ccccnnnicincineneeeecneineeeecineins 181
Annex E:  BibliogtrapRy ....cccuuveeiiiiiiiiiiiiiiiiiinneccneecceeee, 184

v © ISO/IEC 2006 — All rights reserved


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

Foreword

ISO (the International Organization for Standardization) and IEC (the International
Electrotechnical 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 organization to deal with particular fields of technical activity. ISO and IEC
cchnical committees coltaporate 1 € 0 Utuatl Interest. ef INTernatio

brganizations, governmental and non-governmental, in liaison with ISO and IEC,alsq
ake part in the work. In the field of information technology, ISO and IEG‘hav¢
pstablished a joint technical committee, ISO/IEC JTC 1.

[nternational Standards are drafted in accordance with the rules @iven in th¢
[SO/IEC Directives, Part 2.

[he main task of the joint technical committee is to prepare Interhational Standards
Draft International Standards adopted by the joint technical committee are circulated t
hational bodies for voting. Publication as an International Standard requires approval by
it least 75 % of the national bodies casting a vote.

[n exceptional circumstances, the joint technical commitfee may propose the publicatios
bf a Technical Report of one of the following types:

— type 1, when the required support cannot be obtained for the publication of an
International Standard, despite repeated effotts;

— type 2, when the subject is still undertechnical development or where for any other
reason there is the future but not imniediate possibility of an agreement on an
International Standard;

— type 3, when the joint technical committee has collected data of a different kind from
that which is normally published as an International Standard (“state of the art”, for
example).

['echnical Reports_of ‘types 1 and 2 are subject to review within three years of
publication, to décide whether they can be transformed into International Standards
['echnical Repotts of type 3 do not necessarily have to be reviewed until the data they
provide are-Gomsidered to be no longer valid or useful.

Attention ds drawn to the possibility that some of the elements of this document may b¢
he subject of patent rights. ISO and IEC shall not be held responsible for identifying
iny or all such patent rights.

ISO/IEC TR 18015, which is a Technical Report of type 3, was prepared by Joint
Technical Committee ISO/IEC JTC 1, Information technology, Subcommittee SC 22,
Programming langnages, their environments and system software interfaces.

=
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Introduction

“Performance” has many aspects — execution speed, code size, data size, and memory
footprint at run-time, or time and space consumed by the edit/compile/link process. It
could even refer to the time necessary to find and fix code defects. Most people are
primarily concerned with execution speed, although program footprint and memory
usage can be critical for small embedded systems where the program is stored in ROM,
pT wiere ROM and R7AM are combified on a singte chip.

Hfficiency has been a major design goal for C++ from the beginning, as has the principl¢
bt “zero overhead” for any feature that is not used in a program. It has been,a guiding
principle from the earliest days of C++ that “you don’t pay for what you don’tuse”.

A

Language features that are never used in a program should not have a cost'h extra codg
ize, memory size, or run-time. If there are places where C++ canfét guarantee zerq
bverhead for unused features, this Technical Report will attempt to document them. It
will also discuss ways in which compiler writers, library vendogss and programmers car)
minimize or eliminate performance penalties, and will diseuss the trade-offs among
Hifferent methods of implementation.

Programming for resource-constrained environments isyanother focus of this Technical
Report Typically, programs that run into resourcelimits of some kind are either very
arge or very small. Very large programs, such ag(database servers, may run into limits of
lisk space or virtual memory. At the other éxtreme, an embedded application may bq
fonstrained to run in the ROM and RAM space provided by a single chip, perhaps a tota]
bt 64K of memory, or even smaller.

Apart from the issues of resource Jimits, some programs must interface with systenj
hardware at a very low level. ~FHistorically the interfaces to hardware have beern
mplemented as proprietary exténsions to the compiler (often as macros). This has led t
he situation that code has-mot been portable, even for programs written for a given
environment, because eachircompiler for that environment has implemented different set
bf extensions.

vi © ISO/IEC 2006 — All rights reserved
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Information technology — Programming languages,
their environments and system software interfaces —
Technical Report on C++ Performance

Il Scope

['he aim of this Technical Report is:

® to give the reader a model of time and space overheads implied)by use of variou
C++ language and library features,

® to debunk widespread myths about performance problems;

® to present techniques for use of C++ in applications-where performance matters
and

® to present techniques for implementing C4+ Standard language and library
facilities to yield efficient code.

s far as run-time and space performance are concerned, if you can afford to use C fof
in application, you can afford to use (gE++ in a style that uses C++’s facilitie
ppropriately for that application.

[his Technical Report first discussés areas where performance issues matter, such a
rarious forms of embedded systems programming and high-performance numerical
fomputation. After that, the main body of the Technical Report considers the basic cost
pf using language and libgaty facilities, techniques for writing efficient code, and thq
bpecial needs of embedded systems programming.

Performance implications of object-oriented programming are presented. This discussio]
rests on measureents of key language facilities supporting OOP, such as classes, clas
member functions, class hierarchies, virtual functions, multiple inheritance, and run-timq
ype inforfmation (RTTI). It is demonstrated that, with the exception of RTTI, current
C++ implementations can match hand-written low-level code for equivalent tasks
pimilagly, the performance implications of generic programming using templates arq
Hiscussed. Here, however, the emphasis is on techniques for effective use. Errof
handling using exceptions 1s discussed based on anothet set of measurements. Both time
and space overheads are discussed. In addition, the predictability of performance of a
given operation is considered.

The performance implications of IOStreams and Locales are examined in some detail
and many generally useful techniques for time and space optimizations are discussed.

© ISO/IEC 2006 — All rights reserved 1
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The special needs of embedded systems programming are presented, including
ROMability and predictability. A separate chapter presents general C and C++ interfaces
to the basic hardware facilities of embedded systems.

Additional research is continuing into techniques for producing efficient C++ libraries
and programs. Please see the WG21 web site at www.open-std.org/jtcl/sc22/wg21 for
example code from this Technical Report and pointers to other sites with relevant
information.

2 © ISO/IEC 2006 — All rights resetved
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2 Normative References

The following referenced documents are indispensable for the application of this
document. For dated references, only the edition cited applies. For undated references,
the latest edition of the referenced document (including any amendments) applies.

] . I VAN
ESEB7 }EEE 14882.2803, i 7!7(g722mmmg Mﬂgmu{gm — T

Mentions of “the Standard” or “IS” followed by a clause or paragraph number refer td
the above International Standard for C++. Section numbers not preceded by IS} refef
o locations within this Technical Report.

© ISO/IEC 2006 — All rights reserved 3
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3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

3.1

ABC

,uuuuuu}y used-shortrand—foramrAbstract Base-Elass—=abasclass \uff\,u virtaatbase
class) which contains pure virtual member functions and thus cannot-by
instantiated (§1S-10.4)

B.2

hccess method

refers to the way a memory cell or an I/O device is connected to_the processor systen
and the way in which it is addressed

hddressing range
portion of the total of memory addresses accessible through processor instructions
NOTE A processor has one or more addressing ranges. Program memory, datj
memoty and I/O devices may have special ranges which can only bq

addressed with special ptocessor instructions. A processot's physical
address and data bus maybe shared among multiple addressing ranges.

B.4

hddress interleave

baps in the addressing range which may occur when a device is connected to a processot
data bus whichyhas a bit width larger than the device data bus

B.5

rache

buffer_of-high-speed memory used to improve access times to medium-speed mair)
memory or to low-speed storage devices

T\]ﬂTP 1fan if@m 1s found in cache mpmr\ry (0 "cache lﬁif">’ accessis faster thag

going to the underlying device. If an item is not found (a "cache miss")
then it must be fetched from the lower-speed device.

b
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3.6
code bloat

generation of excessive amounts of code instructions, for instance, from unnecessary
template instantiations

3.7

code size

portion of a program's memory image devoted to executable instructions

NOTE Sometimes immutable data also is placed with the code.

B.8

Cross-cast

cast of an object from one base class subobject to another

NOTE This requires RT'TI and the use of the dynamic &ast<...> operator.

3.9
Hata size

the portion of a program's memory image devoted to‘data with static storage duration

3.10

Hevice

[ /O Device
ferm used to mean either a discreteT/O chip or an I/O function block in a single chip

processor system

NOTE The data bus;bit width is significant in the access method used for thq
I/0 device.

3.11
Hevice bus
[ /O device-bus

Hata bus.ef a device

NOTE The bit width of the device bus may be less than the width of thq

racescordata hate 10 ool ~nco 1 ot fion oo b oy b doion o
pProcessor—aata—puS R WrHeR—easeTmayinuencetnewaytne—aevice~

addressed.

© ISO/IEC 2006 — All rights reserved 5
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3.12

device register
I/0O device register

single logical register in a device

NOTE A device may contain multiple registers located at different addresses.

13

device register buffer

multiple contiguous registers in a device

B.14

Hevice register endianness

pndianness for a logical register in a device

NOTE The device register endianness may be different.frtom the endianness useq
by the compiler and processor.

B.15

Hown-cast

fast of an object from a base class subobject, toxa more derived class subobject

NOTE Depending on the complexity of the object's type, this may require RTT]
and the use of the dynamic cast<...> operator.

B.16

Flectrically Erasable Programmmable Read-Only Memory
EEPROM
imilar to flash memory (sometimes called flash EEPROM), the principal difference 1

that EEPROM-\requires data to be erased and written one byte at a time wherea
flash memory requires data to be erased in blocks and written one byte at a time

NOTEAEEPROM retains its contents even when the power is turned off, but caf
be erased by exposing it to an electrical charge.

6 © ISO/IEC 2006 — All rights resetved
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3.17

endianness

describes the layout in memory of the 0 and 1 bits which together represent a value

NOTE Big-endian and little-endian refer to whether the most significant byte
or the least significant byte is located on the lowest (first) address. If the
width of a data value is larger than the width of data bus of the device
where the value is stored the data value must be located at multiple

4o 1]
PTOoCCSSOTaaarcSSTse

3.18

embedded system

program which functions as part of a device
NOTE Often the software is burned into firmware instead“of loaded from 4

storage device. It is usually a freestanding implementation rather than 4
hosted one with an operating system (§IS-1.49]7).

B.19

flash memory
hon-volatile memory device type which can be read like ROM
NOTE Flash memory can be updated:by the processor system. Erasing and

writing often require special handling. Flash memory is considered to bg
ROM in this document..

B.20

heap size

portion of a program's memory image devoted to data with dynamic storage duration
associated with objects created with operator new

B.21

ntetleave

bee address interleave

B.22

Input/Output

I/0

term used in this TR for reading from and writing to device registers (see

© ISO/IEC 2006 — All rights reserved 7
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3.23

I/0 bus

special processor addressing range used for input and output operations on hardware
registers in a device

3.24
I/0 device

ynonym for device

B.25

ocality of reference
heuristic that most programs tend to make most memory and disk accesses to location
near those accessed in the recent past

NOTE Keeping items accessed together in locations nedt each other increase
cache hits and decreases page faults.

B.26
ogical register
Hevice register treated as a single entity

NOTE A logical register will consist:of multiple physical device registers if thq
width of the device bus is 1€ss than the width of the logical register.

B.27

memory bus
processor addressing range used when addressing data memory and/or progran
memory

NOTE Somé\ptocessor architectures have separate data and program memory
buses.

B.28

memorty-device
chip‘ot function block intended for holding program code and/or data

3.29

memotry mapped I/O
I/0O devices connected to the processor addressing range which are also used by data
memory

8 © ISO/IEC 2006 — All rights resetved
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Mean-Time Between Failures
MTBF
statistically determined average time a device is expected to operate correctly without

failing, used as a measure of a hardware component's reliability

NOTE The calculation takes into account the MTBF of all devices in a system.
The more devices in a system, the lower the system MTBF.

B.31

hon-volatile memory

memory device that retains the data it stores, even when electric power is remigved

B.32

pverlays

fechnique for handling programs that are larger than available-memory, older than
virtual memory addressing

NOTE Different parts of the program are arranged’to share the same memory
with each overlay loaded on demand when another part of the progran
calls into it. The use of overlays ha§ largely been succeeded by virtual
memory addressing where it isCavailable, but it may still be used i
memory-limited embedded environments or where precise programmef
or compiler control of memoty usage improves performance.

o

page
rollection of memory addresses treated as a unit for partitioning memory betweer)
applications or swapping out to disk

B.34

page fault

nterrupt triggered by an attempt to access a virtual memory address not currently ir
physieal memory, and thus the need to swap virtual memory from disk to physical
memory

o¥loY =

.00
Plain Old Data
POD

data type which is compatible with the equivalent data type in C in layout, initialization,
and its ability to be copied with memcpy (§IS-1.895)

© ISO/IEC 2006 — All rights reserved 9
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3.36

Programmable Read Only Memory

PROM

equivalent to ROM in the context of this Technical Report

3.37
Random Access Memory
RAM
memory device type for holding data or code
NOTE The RAM content can be modified by the processor. Content’in RAM

can be accessed more quickly than that in ROM, but is slot persistent
through a power outage.

3.38
Feal-time

refers to a system in which average performance and throughput must meet defined
goals, but some variation in performance of indiytdual operations can be tolerated
(also soft real-time)

-

NOTE Hard real-time means that evefy Operation must meet specified timing

constraints.
3.39
Read Only Memory
ROM

memory device type, normally used for holding program code, but may contain data of
static storage durationas well

NOTE Content-in ROM can not be modified by the processor.

3.40
ROMable

refers to entities that are appropriate for placement in ROM in order to reduce usage of
RAM or to enhance performance

3.41
ROMability

refers to the process of placing entities into ROM so as to enhance the performance of
programs written in C++

10 © ISO/IEC 2006 — All rights resetved
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3.42

Run-Time Type Information
RTTI

information generated by the compiler which makes it possible to determine at run-time
if an object is of a specified type

3.43

stack size

portion of a program's memory image devoted to data with automatic storage duration|
also with certain bookkeeping information to manage the code's flow of contro|
when calling and returning from functions

NOTE Sometimes the data structures for exception handling arendlso stored of]

the stack {§5.4.T.7).
B.44
sWap
swapped out
swapping

he process of moving part of a program’s code or{data from fast RAM to a slower forn
of storage such as a hard disk

NOTE See also working set and virtual memory addressing.

3.45
Bystem-on-Chip
50C

embedded system wheresmest of the functionality of the system is implemented on 2
single chip, including the processor(s), RAM and ROM

B.46

text size

fommomn alternative name for code size

B3.47

User Defined Conversion
UDC

refers to the use, implicit or explicit, of a class member conversion operator

© ISO/IEC 2006 — All rights reserved 11
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3.48

up-cast
cast of an object to one of its base class subobjects
NOTE This does not requite RTTI and can use the static cast<...>

Op erator.
3.49
WirtoatBasetclass
VBC

base class which exists as a single subobject in the inheritance graph, even (though
inherited through multiple paths (§IS-10.194)

NOTE In order to share a single instance of a base class, all derived-elasses mus
use the keyword virtual in their base class specifier referring-to that base.

B.50

virtual memory addressing

fechnique for enabling a program to address more memory space than is physically
available

<

NOTE Typically, portions of the memory space not currently being addressed by
the processor can be “swapped out” to disk space. A mapping function
sometimes implemented in specialized hardware, translates progran
addresses into physical hardwase addresses. When the processor needs tq
access an address not cugsénitly in physical memory, some of the data if
physical memory is written out to disk and some of the stored memory 1
read from disk into physical memory. Since reading and writing to disk 1
slower than accessing memory devices, minimizing swaps leads to fastef
performance.

B.51

working set

bortion of a runnhing program that at any given time is physically in memory and not
swappéd out to disk or other form of storage device

B.52

Whole Program Analysis
N/ PA

term used to refer to the process of examining the fully linked and resolved program for
optimization possibilities
NOTE Traditional analysis is performed on a single translation unit (source file)
at a time.
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4 Typical Application Areas

Since no computer has infinite resources, all programs have some kind of limiting
constraints. However, many programs never encounter these limits in practice. Very
small and very large systems are those most likely to need effective management of

limited resources.

e Scale:

4.1 Embedded Systems

HEmbedded systems have many restrictions on memory-size and timing requirements’that
hire more significant than are typical for non-embedded systems. Embedded systems arq
ised in various application areas as follows!:

¢ Small

These systems typically use single chips containig’both ROM and RAM
Single-chip systems (System-on-Chip or SoC))in this category typically
hold approximately 32 KBytes for RAM™“and 32, 48 or 64 KBytes fof
ROM2

Examples of applications in this cafegory are:

engine control for autoimebiles
hard disk controllers

consumer electrofic appliances
smart cards, also called Integrated Chip (IC) cards — about thg
size of a ctredit card, they usually contain a processor system with
code and)ydata embedded in a chip which is embedded (in thg
literahimeaning of the word) in a plastic card. A typical size i
4 KBytes of RAM, 96 KBytes of ROM and 32 KByte
EEPROM. An even more constrained smart card in use contain
12 KBytes of ROM, 4 KBytes of flash memory and only 60
Bytes of RAM data storage.

T Typical systems during the year 2004.

2 These numbers are derived from the popular C8051 chipset.
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¢ Medium

These systems typically use separate ROM and RAM chips to execute a
fixed application, where size is limited. There are different kinds of
memory device, and systems in this category are typically composed of
several kinds to achieve different objectives for cost and speed.
Examples of applications in this category are:

hand-held digital VCR

¢ Large

e Timing:

These systems typically use separate ROM and RAM devices, where the
application is flexible and the size is relatively\unlimited. Examples of
applications in this category are:

Of course, systems™with soft real-time or hard real-time constraints are not
necessarily embedded systems; they may run on hosted environments.

¢ Critical (soft real-time and hard real-time systems)

Examples of applications in this category are:

pIiIlLCI

copy machine
digital still camera — one common model uses 32 MBytes ©f-flash
memory to hold pictures, plus faster buffer memory for
temporary image capture, and a processor for on-fhe-fly imagg
compression.

personal digital assistant (PD@)" — equivalent to a personal
computer without a separate-sereen, keyboard, or hard disk
digital television

set-top box

car navigation system

-

central controlles. ‘for large production lines of manufacturing
machines

motor control

nuclear power plant control
hand-held digital VCR
mobile phone

14

CD or DV slaves
D os DVD plaver
electronic musical instruments
hard disk controllers
digital television
digital signal processing (DSP) applications
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¢ Non-critical
Examples of applications in this category are:

» digital still camera

" copy machine

" printer

" car navigation system

4.2 Servers

For server applications, the performance-critical resources are typically speedi(e.g]
transactions per second), and working-set size (which also impacts throughput
and speed). In such systems, memory and data storage are measurednn terms of
megabytes, gigabytes or even terabytes.

Often there are soft real-time constraints bounded by the needto provide servicg
to many clients in a timely fashion. Some examples of such, applications includg
the central computer of a public lottery where transactions are heavy, or largg
scale high-performance numerical applications, such'as weather forecasting]
where the calculation must be completed within a eértain time.

These systems are often described in terms of dozens or even hundreds of
multiprocessors, and the prime limiting factor may be the Mean Time Between
Failure (MTBF) of the hardware (increasing the amount of hardware results in 3
decrease of the MTBF — in such a-case, high-efficiency code would result ifp
greater robustness).
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5 Language Features:
Overheads and Strategies

Does the C++ language have inherent complexities and overheads which make it
unsuitable for performance-critical applications? For a program written in the C-
conforming subset of C++, will penalties in code size or execution speed result from
ISINg a C++ compiler instead of a C compiterr  1Does C++ code Necessarily result i)
‘unexpected” functions being called at run-time, or are certain language featuresy likg
multiple inheritance or templates, just too expensive (in size or speed) to risk using?’ Dd
hese features impose overheads even if they are not explicitly used?

[his Technical Report examines the major features of the C++ langmage that arg
berceived to have an associated cost, whether real or not:

e Namespaces

e Type Conversion Operators

e Inheritance

e Run-Time Type Information (RTTT)
e Exception handling (EH)

e Templates

e The Standard IOS?reams Library

b.1 Namespaces

Namespaces do not add any significaht space or time overheads to code. They do|
however, add some complexity to.the rules for name lookup. The principal advantage of
hamespaces is that they providé.a mechanism for partitioning names in large projects if]
brder to avoid name clashes.

Namespace qualifiers epable programmers to use shorter identifier names wher]
fompared with alterfiative mechanisms. In the absence of namespaces, the programmef
has to explicitly altef*the names to ensure that name clashes do not occur. One commor)
pproach to this.is to use a canonical prefix on each name:

statdc char* mylib name = "My Really Useful Library";

gtatic char* mylib copyright = "June 15, 2002";

std::cout << "Name: " << mylib name << std::endl
<< "Copyright: " << mylib copyright << std::endl;
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Another common approach is to place the names inside a class and use them in their
qualified form:

class ThisLibInfo {
static char* name;
static char* copyright;
b

"Another Useful Library";

char* ThisLibInfo::name

char* ThisLibInfo::copyright = "August 17, 2004";
std::cout << "Name: " << ThisLibInfo: :name << std::endl
<< "Copyright: " << ThisLibInfo::copyright << std::endlg

With namespaces, the number of characters necessary is similar to the class alterrative)
put unlike the class alternative, qualification can be avoided with using-~declaration
which move the unqualified names into the current scope, thus allowing thé)hiames to bq
referenced by their shorter form. This saves the programmer from having to type thosq
pxtra characters in the source program, for example:

namespace ThisLibInfo {
char* name "Yet Another Useful Libraty";

char* copyright = "December 18, 2003";

i

using ThisLibInfo::name;
using ThisLibInfo::copyright;

std::cout << "Name: " << name << std::endl
<< "Copyright: " << ggpyright << std::endl;

When referencing names from the samg(eficlosing namespace, no using declaration of
hamespace qualification is necessary.

With all names, longer names take-up more space in the program’s symbol table and may
dd a negligible amount of time¢-to dynamic linking. However, there are tools which will
strip the symbol table from the program image and reduce this impact.

b.2 Type Conversion Operators
C and C++ pertit explicit type conversion using cast notation (§1S-5.4), for example:

int/4 pi = (int)3.14159;

Standard C++ adds four additional #pe conversion operators, using syntax that looks likg
[fusation templates, for example:

int i = static cast<int>(3.14159);
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The four syntactic forms are:

const_cast<Type> (expression) // §18-5.2.11
static cast<Type> (expression) // §18-5.2.9
reinterpret cast<Type> (expression) // §IS-5.2.10
dynamic cast<Type> (expression) // §1S-5.2.7

The semantics of cast notation (which is still recognized) are the same as the type
conversion operators, but the latter distinguish between the different purposes for which

11C cast ib }.)Cill% LIDCL]I. T}JC Lyt)c LUllVCLbiUll UPCL@LUL D)/llLdA ib Cdbicl LU iL}CllLif}/ ill SUUILL!
rode, and thus contributes to writing programs that are more likely to be correcti(It
should be noted that as in C, a cast may create a temporary object of the desired type, sq
Casting can have run-time implications.

[he first three forms of #pe conversion operator have no size or speed penalty versus thd
pquivalent cast notation. Indeed, it is typical for a compiler to transform cast notation intd
bne of the other #pe conversion operators when generating object< code. However
Hynamic cast<T> may incur some overhead at run-time if th€ yrequired conversior}
nvolves using RTTI mechanisms such as cross-casting (£5.3.8).

5.3 Classes and Inheritance

Programming in the object-oriented style often invelves heavy use of class hierarchies
['his section examines the time and space overheads’imposed by the primitive operation
hsing classes and class hierarchies. Often, thevalternative to using class hierarchies is td
perform similar operations using lower-leyel facilities. For example, the obviou
hlternative to a virtual function call is annindirect function call. For this reason, the cost
bf primitive operations of classes and,class hierarchies are compared to those of similaf
functionality implemented without” classes. See “Inside the C++ Object Model
[m for further information.

Most comments about rupstime costs are based on a set of simple measurement
performed on three differént machine architectures using six different compilers run with
W variety of optimization options. Each test was run multiple times to ensure that thq
results were repedtable. The code is presented in The aim of thesq
measurements is heither to get a precise statement of optimal performance of C++ on 4
biven machin&nor to provide a comparison between compilers or machine architectures
Rather, the’aim is to give developers a view of relative costs of common languagg
Constructs/using current compilers, and also to show what is possible (what is achieved if
bne €ompiler is in principle possible for all). We know — from specialized compilers not

n this study and reports from people using unreleased beta versions of populaf
compilers — that better results are possible.

3 If the compiler does not provide the #ype conversion aperators natively, it is possible to implement them using function templates. Tndeed,
prototype implementations of the #ype conversion operators were often implemented this way.
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In general, the statements about implementation techniques and performance are
believed to be true for the vast majority of current implementations, but are not meant to
cover experimental implementation techniques, which might produce better — or just
different — results.

5.3. 1 Representation Overheads

1sing a class compared to a C struct. A class object does not contain any data-that
the programmer does not explicitly request (apart from possible padding to aehievq
ppropriate alighment, which may also be present in C structs). In particulds, -2 non
yirtual function does not take up any space in an object of its class, and neither does 4
tatic data or function member of the class.

A polymorphic class (a class that has one or more virtual funetiéns) incurs a per
bbject space overhead of one pointer, plus a per-class space Ovierhead of a “virtual
function table” consisting of one or two words per virtual function. In addition, a per
class space overhead of a “type information object” (also called “run-time typq
nformation” or RTTI) is typically about 40 bytes per class,consisting of a name string, 4
couple of words of other information and another couple of words for each base class
Whole program analysis (WPA) can be used to elithinate unused virtual function table
ind RTTT data. Such analysis is particularly suitable/for relatively small programs that dd
hot use dynamic linking, and which havelto operate in a resource-constrained
pnvironment such as an embedded system.

bome current C++ implementations share data structures between RTTI support and

exception handling support, thereby-advoiding representation overhead specifically fof
RTTIL.

A goregating data items into a small class or struct can impose a run-time overhead if
the compiler does not use tegisters effectively, or in other ways fails to take advantage of
pbossible optimizations when class objects are used. The overheads incurred through
the failure to optimize in such cases are referred to as “the abstraction penalty” and arq
hsually measured(By 2 benchmark produced by Alex Stepanov [D.3). For example, if
ccessing a value)through a trivial smart pointer is significantly slower than accessing if
through an-drdinary pointer, the compiler is inefficiently handling the abstraction. In thg
past, mQst‘compilers had significant abstraction penalties and several current compiler
btill do=» However, at least two compilers* have been reported to have abstractiof]
perialties below 1% and another a penalty of 3%, so eliminating this kind of overhead 1
wellwithin the srate of the art

4 These are production compilers, not just experimental ones.
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5.3.2 Basic Class Operations

Calling a non-virtual, non-static, non-inline member function of a class costs as much as
calling a freestanding function with one extra pointer argument indicating the data on
which the function should operate. Consider a set of simple runs of the test program

described in

Table 1 #1 H2 #3 el #5
Nen-virtual: px=f (1) 0019 0002 0016 0085 Q
g(ps,1) 0.020  0.002  0.016  0.067 0
Non-virtual: x.g(1) 0.019  0.002  0.016  0.085 0
g(s&s,1) 0.019 0 0.016 0.067 0.001
Static member: X::h(1) 0.014 0 0.013  0.069 0
h(1) 0.014 0 0.013 0.071 0.001

[he compiler/machine combinations #1 and #2 matchcttaditional “common sense’
bxpectations exactly, by having calls of a member function exactly match calls of a non
member function with an extra pointer argument. /As-expected, the two last calls (thg
K::h (1) call of a static member function and the)h (1) call of a global function) arq
faster because they don’t pass a pointer aggiiment. Implementations #3 and #]
Hemonstrate that a clever optimizer can takeiadvantage of implicit inlining and (probably
raching to produce results for repeated calls that are 10 times (or more) faster than if
function call is generated. Implementation #4 shows a small (<15%) advantage to non
member function calls over membert-function calls, which (cutiously) is reversed when nd
pointer argument is passed. Implémentations #1, #2, and #3 were run on one system
while #4 and #5 were run on agother.

'he main lesson drawn frony this table is that any differences that there may be betweer
hon-virtual function calld and non-member function calls are minor and far les
mportant than diffefences between compilers/optimizers.
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5.3.3 Virtual Functions

Calling a virtual function is roughly equivalent to calling a function through a pointer
stored in an array:

Table 2 #1 #H2 #3 H4 #5
Virtual: px->f (1) 0.025 0.012 0.019 0.078 0.059
ptr-to-fct: pll](ps,1)  0.020 0.002 0.016 0.055 0.052
Virtual: x. £ (1) 0.020 0.002 0.016 0.071 0

ptr-to-fct: plll(ss,1) 0.017 0.013 0.018 0.055 0.048

When averaged over a few runs, the minor differences seen above'(smooth out
llustrating that the cost of virtual function and pointer-to-functioncalls is identical
Here it is the compiler/machine combination #3 that most closelynmatches the naive
model of what is going on. For x.f (1) implementations #2 and . #5 recognize that thq
virtual function table need not be used because the exact type ofithe object is known and
. non-virtual call can be used. Implementations #4 and #5-appear to have systemati
bverheads for virtual function calls (caused by treating, single-inheritance and multiplg
nheritance equivalently, and thus missing an optimization). However, this overhead i
bn the order of 20% and 12% — far less than the vatiability between compilers.

Comparing [Table 1]|and[Table 2] we see that implementations #1, #2, #3, and #]
confirm the obvious assumption that virtual<¢alls (and indirect calls) are more expensivq
than non-virtual calls (and direct calls). Iatétestingly, the overhead is in the range 20% t
P5% where one would expect it to be, based on a simple count of operations performed
However, implementations #2 and’#5 demonstrate how (implicit) inlining can yield
much larger gains for non-virtual“calls. Implementation #4 counter-intuitively show
yirtual calls to be faster than nofn-virtual ones. If nothing else, this shows the danger of
measurement artifacts. It:thay also show the effect of additional effort in hardware and
bptimizers to improve the/performance of indirect function calls.

b.3.3.1 Virtualfunctions of class templates
Virtual functions of a class template can incur overhead. If a class template has virtual
member fanetions, then each time the class template is specialized it will have to generatq
hew spegcializations of the member functions and their associated support structures such
ws the virtual function table.

A cfmighf_{:nﬂvawl Ii}wary implpmpnquinn could prnrlnrp hundreds of I(Ryhoc in thi
case, much of which is pure replication at the instruction level of the program. The
problem is a library modularity issue. Putting code into the template, when it does not
depend on zemplate-parameters and could be separate code, may cause each instantiation to
contain potentially large and redundant code sequences. One optimization available to
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the programmer is to use non-template helper functions, and to describe the template
implementation in terms of these helper functions. For example, many implementations
of the std: :map class store data in a red-black tree structure. Because the red-black tree
is not a class template, its code need not be duplicated with each instantiation of
std: :map.

A similar technique places non-parametric functionality that doesn’t need to be in a
template into a non-template base class. This technique is used in several places in the
standard library. For example, the std::ios base class (§IS-27.4.2) contains static data
members which are shared by all instantiations of input and output streams. Finally; it
hould be noted that the use of templates and the use of virtual functions are-ofter]
fomplementary techniques. A class template with many virtual functions could bq
ndicative of a design error, and should be carefully re-examined.

5.3.4 Inlining

[he discussion above considers the cost of a function call to be @ simple fact of life (if
Hoes not consider it to be overhead). However, many functieflealls can be eliminated
through inlining. C++ allows explicit inlining to be requestédy'and popular introductory
fexts on the language seem to encourage this for small timi€ critical functions. Basically]
C++’s inline is meant to be used as a replacement fot C’s function-style macros. T4
bet an idea of the effectiveness of inline, comparécalls of an inline member of a clas
o a non-inline member and to a macro.

Table 3 #1 #2 #3 el #5
Non-inline: px->g (1) 0.019:>" 0.002  0.016  0.085 0
Non-inline: x.g(1) 0:019  0.002  0.016  0.085 0
Inline: ps->k (1) 0.007  0.002  0.006  0.005 0
Macro: K (psy 10 0.005 0.003 0.005 0.006 0
Inline: x:k (1) 0.005  0.002  0.005  0.006 0
Macro: K(&s,1) 0.005 0 0.005 0.005 0.001

['he first @bservation here is that inlining provides a significant gain over a function cal|
the body of these functions is a simple expression, so this is the kind of function wherg
bne (would expect the greatest advantage from inlining). The exceptions arq
niplementations #2 and #5, which already have achieved significant optimization
thfough implicit inining. Tlowever, implicit Alining_cannot (yet) be felied upon for
consistent high performance. For other implementations, the advantage of explicit
inlining is significant (factors of 2.7, 2.7, and 17).
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5.3.5 Multiple Inheritance

When implementing multiple inheritance, there exists a wider array of implementation
techniques than for single inheritance. The fundamental problem is that each call has to
ensure that the this pointer passed to the called function points to the correct sub-
object. This can cause time and/or space overhead. The this pointer adjustment is
usually done in one of two ways:

e The caller retrieves a suitable offset from the virtual function table and adds it to
the pointer to the called object, ot

e a “thunk” is used to perform this adjustment. A thunk is a simple fragment’of
code that is called instead of the actual function, and which performs a cofistant
adjustment to the object pointer before transferring control to the.intended

function.
Table 4 #1 #H2 #3 ot #5
SI, non-virtual: px->g (1) 0.019 0.002 0.016 0.085 0

Basel, non-virtual: pc->g (i) 0.007 0.003 0016 0.007 0.004
Base2, non-virtual: pc->gg (i) 0.007 0.004 0.017 0.007 0.028

SI, virtual: px->f (1) 0.025 0013 0.019 0.078 0.059
Basel, virtual: pa->f (i) 0.026 0.012 0.019 0.082 0.059
Base2, virtual: pb->ff (i)  0.025 0.012 0.024 0.085 0.082

Here, implementations #1 and #4.managed to inline the non-virtual calls in the multiplg
nheritance case, where they had-not bothered to do so in the single inheritance case
['his demonstrates the effecti%eness of optimization and also that we cannot simply
issume that multiple inheritance imposes overheads.

[t appears that implementations #1 and #2 do not incur extra overheads from multiplg
nheritance compatedito single inheritance. This could be caused by imposing multiplg
nheritance overhedds redundantly even in the single inheritance case. However, the
romparison between (single inheritance) virtual function calls and indirect function call
nshows this not to be the case.

[mplemientations #3 and #5 show overhead when using the second branch of thd
nhetitance tree, as one would expect to arise from a need to adjust a this pointer. A
pxpected, that overhead is minor (25% and 20%) except where implementation #]
misses the opportunity to inline the call to the non-virtual function on the second
branch. Again, differences between optimizers dominate differences between different
kinds of calls.
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5.3.6 Virtual Base Classes

A virtual base class adds additional overhead compared to a non-virtual (ordinary) base
class. The adjustment for the branch in a multiply-inheriting class can be determined
statically by the implementation, so it becomes a simple add of a constant when needed.
With virtual base classes, the position of the base class subobject with respect to the
complete object is dynamic and requires more evaluation — typically with indirection
through a pointer — than for the non-virtual MI adjustment.

Table5 HT H2Z 3 HA 5

SI, non-virtual: px->g(1) 0.019  0.002  0.016  0.085 0
VBC, non-virtual: pd->gg(i) 0.010  0.010  0.021  0.030 0027
SI, virtual: px->f (1) 0.025  0.013  0.019  0.078*0 0.059
VBC, virtual: pa->f (i) 0.028  0.015  0.025 0.681 0.074

For non-virtual function calls, implementation #3 appedrs”closest to the naivq
pxpectation of a slight overhead. For implementations #2.and #5 that slight overhead
becomes significant because the indirection implied by the'wirtual base class causes them)
0 miss an opportunity for optimization. There doesn’t appear to be a fundamental
problem with inlining in this case, but it is mosf litkely not common enough for thq
mplementers to have bothered with — so far. Implementations #1 and #4 again appeat
o be missing a significant optimization oppottunity for “ordinary” virtual function calls
Counter intuitively, using a virtual base produces faster codel

he overhead implied by using a) virtual base in a virtual call appears small|
[mplementations #1 and #2 keep;itZunder 15%, implementation #4 gets that overhead
o 3% but (from looking at impleémentation #5) that is done by missing optimization
bpportunities in the case of a “normal” single inheritance virtual function call.

As always, simulating the effect of this language feature through other language feature
hlso carries a cost. If a pfogrammer decides not to use a virtual base class, yet requires 4
flass that can be passed around as the interface to a variety of classes, an indirection i
needed in the access to that interface and some mechanism for finding the proper clas
fo be invokediby a call through that interface must be provided. This mechanism would
be at least@s-complex as the implementation for a virtual base class, much harder to use|
ind less likely to attract the attention of optimizers.

Given an object of a polymorphic class (a class with at least one virtual function), a
type info object can be obtained through the use of the typeid operator. In

principle, this is a simple operation which involves finding the virtual function table,
through that finding the most-derived class object of which the object is part, and then
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extracting a pointer to the type info object from that object’s virtual function table (or
equivalent). To provide a scale, the first row of the table shows the cost of a call of a
global function taking one argument:

Table 6 #1 #H2 #3 el #5

Global: h(1) 0.014 0 0.013  0.071 0.001
On base: typeid (pa) 0.079  0.047 0218 0365  0.059
On derived: typeid (pc) 0.079 0.047 0.105 0.501 0.055
On VBC: typeid (pa) 0.078 0.046 0.217 0.379 0.049
VBC on derived: typeid(pd) 0.081 0.046  0.113 0382 ,0.048

[here is no reason for the speed of typeid to differ depending ons/whether a base 1
pirtual or not, and the implementations reflect this. Conversely, one could imagine 4
Hifference between typeid for a base class and typeid on an object of the most derived
flass.  Implementation #3 demonstrates this. In general, Cypeid seems very slow
rompared to a function call and the small amount of work-required. It is likely that thi
high cost is caused primarily by typeid being an infrequently used operation which ha
hot yet attracted the attention of optimizer writers.

5.3.8 Dynamic Cast

(Given a pointer to an object of a polymogphic class, a cast to a pointer to another basq
bubobject of the same derived class object can be done using a dynamic cast. If
principle, this operation involves finding the virtual function table, through that finding
the most-derived class object of which the object is part, and then using type informatior]
hssoclated with that object towdétermine if the conversion (cast) is allowed, and finally
performing any required adjustments of the this pointer. In principle, this checking
nvolves the traversal of-a;data structure describing the base classes of the most derives
lass. Thus, the run-time cost of a dynamic_cast may depend on the relative position
n the class hierarcliy-of the two classes involved.

-

<

-

A

© ISO/IEC 2006 — All rights reserved 25


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

Table 7 #1 H2 #3 H4 #5

Virtual call: px—>f (1) 0.025  0.013  0.019  0.078  0.059
Up-cast to basel: cast (pa, pc) 0.007 0 0.003 0.006 0
Up-cast to base2: cast (pb, pc) 0.008 0 0.004  0.007  0.001

Down-cast from basel: cast (pc,pa) 0.116 0.148 0.066 0.640 0.063

UWIT ca t L L UIIT JIJGDC"‘- bGlDt MYy LJLJ] O 11‘7 O.Zno O-n(lE n-(l/zz O-n7n
Cross—cast: cast (pb, pa) 0.305 0.356 0.768 1.332 0.367
P-1level up-cast to basel:

cast (pa,pcc)  0.005 0 0.005 0.006 1~'-0.001
P-1level up-cast to basel:
cast (pb,pcc)  0.007 0 0.006  0.066  0.001

P-level down-cast from basel:

cast (pcc,pa) 0.116  0.148  0.0667, 0.641 0.063

P-level down-cast from basel:

cast (pcc, pb) 0.117 0.203 0,065 0.634 0.077
P-level cross-cast: cast (pa, pb) 0.300 0.363 0.768 1.341 0.377
P—level cross-—cast: cast (pb, pa) 0.308 0306 0.775 1.343 0.288

As with typeid, we see the immaturity” of optimizer technology. However
Hynamic cast is a more promisingtatget for effort than is typeid.  Whilg
fynamic cast is not an operation likely to occur in a performance critical loop of 3
well-written program, it does have:thie potential to be used frequently enough to warrang
bptimization:

e An up-cast (cast from-derived class to base class) can be compiled into a simplq
this pointer adjustiment, as done by implementations #2 and #5.

e A down-cast\(from base class to derived class) can be quite complicated (and
therefore (quite expensive in terms of run-time overhead), but many cases arq
simple. “Implementation #5 shows that a down-cast can be optimized to thq
equivalent of a virtual function call, which examines a data structure to determing
the necessary adjustment of the this pointer (if any). The other implementation
use simpler strategies involving several function calls (about 4, 10, 3, and 10 calls
respectively).
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e C(Cross-casts (casts from one branch of a multiple inheritance hierarchy to
another) are inherently more complicated than down-casts. However, a cross-
cast could in principle be implemented as a down-cast followed by an up-cast, so
one should expect the cost of a cross-cast to converge on the cost of a down-cast
as optimizer technology matures. Clearly these implementations have a long way
to go.

5.4 Exception Handling

Fxception handling provides a systematic and robust approach to coping with errorsthat
cannot be recovered from locally at the point where they are detected.

[he traditional alternatives to exception handling (in C, C++, and othernlaniguages
nclude:

e Returning error codes

e Setting error state indicators (e.g. errno)

e (Calling error handling functions

e Escaping from a context into error handling code usifig)1ongjmp
e DPassing along a pointer to a state object with each ‘eall

When considering exception handling, it must be’,contrasted to alternative ways of
Healing with errors. Plausible areas of comparisondnclude:

e Programming style

e Robustness and completeness of ettot handling code
e Run-time system (memory size) ‘oyerheads

e Opverheads from handling an-jndividual error

Consider a trivial example:

double f1l(int a) {Nxeturn 1.0 / a; }
double f2 (int a)s§ return 2.0 / a; }
double f3(int @)){ return 3.0 / a; }

double g (imtivx, int y, int z)
{

return fl(x) + f2(y) + £3(z);
t

['his cade)contains no error handling code. There are several techniques to detect and
repart errors which predate C++ exception handling:
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void error (const char* e)
{
// handle error

}

double fl(int a)
{
if (a <= 0) {
error ("bad input value for f1()");
return O;

}

ISO/IEC TR 18015:2006(E)

clse
return 1.0 / a;

}

int error state = 0;

double f2 (int a)
{
if (a <= 0) {
error state = 7;
return 0O;
}
else
return 2.0 / a;

}

double f3(int a, int* err)
{
if (a <= 0) {
*err = 7;
return O;

}
else
return 3.0 / a;

int g(int x, int y, ydnt z)

double xx =/ fl(x);
double yy & £2(y);

if (erxdx state) {
/YY" handle error

}

Mt state = 0;
double zz = f3(z,&state);

if (state) {
// handle error

)

return xx + yy + zz;
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Ideally a real program would use a consistent error handling style, but such consistency is
often hard to achieve in a large program. Note that the error state technique is not
thread safe unless the implementation provides support for thread unique static data, and
branching with if (error state) may interfere with pipeline optimizations in the
processor. Note also that it is hard to use the error () function technique effectively in
programs where error () may not terminate the program. However, the key point here
is that any way of dealing with errors that cannot be handled locally implies space and
time overheads. It also complicates the structure of the program.

Jsing exceptions the example could be written like this:

struct Error {
int error number;
Error (int n) : error number(n) { }

b

double f1l(int a)
{
if (a <= 0)
throw Error (1) ;
return 1.0 / a;

}

double f2(int a)
{
if (a <= 0)
throw Error (2);
return 2.0 / a;

}

double f3(int a)
{
if (a <= 0)
throw Error (3);
return 3.0 / a;

}

int g(int x, int\y/) int z)
{
try {
rekturn fl(x) + £2(y) + £3(z);
} catch® (Error& err) {
4/ handle error
}
}

Whensconsidering the overheads of exception handling, we must remember to take intd
hceount the cost of alternative error handling techniques.

I'he use ot exceptions isolates the error handling code trom the normal tlow ot program
execution, and unlike the error code approach, it cannot be ignored or forgotten. Also,
automatic destruction of stack objects when an exception is thrown renders a program
less likely to leak memory or other resources. With exceptions, once a problem is
identified, it cannot be ignored — failure to catch and handle an exception results in
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program terminations. For a discussion of techniques for using exceptions, see
of “The C++ Programming Language” [[BIBREF-30

Early implementations of exception handling resulted in significant increases in code size
and/or some run-time ovethead. This led some programmers to avoid it and compiler
vendors to provide switches to suppress the use of exceptions. In some embedded and
resource-constrained environments, use of exceptions was deliberately excluded either
because of fear of overheads or because available exception implementations could not
meet a project’s requirements for predictability.

We can distinguish three sources of overhead:
e try-blocks Data and code associated with each #y-block or catch clause.

e regular functions Data and code associated with the normal @xecution of
functions that would not be needed had exceptions not existed,rstch as missed
optimization opportunities.

e throw-expressions Data and code associated with throfving an exception.

Hach source of overhead has a corresponding overhead when handling an error using
rraditional techniques.

5.4. 1 Exception Handling Implementation Issues and Techniques

I'he implementation of exception handling must 4ddress several issues:
e try-block Establishes the context for associated catch clauses.

e catch clause The EH implementation must provide some run-time type
identification mechanism forfinding catch clauses when an exception is thrown.

There is some overlapping — but not identical — information needed by bot}
RTTT and EH featureés. However, the EH type-information mechanism must bg
able to match deéfived classes to base classes even for types without virtual
functions, and to-identify built-in types such as int. On the other hand, the EH
type-information does not need support for down-casting ot cross-casting.

Becausd of this overlap, some implementations require that RTTI be enabled
whea EH is enabled.

o Cleanup of handled exceptions Exceptions which are not re-thrown must
be destroyed upon exit of the catch clause. The memory for the exception objecf
must be managed by the EH implementation.

5> Many programs catch all exceptions in main () to ensure graceful exit from totally unexpected errors. However, this does not
catch unhandled exceptions that may occur during the construction or destruction of static objects (§1S-15.313).
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e Automatic and temporary objects with non-trivial destructors  Destructors
must be called if an exception occurs after construction of an object and before
its lifetime ends (§IS-3.8), even if no try/catch is present. 'The EH
implementation is required to keep track of all such objects.

e Construction of objects with non-trivial destructors If an exception
occurs during construction, all completely constructed base classes and sub-
objects must be destroyed. This means that the EH implementation must track
the current state of construction of an object

e throw-expression A copy of the exception object being thrown must)bq
allocated in memory provided by the EH implementation. The closest nfatching
catch clause must then be found using the EH type-information. Fifally, thq
destructors for automatic, temporary, and partially constructed objects must bq
executed before control is transferred to the catch clause.

-

e Enforcing exception specifications Conformance of the thrown types to thg
list of types permitted in the exception-specification must be.checked. If a mismatch
is detected, the unexpected-handler must be called.

® operator new If an exception is thrown dutihg construction of an objecf
with dynamic storage duration (§IS-3.7.3), aftercalling the destructors for thq
partially constructed object the correspondifig operator delete must be called
to deallocate memory.

Again, a similar mechanism to the ong implementing try/catch can be used.
[mplementations vary in how costs are allo€ated across these elements.

'he two main strategies are:

e The “code” approach, whete code is associated with each #y-block, and
e The “table” approachy which uses compiler-generated static tables.

[here are also various hybrid approaches. This paper discusses only the two principal
mplementation approaches.
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5.4.1.1 The "Code" Approach

Implementations using this approach have to dynamically maintain auxiliary data
structures to manage the capture and transfer of the execution contexts, plus other
dynamic data structures involved in tracking the objects that need to be unwound in the
event of an exception. Eatly implementations of this approach used setjmp/longjmp
to return to a previous context. However, better performance can be obtained using
special-purpose code. It is also possible to implement this model through the systematic
use of (compiler generated) return codes. Typical ways in which the code approach deals
Vith the Tssucs identified n5. 4l are as follows:

e y-block Save the execution environment and push a reference te'catch
code on EH stack at #y-block entry.

e Automatic and temporary objects with non-trivial destructors oRegister each
constructed object together with its destructor in preparation for latef
destruction. Typical implementations use a linked list structdré on the stack. If
an exception is thrown, this list is used to determine which objects need to bq
destroyed.

e Construction of objects with non-trivial destructors One  well-know)
implementation increments a counter for each base class and subobject as they
are constructed. If an exception is thrown/during construction, the counter i
used to determine which parts need to be destroyed.

e throw-expression  After the cateh clause has been found, invoke thq
destructors for all constructed objects in the region of the stack between thg
throw-excpression and  the associated catch clause.  Restore the executios)
environment associated with thé catch clause.

5.4.1.1.1 Space Overhead of the “Code” Approach

e No exception handling cost is associated with an individual object, so object sizg
is unaffected.

e Exception handling implies a form of RTTI, which may require some increase t
code size(data size or both.

e Exception handling code is inserted into the object code for each try/catch.

e Code registering the need for destruction is inserted into the object code for each
stack object of a type with a non-trivial destructor.

¢ A cost is associated with checking the #hrow-specifications of the functions that arq
called.

32 © ISO/IEC 2006 — All rights resetved


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

ISO/IEC TR 18015:2006(E) Technical Report on C++ Performance

5.4.1.1.2 Time Overhead of the “Code” Approach

e On entry to each #ry-block
¢ Commit changes to variables enclosing the #y-block
¢ Stack the execution context

¢ Stack the associated catch clauses

e  On exit from each #y-block
¢ Remove the associated catch clauses
* Remove the Stacked eXecution COMNTeEXT
e When calling regular functions
¢ If a function has an exception-specification, register it for checking
e Aslocal and temporary objects are created
¢ Register each one with the current exception context as it iseteated
e  On throw or re-throw

¢ Locate the corresponding catch clause (if any) — this involves some run
time check (possibly resembling RTTI checks)
If found, then:
= destroy the registered local objects
®  check the exception-specifications of the tunctions called in-between
® use the associated execution ¢ontext of the catch clause
Otherwise:
» call the terminate handfer®
e On entry to each catch clause
¢ Remove the associated cateh’clauses
e On exit from each catch clause
¢ Retire the current ex¢éption object (destroy if necessary)
he “code” model distributes the code and associated data structures throughout thd
program. This means that.no”separate run-time support system is needed. Such an
mplementation can be portable and compatible with implementations that translatg
C++ to C or another lanigtage.

['here are two primaty disadvantages of the “code” model:

e The agsoeiated stack and run-time costs can be high for try-block entry.

-

e Evénwhen no exceptions are thrown, the bookkeeping of the exception handling
stack must be performed for automatic, temporary and partially constructed
objects.

® When the terminate handler is called because no matching exception handler was found, it is implementation-defined
whether the stack is unwound and local objects are destroyed (§IS-15.5.1).
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That is, code unrelated to error handling is slowed down by the mere possibility of
exceptions being used. This is similar to error-handling strategies that consistently check
error state or return values.

The cost of this (in this model, unavoidable) bookkeeping varies dramatically from
implementation to implementation. However, one vendor reports speed impact of about
6% for a C++ to ISO C translator. This is generally considered a very good result.

n LU f‘h

['ypical implementations using this approach will generate read-only tablescfof
Hetermining the current execution context, locating catch clauses and trackingcobject

heeding destruction. Typical ways in which the table approach deals with the issue
dentified in[5.4.1] are as follows:

e ry-block This method incurs no run-time cost. All boekkeeping is pre
computed as a mapping between program counter and code to_be executed in thq
event of an exception. Tables increase program image size but may be moved
away from working set to improve locality of referencexTables can be placed if
ROM or, on hosted systems with virtual memory, can/remain swapped out unti|
an exception is actually thrown.

® Automatic and temporary objects with nén-trivial destructors No run-timq
costs are associated with normal execution,Only in the event of an exception i
it necessary to intrude on normal executioh.

e throw-expression  The statically,generated tables are used to locate matching
handlers and intervening objects<nceding destruction. Again, no run-time cost
are associated with normal exegution.

5.4.1.2.1 Space Overhead ofthe “Table” Approach
e No exception handling cost is associated with an object, so object size i
unaffected.

e Exception handling implies a form of RTTI, implying some increase in code and
data size.

e This model uses statically allocated tables and some library run-time support.

e A fun-time cost is associated with checking the #hrow-specifications of the function
that are called.

5.4.1.2.2 Time Overhead of the “Table” Approach
e On entry to each #ry-block
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¢ Some implementations commit changes in execution state to variables in
the scopes enclosing the #y-block — other implementations use a more
sophisticated state table’

e On exit from each #y-block
¢ No overhead
e  When calling regular functions

¢ No overhead

e Aseachlocaland temporary nhje(‘f is created

¢ No overhead
On throw or re-throw

¢ Using the tables, determine if there is an appropriate catch clause
If there is, then:
® destroy all local, temporary and partially constructed objects that
occur between the #hrow-excpression and the catchiclause
® check that the exception honors the gxception-specifications of
functions between the throw and the hazdler
= transfer control to the catch clause
Otherwise:
= call the terminate handler®
e On entry to each catch clause
¢ No overhead
e On exit from each catch clause
¢ No overhead
he primary advantage of this method*s that no stack or run-time costs are associated
with managing the try/catch or objectbookkeeping. Unless an exception is thrown, nd
un-time overhead is incurtred.

Disadvantages are that implemesitation is more complicated, and does not lend itself wel|
fo implementations that trdnslate to another high-level language, such as C. The stati
rables can be quite largel. This may not be a burden on systems with virtual memory, bug
the cost can be significant for some embedded systems. All associated run-time cost
bccur only when(an exception is thrown. However, because of the need to examing
potentially largé.and/or complex state tables, the time it takes to respond to an exceptio)
may be largé;variable, and dependent on program size and complexity. This needs to bq
factored1tito the probable frequency of exceptions. The extreme case is a systen)
bptimized for infrequent exceptions where the first throw of an exception may cause dish
hceesses.

7 In such implementations, this effectively makes the variables partially volatile and may prejudice other optimizations as a
result.

8 When the terminate handler is called because no matching exception handler was found, it is implementation-defined
whether the stack is unwound and local objects are destroyed (§IS-15.5.1).
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One vendor reported a code and data space impact of about 15% for the generated
tables. It is possible to do better, as this vendor had no need to optimize for space.

5.4.2 Predictability of Exception Handling Overhead

5.4.2.1 Prediction of throw/catch Performance

For some programs, difficulty in predicting the time needed to pass control from a zhrow-
xpression tO an appropriate catch clause s a problem. This uncertainty comes trom thd
heed to destroy automatic objects and — in the “table” model — from the need to cofisult
he table. In some systems, especially those with real-time requirements, it is impoftanf
o be able to predict accurately how long operations will take.

For this reason current exception handling implementations may be unsuitable for somg
hpplications. However, if the call tree can be statically determined, andythe table method
bt EH implementation is used, it is possible to statically analyze thé\sequence of event
hecessary to transfer control from a given throw-expression to the jcorresponding catch
clause.  Each of the events could then be statically analyzéd to determine theif
contribution to the cost, and the whole sequence of events. aggregated into a single cost
Homain (worst-case and best-case, unbounded, indeterminate). Such analysis does not
Hiffer in principle from current time estimating method§ used for non-exception code.

Dne of the reservations expressed about EH is the unpredictable time that may elapsq
wfter a throw-expression and before control passes to the catch clause while automati
bbjects are being destroyed. It should be possible to determine accurately the costs of
the EH mechanism itself, and the cost df’any destructors invoked would need to bq
Hetermined in the same way as the cost ot any other function is determined.

(Given such analysis, the term “unpfédictable” is inappropriate. The cost may be quitq
predictable, with a well-determined upper and lower bound. In some cases (recursivq
rontexts, or conditional call trees), the cost may not be determined statically. Fof
real-time applications, it.is\generally most important to have a determinate time domain|
vith a small deviation “between the upper and lower bound. The actual speed of
pxecution is often less\mportant.

b.4.2.2 EXception Specifications
[n generalyan exception-specification must be checked at run-time. For example:

void f(int x) throw (A, B)
{

// whatever

}
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will in a straightforward implementation generate code roughly equivalent to:

void f (int x)
{
try {
// whatever
} catch (A&) |
throw;
} catch (B&) {
throw;
} catch (...) {
OnexXpecceal)

}
}

[n principle, static analysis (especially whole program analysis) can be used toVéliminatq
buch tests. This may be especially relevant for applications that do not support dynami
linking, which are not so large or complex as to defeat analysis, and doot change s
frequently as to make analysis expensive. Dependent on the impleffientation, empty
xception-specifications can be especially helpful for optimization.

The use of an empty exception-specification should reduce overhéads. The caller of g
function with an empty exception-specification can perform-optimizations based on thd
knowledge that a called function will never throw any exeeption. In particular, object
with destructors in a block where no exception can Be thrown need not be protected
hoainst exceptions. That is, in the “code” modelno registration is needed, and in thq
‘table” model no table entry needs to be made fo¢ that object. For example:

int f(int a) throw ();

char g(const std::strigé& s)
{

std::string s2-= s;

int maximum Sstatic cast<int>(s.size());
int x = f (maximum) ;
if (x < 0| maximum <= x)

x, = .07

return>s2[x];

}

-

Here the compiler need not protect against the possibility of an exception being
thrown ‘after the construction of s2.

[here is of xourse no requirement that a compiler performs this optimization. Howevert
. compilerintended for high-performance use is likely to perform it.

5.5 Templates

5.5.1 Template Overheads

A class template or function template will generate a new instantiation of code each time
it is specialized with different femplate-parameters. This can lead to an unexpectedly large
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amount of code and data’. A typical way to illustrate this problem is to create a large
number of Standard Library containers to hold pointers of various types. Each type can
result in an extra set of code and data being generated.

In one experiment, a program instantiating 100 instances of a single specialization of
std::1ist<T*>, for some type T, was compared with a second program instantiating a
single instance of std: : 1ist<T*> for 100 different types T. (See[Annex D.2]for sample
code.) These programs were compiled with a number of different compilers and a variety
of different compiler options. The results varied widely, with one compiler producing
fode for the second program that was over 19 times as large as the first program, and
inother compiler producing code for the first program that was nearly 3 times as latge a
the second.

he optimization here is for the compiler to recognize that while there may be many
bpecializations with different types, at the level of machine code-generation, thg
bpecializations may actually be identical (the type system is not relevantto machine code)

While it is possible for the compiler or linker to perform this optimization automatically|
the optimization can also be performed by the Standard Librafy implementation or by
the application programmer.

[f the compiler supports partial specialization and member function templates, the library
mplementer can provide partial specializations of centainers of pointers to a singld
hnderlying implementation that uses void*. This<téchnique is described in The C++
Programming Language 3rd edition [ BIBREF-30].

[n the absence of compiler or library suppettythe same optimization technique can bq
employed by the programmer by writing acelass template called, perhaps, plist<T>, that
s implemented using std::list<void*> to which all operations of plist<T> arq
Helegated.

bource code must then refer to pI¥st<T> rather than std: :1ist<T*>, so the techniquq
s not transparent, but it is a wotkable solution in the absence of tool or library support
Variations of this technique(can be used with other templates.

5.5.2 Templates vs. Inheritance

Any non-trivial(program needs to deal with data structures and algorithms. Because datg
tructures andvalgorithms are so fundamental, it is important that their use be as simplq
ind error-ffee as possible.

[he template containers in the Standard C++ Library are based on principles of generig
programming, rather than the inheritance approach used in other languages such aj

ol .11 A ] - £ L 1o 1 nd ol o1l .1 h NS 1T gt
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Health Class Library (NIHCL), was based on a class hierarchy following the Smalltalk
tradition.

9 Virtual function tables, EH state tables, etc.
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Of course, this was before templates had been added to the C++ language, but it is
useful in illustrating how inheritance compares to templates in the implementation of
programming idioms such as containers.

In the NIH Class Library, all classes in the tree inherited from a root class Object, which
defined interfaces for identifying the real class of an object, comparing objects, and
printing objects’®. Most of the functions were declared virtual, and so had to be
overridden by derived classes!!. The hierarchy also included a class Class that provided
a library implementation of RTTI (which was also not yet part of the C++ language).
[he Collection classes, themselves derived from Object, could hold only othet
bbjects derived from Object which implemented the necessary virtual functions.

10 "The Object class itself inherited from class NIHCL, which encapsulated some static data members used by all classes.

' Presumably, had the NTHCL. been written today, these would have been pure virtual functions.
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But the NIHCL had several disadvantages due to its use of inheritance versus templates
for the implementation of container classes. The following is a portion of the NIHCL
hierarchy (taken from the README file):

NIHCL - Library Static Member Variables and Functions
Object - Root of the NIH Class Library Inheritance Tree
Bitset - Set of Small Integers (like Pascal's type SET)
Class - Class Descriptor
Collection - Abstract Class for Collections
Arraychar - Byte Array
ArrayOb - Arra of Object Pointers
Bag - Unordered Collection of Objects
SeqCltn - Abstract Class for Ordered, Indexed Collectibns
Heap - Min-Max Heap of Object Pointers
LinkedList - Singly-Linked List
OrderedCltn - Ordered Collection of Object Pointers
SortedCltn - Sorted Collection
KeySortCltn - Keyed Sorted Colledtion
Stack - Stack of Object Pointers
Set - Unordered Collection of Non-DuplicatesObjects
Dictionary - Set of Associations
IdentDict - Dictionary Keyed by -Object Address
IdentSet - Set Keyed by Object Address
Float - Floating Point Number
Fraction - Rational Arithmetic
Integer - Integer Number Object
Iterator - Collection Iterator
Link - Abstract Class for LinkedList Links
LinkOb - Link Containing)Object Pointer
LookupKey - Abstract Class\for Dictionary Associations
Assoc - Association (afy'Object Pointers
AssocInt - Associagion of Object Pointer with Integer
Nil - The Nil Object
Vector - Abstract Class for Vectors
BitVec - Bit Afector
ByteVec - Byte Vector
ShortVec ~ Short Integer Vector
IntVec —-“\Integer Vector
LongVec.— Long Integer Vector
FloatVec - Floating Point Vector
DoubleVec - Double-Precision Floating Point Vector

[hus the class KeySortCltn (roughly equivalent to std: :map), is seven layers deep i}
the hierarchy:

NIHCL
Object
Collection
SeqCltn
OrderedCltn
SortedCltn
KeySortCltn

Because a linker cannot know which virtual functions will be called at run-time, it
typically includes the functions from all the preceding levels of the hierarchy for each
class in the executable program. This can lead to code bloat without templates.
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There are other performance disadvantages to inheritance-based collection classes:

e Primitive types cannot be inserted into the collections. Instead, these must be
replaced with classes in the Object hierarchy, which are programmed to have
similar behavior to primitive arithmetic types, such as Integer and Float. This
circumvents processor optimizations for arithmetic operations on primitive types.
In addition, it is difficult to duplicate exactly the behavior of primitive types
through class member functions and operators.

safety is the reason that template containers are instantiated multiple times.)T'
avoid this duplication of code, the NIHCL collections hold pointers to/a generi
type — the base Object class. However, this is not type-safe and requires run
time checks to ensure objects are type-compatible with the ¢ofitents of thg
collections. It also leads to many more dynamic memory allocations, which car)
hinder performance. Because classes used with the NIHCIEsmust inherit fromn
Object and are required to implement a number of virtual fuhctions, this solutior)
is intrusive on the design of classes from the problemdomain. For this reasof
alone, the obligation to inherit from class Objegt.eften means that the use of
multiple inheritance also becomes necessary, since domain specific classes may
have their own hierarchical organization. The €4+ Standard Library container
do not impose such requirements on their ¢oftents!2,

e The C++ Standard Library establishes. a set of principles for combining datj
structures and algorithms from différent sources. Inheritance-based librarie
from different vendors — where~the algorithms are implemented as membef
functions of the containers — can be difficult to integrate and difficult to extend.

b.6 Programmer Directed Optimizations

5.6. 1 General Considerations

['here are many factors that influence the performance of a computer program. At ong
end of the scale ‘is’the high-level design and architecture of the overall system, at thq
pther is the traw speed of the hardware and operating system software on which thd
program rGns. Assuming that the applications programmer has no control over thesq
factors0f the system, what can be done at the level of writing code to achieve bettef
perfortnance?

Compilers typically use a heuristic process in optimizing code that may be different fot
small and large programs. Therefore, it is difficult to recommend any techniques that are
guaranteed to improve performance in all environments. It is vitally important to

12 A class used in a standard container must be Assignable and CopyConstructible; often it additionally needs to have a
default constructor and implement operator ==and operator <.
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measure a performance-critical application in the target environment and concentrate on
improving performance where bottlenecks are discovered. Because so many factors are
involved, measuring actual performance can be difficult but remains an essential part of
the performance tuning process.

The best way to optimize a program is to use space- and time-efficient data structures
and algorithms. For example, changing a sequential search routine to a binary search will
reduce the average number of comparisons required to search a sorted N-element table
from about N/2 to just log,N; for N=1000, this is a reduction from 500 comparisons to
[0. For N=1,000,000, the average number of comparisons is 20.

Another example is that std::vector is a more compact data structure( than
std::list. A typical std::vector<int> implementation will use about three *vord
plus one word per element, whereas a typical std::1list<int> implementation will usg
hbout two words plus three words per element. That is, assuming sizedfyint)==4, 4
btandard vector of 1,000 ints will occupy approximately 4,000 bytes, whereas a 1ist
pf 1,000 ints will occupy approximately 12,000 bytes. Thanks to“cache and pipeling
pffects, traversing such a vector will be much faster than traversing the equivalent list]
['ypically, the compactness of the vector will also assure that“moderate amounts of
nsertion or erasure will be faster than for the equivalent list.\"There are good reasons fot
std: :vector being recommended as the default standardNibrary container?s.

he C++ Standard Library provides several differen kifids of containers, and guarantee
how they compare at performing common tasks«\Por example, inserting an element at
the end of an std::vector takes constant time*(unless the insertion forces a memory
reallocation), but inserting one at the beginhing or in the middle takes linear timg
ncreasing with the number of elements thiat have to be moved to make space for the
hew element. With an std::1ist on“the other hand, insertion of an element take
Constant time at any point in the ceollection, but that constant time is somewhat slowet
than adding one to the end of awéctor. Finding the N™ element in an std: :vectod
nvolves a simple constant-time arithmetic operation on a random-access iteratof
ccessing contiguous storage, whereas an std::1list would have to be traversed ong
plement at a time, so access time grows linearly with the number of elements. A typical
mplementation of s¢d: :map maintains the elements in sorted order in a red-black treg
tructure, so accessto any element takes logarithmic time. Though not a part of thq
C++ Standard(Library (at the time this is written), a hash map is capable of fastef
ookups than.an std: :map, but is dependent on a well-chosen hash function and bucket
bize. PoptrChoices can degrade performance significantly.

AlwayS.theasure before attempting to optimize — it is very common for even experienced
brogrammers to guess incorrectly about performance implications of choosing one kind

£ Ataia g ot e Oftrne ol o oo P PEPRGEEA | qeret o] P Y PR NP
OT—CoOMtam Cr— o v —anotTh et Ot POt N Ce—aepenas—ertcany — O orC—aCne

architecture and the quality of optimizer used.

13 The recommendation comes from Bjarne Stroustrup in [BIBREE-30] and from Alex Stepanov in private correspondence with
him.
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The C++ Standard Library also provides a large number of algorithms with documented
complexity guarantees. These are functions that apply operations to a sequence of
elements. Achieving good performance, as well as correctness, is a major design factor in
these algorithms. These can be used with the Standard containers, with native arrays, or
with newly written containers, provided they conform to the Standard interfaces.

If profiling reveals a bottleneck, small local code optimizations may be effective. But it is
very important always to measure first. Transforming code to reduce run-time or space
consumption can often decrease program readability, maintainability, modularity,
bortability, and robustness as a side effect. Such optimizations often sacrifice importang
hbstractions in favor of improving performance, but while the performance cost may)bq
reduced, the effect on program structure and maintainability needs to be factored intd
the decision to rewrite code to achieve other optimization goals.

An old rule of thumb is that there is a trade-off between program size and execution)
peed — that techniques such as declaring code inline can make the program larger bug
faster.  But now that processors make extensive use of on-board cache and instructiof]
pipelines, the smallest code is often the fastest as well. Compflets are free to ignorq
inline directives and to make their own decisions about which“functions to inline, buf
hdding the hint is often useful as a portable performance enliancement. With small one
br two-line functions, where the implementation code genérates fewer instructions than g
function preamble, the resulting code may well be both ‘'smaller and faster.

Programmers are sometimes surprised when theityprograms call functions they have not
explicitly specified, maybe have not even written. *Just as a single innocuous-looking ling
pf C code may be a macro that expands to*dozens of lines of code, possibly involving
bystem calls which trap to the kernel witlt’resulting performance implications, a singlg
ine of C++ code may also result in a séquence of function calls which is not obviou
vithout knowledge of the full program. Simply declaring a variable of user-defined typq

uch as:

-

X vl; // looks innocent
X v2 = 7; // ekwiously initialized

<

can result in hidden(code being executed. In this case, the declaration of v1 implicitly
nvokes the clags\X’s default constructor to initialize the object v1. The purpose of
constructors and destructors is to make it impossible to forget mandatory processing at
the beginningand end of an object's lifetime. Depending on the class design, propet
nitializatiof may involve memory allocations or system calls to acquire resources

Althetigh declaring a user-defined variable in C does not implicitly invoke a constructor|
t 4 important to remember that the object must still be initialized and that code would

explicitly released at the appropriate time. The initialization and release code is more
visible to the C programmer, but possibly less robust because the language does not
support it automatically.
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Understanding what a C++ program is doing is important for optimization. If you know
what functions C++ silently writes and calls, careful programming can keep the
"unexpected" code to a minimum. Some of the works cited in the bibliography
[Ej provide more extensive guidance (e.g. [BIBREF-17]), but the following sections

provide some suggestions for writing more efficient code.

5.6.2 Object Construction

'l Ot 1 tecta+lo oaadion oo a PN ol +loo
[ITC C OIS T Ot O U T OO e LTS, O TSI T SOUTHC UIITC STV ISTOTC — Ca O T THO T CAPCIISTV Ctirar

expected. Therefore some considerations about implementation can improve application
berformance.

e In constructors, prefer initialization of data members to assignmient. If 4
member has a default constructor, that constructor will be called tosinitialize the
member before any assignment takes place. Therefore, an.assignment to 4
member within the constructor body can mean that the member is initialized a
well as assigned to, effectively doubling the amount of work done.

e Asa general principle, do not define a variable before-you are ready to initialize if]
Defining it eatly results in a constructor call (imttialization) followed by af
assignment of the value needed, as opposed to<simply constructing it with thd
value needed. Apart from performance issu€s, there is then no chance that thq
variable can be used before it has received-its)proper initial value.

e DPassing arguments to a function by value [e.g. void £ (T x)]is cheap for built-if
types, but potentially expensive fog,class types since they may have a non-trivial
copy constructor. Passing by‘address [e.g. void £(T const* x)] is light
weight, but changes the way the function is called. Passing by reference-to-const
[e.g. void £ (T consté& x)}combines the safety of passing by value with thg
efficiency of passing by, address“.

14 Of course if the argument type and the expression type differ, a temporary variable may be created by the compiler.
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e Calling a function with a type that differs from the function’s declared argument
type implies a conversion. Note that such a conversion can require work to be
done at run-time. For example:

void f1 (double);

£1(7.0); // no conversion (pass by value implies copy)
£1(7) 7 // conversion: £1 (double (7))

void f2 (const doubleé&);

£2(7.0); // no conversion

£ HHEES eonst—deouble—tmp—F+——E{EMp )
void f3(std::string);

std::string s = "MES";

£f3(s); // no conversion (pass by value implies cop§)
f3("NES"); // conversion: £3(std: :string("NES")) ;

void f4 (const std::stringé&);
fd(s); // no conversion (pass by referenceq no copy)
£4 ("AS") ; // means: const std::string tmp(™AS"); f£4(tmp);

If a function is called several times with the same valu€)dit can be worthwhile tg
put the value in a variable of the appropriate type( (such as s in the exampls
above) and pass that. That way, the conversion willbe done once only.

e Unless you need automatic type conversions, declare all one-argument
constructors'> explicit. This will prevedt them from being called accidentally]
Conversions can still be done when necessary by explicitly stating them in thg
code, thus avoiding the penalty of hiddeh and unexpected conversions.

e An empty body in a class constriictor, or an unwritten default constructor, car)
invoke an amount of code whieh may be surprising at first glance. This is becausq
all member subobjects andBdse subobjects with constructors must be initialized
as part of the class construction. Compiler-generated default constructors arg
inline member functions, as are function definitions written within the body of
the class definitiom-"Therefore an innocent-looking {} can not be assumed tq
produce trivial machine code:

class X
{
A a;
B b;
virtual void f£();

i

class Y : public X

L
1y

’

C c
D d;

15 This refers to any constructor that may be called with a single argument. Multiple-parameter constructors with default arguments
can be called as one-argument constructors.
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b

class Z : public Y
{
E e;
F£;
public:
z() {}
}i

Z z;

5.6.3 Temporary Objects

When the compiler creates a temporary objectcofsa user-defined type which has 4
constructor, the same initialization takes place as¢it’it were a declared variable. But with
careful programming the construction of temporary objects can sometimes be avoided.

The constructor for Z, itself only empty brackets, causes the compiler to genefatg
code to initialize all of the base classes and all data members, thus invoking
defined or compiler-generated constructors for classes A, B, X, C, D, X, E, and
F. If all of these are inline and non-trivial, a substantial block of machine codg
can be inserted at this point in the program. It will also initialize th¢wirtual table
Therefore it is important to know what functions will be called-when an object i
initialized and to make active decisions on whether that code should be placed
inline. Empty-bracket functions are often used for destructors as well, but 4
similar analysis of the costs should be performed before making them inline.

-

Understand how and when the e6mpiler generates temporary objects. Ofter
small changes in coding style, can prevent the creation of temporaries, with
consequent benefits for rud:time speed and memory footprint. Temporary
objects may be generated when initializing objects, passing parameters td
functions, or returning values from functions.

Rewriting expressions can reduce or eliminate the need for temporary objects
For example, if a, b, and ¢ are objects of class Matrix:
Matxix a; // inefficient: don't create an object before

// it is really needed; default initialization
// can be expensive

a =b + c; // inefficient: (b + c) creates a temporary
// object and then assigns it to a
Matrix a = b; // better: no default initialization
a += c; // better: no temporary objects created
Better vet, use 2 Hhrqry that eliminates need for the rewrite nciﬂg +=_ SucH

46

libraries, which are common in the numeric C++ community, usually use
function objects and expression templates to yield uncompromisingly fast code
from conventional-looking source.

© ISO/IEC 2006 — All rights resetved


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

ISO/IEC TR 18015:2006(E) Technical Report on C++ Performance

e Use the return value optimization to give the compiler a hint that temporary
objects can be eliminated. This technique enables the compiler to use the
memory for a function's return value to hold a local object of the same type that
would otherwise have to be copied into the return value location, thus saving the
cost of the copy. This is usually signalled by inserting constructor arguments into
the return statement:

const Rational operator * (Rational const & lhs,

Rational const & rhs)

L
T

return Rational (lhs.numerator () * rhs.numerator(),
lhs.denominator () * rhs.denominator()):;

}

Less carefully written code might create a local Rational variable~to hold thg
result of the calculation, use the assighment operator to copy it)teJa temporary
variable holding the return value, then copy that into a varigble in the calling
function.

-

// not this way ...
const Rational operator * (Rational const\'&"lhs,
Rational const/ & rhs)

{

Rational tmp; // calls the default constructor (if any)
tmp.my numerator = lhs.numerator () * rhs.numerator () ;
tmp.my denominator = lhs.dgndminator () * rhs.denominator();
return tmp; // copies “tmp to the return value, which is

// them copied into the receiving variable

}

However, with recent improvements in compiler technology, modern compiler
may optimize this code in a.§milar manner.

e Prefer the prefix versus the postfix forms for increment and decrement
operators.

Postfix operators’ like i++ copy the existing value to a temporary object

increment thé.nternal value, and then return the temporary. Prefix operators likg

++1i increment the actual value first and return a reference to it. With object

such aswiterators, which may be structures containing pointers to nodes

creafing temporary copies may be expensive when compared to built-in ints.
for (list<X>::iterator it = mylist.begin();

it !'= mylist.end();
++it) // NOTE: rather than it++

e Sometimes it is helpful to “widen” the interface for a class with functions that
take different data types to prevent automatic conversions (such as adding an
overload on char * to a function which takes an std: :string parameter). The
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numerous ovetloads for operators +, ==, !=, and < in the <string> header ate
an example of such a “fat” interface's. If the only supported parameters were
std: :strings, then characters and pointers to character arrays would have to be
converted to full std: :string objects before the operator was applied.

A function with one or more default arguments can be called without specifying
its full argument list, relying on the compiler to insert the default values. This
necessarily requires the constructor to create a temporary object for each default
value. If the construction of that temporary is expensive and if the function is

called several times, it can be worth while to construct the default argument valug
somewhere and use that value in each call. For example:

class C
{
public:
C(int 1) { ... } // possibly expensive
int mf () const;
/S
i
int £ (const C & x = C(0)) { // construct\a" new C(0) for each

// call to\f()
return x.mf ();

}

int g() A
static const C x(0); 7y/Vconstruct x 1in the first call
return x.mf () ;

}

const C c0(0); // cofistruct c0 for use in calls of h()
int h (const C& x = 0y {
return x.mf () ;

16 Tt is also worth noting that even if a conversion is needed, it is sometimes better to have the conversion performed in one place,

where an overloaded “wrapper” function calls the one that really performs the work. This can help to reduce program size, where
each caller would otherwise perform the conversion.

48
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5.6.4 Function Inlining

Object-oriented programming often leads to a number of small functions per
class, often with trivial implementation. For example:

class X
{
private:
int value ;
double* array ; // pointer to array of [size ] doubles
ize t+ ize

public: a a
int value () { return value ; }
size t size() { return size ; }
//

i

<

Small forwarding functions can usually be inlined to advantage, especially if they
occupy less code space than preparing the stack frame for asfufiction call. As 3
rule of thumb, functions consisting of only one or two lines are generally goog
candidates for inlining,.

When processors read ahead to maintain a pipeline-of instructions, too many
function calls can slow down performance because ot branching or cache misses
Optimizers work best when they have stretches of sequential code to analyze
because it gives them more opportunifyy'to use register allocation, code
movement, and common sub-expression‘€limination optimizations. This is why
inline functions can help performangey as inlining exposes more sequential codq
to the optimizer. Manual technigues, such as avoiding conditional code and
unrolling short loops, also help the optimizer do a better job.

<

The use of dynamic binding’and virtual functions has some overhead in both
memory footprint and run-time performance. This overhead is minor, especially
when compared with “alternative ways of achieving run-time polymorphisn
(§5.3.3). A biggerfactor is that virtual functions may interfere with compilef
optimizations andAnlining.

Note that-¥ittual functions should be used only when run-time polymorphi
behavior is“desired. Not every function needs to be virtual and not every clas
should\be designed to be a base class.

Use function objects!” with the Standard Library algorithms rather than functior
pointers. Function pointers defeat the data flow analyzers of many optimizers
but function objects are passed by value and optimizers can easily handle inline

flanctinne ncod A Ao o
FaReHOof ectss
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17 Objects of a class type that has been designed to behave like a function, because it defines operator () asa member function.
Often all the member functions of such a type are defined inline for efficiency.
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5.6.5 Object-Oriented Programming

Many programs written in some conventional object-oriented styles are very slow
to compile, because the compiler must examine hundreds of header files and tens
of thousands of lines of code. However, code can be structured to minimize re-
compilation after changes. This typically produces better and more maintainable
designs, because they exhibit better separation of concerns.

Consider a classical example of an object-oriented program:

class Shape {
public: // interface to users of Shapes
virtual void draw () const;
virtual void rotate(int degrees);
VI
protected: // common data (for implementers of Shapes)
Point center;
Color col;
VI
}i

class Circle : public Shape {
public:
void draw() const;
void rotate (int) {}
/).
protected:
int radius;
VI
}i

class Triangle : publie\‘Shape {
public:
void draw() const;
void rotate (int);
/).
protected:
Point av
Point\l7
Point/c;
AL« ..
bi

The idea-is that users manipulate shapes through Shape's public interface, and
that implementers of derived classes (such as Circle and Triangle) sharq
dspécts of the implementation represented by the protected members.

It is not easy to define shared aspects of the implementation that are helpful to al|
derived classes. For that reason, the set of protected members is likely to need

50

changes far more often than the public interface. For example, even though a
center is arguably a valid concept for all Shapes, it is a nuisance to have to
maintain a Point for the center of a Triangle; it makes more sense to calculate
the center if and only if someone expresses interest in it.
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The protected members are likely to depend on implementation details that the
clients of shape would rather not have to depend on. For example, much code
using a Shape will be logically independent of the definition of Color, yet the
presence of Color in the definition of Shape makes all of that code dependent
on the header files defining the operating system's notion of color, often
requiring that the client code is recompiled whenever such header files are
changed.

When something in the protected part changes, client code using Shape has to be
recompiled, even though only implementers of derived classes have access to thg
protected members. Thus, the presence of "information helpfal)tq
implementers" in the base class — which also acts as the interface to users‘+4s the
source of several problems:

¢ Instability in the implementation,

¢ Spurious recompilation of client code (when impleméntation informatior]
changes), and

¢ Excess inclusion of header files into clieht code (because thg
"information helpful to implementers" needsthose headers).

This is sometimes known as the "brittle base ¢class problem".

The obvious solution is to omit the "infdtmation helpful to implementers" fot
classes that are used as interfaces to.users. In other words, interface classe
should represent “pure” interfacestcand therefore take the form of abstract
classes, for example:

class Shape {
public: // interfirace to users of Shapes

virtual void \draw() const = 0;
virtual vodd rotate(int degrees) = 0;
virtual, Point center () const = 0;
VI
// moNdata

i

class Circle : public Shape {

public:
void draw () const;
void rotate(int) {}
Point center () const { return cent; }
/).

protected:

Point cent;
Color col;
int radius;

/S
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class Triangle

public:
void
void
Point
//

protected:
Color
Point
Point
Point

public Shape

draw () const;
rotate (int) ;
center () const;

col;
ay
b;
c;

ISO/IEC TR 18015:2006(E)

b

class Shape {
public: // interface to use
virtual void draw () const

virtual Point center ()

/).
// no data

co

i

struct Common ({
Color col;
//

i

class Circle pubXic Shape,

public:
void draw() const;
void rpotate(int) {}
Point\eénter () const { re
/)N

protected:
Point cent;
int radius;

=

class Triangle

public:
void
void
Point

public Shape

draw () const;
rotate (int) ;
center () const;

The users are now insulated from changes to implementations of derived' ¢lasses
This technique has been known to decrease build times by orders of magsnitude.

But what if there really is some information that is common to alkderived classe
(or even to several derived classes)? Simply place that information in a class ang
derive the implementation classes from that:

virtual void rotate(int degrees

rs of Shapes
= 0;

0;

)
nst = 0%

protected Common {

}

turn cent;

, protected Common

protected:
Point
Point
Point

ay

c;

b
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e Another technique for ensuring better separation between parts of a program
involves an interface object holding a single pointer to an implementation object.
This is often called “the PIMPL” (Pointer to IMPLementation®) idiom. For
example:

// Interface header:

class Visible {
class Hidden;

Hidden* pImpl;
public:
void fcnl () ;

b

// Implementation source:
class Visible::Hidden {

public:
void fcnl impl();

b

void Visible::fcnl() { pImpl->fcnl impls(); }

5.6.6 Templates

e Whenever possible, compute values and ‘catch errors at translation time rathef
than run-time. With sophisticated use-of templates, a complicated block of cods
can be compiled to a single constasit'in the executable, therefore having zero run
time overhead. This might be described as code implosion (the opposite of codg
explosion). For example:

template <int N>
class Factorial ({
public:

statics'const int value = N * Factorial<N-1>::value;
b

class Factorial<l> {
public:
static const int value

1;
i

Using this class template”?, the value N! is accessible at compile-time a
Factorial<N>::value.

18 Also known as the "Cheshire Cat” idiom.

19 Within limitations — remember that if an int is 32-bits, the maximum N can be is just 12.

© ISO/IEC 2006 — All rights reserved 53


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

As another example, the following class and function templates can be used to
generate inline code to calculate the dot product of two arrays of numbers:

// Given a forward declaration:
template <int Dim, class T>
struct dot class;

// a specialized base case for recursion:
template <class T>
struct dot class<1l,T> {
static inline T dot (const T* a, const T* Db)
{ return *a * *b; }

b

// the recursive template:

template <int Dim, class T>

struct dot class {

static inline T dot(const T* a, const T* Db)
{ return dot class<Dim-1,T>::dot(a+l,b+1) 4
‘ka * *b; }
b
// ... and some syntactic sugar:
template <int Dim, class T>

inline T dot (const T* a, const T* b)
{ return dot class<Dim,T>::dot (&, “b); }

// Then
int product = dot<3>(a, b):;

// results in the same (neadrs)optimal code as
int product = a[0]*b[0] +afl]l*b[l] + a[2]*b[2];

Template meta-programming’ and expression templates are not techniques fof
novice programmers, butyan advanced practitioner can use them to good effect.

e Templates provide compile-time polymorphism, wherein type selection does nof
incur any run-time’ penalty. If appropriate to the design, consider using clas
templates as dnterfaces instead of abstract base classes. For some designs it may
be approptiate to use templates which can provide compile-time polymorphism
while virtual functions which provide run-time polymorphism may be morg
appropriate for others.

Templates have several useful properties: they impose no space or code overhead
on the class used as a template argument, and they can be attached to the clas
for limited times and purposes. If the class does not provide the needed
furctomality, Tt cam be defined extermatty througtt temptate speciatization. 1t
certain functions in the template interface are never used for a given class, they
need not be defined because they will not be instantiated.

In the example below, the talk in German () function in the "interface" is only
defined for class CuckooClock, because that is the only object for which it is
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needed. Invoking talk in German () on an object of a different type results in
a compiler diagnostic:

#include <iostream>
using std::cout;
using std::endl;

// some domain objects
class Dog {
public:
void talk () const { cout << "woof woof" << endl; }

i

class CuckooClock {

public:
void talk () const { cout << "cuckoo cuckoo" << endl;.}
void talk in German () const { cout << "wachet aufl\' <<
endl; }

b

class BigBenClock {

public:
void talk () const { cout << "take a teavbreak" << endl; }
void playBongs () const { cout << "bAng bong bing bong" <<
endl; }

b

class SilentClock {
// doesn't talk
b

// generic template to provide non-inheritance-based
// polymorphism

template <class T>

class Talkative {

T& t;
public:
TalkativeXT& obj) : t(obj) { }
void talks() const { t.talk(); }
void sta¥k in German () const { t.talk in German(); }

i

// _Specialization to adapt functionality
template <>
class Talkative<BigBenClock> {

BigBenClocké& t;
public:

Talkative (BigBenClocké& obj)

t (obj) {}

void talk() const { t.playBongs(); }

}i
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// specialization to add missing functionality
template <>
class Talkative<SilentClock> {

SilentClocks& t;
public:

Talkative (SilentClocks& obj)

t (ob3j) {}

void talk() const { cout << "tick tock" << endl;

b

// adapter function to simplify syntax in usage

ISO/IEC TR 18015:2006(E)

}

Template <class [T

Talkative<T> makeTalkative (T& obj) {
return Talkative<T> (obj);

}

// function to use an object which implements the
// Talkative template-interface
template <class T>
volid makeItTalk (Talkative<T> t)
{
t.talk();
t

int main ()

{
Dog aDog;
CuckooClock aCuckooClock;
BigBenClock aBigBenClock;
SilentClock aSilentClock;

// use objects in contexts which do not require talking

//
Talkative<Dog> tdxaDog) ;

td.talk () ; // woof woof

Talkative<CuekooClock> tcc (aCuckooClock) ;

tce.talk ()6 // cuckoo cuckoo
makeTalkative (aDog) .talk () ; // woof woof
makéTalkative (aCuckooClock) .talk in German() ; // wachet
// auf!

makeItTalk (makeTalkative (aBigBenClock)) ; // bing bong
// bing bong

makeItTalk (makeTalkative (aSilentClock)); // tick tock

return 0;

Controlling the instantiation of class templates and function templates can helf
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to reduce the footprint of a program. Some compilers instantiate a template only
once into a separate "repository"; others instantiate every template into every
translation unit where it is used. In the latter case, the linker typically eliminates
duplicates. If it does not, the executable can suffer significant memory

overheads.
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e Explicit instantiation of a class template specialization causes instantiation of all
of its members into the translation unit containing the explicit instantiation
directive. In addition to instantiating a class template as a whole, explicit
instantiation can also be used for a member function, member class, or static data
member of a class template, or a function template or member template

specialization.
For example (from {IS-14.7.292):
fnmp'l::fo la T cla Arv::_l { szodid mf () - ) -

template class Array<char>;
template void Array<int>::mf () ;

template<class T> void sort (Array<T>& v) { /* ... */}
template void sort (Array<char>¢&);

namespace N {
template<class T> void f£(T&) {}

}
template void N::f<int>(inté&);

Explicitly instantiating template code into a libragys'can save space in every
translation unit which links to it. For example, inCthelr run-time libraries, somg
library vendors provide instantiations of std::basic string<char> ang
std::basic_string<wchar t>.  Some compilers also have command-ling
options to force complete template instantiation or to suppress it as needed.

5.6.7 Standard Library

e The Standard class std: : string-is not a lightweight component. Because it ha
a lot of functionality, it comes with a certain amount of overhead. And becausq
the constructors of the Standard Library exception classes described in Clause 19
of IS 14882 (although 1ot their base class std: :exception) require an argumeng
of type std: :string; this overhead may be included in a program inadvertently]
In many applications, strings are created, stored, and referenced, but nevep
changed. As.an extension, or as an optimization, it might be useful to create 4
lighter-weight, unchangeable string class.

e Sometimplementations of std::list<T>::size() have linear complexity
rathet than constant complexity. This latitude is allowed by the Standard
container requirements specified in §IS-23.1. Calling such a function inside a loof
would result in quadratic behavior. For the same reason it is better to usq
constructs such as 1 f (myList.empty ()) rather than if (MyList.size ()==0).

e Input/output can be a performance bottleneck in C++ programs. By default, the
standard iostreams (cin, cout, cerr, clog, and their wide-character
counterparts) are synchronized with the C stdio streams (stdin, stdout,
stderr), so that reads from cin and stdin, or writes to cout and stdout, can
be freely intermixed. However, this coupling has a performance cost, because of
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the buffering in both kinds of streams. In the pre-standard "classic" iostreams
library, unsynchronized mode was the default.

If there is no need for a program to make calls to both standard C streams and
C++ iostreams, synchronization can be turned off with this line of code:

std::ios base::sync _with stdio(false);

If any input or output operation has occurred using the standard streams prior to
the call, the effect is implementation-defined. Otherwise, called with a false

5.6.8 Addlitional Suggestions
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C streams (§1S-27.4.2.4).

Another standard default is to flush all output to cout before reading from cin
for the purpose of displaying interactive prompts to the application uset. If thi
synchronized flushing is not needed, some additional performancecean be gained
by disabling it:

std::cin.tie (0);

Shift expensive computations from the most, time-critical parts of a program td
the least time-critical parts (often, but notflways, program start-up). Technique
include lazy evaluation and caching of pre-computed values. Of course, thesq
strategies apply to programming in afnylanguage, not just C++.

Dynamic memory allocation and “deallocation can be a bottleneck. Considef
writing class-specific operator new() and operator delete() functions
optimized for objects of a‘§pecific size or type. It may be possible to recyclg
blocks of memory instead of releasing them back to the heap whenever an object
is deleted.

Reference counting is a widely used optimization technique. In a single-threaded
application, it _can prevent making unnecessary copies of objects. However, if
multi-threaded applications, the overhead of locking the shared datg
represefitation may add unnecessary overheads, negating the performancg
advantage of reference counting?.

20 Of course, if optimization for space is more important than optimization for time, reference counting may still be the best choice.
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e Pre-compute values that won't change. To avoid repeated function calls inside a
loop, rather than writing:

while (myListIterator != myList.end())

for (size t n = 0; n < myVector.size(), ++n)

instead call myList.end () or myVector.size () exactly once before the loop,
storing the result in a variable which can be used in the repeated comparison, for
example:

std::list<myT>::iterator myEnd = myList.end();
while (myListIterator != myEnd)

On the other hand, if a function such as myList.end () is so simple.that it ca
be inlined, the rewrite may not yield any performance advantage oyet the original
code when translated by a good compiler.

e When programming "close to the metal", such as for”accessing low-leve]
hardware devices, some use of assembly code may be unatvoidable. The C++
asm declaration (§IS-7.4) enables the use of assembly code’to be minimized.

The advantage of using short assembler functions ¢an be lost if they have to bq
placed in separate source files where the efficiency gained is over-shadowed by
the overhead of calling and returning a fudetion, plus attendant effects on thd
instruction pipeline and register management. The asm declaration can be used
to insert small amounts of assembly cede inline where they provide the mosf
benefit.

<

However, a compiler is typically unaware of the semantics of inlined assembly
instructions.  Thus, use oflinlined assembly instructions can defeat othef
important optimizations such as common sub-expression elimination and registef
allocation.  Consequetly, inline assembly code should be used only fot
operations that are not-otherwise accessible using C++.
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5.6.9 Compilation Suggestions

In addition to these portable coding techniques, programming tools offer additional
platform-specific help for optimizing programs. Some of the techniques available
include the following:

Compiler options are usually extra arguments or switches, which pass
instructions to the compiler. Some of these instructions are related to
performance, and control how to:

¢ Generate executable code optimized for a particular hardware architecture,

¢ Optimize the translated code for size or speed. Often there are sub{option
to exercise finer control of optimization techniques and how aggressively
they should be applied.

¢ Suppress the generation of debugging information, whickcan add to codd
and data size.

¢ Instrument the output code for run-time profiling,<as an aid to measuring
performance and to refine the optimization stfategies used in subsequent

builds.

A

¢ Disable exception handling overhead in £ode which does not use exception
at all.

¢ Control the instantiation of templates.

#pragma directives allow compiléts to add features specific to machines and
operating systems, within the framework of Standard C++. Some of thq
optimization-related uses of gpragma directives are to:

¢ Specify function calling conventions (a CH++ /linkage-specification can also bq
used for this purpose).

¢ Influence the.ihline expansion of code.
¢ Specifyoptimization strategies on a function-by-function basis.

¢ Centrol the placement of code or data into memory areas (to achieve bettef
locality of reference at run-time).

¢~ Affect the layout of class members (through alignment or packing
constraints, or by suppressing compiler-generated data members).

NI
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Linking to static libraries or shared libraries, as appropriate. Linker options can
also be used to control the amount of extra information included in a program
(e.g., symbol tables, debugging formats).
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e Utilities for efficiently allocating small blocks of memory. These may take the
form of system calls, #pragmas, compiler options, or libraries.

e Additional programs:

¢ Many systems have a utility program?' to remove the symbol table and line
number information from an object file, once debugging is complete, or this
can often be done at link-time using a linker specific option. The purpose is
to reduce file storage and, in some cases, memory overhead.

¢ Some systems have utilities?2 and tools to interpret profiling data and identify
run-time bottlenecks.

e Sometimes, minimizing compile-time is important. When code is beifg’ created
and debugged, suppressing optimization may enable the compiler tg run faster.

The most effective technique for reducing compile-time relies on reducing th¢
amount of code to be compiled. The key is to reduce coupling between different
parts of a program so as to minimize the size and number.of header files needed
in most translation units. Some techniques for accomplisting this include the usq
of abstract base classes as interfaces and the PIMPlzidiom, as discussed above.

Also, suppressing automatic template instantiation in a given translation unit may
reduce compile-time.

e Reading and parsing header code takes ime. Years ago, the common practicq
was to #include as few headers as pessible, so that only necessary symbols werg
declared. But with technology to pre-compile headers, build time may be reduceq
by using a single header in each: translation unit which #includes everything
needed for the program.

-

Well-designed headers ~will usually protect their contents against multiplq

inclusion by following this pattern:
#if !defived THIS HEADER H
#define \TAIS_HEADER H

//where are the contents of the header
#endif /* THIS HEADER H */

The header is said to be “idempotent” because, regardless of how many times if
is #included, it has the effect of being #included only once. If the compilef
provides the “idempotent guard” optimization, it will record in an internal tablg
the fact that this header is guarded by a macro. If this header is subsequently
#included again, and the macro THIS HEADER H still remains defined, then thq

1 b | + ] 1 1 - -
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2l Por instance the strip utility, which is part of the Software Development Utilities option in the IEEE Posix/Open Group
Single Unix Specification/ISO/IEC 9945:2002 standards.

22 For instance the prof utility, which is not part of the Posix/Unix Standard, but is available on many systems.

© ISO/IEC 2006 — All rights reserved 61


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

If the compiler does not perform this optimization, the check can be
implemented by the programmer:
#if !defined MY HEADER H

#include "my header.h"
#endif

This has the disadvantage of coupling the header’s guard macro to the source
files which #include that header.
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decision.
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6 Creating Efficient Libraries

This section discusses techniques which can be used in creating any library. These
techniques are discussed in the context of an implementation of part of the C++
Standard Library.

1 The Standard /OStreams | ihrary - Overview

[he Standard IOS#reams library (§IS-27) has a well-earned reputation of being ineffigieht
Most of this reputation is, however, due to misinformation and naive implementation of
this library component. Rather than tackling the whole library, this report<addresse
pfficiency considerations related to a particular aspect used throughout the TOS?reans
ibrary, namely those aspects relating to the use of the Locales N§I5-22).  Ag
mplementation approach for removing most, if not all, efficiency pféblems related tq

ocales is discussed in

['he efficiency problems come in several forms:

6. 1.1 Executable Size

['ypically, using anything from the IOS#reams librarg{drags in a huge amount of library
tode, much of which is not actually used. The)principal reason for this is the use of
5td::locale in all base classes of the [OS#eams library (e.g. std::ios base and
5td: :basic streambuf). In the worst case; the code for all required facets from thd
[ ocales library (§IS-22.1.1.1.194) is included in the executable. A milder form of thi
problem merely includes code of unused functions from any facet from which one of

more functions are used. This is diseussed in [§6.2.2

6. 1.2 Execution Speed

bince certain aspects of JJOS7reams processing are distributed over multiple facets, if
hppears that the Stahidard mandates an inefficient implementation. But this is not thq
fase — by usingsome form of preprocessing, much of the work can be avoided. With 4
lightly smarterJinker than is typically used, it is possible to remove some of thesq
nefficiencieSi ' This is discussed in[§6.2.3 and [§6.2.5,

6. 1.3 Object Size

The” Standard seems to mandate an td::-locale nhjpr‘f I‘\Piﬂg embedded in each

std::ios base and std::basic streambuf object, in addition to several options
used for formatting and error reporting. This makes for fairly large stream objects.
Using a more advanced organization for stream objects can shift the costs to those
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applications actually using the corresponding features. Depending on the exact approach
taken, the costs are shifted to one or more of:

e Compilation time.
e Higher memory usage when actually using the corresponding features.
e Fxecution speed.

This is discussed in

6. 1.4 Compilation Time

A widespread approach for coping with the ubiquitous lack of support for experted
femplates is to include the template implementations in the headers. This cafresult if]
ery long compile and link times if, for example, the IOS#reams headers are-ingluded, and
pspecially if optimizations are enabled. With an improved approach using pre
nstantiation and consequent decoupling techniques, the compile-ti¢—can be reduceq

ignificantly. This is discussed in §6.2.4]

6.2 Optimizing Libraries - Reference Example:
"An Efficient Implementation of
Locales and /OStreams”

he definition of Locales in the C++ Standard ({18-22) seems to imply a pretty inefficient
mplementation. However, this is not (ttue. It is possible to create efficienf
mplementations of the ILocales library, dpoth in terms of run-time efficiency and
executable size. This does take some*thought and this report discusses some of thd
possibilities that can be wused t0 improve the efficiency of std::localg
mplementations with a special focus on the functionality as used by the IOS#eams library

[he approaches discussed in“this report are primarily applicable to statically bound
executables as are typically_found in, for example, embedded systems. If shared of
Hynamically loaded libratiés are used, different optimization goals have precedence, and
some of the approaches described here could be counterproductive. Clever organizatior
bt the shared librafies might deal with some efficiency problems too; however, this is not
Hiscussed in this_geport.

Nothing deéseribed in this report involves magic or really new techniques. It just
Hiscusses_ how well known techniques may be employed to the benefit of the library user
[t dges; however, involve additional work compared to a trivial implementation, for thq
ibrary implementer as well as for the library tester, and in some cases for the compiley
Mmplementer. SOME Of the techniques focus Of just One eificiency aspect and thus not all
techniques will be applicable in all situations (e.g. certain performance improvements can
result in additional code space). Depending on the requirements, the library writer, or
possibly even the library user, has to choose which optimizations are most appropriate.
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6.2. 1 Implementation Basics for Locales

Before going into the details of the various optimizations, it is worth introducing the
implementation of ILocales, describing features implicit to the Standard definition.
Although some of the material presented in this section is not strictly required and there
are other implementation alternatives, this section should provide the necessary details to
understand where the optimizations should be directed.

An std::locale object is an immutable collection of immutable objects, or more

JlCLibCly’ Uf iuuuul.d‘ulc deCLb. T‘llib illlllluLdbihLy l.lctil. ib illlPUlLdllL ill lllulLi—L}JICddCL
environments, because it removes the need to synchronize most accesses to locales-ahq
their facets. The only operations needing multi-threading synchronization are ¢opying]
hssigning, and destroying std: : locale objects and the creation of modified loGales.

[nstead of modifying a locale object to augment the object with a new facep-ot to replacq
N existing one, std: :locale constructors or member functions are used, creating new
ocale objects with the modifications applied. As a consequence, maltiple locale object
fan share their internal representation and multiple internal repreSentations can (in fact]
have to) share their facets. When a modified locale object is ctéated, the existing facet
wire copied from the original and then the modification i applied, possibly replacing
some facets. For correct maintenance of the facets, the Standard mandates the necessary
nterfaces, allowing reference counting or some equivalent technique for sharing facets
[he corresponding functionality is implemented in-the class std::locale: : facet, thq
base class for all facets.

Copying, assigning, and destroying std: : Lacale objects reduces to simple pointer and
reference count operations. When copying a locale object, the reference count i
ncremented and the pointer to the intefaal representation is assigned. When destroying
h locale object, the reference countdsidecremented and when it drops to 0, the internal
Fepresentation is released. Assighment is an appropriate combination of these two
What remains is the default conistruction of an std: :locale which is just the same as 4
copy of the current globaltlocale object. Thus, the basic lifetime operations of
std: :locale objects af€ feasonably fast.

-

[ndividual facets afe ‘identified using an ID, more precisely an object of typq
5td::locale: :id) which is available as a static data member in all base classes defining
h facet. A facet'is a class derived from std::locale::facet which has a publicly
wccessible ~static member called id of type std::locale::id (§IS-22.1.1.1.291)
Although explicit use of a locale's facets seems to use a type as an index (referred to herq
hs F),the Locales library internally uses F: :id. The std::locale::id simply stores af]
ndex-into an array identifying the location of a pointer to the corresponding facet or 0 if

-

<

e

In summary, a locale object is basically a reference counted pointer to an internal
representation consisting of an array of pointers to reference counted facets. In a multi-
threaded environment, the internal representation and the facets might store a mutex (or
some similar synchronization facility), thus protecting the reference count. A
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corresponding excerpt of the declarations might look something like this (with
namespace std and other qualifications or elaborations of names omitted):

class locale {

public:
class facet {
/).
private:
size t refs;
mutex lock; // optional

b

[hese declarations are not really required and thefe are some interesting variations:

class id {
VI
private:
size t index;

b

/).
private:

struct internal {

/).
size t refs;
mutex lock; // optional
facet* members;

b

internal* rep;

b

Rather than using a double indirection with an internal struct, a pointer to an
array of unions can be used. Fhe union would contain members suitable a
reference count and possible mutex lock, as well as pointers to facets. The index
0 could, for example, be used as “reference count” and index 1 as “mutex”, with
the remaining array menibers being pointers to facets.

Instead of protectigg each facet object with its own mutex lock, it is possible t
share the locks between multiple objects. For example, there may be just ong
global mutextlock, because the need to lock facets is relatively rare (only when 4
modified {o¢ale object is necessary is there a need for locking) and it is unlikely
that this_global lock remains held for extended periods of time. If this is tod
coarse\grained, it is possible to place a mutex lock into the static id object, such
that an individual mutex lock exists for each facet type.

<

If atomic increment and decrement are available, the reference count alone i
sufficient, because the only operations needing multi-threading protection arq

66

incrementing and decrementing of the reference count.

The locale objects only need a representation if there are modified locale objects.
If such an object is never created, it is possible to use an empty std::locale
object. Whether or not this is the case can be determined using some form of

"whole program optimization" (§6.2.5].
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e Whether an array or some other data structure is used internally does not really
matter.  What is important is that there is a data structure indexed by
std::locale::id.

e A trivial implementation could use a null pointer to indicate that a facet is absent
in a given locale object. If a pointer to a dummy facet is used instead,
std::use_ facet() can simply use a dynamic cast<>() to produce the
corresponding std: :bad cast exception.

T any Casc, as Stated cariicr, 1T IS Teasonapic t0 CnviSIon a JOCate Object a5 Deng j
reference counted pointer to some internal representation containing an array\ef
reference counted facets. Whether this is actually implemented so as to reduce ron-timg
fosts by avoiding a double indirection, and whether there are mutex locks dnd wherq
these are, does not really matter to the remainder of this discussion. It(s, however
issumed that the implementer chooses an efficient implementation of thetstd: : locale)

[t is worth noting that the standard definition of std:ruse facet() and
5td::has facet() differ from earlier Committee Draft, (CD) versions quitg
bignificantly. If a facet is not found in a locale object, it is not avadable for this locale. If
parlier CDs, if a facet was not found in a given locale, then'the global locale object wa
bearched. The definition chosen for the standard was made-so that the standard could bg
more efficiently implemented — to determine whethef)a facet is available for a given
ocale object, a simple array lookup is sufficient.  Therefore, the function
5td::use facet () and std::has facet () cduld be implemented something like this
extern std::locale::facet dummy;
template <typename F>
bool has facet (std::locale censté& loc) {

return loc.rep->facets[F:iid::index] != &dummy;
}
template <typename F>
F const& use facet (std::locale consté& loc) |

return dynamic cast<F consté&>(*loc.rep->facets[Facet::id::index]);

}

hese versions of the.functions are tuned for speed. A simple array lookup, togethef
with the necessary dyhamic cast<>(), is used to obtain a facet. Since this implies that
there is a slot in_the array for each facet possibly used by the program, it may bq
somewhat wasteful with respect to memory. Other techniques might check the size of
the array fitstor store id/facet pairs. In extreme cases, it is possible to locate the correct
facet using dynamic_cast<>() and store only those facets that are actually available if
the gtven locale.

6.2.2 Reducing Executable Size

Linking unused code into an executable can have a significant impact on the executable
size. Thus, it is best to avoid having unused code in the executable program. One
source of unused code results from trivial implementations. The default facet

© ISO/IEC 2006 — All rights reserved 67


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

std::locale::classic() includes a certain set of facets as described in §IS-
22.1.1.1.192. It is tempting to implement the creation of the corresponding locale with a
straightforward approach, namely explicitly registering the listed facets:

std::locale consté& std::locale::classic() {

static std::locale object;
static bool uninitialized = true;

if (uninitialized) {
object.intern register (new collate<char>);
obidect intern reqgister(new collate<wechar £>) -

/7

}

return object;

However, this approach can result in a very large executable, as it drags in all-facets listed
n the table. The advantage of this approach is that a relatively simple implementation of
the various locale operations is possible. An alternative one, produ€itig smaller code, 1
o include only those facets that are really used, perhaps by providing specialized version
pf use facet () and has_facet () .For example:

template <typename F> struct facet aux {
static F consté& use facet (locale const&™\Y {

return dynamic cast<F consté&>(*1l.rep
=>facets[Facet::1id::index]) ;

}
static bool has facet (locale cofsté 1) {
return l.rep->facets[F::idxN:1index] != &dummy;
}
bi
template <> struct facet auxgctype<char> > {
static ctype<char> consgté& use facet (locale consté& 1) {
try |
return dynambc cast<ctype<char> const&>(*1l.rep
->facets[Facet::id: :index]) ;
} catch (bad‘cast consté&) {
localé::facet* £ = l.intern register (new ctype<char>);
refurh dynamic cast<ctype<char>&>(*f);
}
}
stati¥cybool has facet (locale const&) { return true; }
bi
// similarly for the other facets

template <typename F>

P~Cconst& use facet (locale consté& 1) {
return facet aux<F>::use facet (1l);

}

template <typename F>

bool has facet (locale consté& 1) |
return facet aux<F>::has facet (1l);

}

This is just one example of many possible implementations for a recurring theme. A
facet is created only if it is indeed referenced from the program. This particular approach
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is suitable in implementations where exceptions cause a run-time overhead only if they
are thrown, because, like the normal execution path, if the lookup of the facet is
successful it is not burdened by the extra code used to initialize the facet. Although the
above code seems to imply that struct facet aux has to be specialized for all required
facets individually, this need not be the case. By using an additional template argument,
it is possible to use partial specialization together with some tagging mechanism to
determine whether the facet should be created on the fly if it is not yet present.

Different implementations of the lazy facet initialization include the use of static
nitializers to register used facets. In this case, the specialized versions of the functios
ise facet () would be placed into individual object files together with an object whosq
tatic initialization registers the corresponding facet. This approach implies, hojvever
that the function use facet () is implemented out-of-line, possibly causing unnecessary
bverhead both in terms of run-time and executable size.

he next source of unused code is the combination of several relateddspects in just ong
facet due to the use of virtual functions. Normally, instantiation ofia class containing
pirtual functions requires that the code for all virtual functions/be-present, even if they
ire unused. This can be relatively expensive as in, for examplé, the case of the facef
Healing with numeric formatting. Even if only the integer formatting functions are used
the typically larger code for floating point formatting gets dragged in just to resolve thg
symbols referenced from the virtual function table.

<

A better approach to avoid linking in unused virtual functions would be to change thq
compiler so that it generates appropriate symbels which enable the linker to determing
whether a virtual function is really called. If4tis, the reference from the virtual function)
fable is resolved; otherwise, there is no neéd to resolve it, because it will never be called
Ny Way.
For the Standard facets however,.thére is a “poor man's” alternative that comes close td
having the same effect. The idéais to provide a non-virtual stub implementation for thq
yirtual functions, which is placed in the library such that it is searched fairly late. The rea]
mplementation is placed betore the stub implementation in the same object file along
with the implementation of the forwarding function. Since use of the virtual function
has to go througlivthe forwarding function, this symbol is also un-referenced, and
resolving it bringssin the correct implementation of the virtual function.

-

Unfortunatelyy it is not totally true that the virtual function can only be called through thq
forwarding“function. A class deriving from the facet can directly call the virtual function)
pbecause-these are protected rather than private. Thus, it is still necessary to drag if]
the 'whole implementation if there is a derived facet. To avoid this, anothef
mplementation can be placed in the same object file as the constructors of the face
which can be called using a hidden constructor for the automatic instantiation. Although
it is possible to get these approaches to work with typical linkers, a modified compiler
and linker provide a much-preferred solution, unfortunately one which is often outside
the scope of library implementers.
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In many cases, most of the normally visible code bloat can be removed using the two
techniques discussed above, i.e. by including only used facets and avoiding the inclusion
of unused virtual functions. Some of the approaches described in the other sections can
also result in a reduction of executable size, but the focus of those optimizations is on a
different aspect of the problem. Also, the reduction in code size for the other
approaches is not as significant.

6.2.3 Preprocessing for Facets

Dnce the executable size is reduced, the next observation is that the operations tend (&
be slow. Take numeric formatting as an example: to produce the formatted outptitiof 3
humber, three different facets are involved:

¢ num put, which does the actual formatting, i.e. determining whick’ digits ang
symbols are there, doing padding when necessary, etc.

e numpunct, which provides details about local conventions, such as the need tq
put in thousands separators, which character to use as a decimal point, etc.

e ctype, which transforms the characters produced jinternally by num_put into thq
appropriate "wide" characters.

Fach of the ctype or numpunct functions calledds €ssentially a virtual function. A
pirtual function call can be an expensive way to defermine whether a certain character is
Hecimal point, or to transform a character between a narrow and wide representation|
[hus, it is necessary to avoid these calls wheftever possible for maximum efficiency.

At first examination there does notyappear to be much room for improvement]
However, on closer inspection, it turns out that the Standard does not mandate calls td
humpunct or ctype for each pieceof information. If the num put facet has widened g
Character already, or knows which decimal point to use, it is not required to call thd
corresponding functions. This’ can be taken a step further. When creating a localg
bbject, certain data can beicached using, for example, an auxiliary hidden facet. Rathef
than going through virtual functions over and over again, the required data are simply
tached in an approptiate data structure.

Ffor example, the” cache for the numeric formatting might consist of a charactef
rranslation table resulting from widening all digit and symbol characters during the initial
ocale setdp.~ This translation table might also contain the decimal point and thousand
beparator-— combining data obtained from two different facets into just one table
[aking it another step further, the cache might be set up to use two different function
Hepending on whether thousands separators are used according to the numpunct facet of
not. Some preprocessing might also improve the performance of parsing strings like the
Boolean values if the std::ios base: :boolalpha flag is set.

Although there are many details to be handled, such as distinguishing between normal
and cache facets when creating a new locale object, the effect of using a cache can be
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fairly significant. It is important that the cache facets are not generally shared between
locale representations. To share the cache, it has to be verified that all facets
contributing to the cached data are identical in each of the corresponding locales. Also,
certain approaches, like the use of two different functions for formatting with or without
thousands separators, only work if the default facet is used.

6.2.4 Compile-Time Decoupling

pfficiency of Locales, but there are good reasons for this. First of all, compile-time is-§ast
inother concern for performance efficiency, and it should be minimized where pessible
More important to this technical report however, is that some of the téchhique
presented below rely on certain aspects that are related to the compilation process.

['he first technique that improves compile-time is the liberal use of forward declarations
voiding definitions wherever possible. A standard header may be<réquired to includg
bther headers that provide a needed definition (§IS-17.4.4.191); however, this does not
pply to declarations. As a consequence, a header need not bédncluded just because if
Hefines a type which is used only as a return or argument typg'in a function declaration|
ikewise, a forward declaration is sufficient if only a pointet to a class type is used as g
Flass member (see the discussion of the PIMPL idiom inf§5.6).

Looking at the members imbue () and getloc () ©f the class std: :ios_base, it would
eem that the <ios> header is required to include <locale> simply for the definition of
5td::locale, because apparently an std: ¢i9s base object stores a locale object in g
member variable. This is not required! Ipstead, std::ios base could store a pointet
o the locale's internal representation atid construct an std::locale object on the fly|
[hus, there is no necessity for the header <ios> to include the header <locale>. Thd
header <locale> will be wuséd elsewhere with the implementation of thq
std::ios base class, but thatis)a completely different issue.

Why does it matter? Currefiv compilers, lacking support for the export keyword, requirg
the implementation of the/template members of the stream classes in the headers anyway
ind the implementation' of these classes will need the definitions from <locale> — won'f
they? It is true(that some definitions of the template members will indeed requirg
Hefinitions from) the header <locale>. However, this does not imply that thg
mplementafion of the template members is required to reside in the header files — 4
simple altefnative is to explicitly instantiate the corresponding templates in suitable object
files.

Fixplicit instantiation obviously works for the template arguments mentioned in thd
standard; for cxample, Cxplicit specialization oI std::basic_ios<char> and
std::basic ios<wchar t> works for the class template std: :basic ios. But what
happens when the user tries some other type as the character representation, or a
different type for the character traits? Since the implementation is not inline but requires
explicit instantiation, it cannot always be present in the standard library shipped with the
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compiler. The preferred approach to this problem is to use the export keyword, but in
the absence of this, an entirely different approach is necessary. One such approach is to
instruct the user on how to instantiate the corresponding classes using, for example,
some environment-specific implementation file and suitable compiler switches. For
instance, instantiating the IOS#eams classes for the character type mychar and the traits
type mytraits might look something like:

c++ -0 io-inst-mychar-mytraits.o io-inst.cpp \
-DcharT=mychar -Dtraits=mytraits -Dinclude="mychar.hpp"

[Using such an approach causes some trouble to the user and more work for_ thy
mplementer, which seems to be a fairly high price to pay for a reduction in dependéneie
ind a speed up of compile-time. But note that the improvement in compile-titne 1
rypically significant when compiling with optimizations enabled. The reason™for this i
bimple: with many inline functions, the compiler passes huge chunks dfjcode to thd
bptimizer, which then has to work extra hard to improve them. Bigger chunks providg
petter optimization possibilities, but they also cause significantly longer compile-time
Hue to the non-linear increase in the complexity of the optimization step as the size of
the chunks increases. Furthermore, the object files written ahd/later processed by thg
inker are much bigger when all used instantiations are present in each object file. Thi
can also impact the executable size, because certain code hiay be present multiple times
embedded in different inline functions which have(some code from just one othef
function in common.

Another reason for having the 10S7reams and Lacales functions in a separate place is that if
s possible to tell from the undefined symbdélsiwhich features are used in a program and
vhich are not. This information can thende used by a smart linker to determine which
particular implementation of a function 13" most suitable for a given application.

6.2.5 Smart Linking

[he discussion above alreadyaddresses how to omit unused code by means of a slightly
hon-trivial implementation®of Locales and virtual functions. It does not address how td
hvoid unnecessary cede. The term “unnecessary code” refers to code that is actually
pxecuted, but whichrdoes not have any real effect. For example, the code for padding
formatted resulfs has no effect if the width () is never set to a non-zero value. Similarly|
there is no seed to go through the virtual functions of the various facets if only thq
Hefault locale is ever used. As in all other aspects of C++, it is reasonable to avoid
baying-a.cost in code size or performance for any feature which is not used.

<

=
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The basic idea for coping with this is to avoid unnecessary overheads where possible by
providing multiple implementations of some functions. Since writing multiple
implementations of the same function can easily become a maintenance nightmare, it
makes sense to write one implementation, which is configured at compile-time to handle
different situations. For example, a function for numeric formatting that optionally
avoids the code for padding might look like this:

template <typename cT, typename OutIt>

num_put<cT, OutIt>::do put (OutIt it, ios bases& fmt,

cT fi11 long v) const

{
char buffer[some suitable size];
char* end = get formatted(fmt, v);
if (need padding && fmt.width() > 0)
return put padded(it, fmt, £fill, buffer);
else
return put(it, fmt, buffer);

}

[he value need padding is a constant bool which is set to falge)if the compilation 1
ronfigured to avoid padding code. With a clever compiler (normally requiring
bptimization to be enabled) any reference to put padded(§_is avoided, as is the checl
for whether the width () is greater than zero. The libratysweuld just supply two version
bf this function and the smart linker would need to choose the right one.

['o choose the right version, the linker has to be fnstructed under what circumstances if
bhould use the one avoiding the padding, i.e. the one where need padding is set td
false. A simple analysis shows that the only possibility for width () being non-zero i
the use of the std::ios base::width ()Zfunction with a parameter. The library doe
hot set a non-zero value, and heénce the simpler version can be wused if
std::ios base::width () is neverteferenced from user code.

[he example of padding is pretty simple. Other cases are more complex but stil]
manageable. Another issue wotth considering is whether the Locales library must be used
pr if it is possible to provide the functionality directly, possibly using functions that arg
shared internally between-the Locales and the 10S#reams library. That is, if only the default
ocale is used, the\[OS#eams tunctions can call the formatting functions directly]
bypassing the retfiéval of the corresponding facet and associated virtual function call
ndeed, bypassing all code related to locales — thus avoiding any need to drag in thg
corresponding locale maintenance code.

[he analysis necessary to check if only the default locale is used is more complex]
however. The simplest test is to check for use of the locale's constructors. If only thg
Hefault and copy constructors are used, then only the default locale is used because ong
of the other constructors 1s required to create a different locale object. Even then, it
another locale object is constructed, it may not necessarily be used with the 10S#reams.
Only if the global locale is changed, or one of std::ios base::imbue (),
std::basic_ios<...>::imbue(), Of std::basic streambuf<...>::imbue () is
ever called, can the streams be affected by the non-default locale object. Although this is
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somewhat more complex to determine, it is still feasible. There are other approaches
which might be exploited too: for example, whether the streams have to deal with
exceptions in the input or output functions (this depends on the stream buffer and
locales possibly used); whether invoking callback functions is needed (only if
callbacks are ever registered, is this necessary); etc.

In order for the linker to decide which functionality is used by the application, it must
follow a set of “rules” provided by the library implementer to exclude functions. It is
important to base these rules only on the application code, to avoid unnecessary
Festrictions imposed by unused Standard Library code. However, this results in more
ind more complex, rules. To determine which functionality is used by the application|
the unresolved symbols referenced by the application code are examined. This réquire
that any function mentioned in a “rule” is indeed unresolved and results’ in thd
torresponding functions being non-inline.

I'here are three problems with this approach:

e The maintenance of the implementation becomes more complex because extrj
work is necessary. This can be reduced to a more acceptdble level by relying on 4
clever compiler to eliminate code for branches that it'can determine are nevef
used.

e The analysis of the conditions under which/code can be avoided is sometime
non-trivial. Also, the conditions have to.bhe) made available to the linker, which
introduces another potential cause of erto¥.

e Fven simple functions cannot be inline when they are used to exclude a simplq
implementation of the function§td: :ios base::width (). This might resulf
in less efficient and sometimes;even larger code (for simple functions the cost of
calling the function can be\bigger than the actual function). See for af]

approach to avoiding thisyproblem.

[he same approach can be béneficial to other libraries, and to areas of the Standard C++
ibrary other than IOS#rdams and Locales. In general, the library interface can be simplified
by choosing among ‘similar functions applicable in different situations, while stil]
retaining the same-~¢fficiency. However, this technique is not applicable to all situation
ind should be used carefully where appropriate.
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6.2.6 Object Organization

A typical approach to designing a class is to have member variables for all attributes to be
maintained. This may seem to be a natural approach, but it can result in a bigger
footprint than necessary. For example, in an application where the width () is never
changed, there is no need to actually store the width. When looking at [OS#reams, it turns
out that each std::basic ios object might store a relatively large amount of data to
provide functionality that many C++ programmers using IOS#reams are not even aware
of, for example:

e A set of formatting flags is stored in an std: :ios base::fmtflags subobjéct:

e Formatting parameters like the width () and the precision() arestored if
std::streamsize objects.

e An std::locale subobject (or some suitable reference to~ its internal
representation).

e The pword() and iword () lists.
e A list of callbacks.

e The error flags and exception flags are stored in objects of typq
std::ios base::iostate. Since each of these has values representable in jusf
three bits, they may be folded into one wofd,

e The fill character used for padding.
e A pointer to the used stream buffefx

e A pointer to the tie()ed std¥tbasic ostream.

[his results in at least eight extra 32-bit words, even when folding multiple data into jusg
bne 32-bit word where possible(the formatting flags, the state and exception flags, and
the fill character can fit intd_32 bits for the character type char). These are 32 bytes fof
every stream object even if there is just one stream — for example, std::cout —
vhich in a given program never uses a different precision, width (and thus no fil
character), or locale; probably does not set up special formatting flags using the pword ()
br iword () faéilities; almost certainly does not use callbacks, and is not tie ()ed td
inything. Inssiich a case — which is not unlikely in an embedded application — it might
pven neediiio members at all, and operate by simply sending string literals to its output.

A different organization could be to use an array of unions and the pword () /iword ()
meéchanism to store the data. Each of the pieces of data listed above is given an index ir
T afTay Of UIIONS (POSSIDIy SEVEral pieces Cail Share a SIMgIe Uiion ke they shared just
one word in the conventional setting). Only the pword () /iword () pieces would not be
stored in this array because they are required to access the array. A feature never
accessed does not get an index and thus does not require any space in the array. The
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only complication is how to deal with the std::1locale, because it is the only non-POD
data. This can be handled using a pointer to the locale's internal representation.

Depending on the exact organization, the approach will show different run-time
characteristics. For example, the easiest approach for assigning indices is to do it on the
fly when the corresponding data are initialized or first accessed. This may, however,
result in arrays which are smaller than the maximum index and thus the access to the
array has to be bounds-checked (in case of an out-of-bound access, the array might have
to be increased; it is only an error to access the corresponding element if the index is
bigger than the biggest index provided so far by std: :ios base::xalloc()).

=

AAn alternative is to determine the maximum number of slots used by the Standard.library
t link-time or at start-up time before the first stream object is initialized. In¢thi§ case
there would be no need to check for out-of-bound access to the 10S#reamys features
However, this initialization is more complex.

A similar approach can be applied to the std: :locale objects.

0.2.7 Library Recompilation

bo far, the techniques described assume that the applicatiofy is linked to a pre-packaged
ibrary implementation. Although the library might contain different variations on somg
functions, it is still pre-packaged (the templates possibly instantiated by the user can alsq
be considered to be pre-packaged). However, this\assumption is not necessarily correct]
[f the source code is available, the Standard libfary can also be recompiled.

[his leads to the “two phase” building, of an application: in the first phase, thg
pplication is compiled against a "normal", fully-fledged implementation. The resulting
bbject files are automatically analyzed for features actually used by looking at thd
inresolved references. The resultvof this analysis is some configuration informatiof]
[possibly a file) which uses conditional compilation to remove all unused features fron
the Standard library; in parfi¢ular, removing unused member variables and unnecessary
code. In the second phase; this configuration information is then used to recompile thg
ptandard library and the application code for the final program.

-

[his approach deges not suffer from drawbacks due to dynamic determination of what
hre effectively (static features. For example, if it is known at compile-time which
[OStreams features are used, the stream objects can be organized to include members fof
exactly these features. Thus, it is not necessary to use a lookup in a dynamically allocated
hrray efsfacets, possibly using a dynamically assigned index, if the full flexibility of thq
[O8 trebms and Locales architecture is not used by the current application. Also, in the fina]
contpilation phase, it is possible to inline functions that were not previously inlined (in
order to produce the unresolved symbol references).
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7 Using C++ in Embedded Systems

7.1 ROMability

For the purposes of this technical report, the terms “ROMable” and “ROMability” refer
to entities that are appropriate for placement in Read-Only-Memory and to the process
of placing entities into Read-Only-Memory so as to enhance the performance of
programs written in C++.

['here are two principal domains that benefit from this process:

e FEmbedded programs that have constraints on available memory, whefe code ang
data must be stored in physical ROM whenever possible.

-

e Modern operating systems that support the sharing of codé/and data among
many instances of a program, or among several programs shating invariant codg
and data.

[he subject of ROMability therefore has performance application to all programs, wherq
jmmutable portions of the program can be placed in a‘shared, read-only space. Of
hosted systems, “read-only” is enforced by the meméby manager, while in embedded
ystems it is enforced by the physical nature of ROM devices.

Ffor embedded programs in whose environment memory is scarce, it is critical that
compilers identify strictly ROMable objects and allocate ROM, not RAM, area for them|
For hosted systems, the requirement to shate ROMable information is not as critical, but
there are performance advantages to hosted programs as well, if memory footprint and
he time it takes to load a program can be greatly reduced. All the techniques described
n this section will benefit such progtams.

/. 1.1 ROMable Objects

Most constant information is ROMable. Obvious candidates for ROMability are object
bt static storage dutation that are declared const and have constant initializers, but therq
wre several othef significant candidates too.

Dbjects whieh are not declared const can be modified; consequently they are not
ROMable.) ‘But these objects may have constant initializers, and those initializers may bq
ROMaible. This paper considers those entities in a program that are obviously ROMablg
buch s global const objects, entities that are generated by the compilation system t
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7.1.1.1 User-Defined Objects

Objects declared const that are initialized with constant expressions are ROMable.
Examples:

e An aggregate ({IS-8.5.1) object with static storage duration (§IS-3.7.1) whose
initializers are all constants:

static const int tabl[] = {1,2,3};

_._%mlth \,At\,Lllﬂl 1i111\ao\,.
A const-qualified object of scalar type has internal (§IS-7.1.5.1) or no (§IS-3:592

linkage and thus can usually be treated as a compile-time constant, i.e. objett datj
areas are not allocated, even in ROM. For example:

const int tablesize = 48;
double table[tablesize]; // table has space for_48-doubles

However, if such an object is used for initialization or assigniment of pointer of
reference variables (by explicitly or implicitly having its address taken), it require
storage space and is ROMable. For example:

extern const int a = 1; // externs\lIlnkage

const int b = 1; // internal linkage

const int* c = &b; // variable b should be allocated
const int tbsize = 256; // i#tN\is expected that tbsize is not

/A )aV¥located at run-time
char ctb[tbsize];

e String literals:

An ordinary string literal has the type “array of # const char” (§IS-2.13.4), and
so is ROMable. A string.literal used as the initializer of a character array i
ROMable, but if the vasiable to be initialized is not a const-qualified array of
char, then the variable being initialized is not ROMable:

const chakN* const sl = "abce"; // both sl and abec are ROMable
char s2 [N = "def"; // s2 is not ROMable

A compilerymay achieve further space savings by sharing the representation of
string literals in ROM. For example:

const char* sl = "abc"; // only one copy of abe needs
const char* s2 = "abc"; // to exist, and it is ROMable
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Yet further possibilities for saving space exist if a string literal is identical to the
trailing portion of a larger string literal. Storage space for only the larger string
literal is necessary, as the smaller one can reference the common sub-string of the
larger. For example:

const char* sl = "Hello World";
const char* s2 = "World";

// Could be considered to be implicitly equivalent to:
const char* sl = "Hello World";

COIIST CIldl S = Sl T 0Oy

7.1.1.2 Compiler-Generated Objects

e Jump tables for switch statements:

If a jump table is generated to implement a switch statement, the table i
ROMable, since it consists of a fixed number of constants<khown at compile
time.

e Virtual function tables:

Virtual function tables of a class are usually?? ROMable.
e Type identification tables:

When a table is generated to identify RTTI types, the table is usually ROMable.
e Exception tables:

When exception handling is imiplemented using static tables, the tables arg
usually?s ROMable.

e Reference to constants:

If a constant expregsion is specified as the initializer for a const-qualified
reference, a temperary object is generated (§IS-8.5.3). This temporary object i
ROMable. For example:

23 For some systems, virtual function tables may not be ROMable if they are dynamically linked from a shared library.
24 For some systems, RTTT tables may not be ROMable if they are dynamically linked from a shared library.

25 For some systems, exception tables may not be ROMable if they are dynamically linked from a shared library.
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// The declaration:
const double & a = 2.0;

// May be represented as:
static const double tmp = 2.0; // tmp is ROMable
const double & a = tmp;

If a is declared elsewhere as an extern variable, or if its address is taken, then
space must be allocated for it. If this happens, a is also ROMable. Otherwise, the

M| L P b £ 4] 1]
\,u111t}uL,L Iray StostHttteaatreetrererenee—to L,J.lll_l \111ULL/ a\,\,uLaLL/L‘y, tTIrC—aaarcss—oO

tmp) anywhere a is used.

Initializers for aggregate objects with automatic storage duration:

If all the initializers for an aggregate object that has automatic storage duratior
are constant expressions, a temporary object that has the value wf-the constanf
expressions and code that copies the value of the tempofaty object to thg
aggregate object may be generated. This temporary objectis ROMable. Foy

example:

struct A {
int a;
int b;
int c;
b
void test () {
A a = {11213};
}

// May be interpreted _as’

void test () {
static const A tmp = {1,2,3}; // tmp is ROMable
A a = tmp;

}

<

Thus, the instructiofveode for initializing the aggregate object can be replaced by
a simple bitwise eopy, saving both code space and execution time.

80
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e Constants created during code generation:

Some literals, such as integer literals, floating point literals, and addresses, can be
implemented as either instruction code or data. If they are represented as data,
then these objects are ROMable. For example:
void test () {
double a = read some value();

a += 1.0;

}

// May be interpreted as:
void test () {

static const double tmp = 1.0; // tmp is ROMable
double a = read some value();
a += tmp;

/. 1.2 Constructors and ROMable Objects

[n general, const objects of classes with constructors must bé dynamically initialized
However, in some cases compile-time initialization could bé performed if static analysi
bf the constructors resulted in constant values being useds In this case, the object could
be ROMable. Similar analysis would need to be performied on the destructor.

class A {
int a;
public:
A(int v) : a(v) { }
b
const A tab[2] = {1,2};

Fven if an object is not declared cofist, its initialization “pattern” may be ROMable, and
can be bitwise copied to the actual object when it is initialized. For example:

class A {

int a;

char* p;
public:

A() :@el?) { p= "HL"; }
i

A not const;

[n this case,-dll objects are initialized to a constant value (i.e. the pair {7, "Hi"}). Thi
constanguinitial value is ROMable, and the constructor could perform a bitwise copy of

that Constant value.

7.2 Hard Real-Time Considerations

For most embedded systems, only a very small part of the software is truly real-time
critical. But for that part of the system, it is important to exactly determine the time it
takes to execute a specific piece of software. Unfortunately, this is not an easy analysis to
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do for modern computer architectures using multiple pipelines and different types of
caches. Nevertheless, for many code sequences it is still quite straightforward to
calculate a worst-case analysis.

While it may not be possible to perform this analysis in the general case, it is possible for
a detailed analysis to be worked out when the details of the specific architecture are well
understood.

This statement also holds for C++. Here is a short description of several C++ features

7.2. 1 C++ Features for which Timing Analysis is Straightforward

/.2.1.1 Templates

As pointed out in detail in §5.5, there is no additional real-time ovethead for calling
function templates or member functions of class templates. On the contrary, template
bften allow for better inlining and therefore reduce the overhead/of-the function call.

-

7.2.1.2 Inheritance

/.2.1.2.1 Single Inheritance

Converting a pointer to a derived class to a poititer to base class will not introduce any
run-time overhead in most implementations [§5.3). If there is an overhead (in very few
mplementations), it is a fixed number ofsmachine instructions (typically one) and it
bpeed can easily be determined with a tést program. This is a fixed overhead; it does not
Hepend on the depth of the derivation:

[.2.1.2.2 Multiple Inheritance

Converting a pointer to a-detived class to a pointer to base class might introduce run
ime overhead |(§5.3.5]%.)This overhead is a fixed number of machine instruction
typically one).

7.2.1.2.3 Virtual Inheritance

Converting a pointer to a derived class to a pointer to a virtual base class will introducq
run-timie-everhead in most implementations [§5.3.6). This overhead is typically a fixed
humbet of machine instructions for each access to a data member in the virtual basq
rlass:

26 Such a conversion is also necessary if a function that is implemented in a base class is called for a derived class object.
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7.2.1.3 Virtual functions

If the static type of an object can be determined at compile-time, calling a virtual
function may be no more expensive than calling a non-virtual member function. If the
type must be dynamically determined at run-time, the overhead will typically be a fixed
number of machine instructions for each call.

7.2.2 C++ Features for Which Real-Time Analysis is More

Comnlay
G OTToPIrexX

[he following features are often considered to be prohibitively slow for hard real<timg
code sequences. But this is not always true. The run-time overhead of these featufes i
bften quite small, and even in the real-time parts of the program, there may be a’numbey
bf CPU cycles available to spend. If the real-time task is complex, a cleanstructure that
llows for an easier overall timing analysis is often better than hand-eptimized bug
fomplicated code — as long as the former is fast enough. The bdnd-optimized codyg
might run faster but is in most cases more difficult to analyze cortégtly, and the feature
mentioned below often allow for clearer designs.

/.2.2.1 Dynamic Casts

[n most implementations, dynamic cast<..> from 4 pointer (or reference) to base clas
o a pointer (or reference) to derived class (i.e. a’down-cast), will produce an overhead
hat is not fixed but depends on the details of the'implementation and there is no general
Fule to test the worst case.

['he same is true for cross-casts (§5.3.8

As an alternate option to using dymamic casts, consider using the typeid operatot
[his is a cheaper way to check for-the target’s type.

/.2.2.2 Dynamic Memory Allocation

Dynamic memory allocation has — in typical implementations — a run-time overhead that
s not easy to analyze. In most cases, for the purpose of real-time analysis it i
h\ppropriate to assume dynamic memory allocation (and also memory deallocation) to bq
hon-deterministic.

'he most.gbvious way to avoid dynamic memory allocation is to preallocate the memory
- eithefvstatically at compile- (or more correctly link-) time or during the general setuf
phase of the system. For deferred initialization, preallocate raw memory and initialize if
ater’using new-placement syntax (§1S-5.3.4911).

If the real-time code really needs dynamic memory allocation, use an implementation for
which all the implementation details are known. The best way to know all the
implementation details is to write a custom memory allocation mechanism. This is easily
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done in C++ by providing class-specific operator new and delete functions or by
providing an Allocator template argument to the Standard Library containers.

But in all cases, if dynamic memory allocation is used, it is important to ensure that
memory exhaustion is properly anticipated and handled.

7.2.2.3 Exceptions

Enabling exceptions for compilation may introduce overhead on each function call
E IIl gCIlCIdl, il_ ib 1100 SO difﬁguit [XO) d.Ild,lyLC L‘[lC UVCI‘[ICdd Uf CXLCPLiUIl }ldlldhllg d
ong as no exceptions are thrown. Enable exception handling for real-time critical
programs only if exceptions are actually used. A complete analysis must alwaysdancludg
the throwing of an exception, and this analysis will always be implementation dependent]
Dn the other hand, the requirement to act within a deterministic time might {oosen in thq
rase of an exception (e.g. there is no need to handle any more input from.a"device wher)
h connection has broken down).

An overview of alternatives for exception handling is given in[{5.4] ; But as shown there]
1l options have their run-time costs, and throwing exceptions miight still be the best way
fo deal with exceptional cases. As long as no exceptions are thfown a long way (i.e. therq
hire only a few nested function calls between the #hrow-expression and the handler), it might
pven reduce run-time costs.

<

7.2.3 Testing Timing

For those features that compile to a fixed number of machine instructions, the numbef
ind nature of these instructions (and thefefore an exact worst-case timing) can be tested
by writing a simple program that includes just this specific feature and then looking at thq
created code. In general, for those simple cases, optimization should not make 4
Hifference. But, for example, if @, virtual function call can be resolved to a static function)
call at compile-time, the overhéad of the virtual function call will not show up in thq
code. Therefore it is impottdnt to ensure that the program really tests what it needs td
rest.

For the more complex cases, testing the timing is not so easy. Compiler optimizatior}
ran make a big~difference, and a simple test case might produce completely different
machine codeithan the real production code. It is important to thoroughly know thg
Hetails of'«the specific implementation in order to test those cases. Given thi
nformatien, it is normally possible to write test programs which produce code fron
which the correct timing information may be derived.
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8 Hardware Addressing Interface

Embedded applications often must interact with specialized I/O 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 devices, it is not unusual for otherwise very different systems to have virtually
dentical interfaces to similar devices.

As C language implementations have matured over the years, various vendérsspecifig
extensions for accessing basic I/O hardware registers have been added™\to addres
Heficiencies in the language. Today almost all C compilers for freestanding ehvironment
ind embedded systems support some method of direct access to I/Odiardware register
rom the C source level. However, these extensions have not been consistent acros
Hialects. As a growing number of C++ compiler vendors are/stew entering the samyg
matket, the same 1/O driver portability problems become apparent for C++.

As a simple portability goal the driver source code for a given item of 1/O hardware
should be portable to all processor architectures where the hardware itself can bq
connected. Ideally, it should be possible to compile-s¢urce code that operates directly o
[/O hardware registers with different compiler {iplementations for different platform
ind get the same logical behavior at run-time.

Dbviously, interface definitions written in the common subset of C and C++ would havy
he widest potential audience, since they would be readable by compilers for both
anguages. But the additional abstfaction mechanisms of C++, such as classes and
remplates, are useful in writing -¢ode at the hardware access layer. They allow th¢
encapsulation of features intoclasses, providing type safety along with maximun;
pfficiency through the use of templates.

Nevertheless, it is an important goal to provide an interface that allows device drivey
mplementers to white’ code that compiles equally under C and C++ compilers
[herefore, this répott specifies two interfaces: one using the common subset of C and
C++ and a second using modern C++ constructs. Implementers of the common-subset
tyle interface might use functions or inline functions, or might decide that function-likq
macros grjntrinsic functions better serve their objectives.

A proposed interface for addressing I/O hardware in the C language is desctibed in:
Technical Repm’t ISO/TEC WDTR 18037

“ Extensions for the programming language C to support embedded processors

This interface is referred to as Zohw in this report. It is included in this report for the
convenience of the reader. If the description of Zshw in this report differs from the
description in ISO/IEC WDTR 18037, the desctiption there takes precedence. Zohw is
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also used to refer to both the C and C++ interface where they share common
characteristics. In parallel with that document, the interface using the common subset of
C and C++ is contained in a header named <iohw.h>.

Although the C variant of the 7ohw interface is based on macros, the C++ language
provides features which make it possible to create efficient and flexible implementations
of this interface, while maintaining hardware driver source code portability. The C++
interface provides definitions with a broader functionality than the C interface. It not
only provides mechanisms for writing portable hardware device drivers, but also general
methods to access the hardware of a given system. The C++ interface is contained in. 3
header named <hardware>, and its symbols are placed in the namespacq
std: :hardware. The name is deliberately different, as it is the intention ~that
hardware> provides similar functionality to <iohw.h>, but through a'different
nterface and implementation, just as <iostream> provides parallel functionality with
stdio.h> through different interfaces and implementation. There™s no headef
ciohw> specified, as that name would imply (by analogy with othé&t standard library
headers) that the C++ interfaces were identical to those in <iohw(h> but placed inside 4
pamespace. Since macros do not respect namespace scope, .theimplication would b{
Ffalse and misleading.

A header exists for the purpose of making certain names visible in the translation unit if]
hich it is included. It may not exist as an actual fide,<f the compiler uses some othef
mechanism to make names visible. When this {document mentions the “<iohw.h
nterface” or the “<hardware> interface” it is referring to the collection of types and
Heclarations made visible by the correspondingyheader.

['his report provides:

e A general introduction and gQvetview to the zohw interfaces (

e A presentation of the common-subset interface (

e A description of the C+# <hardware> interface

e  Usage guidelines fofthe <hardware> interface (fAnnex A})

e General implementation guidelines for both interfaces

e Detailed implementation discussion for the <hardware> interface ({B.8]
e A discussion about techniques for implementing the common-subset interface onp

top ofi.arl implementation in C++ (fAnnex C)

B.1 _Introduction to Hardware Addressing

[Ke purpose of the zobw access functions described in this chapter is to promotq

h A Tl A h 1 1 11 1 b A 1. CC
pOTtabIity O~ 707777 dITVET SOUITT COUT Al ZTIICTAT [TATaOWArT aCCTSSIDIITY aCroOss CITICITITU
execution environments.
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8. 1.1 Basic Standardization Objectives

A standardization method for basic Zohw addressing must be able to fulfill three
requirements at the same time:

A standardized interface must not prevent compilers from producing machine
code that has no additional overhead compared to code produced by existing
proprietary solutions. This requirement is essential in order to get widespread
acceptance from the embedded programming community.

8. 1.2 Terminology

[he following is an overview of the concepts-related to basic I/O hardware addressing
ind short definitions of the terms used inthis Technical Report:

p 10 and I/O are short notations for Input-Output. In the context of this chapter
these terms have no relation(to C++ iostreams.

»  An I/O device or hardware device is a hardware unit which uses registers to creat
a data interface betwéen a processor and the external world. As the <hardware
interface definesia broader interface and encompasses all hardware access fromn
processor tegisters to memory locations, this report uses the more general tern;
hardware.device and hardware register, though the <iohw.h> interface definition
from YWDTR 18037 and reprinted in still uses the terms I/O device, I/Q
register, etc.

p. ‘(A hardware register is the basic data unit in a bardware device.

The hardware driver source code modules should be completely portable to-any
processor system without any modifications to the driver source code (being
required [i.e. the syntax should promote driver source code portability 'dcros
different environments.

-

-

A standardized interface should provide an “encapsulation” of"the underlying
access mechanisms to allow different access methods, different processof
architectures, and different bus systems to be used with the same hardware drivey
source code [i.e. the standardization method should s¢parate the characteristic
of the I/O register itself from the characteristics ¢f)the undetlying execution
environment (processor architecture, bus systém, addresses, alignment
endianness, etc.)|.

-

e A hardware device driver is software which operates on hardware registers in a
hardware device.
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The logical hardware register is the register unit as it is seen from the hardware
device. 'The language data type used for holding the hardware register data must have a
bit width equal to, or larger than, the bit width of the logical hardware register. The bit
width of the /logical hardware register may be larger than the bit width of the hardware
device data bus or the processor data bus.

Hardware register access is the process of transferring data between a hardware
register and one of the compiler’s native data storage objects. In a program this

Process IS dctiiied via a haradware Tegister agsignaror 3pecijicarion toT the given harawa
register ot hardware register buffer.

A hardware register designator specification specifies hardware access propertiey
related to the hardware register itself (for instance the hardware register Git width and
hardware register endianness) and properties related to the hardware register uceess method (fog
instance processor address space and address location).

The <hardware> interface separates the hardware access propéunes into register-specifi
properties and (hardware) platform-specific properties,~80, for the <hardware
interface, there is no single bardware register designator fdr-a specific hardware registet|
but a combination of two. But there is still a single identifier that can be used iz
portable driver code (portable across different imfplementations of this interface).

A hardware register designator encapsulates a hardware register designator specification -
the sum of all of a register’s properties plis'the properties of its access method — and
uniquely identifies a single hardware registér or hardware register buffer. The main purposq
of the hardware register designator is to-hide this information from the hbardware devic
driver code, in order to make (the hardware device driver code independent of any
particular processor (or compiler).

Multiple hardware registefsyof equal size may form a hardware register buffer. All
registers in the bardware register buffer are addressed using the same hardware registef
designator. A hardware register buffer element is referenced with an index in the samg
manner as a (Cafray.

Multipleshardware registers may form a hardware group.

Ashardware device may contain multiple bardware registers. 'These registers can bg
combined into a hardware group which is portable as a specification for a singlg

88

hardware unit (for instance an 1/QO chip an FPGA cell a plug—in board etc)

Common hardware access properties for the hardware registers in a hardware register
group are defined by the hardware group designator.
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e Typical hardware access properties which are defined and encapsulated via the
hardware register designator are the following:

e The access methods used for hardware register access. Access methods refer to the
various ways that bardware registers can be addressed and bardware devices can be
connected in a given hardware platform. Typical methods are direct addressing,
indexed addressing, and addressing via hardware access drivers. Different methods have
different bardware access properties. Common for all access methods is that all access
PIOpCTTcs arc encapsuiated by the hardware TegiSter desSIgiator.

e Direct addressing accesses a hardware register via a single constant or wartablg
holding the static address of the register.

e Indexed addressing accesses a hardware register by adding a constant offset to 4
base address initialized at runtime. (This access method is not to/be confused with
the ioindex t used for accessing hardware register buffers, where the offset is nog
constant.)

e A (user-supplied) hardware access driver may be-used to encapsulate compley
access mechanisms and to create virtual access spaces. Access via a user-supplied
access function is common in hosted envitonments and when external I/Q
devices are connected to single-chip processors.

o If all the access properties defined by the-bardware register designator specification can bq
initialized at compile-time then its désignator is called a static designator.

o If some access properties defied by the hbardware register designator specification arq
initialized at compile-time and others require initialization at run-time, then it
designator is called a dynamic designator.

o  Hardware registers \within the same hardware group shall share the same platform
related charagteristics. Only the hardware register characteristics and addres
informatioft'will vary between the hardware register designator specifications.

e Direct\'designators are fully initialized either at compile-time or by af
iogkoup acquire operation using the <iohw.h> interface. In the <hardware
wterface, direct designators are initialized by constructors that have an empty
parameter list for szatic designators.

e Indirect designators are fully initialized by an iogroup map operation using the
<iohw.h> interface. The <hardware> interface provides different means to bind
indirect designators, e.g. template instantiation or function parameter binding.
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e The hardware driver will determine whether a designator is a direct designator or an
indirect designator only for the purpose of mapping (binding) a hardware group
designator.

e If the bit width of the /lgical hardware register is larger than the bit width of the
hardware device data bus, then (seen from the processor system) the /logical hardware
register will consist of two or more partial hardware registers. In such cases the
hardware register endianness will be specified by the designator specification. The
faraware TegisTer endianmiess 1S Ot Telated to ally Chdianiess used Py the Processo
system or compiler.

e If the bit width of the /logical hardware register is larger than the bit width*of thg
processor data bus or the bit width of the hardware device data bus, then a singlg
logical hardware register access operation will consist of multiple partial
hardware register access operations. Such properties may béencapsulated by 4
single hardware register designator for the logical hardware register.

[hese concepts and terms are described in greater detail in the-following sections.

8. 1.3 Overview and Principles

he iobw access functions create a simple and platform independent interface betweer
{river source code and the underlying access® methods used when addressing thg
hardware registers on a given platform.

['he primary purpose of the interface is to"separate characteristics which are portable and
pecific for a given hardware register <\for instance, the register bit width and device bu
ize and endianness — from chatakteristics which are related to a specific execution)
environment, such as the hardware register address, processor bus type and endianness
hddress interleave, compiler.access method, etc. Use of this separation principle enable
Hriver source code itself te:bé portable to all platforms where the hardware device can bq
ronnected.

[n the driver soufee code, a hardware register must always be referred to using 4
bymbolic namey the hardware register designator. The symbolic name must refer to 4
fomplete hardware register designator specification of the access method used with thg
biven register. A standardized Zohw syntax approach creates a conceptually simple mode]
for hardware registers:

symbolic name for hardware register <> complete definition of the access method

When porting the driver source code to a new platform, only the definition of the
symbolic name encapsulating the access properties needs to be updated.
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8. 1.4 The Abstract Model

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

Portable hardware device driver source code

Symbolic names for hardware Hardware register designator specifications
registers and groups

Standard I/O functions Specifications of access methods
(portable) (platform-specific)

Compiler vendot’s <iohw.h> or <hardware>

['he top layer contains the hardware device driver code supplied by the hardware vendog
br written by a driver developer. The source code in this layér ss intended to be fully
portable to any platform where the hardware can be connected. This code must only
iccess  hardware registers via the standardized I/O fbfictionality described in thi
ection. Fach hardware register must be identified using.a symbolic name, the hardwarg
register designator, and referred to only by that name. These names are supplied by thq
huthor of the driver code, with the expectation“that the integrator of hardware and
platform will bind access properties to the names.

<

<

~

he middle layer associates symbolic names with complete bardware register designato
pecifications for the bardware registers in the given platform. The bardware register designato
Hefinitions in this layer are created ldst, and are the only part which must be updated
when the bardware driver sonrce code isported to a different platform.

<

he bottom layer is the implementation of the <iohw.h> and <hardware> headers
hey provide interfaces for the functionality defined in this section and specify thq
arious different acces§_methods supported by the given processor and platforn
wrchitecture.  This layer is typically implemented by the compiler vendor. The feature
provided by this dayer, and used by the middle layer, may depend on intrinsic compilef
capabilities.

{Annex B} ¢ontains some general considerations that should be addressed when 4
rompilef vendor implements the /obw functionality.

[8.31proposes a generic C++ syntax for hardware register designator specifications
Jsine a general syntax in this layer may extend portability to include user’s hardwarg
register specifications, so it can be used with different compiler implementations for the
same platform.
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8.1.4.1 The Module Set

A typical device driver operates with a minimum of three modules, one for each of the
abstraction layers. For example, it is convenient to locate all hardware register name
definitions in a separate header file (called "platform defs.h" in this example):

1. Device driver module

o The hardware driver source code
e Portable across compilers and platforms

e Includes <iohw.h> or <hardware> and "platform defs.h"
e Implemented by the author of the device driver

2. Hardware register designator specifications in "platform defs.h"

e Defines symbolic names for hardware register designators and theif
corresponding access methods

e Specific to the execution environment

e The header name and symbolic names are created bythe author of the devicq
driver
e Other parts are implemented and maintained, by the integrator

3. Interface header <iohw.h> ofr <hardware>

e Defines hardware access functionality and access methods
e Specific to a given compiler
e Implemented by the compilexvendor

[hese might be used as follows (inithé common subset of C and C++):

#include <iohw.h>
#include "platformdefs.h" // my HW register definitions for target

unsigned char fmybuf[10];

/...
iowr (MYPORIL) 0x8); // write single register
for (int(iy= 0; 1 < 10; 1i++)
myBufifi] = iordbuf (MYPORT2, i); // read register array
[n C++:

For demonstration purposes, the hardware register designator specifications that arq
hidden in "platform defs.h" in the above example are shown here in the unnamed
hanvespace. For modular production code, these specifications will typically be in
separate header file. This example demonstrates various features specific to the
<hardware> interface.

#include <hardware>

namespace
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{

Middle layer (hardware register designator specifications):

using namespace std::hardware;

User-defined class used by the driver:

struct UCharBuf
{
unsigned char buffer[10];

} 4
Common platform designator used by all registers in this driver:

platform traits is an implementation-provided class with default definitiofis; so only
the specifics must be provided (here only the base address).

struct Platform : platform traits
{

typedef static address<0x34> address holder;
}i

[hree register designators are defined here:

register traits is also an implementation-provided elass with default definitions.

All register designator specifications here use a staticéaddress.

struct PortAl T : register traits
{

typedef static address<OxlaXaddress holder;
b

struct PortA2 T : register, traits
{

typedef static addr&ss<0x20> address holder;
b

['his designator specificatiofvadditionally defines the value type (the logical data type)
is the default in this case i uint8 t:

struct PortAS T : register traits
{

tygedef UCharBuf value type;

typedef static address<0x20> address holder;
}i

}~7/ unnamed namespace

int main ()
{

Writing to a single hardware register defined by the designators Portal T and
Platform:

register access<PortAl T, Platform> pl;
pl = 0x08;
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Copying a register buffer specified by Porta2 T:

unsigned char mybuf[10];
register buffer<PortA2 T, Platform> p2;
for (int 1 = 0; 1 != 10; ++1i)
{
mybuf[i] = p2[i];
}

Essentially the same operation, but as a block read:

J_CKAJ’.DIL,CJ._G.LK,CDD FUJ_ IL,MJ_T, FlClIL,J.UJ_IlL Mo
UCharBuf myBlock;
myBlock = p3;
}
[he device driver programmer only sees the characteristics of the hardware register itself]
['he underlying platform, bus architecture, and compiler implementation dojnot mattef
Huring driver programming. The underlying system hardware may later’be changed
without modifications to the hardware device driver source code being\recessary.

8. 1.5 Information Required by the Interface User:

[n order to enable a driver library user to define theChardware register designatof
bpecifications for a particular platform, a portable dfiver library based on the 7ok
nterface should (in addition to the library source ¢ode) provide at least the following
nformation:

-

e All hardware register designator names and hardware group designator name

used by the library (in the diagram in[§8.1.4] these things comprise the left half of
the middle layer).

e Device and register type infégfmation for all designators (in|{8.1.4| these constitutg
the hardware-specific traits needed in the definitions for the right half of thg
middle layer):

¢ Logical bit width of the logical device register.

¢ The designator type — single register, a register buffer or a register group.
¢ Bit width of the device data bus.
¢

Endianness of registers in the device (if any register has a logical width largef
thah the device's data bus).

# ) Relative address offset of registers in the device (if the device contains moryq
than one register).

¢ Whether the driver assumes the use of indirect designators.
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8. 1.6 Hardware Register Characteristics

The principle behind zohw is that all hardware register characteristics should be visible to
the driver source code, while all platform specific characteristics are encapsulated by the
header files and the underlying z0/» implementation.

Hardware registers often behave differently from the traditional memory model. They
may be “read-only”, “ read-write,” or “read-modify-write”’; often READ and
WRITE operations are allowed only once for each event, etc.

5 <¢

write-only

b

All such hardware register specific characteristics should be visible at the driver soufcg
tode level and should not be hidden by the /04 implementation.

8. 1.7 Hardware Register Designators

v

Within a program a machine's hardware registers are specified by bardware registe
lesignators. A hardware register designator according to the <iohw.hX interface may bq
hin identifier or some implementation-specific construct. In the <hardware> interface,
hardware register designator can either be the name of a type 9t the name of an object]
Hepending on the context. It may also be a class template. (I any case, these are C++
hames that follow the normal rules for name lookup (i.e.nthey shall not be preprocessof
macros). A C implementation must support hardware register designators in the form of
dentifiers; other forms of hardware register designaters may be supported but might no
pbe portable to all implementations. A C++ implementation must support hardwarg
register designators according to the specification in[{8.3]

Any unique, non-reserved identifier can ¢he declared as a designator for a hardwarg
register. 'The definition of the identiffer includes the size and access method of thd
hardware register. The means, howeyver, by which an identifier is defined as a hardwarg
register designator is entirely implemented-defined for the C interface and must follow
the specifications in[§8.3]for the!C++ interface.

=

By choosing convenient idéntifiers as designators for registers, a programmer can creat
Hevice driver code with ‘the expectation that the identifiers can be defined to refer to thg
hctual hardware regiStefs on a machine supporting the same interface. So long as thd
pbnly important diffetences from one platform to another are the access methods for thg
registers, device.driver code can be ported to a new platform simply by updating thq
Hesignator definitions (the "middle layer") for the new platform.

Additional’ 1ssues and recommendations concerning hardware register designators arg
Hiscussed in Annexes A, B, and C of this Technical Report.

8. 1.8 Accesses to Individual Hardware Registers

The header <iohw.h> declares a number of functions and/or macros for accessing a
hardware register given a hardware register designator. Each “function” defined by the
<iohw.h> header may actually be implemented either as a function or as a function-like
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macro that expands into an expression having the effects described for the function. If a
function is implemented as a function-like macro, there will ordinarily not be a
corresponding actual function declared or defined within the library.

<iohw.h> defines functions for reading from and writing to a hardware register. These
functions take a hardware register designator as argument.

The header <hardware> defines the same functionality by defining a class template
register access. This class template takes two arguments that together form a

the hardware register access properties. One traits class defines the register specifi
properties while the other defines the platform specific properties.

he class template register access defines an assignment operator for ‘the writd
functionality and a conversion operator to the respective logical data type\for the read
functionality.

Hxample using the <iohw.h> interface:

If dev_status and dev_out are hardware register desighators defined in the file
"iodriv hw.h", the following is possible valid code:

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

// Wait until controller is no longe% busy.
while (iord(dev_ status) & STATUS BUSY) /* do nothing */;

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

Hxample using the <hardware> interface:

#include <hardware>

// includes the defidnitions shown in the example of [S8.1.4.1]:

#include "driv_defs.h"

register acgess<PortAl T, Platform> devStatus;
register ataess<PortA2 T, Platform> devOut;
const uint8 t statusBusy = 0x4;

uint8_ti¢h = ' ';

//{MWait until controller is no longer busy:
while (devStatus & statusBusy)
; // do nothing

// Write some value to controller:

devout——i;

Besides simple read and write operations, three read-modify-write operations are
supported, corresponding to the bit-wise logical operations AND, OR, and XOR. Again,
these are defined as functions in the <iohw.h> interface and as overloaded operators in
the <hardware> interface.
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8. 1.9 Haradware Register Buffers

Besides individual hardware registers, a hardware register designator may also designate a
hardware register buffer, which is essentially an array of hardware registers. As with a C
array, an index of unsigned integer type must be supplied to access a specific register in a
hardware register buffer.

The <iohw.h> header declares all the same functions for buffers as for single registers,
with a different name and an additional index parameter, for which the ioindex t type

e 1 It 1

S UCILIIICA.

[he <hardware> header defines for this purpose a special class templatg
register buffer that defines an operator[], which in turn returns a reference to 4

hormal register access instantiation, so all the operations defined for single-register
can be used on the result of the index operator.

Fxample using <iohw.h>:

If ctrl buffer is defined in the file "ctrl regs.h" as adiardware register
designator for a hardware register buffer, the following, i§$ossible valid code:

#include <iohw.h>
#include "ctrl regs.h" // Platform-specific designator
// definitions.

unsigned char buf [CTRL BUFSIZE];

// Copy buffer contents.
for (int i = 0; 1 < CTRL BUFSIZE% 1++)
buf[i] = iordbuf (ctrl buffer, 1i);

Hssentially the same example using <h@rdware>:

['he "middle layer" is not shown here; it is assumed to be the same as for the previou
pxamples.

#include <hardwakre>

const sizeNt'bufsize = 10;

int main'Q)

{

unsigned char mybuf [bufSize];

register buffer<PortA2 T, Platform> p2;
for (size t i = 0; i != bufSize; ++1i)
{

mybuf[i] = p2[i];

}

TCSCULITl Uy

Two hardware register buffer indexes zndex and index+1 refer to two adjacent hardware
register locations in the hardware device. Note that this may be different from adjacent
address locations in the undetlying platform. See[{B.2.2 for a more detailed discussion.

© ISO/IEC 2006 — All rights reserved 97


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

As in an ordinary array a larger index refers to a platform location at a higher address.

Unlike an ordinary array, the valid locations within a hardware register buffer might not
be “dense”; any index might not correspond to an actual hardware register in the buffer.
(A programmer should be able to determine the valid indices from documentation for
the hardware device or the machine.) If a hardware register buffer accesses an “empty”
location, the behavior is undefined.

110 Hardware-Growgps—————————————————————————————

A hardware group is an arbitrary collection of hardware register designators. ~Each
hardware group is intended to encompass all the designators for a single hardward device
Certain operations are supported only for hardware groups; these operations apply to thd
members of a hardware group as a whole. Whether a hardware register designator can bq
h member of more than one group is implementation-defined.

[ike hardware registers, a hardware group is specified by a hardwadre. group designator
For the identification of this designator, the same rules apply as for the identification of
hormal hardware register group designators, as explained in 5,1.7, and are different fof
iohw.h> and <hardware> as specified there.

8.1.117 Direct and Indirect Designators

Fach hardware register designator is either difect or indirect. An indirect hardwarq
register designator has a definition that doesynot fully specify the register or registef
buffer to which the designator refers. Before any accesses can be performed with it, af
ndirect designator must be mapped toxtefer to a specific register or register buffer. A
Hirect hardware register designator, by*contrast, has a definition that fully specifies thd
register or register buffer to which the designator refers. A direct designator alway
refers to the same register or register buffer and cannot be changed.

[or the <hardware> intetfdce, a direct designator specification consists of two parts, ong
Hefining the platform akcéss properties and one defining the register access properties
An indirect hardwate register designator specification only has the part defining thg
register access properties, and must be completed with the platform specific part by 4
mapping.
An indirect-hardware register designator is mapped by associating it with a direct
hardwate _tegister designator. Accesses to the indirect designator then occur as though
withthe direct designator to which the indirect designator is mapped. An indirect
hatdware register designator can be remapped any number of times; accesses through thd
designator always OCCUr With TeSpPEct to TS 1atest Mapping.

An <iohw.h> implementation is not required to support indirect designators. If an
<iohw.h> 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,”
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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
with the indirect designator. Such issues are specific to an implementation.

The <hardware> interface defines several methods of mapping that are available in all
<hardware> implementations, which therefore all support indirect designators.

8.1.12 Operations on Hardware Groups

B.1.12.1 Acquiring Access to a Hardware Register in a Group

[for some platforms, it may be necessary to acquire a hardware register ox hardwarg
register buffer before it can be accessed. What constitutes “acquiring? a’ register i
bpecific to an implementation, but acquisition performs all the initializations that arq
required before one can access that register.

[he <iohw.h> header declares two functions, iggrbup acquire  ang
i ogroup release, each taking a single direct hardware group 'designator as an argument
ind performing any initializing and releasing actions necessary for all designators in tha
broup.

Dne purpose of iogroup acquire is to give the IZO device driver writer control ovef
when the hardware group designator is initializeds because certain conditions may have td
be met before this can safely be done. For example, some hardware platform dependent
[/ O registers may need to be initialized befote the given I/O device group can be safely
cquired and initialized. In an implementation for a hosted environment, the initializatior)
for a specific hardware register might call the operating system to map the physical
hardware registers of the group intéZa block of addresses in the process's address spacq
bo that they can be accessed. In-the same implementation, the releasing action would call
the operating system to unmap-the hardware registers, making them inaccessible to thg
process. Therefore hardware group designator initialization must not be something
which happens automatically at program startup; it should be called explicitly.

A\ <hardware> intértace implementation may handle any initializing of hardware grouf
Hesignators using-normal C++ constructors and any releasing actions using normal
Hestructors.

B.1.12:2'Mapping Indirect Designators

[Me” <iohw.h> header declares a function iogroup map taking an indirect and a direct
hardware group designator as argument that binds all hardware register designators from
the first group to the respective hardware register designator of the second.

The <hardware> interface defines several methods of mapping. In the <hardware>
interface, a hardware register designator specification consists of two traits classes, one of
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them defining the register-specific access properties and one of them defining the
platform-specific access properties. An indirect designator is a designator that has only
the register-specific traits class. For it to become a complete, direct designator a
platform-specific traits class must be added, which is called mapping.

One mapping method is simply the instantiation of a class template that puts together
the register-specific traits class and the platform-specific traits class. If this method is
used for static designators, it will not introduce any register-specific or platform- specific
data members and any address computations for hardware register accesses can be
rompletely resolved at compile-time.

Another method uses a simple dynamic address holder type with which an idifect
Hesignator can be augmented to make a full direct designator. This way, any dynamically
cquired platform-specific data can be used to map an indirect hardware group.

Fxample using <iohw.h>:

[f "dev hw.h" defines two indirect I/O register designators;\dev config ang
Hev data, an indirect I/O group designator dev group withy both dev config ang
Hev _data as members, and two direct I/O group desighators devl group and
jev2 group, the following is possible valid code:

#include <iohw.h>
#include "dev_hw.h" // Platform-speeific designator
// definitiong’

// Portable device driver functiony.
uint8 t get dev data(void)
{

iowr (dev_config, 0x33);

return iord(dev data);

}

// Read data from dewice 1.
iogroup map (dev grdup, devl group);
uint8 t dl = geti\dev data();

// Read data, from device 2.

iogroup mapf(dev group, devZ group):;
uint8 t~d2/= get dev data();

Fxampleusing <hardware>:

[hisrexample is equivalent to the <iohw.h> example, but for demonstration purposes, if
shiotvs the complete "middle layer" defined here in the unnamed namespace:

#include <hardware>

namespace

{
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// Middle layer (hardwate register designator specifications)

using namespace std::hardware;

struct PlatformA : platform traits
{

typedef static address<0x50> address holder;
i

struct PlatformB : platform traits
{

Lypedel deLiLiduuLebb UXIU address TTOLUSL,

b

struct DynPlatform : platform traits
{

typedef dynamic address address holder;

enum { address mode=hw base::dynamic_ address };
bi

struct PortAl T : register traits
{

typedef static address<Oxla> address holder;
b

struct PortA2 T : register traits
{

typedef static address<0x20> addresls holder;
}i

/ Portable device driver function using the template approach:

template <class PlatformSpec>
uint8 t getDevData (typename\PlatformSpec::address holder const &addr =5
typename PlatformSpec::address holder())
{
register access<ROxtAl T, PlatformSpec> devConfig(addr);
register access<PortA2 T, PlatformSpec> devData (addr);

devConfig # 0x33;
return dewDdta;
}

} // unnamed namespace

int mainy()
{
/ static/version

// Read data from device 1:
uint8 t dl = getDevData<PlatformA>();

// Read data from device 2:
uint8 t d2 = getDevData<PlatformB> () ;

© ISO/IEC 2006 — All rights reserved 101


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

// dynamic version

uint8 t d3 = getDevData<DynPlatform>(0x40) ;

uint8 t d4 = getDevData<DynPlatform>(0x80) ;

return 0;

}

In this example, the mapping is done by simply instantiating register access in
getDevData () using the template parameter of this function template. The first version
shown uses a static approach that gives different static platform traits classes as templatg
irguments.  This approach will produce two different instantiations of getDevDdta()
but does all the address computations for accessing devConfig and devData at corhpile
ime and produces in typical applications absolutely no object data for any-platform of
register object.

he second version uses a dynamic approach and therefore avoids the doublq
nstantiation of getDevData, but in turn produces a data object containing the giver)
platform address for each of the local hardware register designators, devConfig and
jevData. Also, the actual address to access these registers isccalculated at run-time.

he <hardware> interface deliberately offers both methods, as the actual trade-off
udgment can only be done by the driver programmer.

B.2 The <iohw.h> Interface for.C and C++

For the convenience of the reader, this section duplicates a portion of the Technical
Report ISO/IEC WDTR 18037 “Extépsions for the programming language C to suppo
mbedded processors” from JTC 1/SC 22/WG 14. If the description of hardware acces
nterfaces in this report differs frofd that in ISO/TEC WDTR 18037, the description
there takes precedence.

<<

[he header <iohw.h> declates a type and defines macros and/or declares functions fot
wccessing implementatiofi-specific I/O registers.

[he type declared is
ioindex~t
which is thesunisigned integer type of an index into an I/O register buffer.

Any “fanction” declared in <iohw.h> as described below may alternatively bq
mplemented as a function-like macro defined in <iohw.h>. (If a function in <iohw.h
sdmplemented as a function-like macro, there need not be an actual function declared of

chﬁucd ad L}CDLLJ’;}JCL}’ dcbt)itc t}JC usc Uf thc WULL}. fuu\,tiuu.) lAllly ill\/ULdtiUll Uf buLll C
function-like macro shall expand to code that evaluates each of its arguments exactly
once, fully protected by parentheses where necessary, so it is generally safe to use
arbitrary expressions as arguments.
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8.2.1 I/O registers

An I/O register is a storage location that is addressable within some address space. An
I/O register has a size and an access method, which is the method by which an
implementation accesses the register at execution time. An I/O register is accessed (read
or written) as an unsigned integer. An I/O register may need to be acquired before it can
be accessed. (I/O registers are acquired with the iogroup acquire function described

in[§8.2.3.1)

A CCLEOSCS 1O dIl I//G ngibLCl llldy }ldVC Llllbl.)CLiﬁCd bidC CffCLLb L}JdL llldy 1IJC Llll}&llUWll L{
the implementation, and an I/O register may be modified in ways unknown to~thk
mplementation. Accesses to I/O registers performed by functions declared in <iohw.h
hre therefore treated as side effects which respect sequence points?.

An I/O register buffer is a collection of 1/O registers indexed by an iateger of typg
foindex t and otherwise sharing a common size and access method.. The set of valid
ndices for the I/O registers in an I/O register buffer may be any sulisét of the values of
[ype ioindex_t; the set of valid indices need not be contiguous and need not includg
pero.

An I/0 register designator refers (except as stipulated beloggto a specific individual I/C
register or a specific I/O register buffer. Functions that‘aceess I/O registers take an I/C
register designator argument to determine the register’to access. An implementatior)
hall support at least one of the following as a&alid 1/O register designator for any
ndividual I/O register or I/O register buffer:

P any ordinary identifier that is not_a- reserved identifier, defined by  somgd
implementation-defined means; and/0r

P any object-like macro name that’is not a reserved identifier, defined in accordancq
with some implementation-defined convention.

An implementation may optibnally support other, implementation-defined forms of 1/C
register designators.

Flach 1/0O register-designator is either direct or indirect. A direct I/O register designatot
refers to a specific1/O register or I/O register buffer as determined by the designatot’
Hefinition. A%, indirect I/O register designator does not refer to a specific I/O registet
br 1/O tegister buffer until the designator has been mapped to a direct I/O registet
Hesignator!  Once mapped, an indirect I/O register designator can subsequently bg
remdpped (mapped again) to the same or a different direct I/O register designator. Ag
ndirect I/O register designator refers to the same 1/O register or 1/O register buffer a
the direct designator to which it was last mapped. (I/O register designators are mapped
with the iogroup map function described in )

27 And therefore /O register access must always be qualified as volatile.
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An indirect I/O register designator is compatible with a direct I/O register designator if
it is possible to map the indirect designator to the direct designator. An I/O register
designator that refers to an individual I/O register is not compatible with an I/O register
designator that refers to an I/O register buffer, and vice versa. Otherwise, whether a
specific indirect I/O register designator is compatible with a specific direct I/O register
designator is implementation-defined.

An implementation need not support a means for indirect I/O register designators to be
defined.

An I/0 register designator covers an I/O register if it refers to the I/O register ofCi
refers to an I/O register buffer that includes the register.

8.2.2 I/O groups

An 1/O group is a collection of I/O register designators. It is intended that each I/C
broup encompass all the designators for a single hardware controller ot device.

[he members of an I/O group shall be ecither all direct désighators or all indirecf
Hesignators. An I/O group is direct if its members are dire¢t:y\An I/O group is indirect
f its members are indirect.

An I/O group shall not have as members two or méte I/O register designators thaf
cover the same I/O register. Whether an I/O register designator can be a member of
more than one I/O group at the same time is implementation-defined.

An 1/0O group designator specifies an 1/O ‘group. An implementation shall support af
east one of the following as a valid I/O gteup designator for any supported I/O group:

P any ordinary identifier that isi*not a reserved identifier, defined by somq
implementation-defined means;ahd/or

P any object-like macro name that is not a reserved identifier, defined in accordancq
with some implementation-defined convention.

8.2.3 I/O group functions

B.2.3.1~The iogroup acquire and iogroup release functions
Bynopsis

#include <iohw.h>

Ll 2 L . =i 1 = AY
T O STEOeP—a Cg T T T T ogToEP—<& R toE—77

void iogroup release( iogroup designator );
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Description

The iogroup_acquire function acquites a collection of I/O registers; the
iogroup_release function releases a collection of 1/O registers. Releasing an 1/O
register undoes the act of acquiring the register. The functions acquire or release all the
I/0O registers covered by the I/O register designators that are members of the I/O group
designated by iogroup_designator. If the I/O group is indirect, the behavior is
undefined.

iy, that releases the register. If iogroup release releases an I/O register thatis hog
it the time acquired, or if iogroup acquire acquires an I/O register that is at-th€ timg
hlready acquired, the behavior is undefined.

Acquiting or releasing an I/O register is treated as a side effect which reSpécts sequencs
points.

[f an implementation can access a particular I/O register without_heeding it to be firs
hcquired, the act of acquiring and the act of releasing the registetmay have no real effect.

B.2.3.2 The iogroup map function
Bynopsis

#include <iohw.h>
void iogroup map( iogroup designatQr, iogroup designator );

Description

[he iogroup map function maps thelindirect I/O register designators in the I/O groug
Hesignated by the first iogroup\designator to corresponding direct 1/O registet
Hesignators in the I/O group deSignated by the second iogroup designator. The firs
[/O group shall be indifegt, and the second I/O group shall be direct. Thg
rorrespondence between-tnembers of the two I/O groups is implementation-defined and
hall be one-to-one. If 4n indirect I/O register designator is mapped to a direct 1/Q
register designator with which it is not compatible, the behavior is undefined.

8.2.4 l/O-register access functions

[f a-register is accessed (read or written) when it is not acquired, the behavior i
hndefined. If an indirect I/O register designator is given as an argument to one of thg

et Lol 1 .1 1 + 4 h) + L 1 .1 L -1 + + 1. C 1
ULICUTUIIS DCIUW allill t1IIC ubblgllaLUl 1I1IaS 11UU DCUCILL lllat)t)L/Ll’ LIIC DCIIavVIUL 1S5 ULIUCITITICUL.
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8.2.4.1 The iord functions
Synopsis

#include <iohw.h>
unsigned int iord( ioreg designator );
unsigned long iordl( ioreg designator );

Description

The functions iord and iordl read the individual I/O register referred to by
foreg designator and return the value read. The 1/O register is read as an unsigned
nteger of its size; the read value is then converted to the result type, and this conwérted
ralue is returned.

B.2.4.2 The iordbuf functions
Bynopsis

#include <iohw.h>
unsigned int iordbuf( ioreg designator, ioindex € iX );
unsigned long iordbufl( ioreg designator, ioindexzt ix );

Description

['he functions iordbuf and iordbufl read one of the1/O registers in the I/O registef
buffer referred to by ioreg designator and retuth the value read. The functions arq
bquivalent to iord and iordl, respectively, except that the I/O register read is the ong
with index ix in the I/O register buffer reférred to by ioreg designator. If ix is nof
1 valid index for the I/O register buffer, thi€/behavior is undefined.

B.2.4.3 The iowr functions
Bynopsis

#include <iohw.h>
void iowr( iorggndesignator, unsigned int a );
void iowrl( ior€g designator, unsigned long a );

Description

<

[he functions -iowr and iowrl write the individual I/O register referred to by
foreg de&ignator. The unsigned integer a is converted to an unsigned integer of thg
ize of the/I/O register, and this converted value is written to the I/O register.

244 The iocwrbuf functions

Synopsis

#include <iohw.h>
void iowrbuf ( ioreg designator, ioindex t ix, unsigned int a );
void iowrbufl( ioreg designator, ioindex t ix, unsigned long a );
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Description

The functions iowrbuf and iowrbufl write one of the I/O registers in the I/O register
buffer referred to by ioreg designator. The functions are equivalent to iowr and
iowrl, respectively, except that the I/O register written is the one with index ix in the
I/0O register buffer referred to by ioreg designator. If ix is not a valid index for the
1/0 register buffer, the behavior is undefined.

Bynopsis

#include <iohw.h>

void iocand( ioreg designator, unsigned int a );
void ioor( ioreg designator, unsigned int a );
void ioxor( ioreg designator, unsigned int a );

void iocorl( ioreg designator, unsigned long a );
void ioandl( ioreg designator, unsigned long a );
void ioxorl( ioreg designator, unsigned long a )

’

Description

[he functions ioand, ioandl, ioor, ioorl, ioxor, afid Yoxorl modify the individual
[/O register referred to by ioreg designator. The/function ioand has a behaviog
pquivalent to

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

except that the ioreg designator is not@yaluated twice (assuming it is an expression).

Likewise, the function ioor has a behavior equivalent to

iowr ( ioreg designator,\iord( ioreg designator ) | a )

ind the function ioxor has aibéhavior equivalent to

A

iowr ( ioreg degignator, iord( ioreg designator ) a )

Corresponding equivalencies apply for ioandl, ioorl, and ioxorl, but with thd
hinsigned long fudctions iordl and iowrl replacing iord and iowr.

B.2.4.6_<Fhe ioorbuf, ioandbuf, and ioxorbuf functions
Bynopsis

#include <iohw.h>

void iocandbuf ( joreg designator, ioindex t ix, unsigned int a );
void iocorbuf( ioreg designator, ioindex t ix, unsigned int a );
void ioxorbuf( ioreg designator, ioindex t ix, unsigned int a );

void iocandbufl( ioreg designator, ioindex t ix, unsigned long a );
void ioorbufl( ioreg designator, ioindex t ix, unsigned long a );
void ioxorbufl( ioreg designator, ioindex t ix, unsigned long a );
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Description

The functions ioandbuf, iocorbuf, ioxorbuf, ioorbufl, ioandbufl, and ioxorbufl
modify one of the I/O registers in the I/O register buffer referred to by
ioreg designator. The functions are equivalent to ioand, ioandl, ioor, ioorl,
ioxor, and ioxorl, respectively, except that the I/O register modified is the one with
index ix in the I/O register buffer referred to by ioreg designator. If ix is nota
valid index for the I/O register buffer, the behavior is undefined.

B.3 The <hardware> Interface for C++

he programming model behind these definitions is described in The' headef
hardware> defines an interface for two layers of that model, the top layct) for thq
portable source code and parts of the middle layer for the device register.definitions
['his is notably different to the C interface <iohw.h> described in[§8.2]

[he header <hardware> declares several types, which together provide a data-type
ndependent interface for basic hw addressing.

Header <hardware> synopsis:

namespace std {
namespace hardware {

#include "stdint.h" // see
struct hw base { ... };

// required address holdér types
template <hw base::address type val>
struct static address;

struct dynamic addtress;
// [others may-bhé& provided by an implementation]

struct platform traits;
struct re@ister traits;

template <class RegTraits, class PlatformTraits>
class register access;

template <class RegTraits, class PlatformTraits>
Class register buffer;
N>// namespace hardware
Y~ namespace std
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8.3.1 The Class Templale register access

Synopsis

template <class RegTraits, class PlatformTraits>
class register access

{

public:

typedef typename RegTraits::value type value type;

// constructors

Technical Report on C++ Performance

Class

~lass
®

Class

reglster access
(typename RegTraits::address holder const &rAddr,
typename PlatformTraits::address holder const &pAddr);
register access

(typename PlatformTraits::address holder const &pAddx)Y.

register access();

// operator interface

operator value type() const;

void operator (value type val);
void operator |= (value type val);
void operator &= (value type val);
void operator *= (value type val);

> — ||

// Function-style interface
value type read() const;

void write(value type val);
void or with(value type val);
void and with(value type val) s
void xor with(value type val\;

i

Description

register access<. . >

® Provides direct access-to hardware registers. This defines the interface for thg

top layer as desceibed in [§8.1.4

RegTraits

The argument to the first template parameter RegTraits must be a class of
instantiation of a class template that is a derived class of register traits and

specify the register-specific access properties of the hardware register.

PlatformTraits

The argument to the second template parameter PlatformTraits must be 4
class or instantiation of a class template that is a derived class of

: 1 ol 1 1 et . c
PpIatliorm TIraits 41 SpTtlly UIC PIAUOTIII-SPECIIT ateTss  PTOpeTucs O UIT

hardware register.

An implementation may add additional template parameters with default values.
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typedef value type
® Names the value type of the RegTraits.

Constructors:
register access

(typename RegTraits::address holder const &rAddr,
typename PlatformTraits::address _holder const &pAddr);

register access
(typename PlatformTraits::address holder const &pAddr);

register access();

® The constructors take references to the respective address holder classes)of the
access specification traits template parameters. If an address holder is Marked a
is_static in its traits class, the respective constructor argumentshall not bq
given.

bperator value type () const

value type read() const

® Provides read access to the hardware register.

roid operator = (value type val)

yoid write (value type val)

® Writes the value type argument val to the hatdware register.

yoid operator |= (value type val)

roid or with (value type val)

® Bitwise ORs the hardware register with the value type argument val.

roid operator &= (value type val)

roid and with(value type val)

® Bitwise ANDs the hardware register with the value type argument val.

roid operator *= (value type val)

roid xor with(value typeiwval)

® Bitwise XORs the hafdware register with the value type argument val.

Note: The return type~for all assighment operators is void to prevent assignment
Chaining that could«nadvertently cause considerable harm with device registers.

Note: The class wmterface provides both member functions and overloaded operators td
perform READNand WRITE accesses to the register. The redundancy is intentional, td
hccommeodate different programming styles. One set of operations can trivially bq
mplemented in terms of the other.
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8.3.2 The Class Template register buffer
Synopsis

template <class RegTraits, class PlatformTraits>

class register buffer

{

public:
typedef register access<RegTraits, PlatformTraits> ref type;
typedef typename RegTraits::value type value type;

constructors
register buffer
(typename RegTraits::address holder const &rAddr,
typename PlatformTraits::address holder const &pAddr);
register buffer
(typename PlatformTraits::address_holder const &pAddx);
register buffer();

// operator interface

ref type operator([] (size t index) const;
// function-style interface

ref type get buffer element (size t index);

b

Description

class register buffer<...>
® Provides direct access to hardware register buffers. This defines the interface for

the top layer as described in [§8.1.4

rlass RegTraits
® The argument to the first template parameter RegTraits must be a class of
instantiation of a class template that is a derived class of register traits ang
specify the register-specific access properties of the hardware register.

rlass PlatformTraits
® The argument to the second template parameter PlatformTraits must be
class or instantiation of a class template that is a derived class of
platform %zaits and specify the platform-specific access properties of thg
hardware register.

An implementation may add additional template parameters with default values.

Cypedef ref type
e Names the return type of the index operator which is equivalent to thg
corresponding register access class. (It might be a nested class that can bq

111 1 1 . 1
USCA IIKC UIC LUllePUIlUng reglstel access CIdss.)

typedef value type
® Names the value type of the RegTraits.
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Constructors:
register buffer

(typename RegTraits::address holder const &rAddr,
typename PlatformTraits::address holder const &pAddr);

register buffer
(typename PlatformTraits::address _holder const &pAddr);

register buffer();

[} The constructors tale fprp«egees to- the g@sP@et;;;@ add;@ss hg d@g CHASSES e£ thﬁ

access specification traits template parameters. If an address holder is marked@
is_static in its traits class, the respective constructor argument shall A0t bq
given.

Fef type operator [] (size t index)
ref type get buffer element(size t index)

® Returns the equivalent of a reference to the location specified H¥~index inside of
the device register. The return value can be used like~a register access
object, i.e. it can be written or read, and the bitwise @R,“AND and XOR can bq
applied to it.

Note: The purpose of providing both operator{] and a member function
get buffer element is to accommodate diffeérent programming styles. Ong
can be implemented in terms of the other.

8.3.3 Header "stdint.h"

[he header <stdint.h> is specified by C99 (IS 9899-1999), and is not part of the C++
Standard (ISO/IEC 14882:2003 (Second Edition)). Instead, some implementatios
specific mechanism introduces thefixed size integer types described by <stdint.h> of
the C standard into namespaceystd: :hardware as if the header <stdint.h> werq
ndud&ﬂby<hardware>

-

No names are introduced into global namespace.
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8.3.4 The struct hw base
Synopsis

namespace std {
namespace hardware {
struct hw base

{

enum access_mode { random, read write, write, read };
enum device bus { device8, devicelo,

device32, device64d };
enum byte order { msb _low, msb high }; possibly morg

enum processor bus { bus8, busl6, bus32, bus64 };

// identifiers for bus types as type names

enum data bus {};

enum io bus {};

// only identifiers should be present that are ‘supported
// by the underlying implementation -- diagnostic required

enum address_kind { is_static, is_dynamic }3

typedef implementation-defined addressiftype;
}i
} // namespace hardware
} // namespace std

Description

struct hw base
e Provides the names for the supported hardware characteristics. Only thosq
names that are supported by the hardware shall be present. Additional name
that define additional or different functionality may be defined by an
implementation.

bnum access_mode
e Defines the possible. modes for accessing a device register.

enum device bus
e Defines the names for the width of the hardware register device bus as seen from
the processot:

enum byte order
e Defines the names for the endianness of the device register. An implementation
may define additional byte orders.

Enum- processor _bus

¢~ Defines the names for the width of the processor bus.

enum data bus, io bus
e Defines a type name for each bus at which accessible devices can be connected.
data_bus specifies a bus that addresses attached devices like normal memory cells
(memory-mapped). 1io_bus specifies a bus that addresses attached devices by
using special instructions (e.g. in/out or pott instructions). An implementation
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may define additional type names for additional buses. Only names shall be
defined in an implementation for which a respective bus actually exists in the
underlying hardware architecture.

enum address_kind
e Defines the names is_static and is_dynamic to mark address holders in register
and platform traits. An address holder that is marked as is_static holds an
address that is known at compile time. An address holder that is marked as
is_dynamic holds an address that might only be known at run-time.

Lypedef address_ type
e Is a type specified by the implementation to hold a hardware address. . Tfthq
underlying hardware platform supports it, this type shall be an integral type. If

the underlying hardware platform supports more than one type f\hardwarg
address (as is wusually the case where more than one bus) exists), af
implementation shall define additional types for those) addresses with
implementation defined names.

AAn implementation may define additional names and types in hwbase.

8.3.5 Common Address Holder Types

['his Technical Report defines the names and properties-for the two address holder types|
static address and dynamic_address. An implementation may define additional
ddress holder types.

B.3.5.1 The Class Template static address
Bynopsis

template <hw base::addres® type val>
struct static address

{

enum { value =Val };
hw base::addxess type value() const;
bi
Description

static addrelss
e Holds\an address known at compile time.

Ww basé:raddress type val

e~ \Provides the statically known address. If in an implementatios
hw_base::address_type is not a basic type, the implementation can defing

1o 1
UITICTCIIU LCIIlPldLC PdIdIIlCLCIb.

value
e Provides the address value through a name. If in an implementation
hw_base::address_type is not an integral type, the implementation must provide
the address by the name value_ using a different mechanism than enum.
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hw base::address type value()

e Provides the address value through a function.

8.3.5.2 The Class dynamic_address
Synopsis

struct dynamic address

{
dynamic address (hw_base::address type addr);
hw base::address type value() const;
hw base::address type value ;

b

Description

struct dynamic address

e Holds an address that can be set at run-time.
dynamic address (hw_base::address type addr)
e A (converting) constructor to set the address.
hw base::address type value ()

e Provides the address value through a function.

value

e Provides the address value through a name:

8.3.6 Basic Hardware Register Designator Traits Classes

An implementation shall provide at least-one traits class for the platform-specific acces
properties and one traits class fof “register-specific access properties for hardwarg
registers (sce [§8.1.3]. These traits-elasses specify the most common access properties fof
L given implementation. If thefe is no most common case, the implementation shall
provide respective traits clagsgs for all common cases.

[he traits classes must be’provided in a way that they can easily be used as base classe
vhere all names thatiare not overridden in the derived class are inherited from the basq
lass.

B.3.6.1 Traits Class platform traits
Bynopsis

struct platform traits

{

typedef implementation-defined address holder;
typedef implementation-defined processor bus;
enum
{

address mode,

processor endianness,
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processor bus width
b
i

Description

struct platform traits
e Provides names that specify the most common platform-specific access
properties for an implementation.

NI oo ‘= < L1 - ‘ 1 e, Lol 1 PP | A
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implementation can also define additional names that specify additional acegés
properties that are meaningful for that implementation.

Cypedef address holder

e Specifies the type for the address that is part of the platform-specific acces
properties (e.g. the base address of a hardware group, see [§8.1.10)." [Note: Thi
can be the static_address<0> where there is no platform-speeific address and wil|
probably be dynamic_address for group base addresses to be initialized at run
time).|

Cypedef processor bus

e Specifies the bus where hardware registers are attached. The choice of the bu
for an implementation can be arbitrary, but shall-be one of the bus type names if]
hw_base. If an implementation provides ©nly one bus where hardware device
can be attached, this name can be omitted

pddress mode

e One of the values from hw_basei@ddress_kind. Specifies whether the addres
held by address_holder is known at compile-time or only known at run-time.

pbrocessor_endianness

e One of the values fronih)hw_base::byte_order. Specifies the endianness of thq
processor ot processet. bus.

brocessor bus width

e One of the values from hw_base::processor_bus. Specifies the width in bytes of
the procegsot. bus.

B.3.6.2 Traits Class register traits
Bynopsis

struct register traits

{

typedef—Impiementatiomrdefined vatue—type;
typedef implementation-defined address holder;
enum
{

address mode,

access_mode,

endianness,
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device bus width
b
i

Description

struct register traits
e Provides names that specify the most common register-specific access properties
for an implementation.

NI oo ‘= < L1 - ‘ 1 e, Lol 1 PP | A
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implementation can also define additional names that specify additional acegés
properties that are meaningful for that implementation.

CLypedef value type
e Specifies the type of the hardware register. This shall be an Assignable ang
CopyConstructible type.

Cypedef address holder

e Specifies the type for the address of the hardware register. [Note: If the addres
(offset) of the register is known at compile-time (as is\tstally the case), this caf
be omitted, as users will override this with static_address<register_addr> in thg
register-specific derivation. If the register address™is to be specified at run-time}
which sometimes might be useful even if it/is'known at compile-time, this wil|
probably be dynamic_address.]

pddress mode
e One of the values from hw_base::addtess_kind. Specifies whether the addres
held by address_holder is known.at‘éompile-time or only known at run-time.

pccess mode
e One of the values from hwibase::access_mode. Specifies what access operation
(read/write) are allowed©n the hardware register.

bndianness
e One of the valdes*from hw_base::byte_order. Specifies the endianness of thq
device bus where the hardware register is attached.

Hevice bus width
e One of the values from hw_base::device_bus. Specifies the width in bytes of thq
deyice'bus where the hardware register is attached.

© ISO/IEC 2006 — All rights reserved 117


https://iecnorm.com/api/?name=86ebf5d7136a87b277b21495d0be0936

Technical Report on C++ Performance ISO/IEC TR 18015:2006(E)

Annex A:  Guidelines on Using the
<hardware> Interface

A.1 Usage Introduction

The design of the C++ <hardware> interface follows two lines of separation between:

e The definition of hardware register designator specifications and the device dtiyef
code.

e What is known at compile-time and what is known only at run-time.

[Unfortunately, these two lines of separation are neither orthogonal nér identical; fof
example, a dynamic_address is only known at run-time, but is paftt of the hardwarg
register designator specifications.

s C++ is a typed language, the differences for the interface arévin the type system, and
therefore the main separation line for the interface definition itself is between what i
tatically known at compile-time (which becomes type names or enum constants in trait
flasses) and what is only known at run-time (whi€h becomes function (especially
Constructor) arguments or operator operands to the\interface of register access and

<

register buffer).

A.2 Using Hardware Register Designator Specifications

Hardware register designator specifications specify how a given device register can bq
hccessed. These specifications are séparated into two parts: the register-specific part and
he (hardware) platform-specificy part. Both parts are defined as traits classes in thg
middle layer of the abstract model (§8.1.4). These traits classes are then used as templat

parameters to the class temiplates register access and register buffer.

[he actual details of these traits classes are mainly implementation defined, as thesq
bpecify access details that can vary widely over different platforms. An implementatiof]
provides at least fwo generic traits classes: platform traits and register traits
[hese traits«classes specify which definitions and names are required for a platform and
pive meanidgtul default values for them. So, these implementation provided traits classe
tan be tised as a guide to what information must be provided, and they also serve as basq
tlasses) such that only those names which differ from the default must be (re-)defined in
thedser's own traits classes.

Though the details of these traits classes are implementation defined by nature, there are
some aspects that these traits classes have in common:

e platform traits and register traits contain the typedef address holder
that actually holds the hardware address. The address holder for the register
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often holds an offset address that specifies the offset of this specific register inside a
hardware device. To form the final address, this offset is added to the base address
of the hardware device that is specified in the respective platform traits class.
But for simpler cases, the address holder for the register simply holds the final
address of the register and the respective address holder of the platform traits
class holds a null address.

® address_holder can hold either an address that is statically known at compile- time

1.1 +l - ‘ PSP M 1 - —t Anvaal PR B 1 nd 1.1 |
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address_holder actually holds is specified by the value of the enum constdnf
address_mode and can either be hw base::is statie of

hw base::is dynamic.

P register traits contains a typedef value type that specifies ithe type of thq
data held in that register.

P register traits contains an enum constant access mode-that contains a valug
from hw base::access mode and specifies whether a-tegister is read-only, write
only or read/write.

Dther information that must be specified in the platform traits class often includes:

p A typedef processor bus that specifiesto which bus the device is connected if 3
processor has more than one bus.

P An enum constant processor bis width if that can vary for a given platform.

P An enum constant proc&Ssor endianness to specify the order of bytes fof
multiple byte bus widths:

Dther informatiofi that must be specified in the register traits class often includes:

P An enunm tonstant endianness to specify the order of bytes for multiple byte widg
registets:

p _An‘enum constant device bus width to specify width of the device bus to which
the register is connected.

As already said, the actual requirement details of platform traits and
register traits are platform dependent and can vary widely for more exotic
platforms. It is the purpose of the middle layer of the abstract model ({8.1.4) to cope

with such requirements and to isolate them from the device driver code.
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A2 1 Using address holders

An implementation typically provides two pre-defined address holder definitions: a
class static_address and a class dynamic_address, to hold address information
known at compile-time and address information that can be initialized at run-time,
respectively.

For addresses that are known at compile time, the class template static address
defines the actual address through a template argument (there can be more than one
TMpIATE PATAIMCIer 1t the address 15 Ot 4 SIMpIc Scarar vatue). 73 Simpic Offset address. of
. register might be specified as static address<0x0b>.

For address information that must be initialized at run-time, the class dynamic addresg
s provided. This class provides a constructor that accepts as many arduments a
hecessary for a platform.

for more complex cases it might be necessary to provide(Ja user-specified
hddress holder class. This class must provide a public member“function value ()
vith the return type hw base::address type (or somiething similar, if af
mplementation provides more than one address type in hw base). If the address i
known at compile-time (and therefore marked is staticdnifs traits class), this membef
function must be static.

for example, an implementation might provide d<general address for which thq
lynamic data type is unsigned long. Then thedset can provide a corresponding class:
struct DynAddressPortDA

{
DynAddressPortDA () : val(globalBase+0x120) {}

unsigned long value () sgonst { // some complicated calculation
// based on the current mode of
// the processor

unsigned long,.val;
b

Here the initialization of the address information is provided by some global variable. If
h different casethe constructor might require an argument, and therefore somgd
nitialization code must provide that argument. But the mechanics of the initializatior)
wre always leftito the user to choose the most suitable method.

A.2.2  Traits Specifications

As.already said, the actual requirements details of the register and platform traits ar¢
implementation defined by nature. But as the classes register traits and
platform traits are provided, in most cases it is quite easy to define the traits for a
specific application. Sometimes the platform traits can even be used directly,
without any modifications. More often, the provided platform traits is used as a
base class with overrides specific to the application:
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struct DynMM : platform traits

{
typedef dynamic address address holder;

typedef hw base::data bus processor bus;
enum { address mode=hw base::is dynamic };

i

In this example, the derived class uses a dynamic base address and the (memory mapped)
data bus of the processor.

m?iqﬂﬂoﬂwwexmﬂpk>udﬂgrheDvnAddrpquorfDAﬂddﬁwqhnk%rfwanBOVF

struct MySpecialDyn : platform traits

{
typedef DynAddressPortDA address holder;
enum { address mode=hw base::is dynamic };
bi

Register traits nearly always have a static address, so it is often useful to provide clas
femplates to cover common cases:

template <typename ValType, hw base::address type’addr>
struct Devl6Reg : public register traits
{
typedef ValType value type;
typedef static address<addr> address helder;
enum
{
address_mode=hw_base::is_static,
access_mode=hw base::random,
endianness=hw base::msb high,
device bus width=hw base®:devicel6
}i
bi

[t is then simple to use this class to\define traits for concrete registers:

typedef Devl6Reg<uint®’ t, 0x04> ControlPort;

A.3 Hardware Access

All hardware access\is® provided through the class templates register access and
register buffér) For access traits that require no dynamic information the respectivq
register acgcess objects contain no data and therefore are optimized completely out
bf existence by most compilers. A typical usage might be:
X/)defined register traits with ValueType = uint8 t:
7/ InPort, OutPort and ControlPort

register access<InPort, platform traits> ip;

register access<OutPort, platform traits> op;
TE€gister_access<ControlPort, platform traits> ctl _p;

uint8 t tmp = ip; // read from InPort, uses

// register access::operator value type();
op = 0x12; // write to OutPort, uses

// register access::operator=(value type);
ctl p |= 0x34; // set bits 5, 4 and 2 in ControlPort
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Because the register access object is empty, there is no real need to define these
objects, as it is possible to use temporary objects created on the fly. The example above
would then become:

// defined access-specifications with ValueType = uint8 t:
// InPort, OutPort and ControlPort

typedef register access<InPort, platform traits> ip;
typedef register access<OutPort, platform traits> op;
typedef register access<ControlPort, platform traits> ctl p;

nintfl fmp = 'ip(\' read from TnPort 1use

// register access::operator value type();
op () = 0x12; // write to OutPort, uses

// register access::operator=(value type);
ctl p() |= 0x34; // set bits 5, 4 and 2 in ControlPort

But this is a rather unnatural syntax and is generally not necessary, asccompilers arq
hsually smart enough to optimize away the objects from the first example.

A.3.17 Indexed Access

A\ register buffer is used to access a block of hardware tegisters, rather than a singlg
register. In this case the value type definition of the, régister traits denotes thq
fype of a single register and the address is the base addness (index 0). The registers in thg
block can then be addressed through the subscript epérator:

// assume register block PortBufferwith random access

// assume platform traits IObus foiva device on the I/O bus

register buffer<PortBuffer, IObus> portBuf;
uint8 t buf[sz];

portBuf[0] &= 0x03;

portBuf[l] = sz - 2;
for (int i=2; i != s&;) ++1i)
buf[i] = portBuf[i];

[f a full register block islalways to be accessed as a unit, an appropriate value type cat}
be defined:

struct Buffer32 { uint8 t data([32]; };

struct X¥Block : public register traits

{
fypedef Buffer32 value type;
typedef static address<0x35800> address holder;
enum

{

address mode=hw base::is static

3

T

bi
register access<XYBlock, IObus> blockBuf;
Buffer32 tmpBlock;

tmpBlock = blockBuf; // read whole block at once
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The binary layout of the value type must match the register block, which is normally
only guaranteed for PODs. If the register block has a complex layout (e.g. a mix of
different data types), the value type can be a correspondingly complex struct.

A.3.2 Initialization of register access

For access traits with static address holders that are fully specified at compile-time,
register access and register buffer provide only a default constructor (in these
NJON) L}JCLC ib JJUL}JJ'JJ% |89 \,UJJDLLULL}. BUL if OUILIC Uf L}JC LLdiLb LUllLdillb dal
hddress_holder with dynamic data, this must be initialized at run-time. For thdsq
fases, register access and register buffer provide a constructor that takes 4
fespective address holder object as argument. How the address holdér type i
nitialized is under control of the user, as explained above. As there afe two trait
hirguments for register access and register buffer, in theory thefe can be twq
lynamic address holders, though in practice the addressCholder of thd

Fegister traits is neatly always static. So, regarding the examples from above, thq
nitialization can be:

// using default constructor of DynAddressPortDA
register access<ControlPort, MySpecialDyn> poOxntA (DynAddressPortDA()) ;

br in very special cases:

// using conversion constructors of the respective address holders
register access<SpecialDynReg, DynBa&e>
portDB (0x1234, // dynamic register offset
0xa0bl65) ; // dynamic base address
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Annex B: Implementing the
fohw Interfaces

B.1 General Implementation Considerations

The <hardware> header defines a standardized syntax for basic hardware register
nddressing. This header should normally be created by the compiler vendor.

While this standardized syntax for basic hardware register addressing provides assimple
pasy-to-use method for a programmer to write portable and hardware{platform
ndependent hardware driver code, the <hardware> header itself may require careful
consideration to achieve an efficient implementation.

[his section gives some guidelines for implementers on howAté implement thd
hardware> header in a relatively straightforward manner given a(Specific processor and
bus architecture.

B.1.1 Recommended Steps
Briefly, the recommended steps for implementing the(<hardware> header are:

e Get an overview of all the possible and relevant ways the hardware device i
typically connected with the given busyhardware architectures, plus an overview
of the basic software methods typically used to address such hardware registers.

e Define specializations of register access and register buffer which
support the relevant hardwaré register access methods for the intended compilef
market.

e Provide platform(traits and register traits as a way to select the right
register accdss'and register buffer specializations at compile time and
generate the tight machine code based on the hardware register access propertie
related to thehardware register designators (the traits classes).

B.1.2 ~Compiler Considerations

[n practice, an implementation will often require that very different machine code 1
bencrated for different hardware register access cases. Furthermore, with somg
broeessor architectures, hardware register access will require the generation of special
machine instructions not typically used when generating code for the traditional C++
memory model.

Selection between different code generation alternatives must be determined solely from
the hardware register designator definition for each hardware register. Whenever
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possible, this access method selection should be implemented such that it may be
determined entirely at compile-time in order to avoid any run-time or machine code
overhead.

For a compiler vendor, selection between code generation alternatives can always be
implemented by supporting different intrinsic access specification types and keywords
designed specially for the given processor architecture, in addition to the standard types
and keywords defined by the language. Alternatively, inline assembler can be used to
produce the required machine instructions.

With a conforming C++ compiler, an efficient, all-round implementation of both-thq
iohw.h> and <hardware> interface headers can usually be achieved using \C++
femplate functionality (see also ) A template-based solution allows thg
humber of compiler specific intrinsic hardware access types or intrinsic hardware acces
functions to be minimized or even removed completely, depending on the processof
hrchitecture.

B.2 Overview of Hardware Device Connegction Options

he various ways of connecting an external device’s registerto processor hardware arq
Hetermined primarily by combinations of the following thre¢ hardware characteristics:

e The bit width of the logical device register
e 'The bit width of the data bus of the device
e The bit width of the processor bus

B.2.1 Multi-addressing and Device Register Endianness

[f the width of the logical device register is greater than the width of the device data bus
h hardware access operation wilktequire multiple consecutive addressing operations.

[he device register endianness information describes whether the most significant byt
(MSB) or the least significant byte (LSB) byte of the logical hardware register is located at
the /owest processor hus.address. (Note that the hardware register endianness has nothing
o do with the endiafiness of the underlying processor hardware architecture).

(Note: while this Seetion illustrates architectures that use 8-bit bytes and word widths that are factorab
by 8, it is notyintended to imply that these are the only possible architectures.]
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Table B-1: Logical hardware register / hardware device addressing overview??

Device bus width
Logical
register width 8-bit device bus 16-bit device bus 32-bit device bus 64-bit device bus
LSB-MSB MSB-LSB LSB-MSB MSB-LSB LSB-MSB MSB-LSB LSB-MSB MSB-LSB

8-bit register Direct n/a n/a n/a

16-bit register r8{0-1} r8{1-0} Direct n/a n/a
32-bit register r8{0-3} r8{3-0} r16{0-1} | r16{1-0} Direct n/a

64-bit register | 184073 | 18{7-0} | r16{0-3} | r16{3-0} | r32{0-1} | r32{1-0} Direet

For byte-aligned address ranges)

B.22 Address Interleave

[f the size of the device data bus is less than the size of the processor data bus, buffef
register addressing will require the use of address interleave.

For example, if the processor architecture has a byte-aligned-addressing range with a 32
pit processor data bus, and an 8-bit device is connected to ¢he’32-bit data bus, then threq
ndjacent registers in the device will have the processor addresses:

<addr + 0>, <addr + 4>, <addr + 8>

T'his can also be written as

<addr + interleave*(0>, <addr + Interleave*l>, <addr + interleave*2>

Whete nterleave = 4.

I'able B-2: Interleave overview: (bus te\bus interleave relationship)

Processor bus width
Device bus width
8-bat bus 16-bit bus 32-bit bus 64-bit bus
8-bit device bus intetleave 1 interleave 2 interleave 4 interleave 8
16-bit device bus n/a interleave 2 interleave 4 interleave 8
32-bit devicebus n/a n/a interleave 4 interleave 8
64-bit-device bus n/a n/a n/a interleave 8

For/byitealigned address ranges)

28 This table describes some common bus and register widths for I/O devices. A given hardware platform may use other register
and bus widths.
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A combination of the two tables above shows all relevant cases for how device registers
can be connected to a given processor hardware bus:

Table B-3: Interleave between adjacent hardware registers in buffer

Device bus

Processor data bus width

Register ) . . )
B e No. Widh=8 | Wiah=16 | Win=32 | Widn=64
Width Oper-
MiB ations. size 1 sige 2 size 4 size 8
8-bit 8-bit n/a 1 1 2 4 8
LSB 2 2 4 8 16
' 8-bit
16-bis MSB 2 2 4 8 16
16-bit n/a 1 n/a 2 4 8
LSB 4 4 8 16 32
8-bit
MSB 4 4 8 16 32
32-bit 5B 2 /a 4 8 16
16-bit
MSB 2 n/a 4 8 16
32-bit n/a 1 n/a n/a 4 8
MSB 8 8 16 32 64
8-bit
LSB 8 8 16 32 64
LSB 4 n/a 8 16 32
A b 16-bit
o4-bit MSB 4 n/a 8 16 32
I.§B 2 n/a n/a 8 16
32-bit
MSB 2 n/a n/a 8 16
64-bit n/a 1 n/a n/a n/a 8

B.2.3.1

Generic Buffer Index

['he ‘interleave distance between two logically adjacent registers in a device register array
tan'be calculated from?:

For byte-aligned address ranges)

e The size of the logical register in bytes

29 For systems with byte-aligned addressing.
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e The processor data bus width in bytes
e The device data bus width in bytes

Conversion from register index to address offset can be calculated using the following
general formula:

Address offset = index *
sizeof ( logical register ) *
sizeof ( processor data bus ) /

sizeof ( device data bus )

I'&ssumptions:

e Bytes are 8-bits wide
e Address range is byte-aligned
e Data bus widths are a whole number of bytes

e The width of the logical register is greater than or equal £0_the width of thq
device data bus

e The width of the device data bus is less than or equal/to the width of thq
processor data bus

B.3 Hardware Register Designators for Different Device
Addressing Methods

A\ processor may have more than one addressing<ange®. For each processor addressing
range an implementer should consider the following typical addressing methods:

e Address is defined at compilestime:

The address is a constant. Fhis is the simplest case and also the most common}
case with smaller architectures.

® Base address initialized at run-time:

Variable base-address'+ constant-offset; i.e. the hardware register designator consist
of a platform traits class with a dynamic address (address of base register) and 4
register traitsiclass with a static address (offset of address).

The user-defined base-address is normally initialized at run-time (by some platform
dependent part of the program). This also enables a set of driver functions to bq
used with multiple instances of the same device type.

¢ )'Indexed bus addressing:

Alco called orthoconal or Beosda bue addreccine Thic 16 0 comman oy 0 connact
ISO-CaARCEHFHIGLOHA- O PFeHA-DHIAaareSSIRg— IS a-common-wayto-connects

large number of device registers to a bus, while still occupying only a few
addresses in the processor address space.

30 Processors with a single addressing range use only memory mapped 1/O.
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This is how it works: first the index-address (or psendo-address) of the device register
is written to an address bus register located at a given processor address. Then
the data read/write operation on the psendo-bus is done via the following
processor address, i.e. the hardware register designator must contain an address
pair (the processor address of the indexed bus, and the psewdo-bus address (or
index) of the device register itself). Whenever possible, atomic operations should
be applied to indexed bus addressing in order to prevent an interrupt occurring
between setting up the address and the data operation.

This access method also makes it particulatly easy for a user to connect commeos}
devices that have a multiplexed address/data bus to a processor platform-with
non-multiplexed buses, using a minimum amount of glue logic. The |drivef
source code for such a device is then automatically made portable torbeth type
of bus architecture.

e Access via user-defined access driver functions:

These are typically used with larger platforms and with small single-chif
processors (e.g. to emulate an external bus). In this caseq the traits classes of thg
hardware register designator contain a user-defined a@dress holder.

The access driver solution makes it possible té_connect a given device drivef
source library to any kind of platform hardware-and platform software using thd
appropriate platform-specific interface functipns.

[n general, an implementation should always:support the simplest addressing case
Whether it is the constant-address or base-address method that is used will depend on thd
brocessor architecture. Apart from this{an implementer is free to add any additional
Fases required to satisfy a given domais

o adapt to the different requirements and interface properties of the different
hddressing modes, the <hardwate> interface uses different combinations of platforn;
ind register traits classes incthe hardware register designators of the different addressing
methods.

-

[for the <iohw.h>_intérface, it is often convenient for the implementer of the Zv//
middle layer to provide definitions for each of the different addressing methods using
femplates  also,-therefore implementing the C-style interface on top of the C+H
mplementation (see . This allows the implementer to share a common
mplemefitation between both interfaces, while also providing greater type safety than thg
macrosbased implementation can provide.
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B.4 Atomic Operation

It is a requirement of the /0hw implementation that in each zhw function a given (partial®)
device register is addressed exactly once during a READ or a WRITE operation and exactly
twice during a READ-modify-WRITE operation.

It is recommended that each access function in an 7ohw implementation be implemented
such that the device access operation becomes atomic whenever possible. However,
atomic operation is not guaranteed to be portable across platforms for the logical-write

JJ:JL/LdtiUllb \i-L/. t}lb UR, AI\ID, au\l UR UtJL/LdtiUllD) Ul fUL Lllu}d‘addlbbbillé Casts. T}l\
reason for this is simply that many processor architectures do not have the instruction-$eg
features required for assuring atomic operation.

B.5 Read-Modify-Write Operations and Multi-Addressing

[n general READ-modify-WRITE operations should do a complete READ of the hardwarg
register, followed by the operation, followed by a complete WRITE to the hardwarg
Fegister.

[t is therefore recommended that an implementation of multi-addressing cases should
hot use READ-modify-WRITE machine instructions durifig) partial register addressing
bperations.

-

[he rationale for this restriction is to use the lowest common denominator of multi
hddressing hardware implementations in ordet t@ support the widest possible range of
hardware register implementations.

[or instance, more advanced multi-addressing device register implementations often takd
h snapshot of the whole logical device tegister when the first partial register is being read
bo that data will be stable and congistent during the whole read operation. Similatly]
vrite registers are often “double-buffered”, so that a consistent data set is presented td
the internal logic at the time, when the access operation is completed by the last partia
rite.

Buch hardware implemetitations often require that each access operation be completed
before the next access operation is initiated.

31 A 32-bit logical register in a device with an 8-bit data bus contains 4 partial 1/O registers.
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B.6

Initialization

Some parts of hardware register designators may require some initialization at run-time,
which is done using normal C++ constructors. But quite often, the compiler-known
lifetime of such objects is not identical with the logical lifetime that is important for
initialization and de-initialization. In such cases, the constructor (through placement new
syntax) and destructor must be called explicitly.

With respect to the abstract model in , it is important to make a clear distinction
p p

e ] ] ] - ) IR B SESP M st ] 1ol ) DINR B RSP M g
DULWULLILIL 1141w daltc \Ll\, A% 1\.\1) LCIATCU I AL Zat UL, AU t)ldLLULlll ICIATCU T Al ZatIUL

['ypically, three types of initialization are related to hardware device register operation:

Here only device access initialization and device selector initialization are relevant fof
basic hardware register addressing:

hardware (device) initialization
device access initialization of hardware register designators

device selector (or hardware group) initialization3? of platform traits
group p

hardware initialization: This is a natural part of\a-hardware driver, and should
always be considered part of the device driver application itself. This initialization)
is done using the standard functions for basic hardware addressing. Hardwarg
initialization is therefore not a topic for th€standardization process.

device access initialization: This concerns the definition of hardware registef
designator objects. The actual finctionality of this initialization is inherently
implementation-defined. It depends both on the platform and processof
architecture and also on whi¢h underlying access methods are supported by thd
<hardware> implementation. While the functionality is implementation-defined|
the syntax for this initialization is the normal C++ syntax of object constructors.

If runtime initialization is needed, this can easily be done by providing a platform
traits class with.a'dynamic address_holder. The register traits class can in most
cases still Us¢)a static address_holder.

deviceselector (or hardware group) initialization of platform traits: This i
used’4f the platform-specific part of the address information is only available at
runp‘time.  In this case the platform traits class contains a dynamig
address holder, which must be initialized using normal C++ constructors.

I'his can also be used if, tor instance, the same hardware device driver code needs
to service multiple hardware devices of the same type. But if the addresses of the

32 If for instance the access method is implemented as (base address + constant offset) then "device selector
initialization" refers to assignment of the base address value.
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different hardware devices are known at compile time, it is also possible to
implement the hardware device driver code as a function template on the
platform traits class and call this function with different platform traits with
static address_holder. Here is an example that demonstrates both options:

#include <hardware>

namespace

{

77 middle Tayer (hardware register designator specifications):

using namespace std::hardware;

struct DeviceA : platform traits
{

typedef static address<0x50> address holder;
}i

struct DeviceB : platform traits
{

typedef static address<0x90> address holder;
b

struct DynDevice : platform traits
{
typedef dynamic address address holder7
enum { address_mode:hw_base::dynamic_address };

i

struct PortAl T : register traité
{

typedef static address<(0xla> address holder;
}i

struct PortA2 T : regisfier traits
{

typedef statig address<0x20> address holder;
}i

Portable device drivet function using the template approach:

templat® <Class PlatformSpec>
uint8yt -getDevData (typename PlatformSpec::address holder const &addr o
typename PlatformSpec::address holder())
{
register access<PortAl T, PlatformSpec> devConfig(addr);
register access<PortA2 T, PlatformSpec> devData (addr);

devConfig = 0x33;
return devData;

}

} // unnamed namespace

int main ()

{
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static version:

// Read data from device 1:
uint8 t dl = getDevData<DeviceA>();

// Read data from device 2:
uint8 t d2 = getDevData<DeviceB>();

dynamic version:

uint8 t d3 = getDevData<DynDevice>(0x40);

uint8 t d4 = getDevData<DynDevice>(0x80);

return 0;

}

With most free-standing environments and embedded systems the platform
hardware is well defined, so all hardware group designators for device registers
used by the program can be completely defined at compile-tine, “For such
platforms run-time device selector initialization is not an issue!

With larger processor systems the base address of a hardware device is often
assigned dynamically at run-time. Here only the redister traits of the
hardware group designator can be defined at compile-time, while the
platform traits part of it must be initialized at run-time.

When designing the hardware group desighator object a compiler implementer
should therefore make a clear distinction:between the static information in the
register traits class and the dynamic information in the platform traits
class; i.e. the register traits class should contain a static address_holder that can
be defined and initialized at compile time, while the platform traits class should
contain a dynamic addresstd1lder that must be initialized at runtime.

Depending on the implémentation method and depending on whether the
hardware group designator objects need to contain dynamic information, such an
object may or ma§ 9ot require an instantiation in data memory. Better execution
performance gan.usually be achieved if more of the information is static.

B.7 Intrinsic Features for Hardware Register Access

he implementation of hardware device access operations may require for many
platforms-the use of special machine instructions not otherwise used with the normal
C/C+# memory model. It is recommended that the compiler vendor provide thg
heCeSsary intrinsics for operating on any special addressing range supported by thg
processor.

In C++ special machine instructions can be inserted inline using the asm declaration
(§IS-7.4) However when using asm in connection with hardware register access, intrinsic
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functionality is often still required in order to enable easy load of symbolic named
variables to processor registers and to handle return values from asm operations.

The implementation should completely encapsulate any intrinsic functionality.

B.8 Implementation Guidelines for the <hardware>
Interface

There are two main deqign alternatives in imp]ementing register access and

register buffer for the different hardware register designators:

e Using the information in the traits classes of the hardware register designatots tq
implement the register access and register buffer functionalify (this 1
the approach chosen in the sample implementation).

e Using the traits classes of the hardware register designators a9 mere labels thaf
also hold the address information and specializing register access and
register buffer for each of the meaningful combinations of platform and
register traits (this is a useful approach if there are\véry few commonalitie
between the implementations for the different traitg).

[n any case, carefully implemented specializationss of helper classes used if
Fegister access and register buffer togethér with an optimizing compiler car)
provide resulting object code that only contains thewiecessary hardware access statement
ind produces absolutely no overhead.

he ultimate hardware access statements, typically will be realized either as inling
hssembler or as compiler intrinsics. But\this is hidden in the implementation; the usef
Hoes not see them.

B.8.1 Annotated Sample Implementation

I'he sample implementation implements the <hardware> interface for a very simple 8
pit processor. This processor supports only 8-bit buses, but has a memory bus and af]
[/O bus. This simplifies the implementation, but the necessary steps for a more general
mplementation-are’also mentioned. Also, as is typical for such small systems, all addres
nformation is.assumed to be known at run-time; i.e. dynamic address_holders are nog
upporteds

A notenon the style: as the <hardware> header belongs in some way to thd
mplementation of a (non-standard) part of the C++ library and a user of that may placg
piy“macros before this header, the header itself should only use symbols reserved to the
implementation, i.e. names beginning with an underscore.
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B.8.1.1 Common Definitions — struct hw_base

hw_base defines all the constants that are necessary in the hardware register designators'
traits classes. Of course, this is highly dependent on the specific hardware, and only
those that are used in this implementation are shown here. In general, there are two
different ways to define constants: the standard IOS#reams library defines constants as
static. This allows for easier implementation, but has some space and possibly run-time
overheads. For performance reasons, the enum approach is chosen here, where all
constant values are defined as enumerators.

According to the interface specification, an implementation can define additiomal
members in hw_base. This implementation defines two tagging types data bus)and
Lo bus for use in platform traits classes. Otherwise, as the chosen example platférm i
pretty simple, hw_base is quite small:

struct hw base
{
enum access mode {random, read_write, write, ready;
enum device bus {device8=1};
enum byte order {msb low, msb_high};
enum processor bus {bus8=1};

typedef ul address type;
enum address_kind { is_static, is_dynamic };

// type names for different bus types
enum data bus {};
enum io bus {};

b

| ul is used as shorthand for the type that holds an address and is defined as 16-bit type:
typedef uintl6 t ul;

And the other required types are defined as well:

typedef unsigned\c¢har uint8 t;
typedef unsigned short uintlé t;
typedef unsdigned long uint32 t;

typedef~unsigned char size t;
typedefisigned char ptrdiff t;

hese definitions are inside of std::hardware, so the size t and ptrdiff t type
can bewdifterently defined as the respective global types.

[Hhe¢ width definitions for device bus and processor bus are not really necessary, a
this platiofm supports only 8-bit buses. Iherelore, any endianness doesnt matter and
the definition of byte order could also be omitted. But they are shown here for
demonstration purposes.
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B.8.1.2 Access Traits Classes

In this sample implementation the traits classes of the hardware register designators hold
all necessary access property information and provide them to the implementation of
register access and register buffer. To produce as little overhead as possible in
cases where the address information is known at compile- time, no object data is
produced. The address value is kept in the type information of the address holder
static address:

template < ul val>

struct static address

{

enum { value =val };
static ul value() { return value ; }
b

As this platform only supports statically known addresses, only this address holder i
required. Where dynamically initialized addresses are also suppotted, a respectivq
ynamic address_holder is required:

// a class to hold address information dynamically
struct dynamic address
{
dynamic_address(_ul _addr) : value ( addry {}
~ul value() const { return value ; }
~ul value ;

i

[he default traits classes don't define much: more than the address holder, a
pverything else is fixed for this platform. Only the platform traits define the I/C
bus as the default bus:

struct platform traits
{
typedef static address<0> address holder;
typedef hw base:: i 0 bus processor bus;
enum
{
address_mode=hw base::is static
b
i

struct ‘cegister traits

{
typedef uint8 t value type;
typedef static_address<0> address holder;
enum

{

address mode=hw base::is static,
access_mode-hw_base: : random

i
}s

In a more flexible environment, these classes would provide more information:

struct platform traits
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typedef static_address<0> address holder;

typedef hw base::data bus processor bus;

enum

{
address mode=hw base::is static,
processor endianness=hw base::msb _high,
processor bus width=hw base::bus32

i

b

STruct register traics

{
typedef uint8 t value type;
typedef static_address<0> address holder;
enum

{
address mode=hw base::is static,
access_mode=hw base::random,
endianness=hw base::msb high,
device bus width=hw base::devicel6

i

B.8.1.3 The Interface register access‘@and register buffer

[he actual interface for register access jsrealized by the class templatg
Fegister access. This provides the full interface for single registers. As the sampl¢
platform supports only static addresses, only adefault constructor is required:

template <class _RegTraits, class _PlatformTraits>
class register access
{
public:
register access() {}

typedef typename“ RegTraits::value type value type;

operator vailue type() const;
void operatoer=(value type val);
void operator|=(value type val);
void eperator&=(value type val);
void ‘eperator”=(value type val);

// functional interface omitted for brevity

i

[his template needs no data members, as all address information is held in the typq
Hefifutions. If a platform supports dynamic addresses as well, the template would havyq
rohold respective data members:

private:
const typename RegTraits::address holder addrR;
const typename PlatformTraits::address holder addrP;
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This would not cause any overhead for static address holders, as those static types have
no data members and are simply empty types, which are completely optimized away by
the compiler. But there is another problem: register access instantiations on traits
classes with dynamic address holders require appropriate constructors. One option is
simply to provide all constructors in the same class template:

register access();

explicit register access
(typename RegTraits::address holder const & rAddr);

explicit register access
(typename PlatformTraits::address_holder const & pAddr);

register access
(typename RegTraits::address holder const & rAddr,
typename PlatformTraits::address holder const §& pAddr);

But this would allow for construction with two arguments even if both address holder
hire static.  To avoid this, a common base class template , RaInterface can bq
ntroduced with all interface functions. Then the register acGess class template car)
nherit (privately) from _RAInterface and import the functions from RAInterface
with using-declarations. The register access class template is then specialized on thq
hddress_mode of the traits classes to provide only that(gonstructor for each class that i
meaningful:

template <class RegTraits, class _PdatformTraits,

int = RegTraits::address»mode,
int = PlatformTraits: s &ddress mode>
class register_access
private RAInterface< 'RegTraits, PlatformTraits>

{
typedef typename RedDraits::address holder AddressHolderR;
typedef typename PdatformTraits::address holder AddressHolderP;
typedef RAIntenfacte< RegTraits, PlatformTraits> Base;
public:
register access$( AddressHolderR const &rAddr,
_AddressHolderP const &pAddr)

_Base (rAddr, pAddr) {}

using typename Base::value type;
using Base::operator value type;

using Base::operator=;

using Base::operator|=;

using Base::operator&=;

using Base::operator”=;
}i

And the specialization for static addresses for both traits provides only the default
constructor:

// specialization for static platform and register address
template <class RegTraits, class PlatformTraits>
class register access< RegTraits, PlatformTraits,
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hw base::is static, hw base::is static>
private RAInterface< RegTraits, PlatformTraits>
{
typedef RAInterface< RegTraits, PlatformTraits> Base;
public:
register access() : Base() {}
// the using declarations...

i

But the sample platform doesn't support dynamic address and therefore

RAInterface can be amitted

[he class template register buffer has the same problem (and the same or a sifiilaf
bolution), but the sample platform implementation again is simple. The only problem i
the ref type definition. Clearly it is some instantiation of register accegs,) but thq
problem is that the result of the subscript operator needs some knowledge about thd
ndex to perform the hardware access to the correct address. But this index might not bg
known at compile time, and currently register access has no way“to-hold a dynamig
nddress.

[he solution is the same as the one above for dynamic addresses in the traits: ar
hdditional template parameter for the type of the index holdér.and a data member of that
fype (which is empty if there is no index). For the holder of the index itself a clas
similar to dynamic address above is used, but with,sfze t as the value type:

// a class to hold an index value dydamically
struct TIdxHolder
{

_IdxHolder(size t 1) : valuev( i) {}
size t value() const { retG¥n value ; }
size t value ;

i

With that, the definitions for “Pegister buffer and register access can bg
completed:

template <classssRegTraits, class PlatformTraits,
class_) IndexHolder = static address<0> >
class register, access
{
public:
register access() {}
eXplicit register access( IndexHolder const & i) : idx( i) {}

typedef typename RegTraits::value type value type;

operator value type() const;
void operator=(value type val);

ot UJ:)CJ_GI.tUJ_i*\ aluc_t 1A o.l/ 7
void operatoré&=(value type val);
void operator”=(value type val);

private:

_IndexHolder _idx;

i
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template <class RegTraits, class PlatformTraits>
class register buffer
{
typedef register access< RegTraits,
_PlatformTraits,
_IdxHolder> ref type;
public:
register buffer() {}

ref type operator[] (size t idx) const

{

Teturn relf type( 1dX);
}
i

he constructor for the index type in register access can be psivate, and
register buffer can be declared as friend, but this is omitted here for bgevity.

[nstead of directly implementing the functions in register access, to save somd
yping and better separate the different tasks some helper classes are introduced
| RAImpl combines the different assignment functions and, performs the addres
ralculation, while AccessHelper is concerned with different'spécializations for registef
ralue types that are larger than the connecting bus. Finally; \hwRead and hwOp providd
the actual hardware access functionality for the different¢precessor buses.

['o combine the different assighment functions (atdeast for the intermediate steps), af
enumeration for the different assignment operationsis defined:

enum binops { write op, or op,.\and op, XxXOr op };

Using that, register access can delegate’the functions to RAImpl:

template <class RegTraitsy)\class PlatformTraits,
class IndexHolder = static address<0> >
class register_access
{
typedef RAImpl< RegTraits, PlatformTraits, IndexHolder> Impl;

public:
operator walue type() const
{ feturn Impl:: read( idx);
ioid operator=(value type val)
: _Impl::template op< write op>( idx, val);
ioid operator|=(value type val)

{

_Tmrﬂ .-template —op< Or op (_w'd al);

}
// etc.

i

_RAImpl then performs the actual address calculation and then delegates further to
_AccessHelper:
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template <class RegTraits, class PlatformTraits, class _IndexHolder>
class RAImpl
{
public:
typedef typename RegTraits::value type ValT;

static ul addrCalc( IndexHolder const & idx)
{
return _PlatformTraits::address_holder::value()
+ RegTraits::address holder::value()
+ ddx.value() * sizeof( RegTraits::value type);

1

static ValT read( IndexHolder const & idx)
{
return AccessHelper< ValT,
typename PlatformTraits::procgssor bus,
sizeof ( ValT)>
:: read( addrCalc( idx));
}

template < binops function>
static void op( IndexHolder const & idx, VaiP val)
{
_AccessHelper< ValT,
typename PlatformTra@its::processor bus,
sizeof ( ValT)>
::template op<function>( ¥al, addrCalc( idx));

b

| addrCalc is simple for the sample platformy,~but is a bit more complex in the general
§B.2.3.1)

rase (see , but all required igformation is in the traits classes that are stil|
remplate parameters for RAImpl.

Apart from the address cal¢ulation, RAImpl simply delegates further td
| AccessHelper. The purpose)of AccessHelper is to separate the single hardwarg
iccesses from the ones where-the register's value type is larger than the connecting bu
ind therefore multiple accesses are required. For the sample implementation on an 8-bi
platform any access to registers with more than one byte requires multiple accesses, sq
the specialization can'be done on sizeof (value type):

// genéral case that uses a for-loop

template <typename ValT, typename BusTag, size t s>

stfuct AccessHelper

{
static ValT read( ul _addr)

{

uint8 t buffer[ s];

for—{uint8—+ i=0; 1 PR

{

buffer[ i] = hwRead< BusTag>::r(_addr+ i);
}
return *(( ValT *)buffer);
}
template < binops _func>
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static void op( ValT wval, ul addr)
{
for (uint8 t i=0; i != s; ++ i)
{
_hwOp<_ func, BusTag>
::f(_addr+ 1, ((uint8 t *)& val) [ 1i]);

b

// here the specialization for size==
Template <typename aIT, typename BusTag

struct AccessHelper< ValT, BusTag, 1>
{

static ValT read( ul _addr)

{
return ( ValT) hwRead< BusTag>::r(_addr);

}
template < binops _func>
static void op( ValT wval, ul addr)
{
_hwOp<_ func, BusTag>::f( addr, (uint8 t),wval);
}
bi

For a more flexible platform, _AccessHelper must be: specialized for each valid paif
matching the size of the value_type and the widtly of’the device bus, with additional
bpecializations for different endiannesses. To achiéye that, AccessHelper needs thd
complete traits classes as template arguments.

[he final separation is done on the processot-bus type: different access instructions arq
hecessary for the (memory mapped) databls than for the I/O bus. This is done by ¢
bpecialization on _hwRead and _hwOp based on the bus.

B.8.1.4 Actual Access)implementation

[he actual hardware accesscmethod depends on the processor architecture and the typq
bt the bus where a hardWware device is connected. For the memory mapped case normal
C++ expressions together with some (completely machine-dependent) casts can do thg
hccess:

he general declaration:

template <typename BusTag> struct hwRead;
femplate < binops, typename BusTag> struct hwOp;

T'he cast:

ftamolat binoo by struct hwlo b hwbasa-s-datg buigc
™ ™ g — g —oT

static void f( ul addr, uint8 t rhs)
{
_hwOp data< op>
::f(*const cast<uint8 t volatile *>
(reinterpret cast<uint8 t *>( addr)),
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_rhs);
b

The address (which is of integer type) is first cast to a pointer (to uint8 t in the sample
case, in the more general case the value type must be transferred as a further template
argument), and that pointer is then cast to a pointer to volatile to tell the compiler not to
make any assumptions on the memory cell. That cast done, the access is accomplished
by a specialization of yet another helper class:

// helper class declaration
template < binops> struct hwOp data;

// and one specialization for each operation:
struct hwOp data< write op>
{
static void f(uint8 t volatile & lhs, uint8 t rhs)
{
_lhs = rhs;
1
i
struct hwOp data< or op>
{
static void f(uint8 t volatile & lhs, uibt8 t rhs)
{
_lhs |= _rhs;
}
bi
struct hwOp data< and op>
{
static void f(uint8 t volatike & lhs, uint8 t rhs)
{
_lhs &= rhs;
}
i
struct hwOp data< xor op>
{
static void f (Wint8 t volatile & lhs, uint8 t rhs)
{
_lhs "% ) rhs;
}
i

And for the read/the same cast sequence is required:

stfuct hwRead<hw base::data bus>

{
static uint8 t r( ul const & _addr)
{
return

X + £ 1ot O+ R e | x
¥ = =

TS SSe<tEit Ea=a—

(rginterpret_gast<uint8_t *>(_addr));

b
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For registers that are attached to the I/O bus, special machine instructions must be
generated. For this, some compiler specific extensions are necessary. The sample
implementation uses the asm extensions of GCC.

Using these extensions, the basic access functions can be defined:

inline uint8 t i io rd(uint8 t port)

{
uint8 t ret;
asm volatile ("in %0,%1" : "=r" ( ret) : "i" (_port));
return ret:

}

inline void i io wr(uint8 t port, uint8 t wval)
{
asm volatile ("out %0,%1" : : "i" ( port), "r" (_val));

}

inline void i io and(uint8 t port, uint8 t wval)
{
uint8 t tmp;
asm volatile ("in %0, %1\n\tand %0, %2\n\tout %L,%0"
"=&r" (_tmp) : min (_port) , \"&" ( val));
t

inline void i io or(uint8 t port, uint8 tx val)
{
uint8 t tmp;
asm volatile ("in %0,%1\n\tor %0)%2\n\tout %1,%0"
"=&r" (_tmp) : "y (_port), "r" ( val));
}

inline void i io xor(uint8 t\port, uint8 t wval)
{
uint8 t tmp;
asm volatile ("in $@%1\n\teor %0,%2\n\tout %1,3%0"
"=&r" (_tmp) : "i" ( _port), "r" (_val));
}

['hese basic functions can'then be used to implement the specializations for the I/O bus;

struct hwRead<hw base::io bus>

{ static/uint8 t r( ul const & addr) { return i io rd( addr); }
;;ruct " hwOp< write op, hw base::io bus>

{ static void f£( ul addr, uint8 t rhs) { i io wr( addr, rhs); }
;;ruct _hwOp<_or op, hw base::io bus>

{

Static void r(_ul _addr, uinctg_t _rhs) { 1_10 or(_addr, _rhs); J
b
struct hwOp< and op, hw base::io bus>
{

static void f£( ul addr, uint8 t rhs) { i io and( addr, _rhs); }
b

struct hwOp< xor op, hw base::io bus>
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{

static void f( ul addr, uint8 t rhs)

b

B.8.1.5 Usage and Overhead

Technical Report on C++ Performance

{ i io xor( addr, rhs); }

Using that implementation, the <hardware> interface can be used as specified:

namespace

{
// middle layer

(hardware register designators)

U Jl_llk_.j llﬂlllCDtJQk,C DIL,‘\J.. .1LQJ.‘\1WQJ.C,
typedef platform traits IObus;

struct MMbus
{

platform traits

i

template <typename ValType,
struct StaticReg

{
typedef ValType value type;

enum

{

b
i

} // anonymous namespace

// test
int main ()

{

register uint8 t v.\I;

typedef hw base::data bus processor bus;

std::hardware::size t addnr>
public register traits

typedef static address<addr> address holdexs

address mode=hw base::is statie

register access<StaticReg<uint8 t, 0x23>, IObus> portl;
i = portl; /7 (1)

register acCess<StaticReg<uint8 t, 0x24>, IObus> port2;
port2 &=\ 0Oxaa; /7] (2)

reqister access<StaticReg<uint8 t, 0x25>, IObus> port3;
pert3 = 0x17; /7 (3)

register access<StaticReg<uint8 t, Oxab>, MMbus> meml;
v = meml; /7 (4)

meml &= 0x55; // (5)

meml = v; /7 (6)

register buffer<StaticReg<uint8 t, 0x0a>, MMbus> memBuf;
v = memBuf[i]; /(7))

memBuf[4] &= 0x03; // (8)

return 0;
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The compiler output for this small program looks very different depending on the
optimization level. Without optimization, the generated code is horrible as none of the
many intermediate functions is inlined. The result is lots of function calls (and related
stack handling).

With low optimization (-O1) the resulting code is essentially what one could expect:

(1) results in two machine instruction, one for the port read and one to store the result
in a separate register).

C++:
i = portl; /7 (1)

Assembler:
5a: 83 b5 in r24, 0x23 ; R24 is used as aceumulator
S5c: 48 2f mov r20, r24 ; r20 is 'i' varidbdle

2) results in four machine instructions, one register load and“the in/and/ouf

sequence.

C++:
port2 &= Oxaa; /7] (2)

A ssembler:

S5e: 8a ea 1di r24, OxAA
60: 94 b5 in r25, 0x24
62: 98 23 and r25, r24
64: 94 bd out 0x24, 1r¥%5

3) results in two machine instructions, on€register load and the out instruction.

C++:
port3 = 0x17; /7 3)
Assembler:
66: 87 el 1di r24, 0x17
68: 85 bd out 0x25, r24

4) results in two maghine instruction, one access to the memory and one register mov
for the resulting v.

C++:
==, meml ; /7 (4)
Assembler:
6a: 80 91 ab 00 1ds r24, 0x00AB
oe: 28 2f mov rl8, r24
70: 33 27 eor rl9, rl9 ; superfluous nulling of R19
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(5) results in three machine instructions, again one read access to the memory (that was
declared as volatile), the and, and a store to the memory.

C++:
meml &= 0x55; // (5)

Assembler:
72 80 91 ab 00 1lds r24, 0x00AB
76: 85 75 andi r24, 0x55
78: 80 93 ab 00 sts 0x00AB, r24

0) results in one machine instruction, the value of v that is still in a register is stored
the memory.

C++:
meml = v; // (6)
Assembler:
Tc: 20 93 ab 00 sts 0x00AB, rl8

7) takes a number of machine instructions, as the address calculation is in 16-bit, which
takes several instructions on an 8-bit processor.

C++:
v = memBuf[i]; /7 (7)

Assembler:
80: 8a el 1di r24, 0xDa ; loading base address LSB
82: 90 e0 1di r25, O0x00 ; loading base address MSB
84: £f9 2f mov r31L,0r25 ; move to address register
86: e8 2f mov r30, r24
88: ed Of add »30, r20 ; add the index
8a: f1 1d adc r31l, rl ; add 0 as MSB
8c: 20 81 1d rl8, Z ; load using address register

8) finally takes six machinefinstructions, two for the move of the 16-bit base addres
(0x0a, still in the register), one for the add of the index, one for the load of thq
memorty value, one for the and and a last one for the store back to the memory.

C++:
memBud€ [4] &= 0x03; // (8)

Assembler:
8ex f9 2f mov r31l, r25; ; base address still in R24/25
90: e8 2f mov r30, r24
92: 34 96 adiw r30, 0x04 ; add index (as 1l6-bit wvalue)
94: 80 81 1d r24, Z ; load using address register
96: 83 70 andi r24, 0x03
98: 80 83 st Z, r24 ; store using address register

The most annoying case is (8), as the base address and the index are both known at
compile-time, but the computation is done at run-time.
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But with optimization one level higher (-O2) that is also solved:

(7) knows the base address from compile-time and comes down to four machine

instructions.

Assembler:
80: e9 2f mov r30, r25 ; move 'i' to address register
82: ff 27 eor r31, r31; ; zeor MSB of address register
84: 3a 96 adiw r30, O0xOa ; add base address
86: 80 81 1d r24, Z ; load using address register

8) comes down to three machine instructions as the final address OxOe is completely
computed at compile-time and therefore does only one load, the and and the store.

Assembler:
88: 80 91 0Oe 00 1ds r24, 0x000E ; load final addness
8c: 83 70 andi r24, 0x03
8e: 80 93 0e 00 sts 0x000E, r24 ; store using¢R24 as address

o for this platform and for optimization level -O2 the goal” of a non-overhead
mplementation is reached.
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Annex C: A <hardware>
Implementation for the
<iohw. h> Interface

The implementation of the basic <iohw.h> hardware register access interface on top of
he <hardware> interface i1s mainly straightforward. This section provides an example
bf how such an implementation can be achieved.

he purpose of using C++ at the lowest level is to take advantage of compilé-timg
pvaluation of template code to yield object code specialized for specific hardwate. For 4
bood implementation of the basic templates that perform the lowest-leyel hardwarg
ccess operations, this approach typically leads to code that maps disectly to maching
nstructions as efficient as code produced by an expert programniet.* Additionally, thg
rype safety of the C++ interface minimizes debugging and errors:

[he sample implementation presented here wuses ¢the" sample <hardware
mplementation presented in

C.1 Implementation of the BasicAccess Functions

he sample implementation here avoids the creation of unnecessary objects and instead
benerally passes zoreg-designator arguments intthe form of (properly typed) null pointers
But it would also be possible to pass theniZas normal objects, as long as they contain n
ata members, as the compiler typically optimizes them away. Though the null pointer i
yntactically de-referenced in the agegss functions, it is never actually de-referenced, a
the objects do not contain any datasmembers.

[he access functions are impletented as function templates on the doreg-designator, which
must be an instantiation of\régister access:

template <typename RegAcc>
inline typename RegAcc::value type
iord( RegAgc * reg)
{
return static cast<typename RegAcc::value type>(* reg);
}
Témplate <typename RegAcc>
inline void
iowr (_RegAcc * reg, typename RegAcc::value type val)

{

* _req = ral :

}

template <typename RegAcc>

inline void

ioor (_RegAcc * reg, typename RegAcc::value type val)
{

* reg |= wval;
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}
// etc.

The iord implementation calls the conversion operator of register access explicitly
by using a static cast, but this is not really necessary.

This can be used by providing a middle layer that is essentially the same as for the
<hardware> interface as presented in the previous chapter:

typedef platform traits IObus;

template <typename ValType, size t addr>
struct Dev8Reg : public register traits
{
typedef ValType value type;
typedef static address<addr> address holder;
enum
{
address mode=hw base::is static,
access_mode=hw base::random,
device bus width=hw base::device8
bi
}i

register access<Dev8Reg<uint8 t, 0x06>, IObus_»> *myPortl = 0;

he only difference to the middle layer of the <hatdware> interface is that the final
Hesignator is defined as a pointer (and initialized tginull).

The device driver code itself refers only to functions named in the <iohw.h> interface:

uint8 t wvals8;

val8 = iord(myPortl); // read single register
iowr (myPortl, 0x9); // write single register

C.2 Buffer Functions

[he buffer functions dre‘analogous to the single register functions. They are alsq
mplemented as funetion templates and their template argument must be an instantiatior)
bf register buffer

template/<typename RegBuf>
inlime“typename RegBuf::value type
iokdbuf ( RegBuf * reg, ioindex t idx)
1
return (* req) [ idx];
}
template <typename RegBuf>
inline void
iowrbuf ( RegBuf * reg, ioindex t idx, typename RegBuf::value type
~val)

{

(*_reg) [ _idx] = _val;
}
template <typename RegBuf>
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inline void
ioorbuf ( RegBuf * reg, ioindex t idx, typename RegBuf::value type
~val)
{
(* reg) [ idx] [|= wval;

}

Here, the iordbuf implementation uses the conversion operator of register access

implicitly.

Ag2h1 the respective middle laver is similar to the middle laver of the <hardware
nterface:

struct MMbus : platform traits
{

typedef hw base::data bus processor bus;
bi

template <typename ValType, size t addr>
struct Dev8Reg : public register traits; // as above

register buffer<Dev8Reg<uintl6 t, 0x04>, MMbus > &myBuf = 0;

And again, the device driver code uses only <iohw.h> functionality:

uintl6 t buffer[10];
uint8 t wvals§;

for (ioindex t i = 0; i != 10; ++1i )

{
buffer[i] = iordbuf (myBuf, i)»‘// read register array
iowrbuf (myBuf, i, buffer[i])» // write register array
ioorbuf (myBuf, val8, buffef{i]); // or register array

C.3 Group Functionality

[Up to this point, the implementation of <iohw.h> has used only the interface of
hardware>, not its itaplementation. However, this might not be possible for thg
brouping functionality of <iohw.h>. The sample implementation here uses the internal
mplementation of the <hardware> interface, but it does not require any changes to thaf
mplementatior,

While “nefmal” hardware register designators always use the combination of registef
raits and platform traits together, for hardware register groups these are separated. Thq
ndigect designators contain only the register traits, while the direct designators contair)
theplatform traits. Only through a call to iogroup map are they combined to make 3
oty —usable—desigmator—Bur—whenm working —with—groups, the device driver cod
syntactically uses the indirect designators for the access functions, so they need to know
which direct designator is currently mapped to them. And the access function must

combine the address information from both designators to form the final address that is
accessed.
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The actual designators for indirect groups must be an instantiation of the class template
_IO0GroupRegister. This is just a type holder for the used register traits and the direct
designator that can be mapped to this group:

template <class RegTraits, class GrpBase>
struct IOGroupRegister {};

The GrpBase template argument must be an instantiation of a platform traits class with
a special address_holder that provides a static value member that can be modified
nd the wvalue() function must also be static That way, the clas

| TOGroupRegister does not need a pointer to keep the connection to the mapped
Hirect designator. Such a pointer would introduce a major overhead in space and timg
for the hardware accesses. The implementation provides such an address Holdef
| BaseAddress as a class template that can be used by the middle layer of an applicatior)
o define respective platform traits:

template <int id>

struct BaseAddress

{
static ul value() { return value ; }
static ul value ;

b

template <int _id>

~ul BaseAddress<_id>::value ;

he id template parameter serves to differentiate” the different direct designators if
more than one is used in an application. Such.afi address holder can still be declared a
s static in the traits where it is usedgas'it offers exactly the same interface a
'normal" compile-time static_address holders.

[he access functions of <iohw.h> must be redefined for indirect designators, through 4
bet of overloads. For the purpose.of implementation, the overload set presented herq

hses the RAImpl helper class pgesented in §B.8.1.3%:

template <class RegTraits, class _GrpBase>
inline typenamessReégTraits::value type
iord( IOGroupRegister< RegTraits, GrpBase> req)
{
returnt\RAImpl< RegTraits, GrpBase>:: read(0);
}

template <class RegTraits, class GrpBase>

indine void

fowr ( IOGroupRegister< RegTraits, GrpBase> regq,
typename RegTraits::value type val)

{

_RAImpl< RegTraits, GrpBase>::template op< write op>(0, val);
t

// etc.

33 The RAImpl template has been slightly modified in this implementation for typing convenience: the IndexHolder
template parameter is assumed to have a default argument of IdxHolder.
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Internally RAImpl uses GrpBase::address holder::value (), which is exactly the
interface provided by BaseAddress.

The implementation for the buffer functions is quite similar to that of the basic access
functions: an empty class template IOGroupBuffer is defined to provide the necessary
type information, and that is used to instantiate RAImpl and call its member functions
directly:

template <class RegTraits, class _GrpBase>
struct IOGroupBuffer {};

template <class RegTraits, class GrpBase>
inline typename RegTraits::value type
iordbuf ( IOGroupBuffer< RegTraits, GrpBase> regq,
ioindex t i)
{
return RAImpl< RegTraits, GrpBase>:: read( 1i);
}

template <class RegTraits, class GrpBase>

inline void

iowrbuf ( IOGroupBuffer< RegTraits, GrpBase> regj;
typename RegTraits::value type val,
ioindex t 1)

_RAImpl< RegTraits, GrpBase>::templaté’ op< write op>( i, wval);

[he middle layer in this implementation jis ‘similar to the middle layer for thg
hardware> interface:

// the platform traits to bewwu$éd for group designators
template <int baseId>
struct DynMM : platform traits
{
typedef BaseAddress<baseld> address holder;
typedef hw base:tdata bus processor bus;
enum { addresg\mode=hw base::is static };
}i

// the designators

typedef DynaMM<1> DevGroupT;

_IOGroupRegister<Dev8Reg<uint8 t, 0x00>, DevGroupT> devConfig;
_IOGroupBuffer<Dev8Reg<uint8 t, 0x04>, DevGroupT> devData;

Devy&roupT *devGroup = 0;

fevGontfig and devData are the indirect designators to be used as arguments to thq
hcCess functions. devGroup of DevGroupT is not really a direct designator; it is merely

parce—hotder—to—defime—the—group—Fhe—actuat—direetdestgmators—must—provide—the
functionality to be wused in the group functions of <iohw.h>, which are
iogroup acquire(), iogroup release () and iogroup map (). Therefore the real
direct designators must provide the member functions init () and release () and the
data member value that has the same type as the value member of the address holder
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for the group. Not every direct designator needs non-trivial initialization and release
functions, so a helper class is provided for convenience to save defining unnecessary
functions:

struct EmptyGroup
{
void init () {}
void release()

{}
b

4 loos 4] a1l 1o o+l A b PRIR PP £ £, 4] -
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struct DevlGroupT : EmptyGroup

{
void init () { value = 0x0020; }
hw base::address type value;

} devlGroup;

struct Dev2GroupT : EmptyGroup

{
void init () { value = 0x0120; }
hw base::address type value;

} dev2Group;

Df course, for real life applications the init () functiog-will typically be a bit morq
romplex.

Based on that interface, the implementation of thefgtoup functions is easy:

template <class Grp>
inline void iogroup acquire ( Grp.s& g)
{
_g.init ();
}
template <class Grp>
inline void iogroup reléase( Grp & g)
{
_g.release();

}

template <class+ GrpBase, class Grp>
inline voidW\iogroup map( GrpBase *, Grp const & g)
{

_GrpBase::address holder::value = g.value;

}

['he device'driver code again uses only <iohw.h> functionality:

Uint8 t get dev data(void)
{

iowr (devConfig, 0x33);
return iordbuf (devData, 3);

}
VAR

iogroup acquire (devlGroup) ;
// Read data from device 1
iogroup map (devGroup, devlGroup);
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uint8 t dl = get dev data();
iogroup release (devlGroup) ;

iogroup acquire (dev2Group) ;

// Read data from device 2
iogroup map (devGroup, dev2Group) ;
uint8 t d2 = get dev data();
iogroup release (dev2Group) ;

C-4 Remarks

he implementation here does not completely conform to the <iohw.h> interfageéi
WDTR 18037. That definition requires a value type for the access functiohs of
hnsigned int and a second set of access functions with the suffix '1' with 3 value typq
bf unsigned long. That is not only unnecessarily constraining (in genéral, the 7o/
nterface allows transfers of non-integer number types as well as any POD\struct type)
but also introduces a major overhead for many real-life devices where ¥€gisters are only §
pits wide. Therefore this implementation allows for generic value gypes.

[n general, using C++ for the implementation of <iohw.h> inttgduces no overhead, bug
llows for a common implementation of the <iohw.h> interface and the more generi
hardware> interface.

[he implementation summarized here is not the ¢aly possible C++ implementation|
Complete code for this implementation and sefg¢ alternatives can be found on thd
WG21 web site, www.open-std.org/jtcl/sc22 fwg21.
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Annex D: Timing Code

D.1 Measuring the Overhead of Class Operations
This is the sample program discussed in[§5.3.9 and following.

/*

Simple/naive measurements to give a rough idea of the relative
cost of facilities related to OOP.

This could be fooled/foiled by clever optimizers and by
cache effects.

Run at least three times to ensure that results are nepeatable.
Tests:

virtual function

global function called indirectly
nonvirtual member function

global function

inline member function

macro

1st branch of MI

2nd branch of MI

call through virtual base

call of virtual base function

dynamic cast
two-level dynamic cast
typeid()

call through pofnter to member

call-by-reference
call-bysvralue

pass as polinter to function
pdss ‘as function object
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