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You've got a device. You want your device
on the web. You don't have a lot of time. You
don't want a lot of headaches. You don't
want to spend a lot of money. You just want
it to work.

You want it to be directly usable, with simple
installation for your customers. No gate-
‘ways, extra hardware or special wiring
required. You just want Ethernet with instal-
lation as tough as plugging into a hub and
browsing away.

Welcome to the world of SitePlayer.
SitePlayer is a web server coprocessor
module, complete with ARP, ICMP, BOOTP,
UDP, TCP/IP and HTTP protocols, web page
storage, 10baseT Ethernet interface, all in
one square inch!

You create the look and feel of your device
using standard web page tools. SitePlayer
even gives you a library of graphical switch-
es, knobs and LEDs to give your product a
professional look.
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During development, simply download your
new pages to SitePlayer over Ethernet.
Updates in the field are just as easy.

Need space for fancy graphics, MP3s, video
clips, animations, embedded user's manu-
als, or multiple languages? SitePlayer sup-
ports optional flash memory cards for multi-
megabyte web sites.

Communication from your device to
SitePlayer is easy. A serial port is all you
need. That's it! Minimal code to write and -
you are up and running with a world wide
graphical user interface. Don't believe it?
Just buy the SitePlayer developer kit for
only $199.95 and see for yourself.
SitePlayer chip sets are available for high
volume applications.

Whether you need to make 10 or 10 Million
devices, SitePlayer is the simplest, fastest,
most cost effective way for you and your
customers to get your device on the web.

WWW.SITEPLAYER.COM

NETMEDIA INC.

10940 N STALLAHD PLACE TUCSON ARIZONA 85737

1520.544.4567 1520.544.0800 SALES@NETMEDIA.COM

SitePlayer, the SitePlayer logo, and NetMedia are trademarks of NetMedia, Inc.
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WindRiver

Diab™C/C++/Fast]’; RTA, visionICE, visionPROBE, SingleStep Solutions’" SNiFF+," and Development Boards.
Separately, they're Best in Class. Market Leaders. Powerful. Open. Scalable. Now unified under Wind River, these
tools form complete solutions that lift your development project and make it soar, no matter what operating
system you choose, all the while backed by Wind River’s world class sales and support organization. To help
your next embedded project take off, call 1-800-545-WIND or browse http://embeddedtools.windriver.com and
register for a free tools evaluation.

www.windriver.com &

Lift and Soar.

Embedded Development Tools from the New Wind River. //

/

Wind River tools are available
on these architectures:

ARM

Hitachi

IBM PowerPC

MIPS

Mitsubishi M32R

Motorola PowerPC

Motorola ColdFire /68K
Motorola MCORE/DSP
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© 2000 Wind River Systems, Wind River logo, How Smart Things Think, Diab, Fast], SNiFF+ and SingleStep Solutions are trademarks and registered trademarks of Wind River Systems, Inc. All other marks belong to their respective owners
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funny when you ask to borrow a
foot of sugar? So would we. A
naming convention might help you
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Cover Story

Measure Twice, Cut Once

Carefully named variables help reduce confusion. Follow this naming
convention to track units and avoid mismeasurement.

BY JOHN F

From OOP to Nuts

Object-oriented programming techniques have been slow to become
popular for embedded systems development. Here we see how Ada
helps makes OOP highly effective.

BY CHAD BREMMON

PID without a PhD

PID (proportional, integral, derivative) control is not as complicated as
it sounds. Follow these simple implementation steps for quick results.

News Analysis

HP and STMicroelectronics Launch "Lx"

A new VLIW architecture promises to shake up the system-on-chip
design world.

Abstracting System Hardware for
Maximum Reuse

Abstracting hardware is difficult at times, but necessary. If you do it
right, the resulting software will be much easier to reuse.

Strategies for Debugging Embedded
Systems

The best time to detect bugs is early in the development process. If you
instrument your UML, you can even find them during analysis and
design.
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CONNECTING...

45 Disconnecting
Despite his exhortations to stay connected, Michael
has found the need to unplug from the duties of writ-
ing this column for a while. But don't despair, he'll be

back.
BY MICHAEL BARR

A7 Working with WAP

You can't run a desktop Webh browser on a cell phone
or PDA, but the Wireless Application Protocol can
give you Web-like access to data, even when
resources are limited.

BY JEFF STEFAN

61 Hips up

The inclusion of a HID-class USB driver in Windows
98 and 2000 makes connecting your embedded
device to a PC easier than ever. Here's everything you
need to know to create a Human Interface Device.
BY JAN AXELSON

73 Embedded Internet Tools
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11 NEWS VECTORS
155 NEW PRODUCTS
160 RECRUITMENT
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PROGRAMMER'S TOOLBOX
].7 Moving Right Along
Jack reaches a temporary solution to the problem of
minimization. Optimizations will come later.
BY JACK W. CRENSHAW

PROGRAMMING POINTERS

75 Character and String Literals
In C++, character and string literals function just as
C programmers would expect them to. Even more so.
BY DAN SAKS

SPECTRA
149 Hijacked!
Reader questions prompt a more basic treatment of
PWM and motor internals.
BY DON MORGAN

BREAK POINTS

171 Momisms
Look here if you want to know what Moms have to
offer the embedded world. You'll also benefit from
some of Jack's tips.
BY JACK G. GANSSLE



Wouldn't It Be Nice
[f It Were This Easy To
Eliminate RTOS Royalties?

Close Program

:Pay RTOS Royaltie
Systray

lowatch

Vsstat

Explorer
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Microsoft Word
Wfxmsrvr
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Imgicon

WARNING: Pressing CTRL+ALT+DEL again will restart
your computer and you will continue to pay RTOS royalties.
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Michael Barr

Producer/Consumer

pdate

A:vcll-kn()\m synchronization problem
lescribes a single data buffer shared by
two or more threads of execution. One or
more producer threads write new data into
the buffer, in parallel with one or more
consumer threads that read data from it.
Depending on the specifics, one or more
semaphores may be needed to code the
producer/consumer solution successfully.

Now well into its second decade, an
essential element of ESPs success has been
the quality of its producers. In our case, the
producers are columnists and feature
authors. What generally makes our pieces
so informative is that they're written by
practicing embedded software developers
just like you. The vast majority of the con-
tent we publish is written by full-time soft-
ware developers and consultants who desire
to share knowledge acquired through first-
hand experience with their peers.

The results of our most recent editorial
survey indicate that the average ESPreader
has been programming for more than 17
years, developing embedded software for a
decade, and reading the magazine for

o

about seven years. And, yet, less than 1% of

you have ever written even one article for
us! If you think £SPs been a pretty good
read so far, just imagine how much more
valuable of a community resource it could
be if we could tap the rest of that potential.

The connection between readers and
writers is an important one: readers of our
magazine make the best £SPwriters. That’s
because you are the ones building actual
embedded/real-time systems that must be
completed on time, meet their target price
points, work reliably, and survive in field
conditions. So you know how to do things
right the first time, minimize system costs,
and work around the little annoyances of
the real world. In short, you've learned cer-

tain “tricks of the trade” that benefit you on

a day-to-day basis—and could benefit your
peers as well.

Sharing your knowledge with your
peers—by writing an article or a book or
speaking at a technical conference—is an
excellent way to enhance your professional
reputation, meet new friends, and learn
about nuances of your own ideas that you
hadn’t considered before. In my particular
case, sharing knowledge developed
through my experiences as an embedded
programmer and a consultant was how I
ultimately found a career as a magazine
editor. And, of course, writing an article is
also a good way to earn some extra cash.

In addition to articles on any number of
topics concerning the embedded software
developer, we're also looking for a new
columnist. An ideal columnist would be
someone who likes to write, has lots of (at
least sketchy) ideas for column topics
rolling around in the back of their brain,
and can find the time to write something
new every month. Ideally, I'd like to find
someone who could take up the “Real-
Time” mantra abandoned by former LESP
columnist and editor-in-chief Tyler Sperry.

You already know you're a nerd. So why
not make it official? Write for ESP. If you're
interested, check out our writer’s guide-
lines at www.embedded.com/wriguide.him and
send your ideas directly to me. While help-
ing make a name for yourself, you'll also be
helping us make a dent in our own kind of
producer/consumer problem.

mbarr@cmp.com
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First, emulators can debug before the operating system is

functioning. If an unexpected issue is affecting boot up, an emulator
can find it. They are also operational after a hard crash. This is
significant, because software debuggers lose debug information.

Microtek emulators keep track of the last 128 KB of bus cycles, ENEAC SR e S T E MRS AT SO RS

allowing you to sift through and find the problem.
1(800) 886-7333

Phone (503) 533-4463
Fax (503) 533-0956
Email — info@microtekintl.com
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Parity Bit

Readers to the Rescue

n astute reader, Aaron Berken,
Ap()inlcd out an error in the
PRE(x) macro in my article, “Design
by Contract for C Programmers”
(July 2000, p. 100). The assertion test
was inadvertently left out of the
macro definition on page 101.
Unfortunately, this omission ren-
dered the macro useless. What 1
meant to write was:

#define PRE(x) { if (testPre &&\
'(x)) reFailed(VALUE(__LINE_ )\
b o R > A

This change applies to both the
macro definition on page 101 as well
as the macro expansion on page 102.
My apologies for the inaccuracy.

Steve Kapp
EMBEDDED REAL-TIME

skapp@emrt.com

have some comments in response to

Charlie Carothers’ letter regarding
the May article “A ‘C’ Test,” (p. 119).

The expression (60 * 60 * 24 *
365)UL is not valid because UL is not a
postfix operator that can be applied to
any integer expression. There is no UL
operator in the C language. Instead, U
and/or L can be used as part of the
token that specifies a literal integer con-
stant. These suffixes must immediately
follow the digits of the integer constant
and are part of the constant itself, rather
than a modifier that is applied to the
constant. For example, 60UL is a con-
stant of type unsigned Llong. (See sec-
tion 6.1.3 of the ANSI C standard.) |
believe the C++ standard requires mal—
Loc(0) to return a non-zero pointer, but
the ANSI C standard states in section
7.10.3: “If the size of the space requested

is zero, the behavior is implementation-
defined; the value returned shall be
either a null pointer or a unique point-
er.” Therefore, you cannot count on
either behavior if you want your C pro-
gram to be portable. With implementa-
tions that do return a valid pointer, I
would guess that the library actually does
allocate some memory. (malloc typically
allocates some extra overhead memory
for internal bookkeeping uses.)
However, the result is likely to be unde-
fined behavior if the programmer actu-
ally tries to store something in this “zero-
sized” memory block.

Rod Spade

Tlere are a couple of bugs in the
code that accompanies Michael
Barr’s article “Software-Based Memory
Testing” (July 2000, p. 28).

1. The documentation in the code
(memtest.c) suggests that if you want to
use the algorithm to test memory that
has a data bus wider than an 8 bits, you
should change the typedef for datum to
a type that is as wide as the data bus.

For a 16-bit memory device, you
would change the typedef for datum
to typedef unsigned short datum;.
However, this presents a problem for the
loops in the address line test because the
initializer in many of the loops is offset
= sizeof(datum);. In this case offset
is 2.

The first access to memory should
be at the address corresponding to the
least significant non-zero address line.
For 8-bit memory, this address is 1, but
for 16-bit memory, this address is 2.

Since the variable baseAddress is of
type volatile datum =*, the expression
baseAddressLoffset]
baseAddress[2], and since datum is an

becomes

unsigned short, this corresponds to the

datum at memory address 4, instead of
the desired address of 2.

To fix this problem, the variable
offset (or testOffset) should always
start at 1.

2. The test for address lines stuck
Low and shorted doesn’t work when an
address line is stuck Low. When an
address line is stuck Low, a write to an
address at some power of two will cause
an unintended write to address 0. The
current test only checks for the non-zero
addresses, and will miss a bit stuck low.

Also, Mr. Barr referred to problems
experienced with missing memory
chips, indicating that it is possible to
write to a memory location, and that
the capacitance on the data lines may
store the written value. I would add
that this could only happen if the
microprocessor cached or pipelined its
instruction fetches, or if there were
separate data buses for data and code.
On all of the embedded systems that
I've worked on, after writing a value to
RAM, the micro must do at least one
instruction fetch at its PC in order to
even know to read back from that RAM
location. In doing so, the address and
data lines change between writing the
value to RAM and reading it back.

William Moon
EasTMAN Kopak COMPANY

In a recent article on Linux (“Linux,
Interrupted,” Thomas Besemer; August 2000,
p- 49), the name of the author of the original
CIO-CTRO5 driver was omitted. That code
was developed and is maintained by Dr.
Warren Jasper, Associate Professor; North
Carolina State University. Sowrce code is pro-
vided with no warranty under the terms of the
GNU Public License and derwvatives of the
driver, like Mr. Besemer’s, must maintain the

same licensing terms. —Id.

Embedded Systems Programming ocroser 2000 7
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Start with the platform that
lets you dive right in.

The QNX' realtime platform:
Download it FREE at get.qnx.com

Download the QNX realtime platform
and immediately start building your
next prototype. More than just an eval
or demo, the download includes the
full distribution of the QNX realtime
platform and is yours free* for unlimited
non-commercial use. Simply contact us
when you're ready to create commercial
product.

Once you get the QNX realtime platform,
you'll know how fo use it. That's because
it's engineered from the ground up to
support POSIX APls and other standards.
And builtin Linux compatibility means
you can port most Linux apps.

You'll be more productive, too.

The QNKX realtime platform includes
source for most components, including
driver toolkits, OS utilities, TCP/IP
stacks, startup code, games, and more.
All on a market-proven RTOS with an
architecture that's not only friendlier

to work with, but boosts reliability

and performance.

So download the QNX realtime
platform and dive right in. You'll build
feature-rich, reliable products faster—
and get the competitive edge you need
to win in your market.

* All QNX technologies are free. Licensing fees for third-party software may apply.

What you get:
¢ microkernel RTOS
* embeddable GUI

rich set of OS modules

hundreds of utilities
and libraries

drivers (disk, graphics,
networking, USB, efc.)

* web browser

media players and plug-ins,
including RealPlayer™ and
Flash Player

¢ complete self-hosted
development environment,
including GNU toolchain

and much more...

t OaBmm,'gre
HS0-SNALOM reliable
orcall: 1 800 676'0566 WOl‘ld

(© 2000, ONX Software Systems Ltd. QNX is o registered trademark, and ‘Build a more reliable world' is o trademark, of QNX Software Systems Lid. All other trademarks belong to their respective owners.
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Planning to add TCP/IP
Ethernet to your design?
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To see how NetSilicon impacts your development process, fold the page to join the unown

Source hardware

Build and test |
| development board |

components

Select RTOS and
networking stack

Choose development /
environment

Choose networkmg
protocols

The typical team of engineers needed to source and integrate

hardware and software from multiple vendors.

So, your design requires Ethernet or Internet connectivity
and you need a fast, cost-effective solution? NetSilicon's *
NET+Works™ adds TCP/IP Ethernet connectivity and eliminates |
design steps — cutting months off your development process.
Qur 32-bit, ARM-based system-on-chip, with development |
environment, RTOS, networking software and support gives
you a complete, integrated solution. Work with us and see your
design unfold in record time!
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Visit our website at www.netsilicon.com/es to register
for our free online seminars or to receive the "NET+Works
Technical Overview" white paper.
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News Vectors

STMicroelectronics
Swallows Wafer

French semiconductor company STMicroelectronics has signed an
agreement to acquire Waferscale Integration, a programmable sys-
tem device (PSD) manufacturer. Before the deal, STMicroelectronics
held a minority interest in Waferscale Integration. By investing $68
million more, it will achieve full ownership. WSI will continue to
operate out of its Silicon Valley headquarters, but will function as a
business unit of STMicroelectronics Memory Products Group.

ST, it would seem, sees an opportunity to use its extensive
resources to facilitate the marketing of PSDs.

"We have been impressed by the performance of these devices,"
said Carlo Bozotti, corporate vice president and GM of ST's Memory
Products Group, "as well as the advantages they offer embedded
microcontroller applications."

"ST's vision, commitment, and resources will help us realize our
product strategies," said Reza Kazerounian, who will manage the
new business unit.

Besides acquiring the product portfolio, intellectual property, and
technologies of a successful technology corporation, ST strength-
ened its presence in Israel and Silicon Valley, where both ST and WFI
companies had held operations before the deal.

Wireless Market
Grows

The wireless market is expanding. And it's not just hype. Three sepa-
rate studies recently illustrated the prodigious influence wireless
technology is having in various markets. One report declared that a
global move to wireless data is underway, citing research that sug-
gests that shipments of WAP-enabled handsets will rise from 33% of
all handsets shipped in 1999 to 90% in 2004. In addition, another
study claimed that broadband technologies will join the cellular mar-
ket to drive the wireless communications integrated circuit into
prominence in coming years. A third report stoked the fire, saying
that one-third of surveyed database developers are now targeting
wireless and 52% expressed interest in an infrastructure tool for cre-
ating mobile DBMs. Five hundred database developers were polled in
this survey, which was carried out by Evans Data Corporation
(www.evansdata.com). The first two studies referred to were con-
ducted by Allied Business Intelligence (www.alliedworld.com).

Codevelopment tools on the rise

Continuing their impressive growth, codevelopment tool
shipments will overtake those for logic analyzers and ICEs by
2003, a new study says. The study analyzed the market
dynamics behind the current and expected growth of these
market segments. It concluded that the growth of codevel-
opments tools was driven by intellectual property considera-
tions, the growth of custom SOC technology, and time-to-
market restrictions placed on complex hardware-software
integration problems. Mentor graphics is the current market
leader. Source: Electronics Market Forecasters Group,
www.electronic-forecast.com.

~ Logic nalyz'erS' i

Device Programmers

659

Briefly noted...

Toshiba has joined the Extend the

that aims to provide wireless inter-
net products. % Mercury Marine
Internet (ETI) alliance, an organi- Inc. selected Green Hills to pro-

zation of more than 25 companies  duce software that controls most of

NAMES IN THE NEWS

PeopleMation promoted JAMES R. HANSEN to the position of chief
technology officer. ©* JOHNI CHAN has been appointed vice president
of engineering for I-Bus/Phoenix. & Scenix announced that DARREL M.
BURNS will join the company as vice president of engineering. 7 Blue
Wave Systems made MALCOLM BROWNSELL its chief operating offi-
cer. ) PAUL MENCHINI has joined Embedded Solutions Limited as its
senior vice president of technology.
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There’s a new force sweeping across the landscape, ushering in a new era of embedded capability
An era of operating systems and development tools that are balanced, strong and consistent, like
nature itself. What's behind this? The merger of Wind River Systems and Integrated Systems, Inc.,
including DIAB SDS, Doctor Design and TakeFive Software. Separately, these companies were
leading the way in software for smart devices. Together, they will offer unprecedented expertise,
drawing from a vast pool of resources to craft targeted solutions for their clients. So behold the
power, and put it to work for you. Call Wind River at 1-800-545-WIND today.

www.windriver.com (€

How
. smart
things

think

An Elemental Operating Systems Company Has Formed.

Roll Up Your Windows.




News Vectors

Software development tools, RTOS, and services mar-
kets to reach $2 billion by 2003

The world market for software development tools and RTOSes is forecast to exceed
$918 million in 2000. Driven by the complexities of emerging designs, time-to-market
considerations, and the lack of available engineering talent, the simulation-modeling
segment of the embedded marketplace is experiencing the greatest growth. The ser-
vices segment of the marketplace has become a strategic source of revenue to the
embedded industry as vendors continue to find new marketing strategies for differen-
tiating their products.

In 1999, shipments of embedded software development tools and RTOSes totaled
$800.1 million, led by a rapid acceptance of simulation/modeling development tools.
Design complexity, the need to thoroughly simulate complex systems (many with hard-
ware in-loop), and the ability to automaﬂcatly genaratg production quality code have
resulted in significant growth for the simulation/marketing éegment.

Source: Electronics Market Forecasters Group, www.electronic-forecast.com.

1999-2004 forecast: worldwide markets for software tools, RTOSes, and
related services.

Geographic distribution of 1999 worldwide tool and RTOS
shipments

THE NUMBERS GAME

Tundra Semiconductorannounced a revenue increase of 62% for the second quarter of 2000.
The company's net earnings increased 118%. @ Virage Logic announced an IPO of 3,750,000
shares priced at $12 per share. With the completion of the IPO, the company has raised gross pro-
ceeds of $49.5 million. @ Voice Signal Technologies secured $8.4 million in Series C equity
financing from a group of investors led by Stata Venture Partners, aninvestment company that
specializes in early- to mid-stage technology companies. & TriQuint Semiconductorreport-
ed its financials for the second quarter of 2000. Revenues were up $70.6 million, an 85% in-
crease over the revenues for the second quarter of 1999. Net income rose 280% to $16.4 million
in comparison to the same period 0f 1999. @ Revenuesat Echelon Corporation totaled $12.7
million, an increase of 19% over those from the same period in 1999. Their net loss for the quar-
ter was $508,000, a decrease from the same quarter 0f 1999. & EF Microsystemsannounced
revenues of $11.9 million for the second quarter of 2000, a 125% increase over revenues for the
same period last year.
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the propulsion functions on Mercury Marine's
entire line of outboard marine engines. ¥ CAD-
UL and Embedded Power Corporation have
teamed up to pair the RTXC RTOS with XDB for
RTXC, an OS-aware version of CAD-UL's de-
bugging tools. % Galil Motion Control is re-
locating its headquarters to Rocklin, CA, an area
just east of Sacramento. % Object Technology
International announced a distribution and
support agreement with MontaVista Software
for Linux-based development tools and em-
bedded Java application deployment compo-
nents. ¥ Nortel Networks has announced
thatit will use Blue Wave Systems' ComStruct
communications product in a new Voice over
IP system. % Technical Support, an Omaha-
based embedded systems engineering firm, has
completed a project for US Software that ex-
pands their RTOS system technology into new
telecommunications and networking markets. 3
2Wire has chosen M-Systems’ DiskOnChip as
the local storage device for its family of
HomePortal residential gateways. ¥ inSilicon
has licensed the ARM MicroPack and PrimeCell
Peripherals for use in combination with
inSilicons” communications technology IP. %
Wind River has partnered with QED to opti-
mize the Tornado development platform and
the VxWorks OS for QED’s RM7000 and RM5200
MIPS RISC processors. % LynuxWorks an-
nounced that the LynxOS RTOS will now sup-
port TimeSys Corporation's TimeTrace tool.
¥ STMicroelectronics will use Associated
Computer Experts' CoSy compiler devel-
opment system for ST's embedded system com-
piler development. % VenturCom has opened
an office in West Sussex, England. ¥ Triscend
has licensed the ARM7TDMI-S RISC micro-
processor core for use in next generation ARM-
powered CSoC products. % Lara Networks,
a company that produces processors for net-
work applications, is setting up an Indian
Design Center in Bangalore, India. % 1BM
and Sierra Monolithics formed an agree-
ment to use IBM’s silicon germanium (SiGe)
technology in SMI's microchips for optical net-
working equipment. % Aisys announced its
flagship product, a device driver design envi-
ronment named DriveWay available as a free
download to users of Motorola's 8-bit
68HCOS family of microcontrollers. %
Intrinsyc Software and MontaVista
Software have formed an alliance to produce

Linux-based embedded systems.
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Moving Right Along

When last seen, at the close of

last month’s episode, our hero was
busily hammering away in his work-
shop, constructing software for his
Zappo-Ray, portable anti-Brent func-
tion minimizer. His intention was to
put together a set of snap-together
modules that were both simple
enough to read and understand, and
effective enough to handle even
tough extraterrestrial and pathologi-
cal functions. The last module con-
structed was the stub version of the
parabolic fit shown in Listing 1.
(Incidentally, this listing corrects two
errors that crept into the version pre-
sented last month. Bonus question
for extra credit: what were the
errors?)

Note the last two lines of
para_shrink(), which swap the two
endpoints of the bracketing region.
These were put there to match the
same two lines in gold_shrink(). They
have to be there in gold_shrink(), to
force it to bisect the regions on the left
and right side on alternate calls. They
don’t really have to be there for
para_shrink(), but it seemed a good
idea to leave the output state in a con-
dition similar to that which
gold_shrink() would do.

At the close of last month’s session,
we plotted the three points being
maintained by the minimizer, and
noted the same bothersome effect I
had observed earlier: the parabolic fit,
if left unaided, tends to hang on to dis-
tant endpoints a lot longer than we
would wish.

In the case of bisection methods,
the algorithm has no choice but to

pull those endpoints closer together.

That’s what bisection is all about.
Either the new point is high enough to
use as a new bracketing point, or it’s
low enough to bring the opposite
point in. Either way, the endpoints
move inexorably closer together. In
fact, it’s the distance between end-
points, rather than the stability of the
midpoint, that we use as the criterion
for deciding when we've converged.

The method of parabolic fit doesn’t

work the same way, so twe can’t guar-
antee that each endpoint will be alter-
nately moved.

This tendency to hang onto dis-
tant points leads to two separate
problems: First, the solution isn’t
very satisfactory because we’re fit-
ting a curve through points that are
not well-conditioned (two points
close together, third very far away).
Second, we can’t use the distance
between bracketing points in our
halt criterion. No doubt this prob-
lem is the reason Brent came up
with a complex and inscrutable algo-
rithm for deciding when the solu-
tion was good enough.

Our challenge this month is to
come up with the logic to keep the
parabolic fit under control, and to
force the use of a bisection method to
help ensure a stable and smooth

descent to the minimum.

Where should we put this logic?
Well, we can always put it in the driver
external to function

think it better to

function,
para_shrink(). I
place it within para_shrink() itself.
That is, we allow the function itself to
decide whether the minimum it’s rec-
ommending is acceptable, and have it
return a Boolean depending on the
result. To begin, define the logical

variables:

#define FALSE 0O
#define TRUE (!FALSE)

(I've put these definitions in my stan-
dard library header, jmath.h). Then
alter para_shrink() to return a
Boolean. For starters, we can just force

it to always return TRUE.
Alternating methods

We seem to have established that let-
ting the parabolic method run open
loop is not very satisfying, since it tends
not to pull in the endpoints. The next
obvious approach might be to alternate
between parabolic and bisection meth-
ods. We can do that by simply putting a
counter in para_shrink(), and having
it return FALSE every other pass. Not
surprisingly, such an approach is going
to take more function evaluations, but

Embedded Systems Programming ocToger 2000 17
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Functions for parabolic fit

// estimate a minimum via parabolic fit
double para_fit(double x0, double x1, double x2,
double y0, double y1, double y2){

double m0 = (y1 = y0)/(x1 = x0);
double m1 = (y2 = y1D/(x2 = x1);
double ¢ = (m1 - m0)/(x2 - x0);

return (x0 + x1 - m0/c)/2.0;
 ;

For developers

WhO praCtice // shrink an interval using parabolic fit

void para_shrink(double &0, double &x1, double &x2,
double &0, double &y1, double &y2){
double x = para_fit(x0, x1, x2, y0, y1, y2);

double y = f(x);
safe if(x > x4
swap(x0, x2);
swap(y0, y2);
embedded > |
relationships. ity > y1) 88 (x2 > x0){
x0 = x;
Y0 = y;
}
elsel
x2:-= x1;
ye = yi;
To reduce development costs and speed X1 = x;
time to market, you need a supportive, =y
reliable embedded software partner with X
the right tools for the job. That partner swap(x0, x2);
is TASKING. swap(y0, y2);
With TASKING, you'll find development L ¥ )

tools for leading DSPs, including
DSP56xxx and CARMEL. You'll have the
best tools for leading 8-bit, 16-bit and 32-
hit microprocessors and microcontrollers,
including PowerPC, 68xxx, TriCore,
€166, ST10, M16C, XA, SLE88, 8051,
196/296 and more. And you'll save even
more time and money with integrated
RTOS and embedded Internet solutions, as
well as expertise from our Embedded
Applications Services group.

Alternating methods

With our installed base of over 100,000
licensed users, world-class support
and worldwide presence, you'll know
you made the safe choice for your
company. For more information, visit

www.tasking.com/tools.

1:5.2 =3 lar Gy Goe ZESEIECOR LG RIr D S 3L M H e 7 S8

aill TASKING

Iteration
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windowing systems. With its rich set of 0.001 st x
objects and ability to test interfaces without
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project from concept, to prototype, to
product.
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0.0001 |
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and editing of all objects. The APl is
identical across all platforms, including:

0.000001 |
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Windows CE
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QNX® Photon microGUI®
QNX Neutrino® void gold_shrink(double &0, double &1, double &x2,
QNX X Free86 double &0, double &1, double &y2){
new platforms coming soon double x = gold(x0, x1);
double y = f(x);
if(y > y{
x0 = x;
o =y;
}
elsel
x2 = x1;
y2 = yl;
x1 = x;
yl = y;
X
x = gold(x2, x1);
y = f(x);
ifCy > y1){
; X2 = X;
Y2 =y;
X
www.tilcon.com else(
x0 = x1;
Y0 = y1;
(\‘ it %
ILCON o
800-665-5928 >
613-226-3917 613-226-3631 3
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and POS systems. Its unique dual memory bank architecture lets you alter
flash contents while the 8051 keeps tootling right along—a feature we call
In-Application Programming™ So your in-field products can be upgraded
in real time, without being shut down. And our security locks make sure your
flash contents aren't accidentally overwritten or electronically swiped.

FlashFlex51's backup ensemble comes complete with SST's outstanding
customer service, plus a whole suite of development tools. For details, visit our
website. For an evaluation kit, contact your SST distributor or representative today.
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At the moment, the big question is: does this approach fix the parabolic fit's
tendency to hang onto outlier points? Well, it might have, if I'd done it
properly. In fact, though, it didn't, because I screwed up.

Modified version of para_shrink

int para_shrink(double &x0, double &x1, double &x2,
double &0, double &y1, double &y2){
double too_close;

#define MAX_PARA 4
static int count = MAX_PARA;
if( count = O0X{
count = MAX_PARA;
return FALSE;
b q
double x = para_fit(x0, x1, x2, y0, y1, y2);
too_close = (x2 = x0)/20;
if(max(x-x0, x2-x) < too_close){
count = MAX_PARA;
return FALSE;
}
double y = f(x);
if(x < x{

ifly > y{
x0 = x;
Y0 =y;
}
else{
x2 = x1;
Y2 =lyl;
xTi=ixz
YAR=2y;
}
}
else{
ifly > y1{
X2 = Xx;
¥2 = y;
}
elsel
x0 = x1;
y0 = y1;
X1 =%
Yiesty;
>
}
return TRUE;
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let’s not worry about that too much for
now. We'll be thinking harder about
optimizing after we better understand
the behavior.

At the moment, the big question is:
does this approach fix the parabolic fit’s
tendency to hang onto outlier points?
Well, it might have, if I'd done it prop-
erly. In fact, though, it didn’t, because I
screwed up. The parabolic fit ended up
giving me points that failed to satisty
our fundamental requirement, that the
middle point is always lowest.

The problem is still in that pesky

statement, which was:

ifCy > y1)

last month, and in Listing 1:
if(Cy > y1) && (x2 > x0))

Turns out, neither test is correct. What
[ was trying to do was to swap P, and P,
if x turned out to be between x; and x,.
That’s because x is guaranteed to be
between x, and x, for the golden sec-
tion, and I wanted it to look the same
way after a parabolic fit.

However, I forgot that, because of
all the swapping, sometimes x; is larg-
er than x,, and sometimes not. The

correct test is:
if((y > yD*(x2 > x0) > 0)

(Recognizing that this can be a risky
test if x, and x, are drawing closer
together, as we hope they do).

So I can fix the test. Do we now get
performance where the endpoints
always move inward? No, we don’t.
Figure 1 shows the case where I alter-
nate between golden and parabolic
methods. In Figure 2, I've set the fre-
quency to allow two parabolic fits, then
a forced golden section. It doesn’t
seem to matter; the problem of end-
points stuck at the same values persists.

To swap or not to swap

We don’t have to look very far to see
the problem: if you examine the
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int para_shrink(double &0, double &x1, double &x2,
double &0, double &y1, double &y2){

double too_close;
#idefine MAX_PARA 2
static int countO
static int count2

0;
0;

n

if(count0 == MAX_PARA){
count0 = 0;
return FALSE;
}
if(count2 = MAX_PARA){
count2 = 0;
return FALSE;
i
double x = para_fit(x0, x1, x2, y0, y1, y2);
too_close = (x2 = x0)/20;
if(max(x=x0, x2-x) < too_close){
return FALSE;
}
++count0;
+count2;
double y = f(x);
if(x < x1{
ifly > yD{
x0 = x;
o =y;
count0 = 0;
>
elsef
x2 = x1;
y2 = yi;
x1 = x;

count0 = 0;

}
return TRUE;
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code for gold_shrink(), you'll see
that it always does just one bisection,
and that one is always between x, and
x;. In practice, the whole point of
bisections is to pull both endpoints
in, but someone got tricky and
hoped to save a little code by only
doing one bisection per pass. That
someone was me. My only excuse is
that T had a little encouragement
from both Brent and the Numerical
Recipes authors, who used the same
approach.

That approach limits the number
of function evaluations per pass
through the outer loop to one,
which may make it nice for counting
function evaluations, but has little to
offer otherwise. We save duplicating
a few lines of code, which makes the
routine that much shorter and more
compact. On the down side, we have
all those stupid swaps, which not
only confuse the heck out of me (as
my errors in the swap test fully
attest), but eat CPU cycles as well. A
side effect is that we can’t be sure
whether x is increasing to the left or
the right.

In retrospect, I believe that some-
one (again, me; who else?) got entire-
ly too tricky for his own good. Given a
choice between tight and tricky, and
large but simple, I'll take simple every
time. So let’s begin the process of sim-
plification by writing gold_shrink()
the way it should have been in the first
place, and have it reduce both sides of
the interval each call. We'll require,

and assume, that:
Xy > Xo

throughout the process (except when
they're equal, of course, in which case
we're done). The new version is shown
in Listing 2.

Function para_shrink() can now
be simplified a bit, since we know the
order of the x’s. We can also eliminate
all those silly swaps. The new code for
this function is shown in Listing 3. The
corresponding performance is shown
in Figure 3.
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PROGRAMMER'S TOOLBOX @

Now that’s more like it! True, we
Parabolic bisection ‘ P ‘ i still have variables that seem to stick

at one value. But look how dramati-

cally the others are changing as we
go. After only eight passes, all three
errors are less than 0.001. Compare
that to Figure 1, where it takes 12
passes to accomplish the same result,
or Figure 2, which takes 10.
Admittedly, we're now evaluating the
function twice for each bisection
pass, but even so, the difference is
impressive. I don’t mind a value get-
ting stuck at, say, 1.0, if the other two
are rapidly squeezing up next to it.
That’s the best we can really hope for
in such a method.

Preventing bad estimates

Iteration

One thing we still must check on is

the suitability of the estimates com-

ing out of the parabolic fit. If, for

A general-purpose mmlmier A R | example, it gave a value for x; that’s,
say, almost equal to x, we can
double para_search(double (*f)(double), double &0, double &2, double Eps){ expect that the next parabolic fit
#define MAX_ITER 30 will be poor. I've flagged this as a
double eps = Eps * (abs(x2-x0)); potential problem in the past, and
Brent worried about it too. However,
// initial last values make sure we try at least twice both Brent’s original Algol code and
double lastl = 1e20; Press et al.’s C translation only reject
double last2 = -1e20; the estimate if it’s very close (within
an epsilon value on the order of the
double x1 = gold(x0, x2); precision in the solution) of one of
double y0 = f(x0); the bracketing points. I'm going to
double y1 = f(x1); be much more aggressive on this
double y2 = f(x2); one, and reject it if it’s within 5% of
for(i=0; i< MAX_ITER; i++){ the total current interval between x;
if(!para_shrink(x0, x1, x2, y0, y1, y2)) and Xo. The structure of
gold_shrink(x0, x1, x2, y0, y1, y2); para_shrink() allows us to reject,
if((x2-x0) < eps) simply by returning a false value for
break; the return Boolean. The code frag-
if(max(abs(x1-last1), abs(x1-last2)) < eps) ment is:
break;
last2 = last1; if(max(x-x0, x2-x) < too_close){
last1 = x1; count = MAX_PARA;
X return FALSE;
if(i = MAX_ITER) }
cout << "Para_search: No convergence after " << MAX_ITER << " trials." <<
endl; return x1; I'd also like to change the criteri-
> on for forcing a bisection step.
Currently, we just count off parabolic
L ) steps, and then force a bisection

whether the method needs it or not.
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At this point, we almost have a serviceable function, in that it takes a mix-
ture of parabolic and golden section steps, and it chooses between the two
based on reasonably intelligent, rather than pre-programmed, rules.

‘A test driver

#include <iostream.h>
#include <stdlib.h>
#include <math.h>
#include <constant.h>
#include <jmath.h>

/% NOTE:

*/

double f(double x){
return cos(2xpixxx*x);

void main(void){
double eps = 1.0e-7;
double x0 = 0;
double x2 = 1;

cout << x << endl;

Files constant.* and jmath.* define pi, the Golden ratio,
* and also define abs as a macro rather than a function.
* don't do this, better change calls to abs to fabs.

double x = para_search(f, x0, x2, eps);

If you

For the test case, it has always been
needed in the sense that one of the
boundary points seems stuck. But
this may not always be true. When
the boundary points are not stuck,
it’s foolish to abandon a method
that’'s working. A better method
would be to keep a separate count
for each boundary point, and kick
out when one appears to be stuck.
shows function

Listing 4 para_

shrink() after this change.
Knowing when to quit

I think this header is particularly
apt, both for this month’s session,
and also for the study of minimizing
a function. I'm ready to quit, aren’t
you?

At this point, we almost have a ser-
viceable function, in that it takes a
mixture of parabolic and golden sec-
tion steps, and it chooses between
the two based on reasonably intelli-
gent, rather than pre-programmed,
rules. The one thing still lacking to
make the function production-quali-
ty is a good stopping criterion. Recall
that, for bisection-only case, the cri-
terion is simple: we stop when the
interval between x, and x, is reduced
sufficiently far. Thanks to the forced
changes in both boundaries, we
could still use this criterion, but in
fact, the parabolic fits seem to be
homing in considerably faster than
that last boundary point gets pulled
in. So we’d be taking a few too many
steps.
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I have what I think are some super
ideas for a robust halting criterion,
but they would require too many
changes to our code to include them
this month. Brent used the change,
not in two successive parabolic esti-
mates, but in the estimates two cycles
apart. Press et al. suggest only that
“the
heuristic.” I'll go Brent one step bet-

reason seems essentially
ter, and require that we have three
parabolic estimates within an epsilon
error. The code is collected into a
general-purpose function in Listing
5. A sample driver program, com-
plete with test function, is shown in
Listing 6.

For your interest, the method
converges to 17 accuracy in 17 itera-
tions: five bisections and 12 parabol-
ic fits. It uses a total of 25 function
evaluations. I know, I know, that’s
more than Brent’s method. That is
no doubt because each golden sec-
tion makes two evaluations, not just
one. At this point, it’'s a price I'm
prepared to pay to get rock-solid
robustness.

I still believe we can improve on
the algorithm some more. For exam-
ple, I want to try my ideas for a better
halting criterion. However, I won’t be
doing that next month. I want to
give both you and I some time to
wring out the algorithm. Have at it,
try it on as many functions as you
can, and see if you can break it.
Meantime, I think we could all use a
rest from Brent’s method and its
cousins, so next month I'll be start-
ing a new topic.

See you then. esp
Jack W. Crenshaw a senior principal
design engineer al Alliant Tech Systems
Inc. in Clearwater, FL. He did much early
work in the space program and has devel-
oped numerous analysis and real-time pro-
grams. He is the author of Math Toolkit
for Real-time Programming (CMP
Books, 2000). He holds a PhD in physics
from Auburn University. Crenshaw enjoys
contact and can be reached via e-mail at

Jjerens@earthlink.net.
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JOHN FUSCO

Cut Once

Measure Twice,

Carefully named variables help reduce confusion. Follow this naming

convention to track units and avoid mismeasurement.

n the fall of 1999, NASA experienced the failure
of its Mars Climate Orbiter. The failure was attrib-
uted to miscalculations in the thrust used to cor-
rect anomalies in the orbiter’s trajectory on its
way to Mars. These miscalculations, it was later
discovered, were due to one subcontractor using
English units instead of metric units. NASA specified the

output of a piece of ground software to be in metric units of

impulse (Newton-seconds); the software produced output
in English units of impulse (pound-seconds).

This article discusses problems associated with the lack
of a useful software abstraction for measurement units and
presents some simple ideas for dealing with them.

Standard units

The Systéme International d’Unités (SI, for short) stan-
dardizes the units that are used in science and engineering.
A feature of SI units is that you can solve all the fundamen-
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tal equations in physics without any extra manipulation. For
instance, the familiar equation /=ma can be solved by using
the SI unit of mass (kilograms) and acceleration (meters
per second per second). The resulting force is measured in
Newtons (N). You could solve this equation using the
English units of mass (slug) and distance (foot). But the
result would not be the English unit of force (pound)
unless you also multiplied it by a nonintuitive constant.

SI classifies units into two different types: base units
and derived units. A base unit is a unit that cannot be
decomposed into other units. Length is an example of a
base unit, since it cannot be expressed in terms of other
units, like time or mass. A derived unit can be expressed in
terms of multiple base units and may have a proper name.
The SI unit of force is a derived unit that has a proper
name. The Newton is derived from the SI units of mass,
distance, and time. This can be illustrated using Newton’s

second law:



Force = mass * acceleration
Alternately:

Newton = kilograms*meters/seconds/seconds

1 Newton = 1 kg-m/s?

In addition, SI provides a vocabu-
lary for scaling the standard units by
powers of ten. These familiar prefixes
are shown in Table 1.

Why not use Sl units for
everything?

Mandating SI standard wunits in
embedded software is not practical
when the inputs and outputs are any-
thing but standard. Such a require-
ment can directly impact the perfor-
mance and cost of the system. For
instance, a system that measures time
in one-microsecond clock ticks would
need a data type that can represent
1/1,000,000th of a second in order to
keep the data in SI units. Since C does
not provide a fixed-point type, the
only other choices are to use a float-
ing-point type or an integer in non-
standard units.

Cost-sensitive embedded systems
avoid floating-point computation
whenever possible. Using a CPU with-
out a floating-point coprocessor can
cut costs. Floating-point computa-
tions on an integer CPU require the
use of a floating-point emulation
library to take the place of the
coprocessor. The emulation library
takes up precious memory, which can
affect the cost of the system. Floating-
point operations are emulated with
function calls that may be routed via
an exception handler. Operations
that would normally compile to a sin-
gle instruction for an integer are
turned into function calls for emulat-
ed floating point. Even the fastest
integer processor will suffer a signifi-

1 Mandating SI standard units in embedded software is not practical

when the inputs and outputs are anything but standard.

cant performance penalty when it is
forced to use emulated floating-point
operations. When a floating-point
coprocessor is available, the space
required to store 4-byte floats might
be too costly when 2-byte integers will
suffice.

For most programmers, the obvi-
ous solution to this problem is to use a
scaled integer, that is, an integer in
non-standard units. For our one-
microsecond clock tick, the simple
choice is to represent time in units of
microseconds. Strictly speaking, this is
a standard unit because we are only
scaling the time by a power of 10.
Scaling SI units by powers of 10 is as
simple as slapping on one of the pre-
fixes shown in Table 1 in front of the
name.

Unfortunately, scaling by a power
of 10 is often no help in embedded
software. For example, the output of
an analog-to-digital converter (ADC)
is typically a binary value—meaning
the range of output values is a power
of two. The input range, on the other
hand, can be constrained in a com-
pletely arbitrary fashion. So, in gener-
al, the output of an ADC will be X/‘Zv,
where Xis the input range and y s the
number of bits in the output. Even if
the actual input (x) is in standard
units, your output will be some stan-
dard unit divided by a power of two. SI
doesn’t help much here, since there is
no vocabulary for representing stan-
dard units scaled by powers of two.
That’s probably just as well, since it is
not very often that your input is an
integral multiple of a standard unit
either.

Use and abuse of units in
software

It’s hard to adhere to any conven-
tion, let alone SI, in your software,
when all your inputs are in non-stan-

dard units. Devices like timers, ADCs,
and encoders spit out integers in
whatever units a hardware designer
can dream of. Sometimes these units
make sense and sometimes they're
just arbitrary, but mostly they’re not
standard. It’s up to the embedded
programmer to make some sense out
of the chaos.

It would be easy just to blame
hardware designers, but there’s plen-
ty of blame to go around.
Programmers can also play fast and
loose with the data and confuse any-
one who tries to follow. Many a short-
cut has been used to save CPU cycles
that make the code read like a col-
lege textbook where “the proof is left
as an exercise for the reader.” While
shortcuts are often necessary in
embedded software, it is not neces-
sary to confuse everyone who looks at
the code.

Some common shortcuts you may
have run across include interchang-
ing terms like “frequency” and “peri-
od,” or “time” and “distance” in your
code. This may seem trivial as long
as you are familiar with the design,
but it can confuse a newcomer.
Another example would be hard-cod-
ing scale factors in your code to con-
vert from one system of units to
another, with no mention as to what
is going on.

Sometimes, we hide vital infor-
mation in a design document that
could have easily been included in
the code in the form of a comment
or an informative name.
Programmers will make assumptions
without always checking the docu-
mentation—that’s human nature.
Some assumptions may seem obvi-
ous to the programmer, but can still
be wrong. It may have seemed obvi-
ous to the programmers writing the
software for the Mars Climate
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The C and C++ languages do not give you many choices when it comes

to representing scalar variables. You basically have two choices:

S| standard fnxes’

Orbiter that thrust should be
expressed in pounds. If they had
checked the design document, they
would have found otherwise.

The problem of units in
software

The C and C++ languages do not give
you many choices when it comes to
representing scalar variables. You basi-
cally have two choices: integer or
floating point. The language makes
no assumptions about what the data
represents, so you get no complaints
from the compiler when you do
things like:

® Assign units of one type to a vari-
able in different units; for example,
“length = time”

® Add or subtract variables that are
not in the same units; for example,
“length = length + time”

® Multiply or divide variables in dif-
ferent units and store the result in
a variable in the wrong units; for
example, “frequency = time/cycles”

In a nutshell, what we need to
define is a unique scalar type for each
unit of measure, such as length or
time, that is derived from one of the
native scalar types (int, double, float).
The goal is to define some simple
rules and let the compiler enforce
them. Some languages, like Ada, have
this ability built-in. Once you define

integer or floating point.

your own scalar type, an Ada compiler
won’t allow you to mix up the math
unless you explicitly instruct it to do
so. Unfortunately, this is not so trivial
in C and C++.

The typedef keyword, which pro-
vides the simplest way to define your
own scalar type in C and C++, creates
nothing more than an alias. The com-
piler doesn’t care if you mix up an
expression using a “meter_type” and a
“second_type,” as long as they are both
scalars. In most cases you won't get a
warning, much less an error. To make
matters worse, program checkers like
lint don’t care about user-defined
scalar types either! You may as well just
use the preprocessor.

The next logical step is to define a
class, but that opens up a new can of
worms. In C++ a class cannot inherit
from a scalar. For instance, the follow-
ing C++ statement will not compile:

class METER : double {};
// Does not compile

If you want to create your own scalar
class, you must settle for something
like the following:

class METER { double value; };

This is unfortunate because now
the compiler knows absolutely noth-
ing about scalar operations for this
class. You must write code for every
scalar operation, including several you
may not have thought of. For instance,
in addition to writing operator meth-
ods for “+’,
supply the code to perform all type

“_»

, and so on, you must
conversions, which are necessary to
evaluate a simple expression like the

following:

velocity = (METERS_PER_SEC) meters
/ (METERS_PER_SEC) seconds;

You have to define a method for
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the METERS_PER_SEC typecast in both
the METERS type and the SECONDS type.
You also have to provide various con-
structors and assignment operators
before this class will work like a plain
scalar. A complete example would
take several pages and can be found
in the first reference at the end of this
article. I'm sure you can find one in
your favorite C++ textbook. You will
also have to revise these classes regu-
larly to provide access to new derived
units. This is not a low maintenance
solution.

All we wanted was for the compiler
to enforce better type checking of
scalars. But to do that we are forced to
write lots of extra code that adds no
value to the application. As if that
weren’t bad enough, using a scalar
class such as this will produce ineffi-
cient code. It forces the compiler to
insert a call to a constructor or
method where it would normally
insert a single machine instruction.
Even with inline code and aggressive
optimization, I doubt that this code
could ever be as efficient as code writ-
ten with plain scalars.

For me, the ultimate question
regarding a solution like this is “does it
add value to the code?” I have three
simple criteria I use for deciding if a
solution adds value:

® Does it reduce the amount of code
that must be written? Fewer lines of
code means fewer opportunities
for bugs

® Is it low maintenance? Code that
has to be constantly modified to
accommodate every application
does not help. The act of modify-
ing the code introduces more
opportunities for bugs

® Is it easy to understand? If you can
live with high maintenance code, it
had better be easy to understand.
The more difficult it is to under-
stand the easier it is to make a mis-
take when “maintaining” it. A
kludge solution that works well for
only one application is not much of
a solution
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If following a particular convention s

to impact your

performance or development cost, it's time to ditch the convention.

You will have to answer these
questions for yourself. But let’s con-
sider our humble goal. I just wanted
to create an abstract scalar type that
would tell the compiler to prevent
me from making stupid mistakes
like “length = time” or “seconds =
milliseconds.” I also wanted to be
able to overload operators so that
the answers would come out in the
right units automatically. Any pro-
grammer who wanted to use this
class would have to be familiar with
the implementation in order to use
different units. So much for low
maintenance.

So we have gone to extremes to do
what should be a very simple thing,
and we still don’t have a good solu-
tion. This is probably why, when it

comes to using the right units, most of

us rely on code review and testing to
ensure that we get it right.

If you are going to rely on humans to
do the job of checking units, you
might as well make it easy on them.
There are lots of ways to screw things
up, so the best you can do is to try to

make that less likely. The first line of

defense in this area is the names you
choose for your variables.

No modern programming lan-
guages I know of enforce any rules
about how you name your data, or
allow you to enforce your own. Many
coding conventions out there say
how you should name your variables,
but they are usually focused on aes-
thetics. It seems we are more con-
cerned about which letter should be
capitalized, or where to put the
underscore than we are about
whether the name is inconsistent or
misleading. Often we don’t realize
how ambiguous some terms are until
we have to revisit the code much
later. What seems clear today may be

incomprehensible six months from
Nnow.

Consider a term like “rate” used to
describe a change in some value over
time. You might name a variable
“transfer_rate” or “flow_rate,” but you
are missing a key piece of informa-
tion—the units. To measure a data
transfer rate, you could be talking
about bits per second, baud, bytes per
second, megabytes per second, and so
on. Typically you might put a com-
ment in the declaration to indicate the
units, but if that declaration is in
another file, chances are good that no
one will look for it.

Why not use the name to indicate
the convention in use? For example,
we could use the name “transfer_
rate_bits_per_sec.” This tells us
exactly how it was calculated and
how to use it. What if you are using
system clock ticks as your unit of
time measurement? It would be a
waste of CPU cycles to scale your
clock ticks into seconds. In this case,
you could skip the scaling and use a
name like “transfer_rate_bytes_
per_tick,” making it clear that you
are not using seconds for measure-
ment. This is not part of any stan-
dard convention, but it communi-
cates an important piece of informa-
tion that the reader needs to know.
Another programmer should at least
get a clue from the name that he
needs to know what a clock tick is
before he makes any assumptions
about this value.

Putting units in your variable
names may seem clunky at first, but it
adds value to your code. For one
thing, it gives more meaning to a vari-
able than a generic term like “rate” or
“length.” If the name consists of real-
world measurements, the reader can
infer information about the variable

just by knowing about the applica-

tion. For instance, if a variable con-
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tains the speed of a car in miles per
hour, you have a fairly good idea what
the range of values is for that vari-
able. You also know that an expres-
sion like “speed_mph =
distance_meters/delta_time_sec-
onds” is wrong. You can see that just
by looking at the names. No need to
sift through header files or design
documents, it’s right there for every-
one to see.

What I like about this approach is
that it is simple to apply and follow.
You do not need strict rules to apply
this, just common sense. You don’t
need a dictionary to follow the code as
long as you stick to familiar abbrevia-
tions. A code review can help alert you
to ambiguous abbreviations or unfa-
miliar terms.

Another benefit of this approach is
that incomplete compliance is better
than none at all. Even with tens of
thousands of lines of legacy code, you
can still improve the code by applying
this to just the code you add or modi-
fy. Unlike some naming conventions
that don’t work unless they are strictly
followed throughout the code, putting
units in variable names can be done

'(lllyWhCI‘C at any time.

Following a convention like SI goes a
long way toward making your code
easy to follow, but if following a partic-
ular convention starts to impact your
performance or development cost, it’s
time to ditch the convention. That’s
where the names are most important.
You should be free to use whatever
units are necessary to get the job
done, but use the names to inform the
reader.

The goal is to make the code as
easy to follow as possible, so that code
reviews will catch as many errors as
possible. Stick to familiar terms and
abbreviations in your names using SI
as an example (see Table 1). Keep in
mind that the SI abbreviations are case
sensitive. For instance, “M” is the
abbreviation for “Mega,” but “m” is the
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You should be free to use whatever units are necessary to get the job
done, but also use the names to inform the reader.

abbreviation for “meter” and “milli.”
When in doubt, spell it out. This is
especially true if you are going to use
some of the less common abbrevia-
tions. For example:

® 1/1000th of a volt = “mv” or “mV”
are okay, “mVolts” or “milliVolts”
are even better

® 1/100th of a volt = “mvx10,”
“mVx10,” “mVoltsx10,” or
“milliVoltsx10” are okay but

“centiVolts” is would be unusual
and “cV” would be cryptic
® 1/10th of a volt = “mVoltsx100” or

“milliVoltsx100” but “deciVolts”
would be unusual and “dV” would
be cryptic

These names start to get ugly when
you use derived units like
“velocity_meters_per_second,” but at
least they're not ambiguous.
Sometimes you should consider
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inventing your own units to avoid con-
fusion. For instance, maybe you want
to use a pixel as a unit of distance. In
that case, don’t call it a millimeter, call
it a pixel. You can then define a well-
named constant like  PIXELS_
TO_MILLIMETERS that will convert your
pixels into appropriate units.

Another example of when you
might want to invent your own units
is when you need to manipulate raw
data from an ADC. Chances are that
the raw data is in arbitrary units, so
no SI units apply unless you scale the
data first. In this case just call it
something like “adcCounts.” Any
programmer or reviewer should
understand that these are raw counts
that need to be scaled before they
can be used.

Of course, assigning units to every
scalar does not make sense. To para-
phrase Freud, sometimes an int is just
an int. Examples of this would include
loop counters and bit flags. Use good
judgement and listen to code review
feedback. In the end you should have
code that is easier to understand and
fewer bugs. esp

John  Fusco received his BSEE  from
Polytechnic University in Brooklyn NY. He
has been designing and programming
embedded  systems  for over 10 years.
Currently he is with GE Medical Systems
where he designs image reconstruction soft-
ware for CT scanners. You can e-mail him
at fuscoj@execpc.com.
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Disconnecting

Even in this connected age, it’s

sometimes necessary to disconnect for a
while. For example, you can’t roam to
every square kilometer of the planet
with any wireless technology currently
available. So while networks are valu-
able, being offnetwork is a practical
reality that must be dealt with—Dby both
users and developers.

Several different behavioral models
exist for handling off-network situations.
In the case of cell phones, the network
generally handles disconnections auto-
matically. Incoming calls may be routed
to a (network-side) voice mailbox

instead of your unreachable handset. If

the caller opts to leave a message, the
network will let you know about that as
soon as you are again within range.
Another off-network behavioral
model operates like a digital camera,
wherein the device is still useful, though
perhaps in more limited ways. For
example, you may only be able to pho-
tograph a few dozen images before run-
ning out of storage capacity in your dig-
ital camera. And you certainly won’t
have access to the image manipulation
software and color printing capabilities
that make digital photos so much fun.
This month, the Internet Appliance
Design section focuses on two technolo-
gies for adding new capabilities to
embedded devices. The first of these is
the Wireless Application Protocol.
Despite its heavy association with Web-
enabled cell phones, WAP has much
broader

potential applications.

Specifically, its  Wireless Markup

Language—a stripped down version of

HTML—could be used to develop inter-
active data content for any display-limit-
ed device. The scripting language

WMLscript is also available to embedded
developers for all sorts of applications.

Another useful connection technolo-
gy is USB. One of the perceived prob-
lems with this PCcentric bus is the need
to develop a number of operating system
drivers (Windows 98, Windows 2000, and
Linux to name just three) for each new
device you might care to develop.
However, that’s not always entirely true.
Many embedded devices can get by with
a bare bones amount of USB firmware
and no new drivers at all—at least on
modern Windows platforms. This opens
the door to embedded devices not
intended to be utilized primarily along-
side PCs to include USB support anyway.
For example, a piece of stereo equip-
ment might have a USB connector and
firmware tossed in, so that a user desiring
to hook that product up to their com-
puter could do so. (I can already hear
the lawyers for the record labels grum-
bling at that specific thought.)

I hope you enjoy these Internet
Appliance Design articles and the ones
to come. I'm taking a few months away
from writing this column. The decision
to disconnect is a difficult one, but some-
times you have no other choice. Right
now, I'm too busy with the additional
responsibilities of being editor-inchief. I
do hope to return to this space sometime

czu'ly next year. esp

Michael Barr is the editor in chief of
Embedded Systems Programming. He
holds BS and MS degrees in electrical engi-
neering from the University of Maryland.
He is the author of the book Programming
Embedded Systems in C and C++
(O’Reilly & Associates).  Michael can be

reached via e-mail at mbarr@cmp.com.
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JEFF STEFAN

Working
with WAP

he Wireless Application Protocol (WAP) is emerging as a standard
wireless protocol and browser framework for small, limited display
devices. WAP is an Internet-enabling protocol, based on XML, that
allows data access for cell phones, PDAs, and other low-horsepower
systems. WAP is a reaction to two phenomena: the explosive growth
of the World Wide Web and digital wireless devices.

Access to the Internet and Web on the desktop is a fairly mature technology,
even despite its short existence. For the everyday user, modem speeds are tolera-
ble, access is better than ever, and a large number of Internet service providers
make mass access affordable. For companies and power users, technologies such
as Digital Subscriber Lines, or DSL, offer ultra high speed, always-connected
Internet access. This isn’t the case with wireless Web access. Wireless Web is new,
immature, and inherently slow. Desktop browsers, such as Netscape Navigator
and Internet Explorer easily support complex text and graphics and render them
relatively quickly, but the opposite is true with a wireless device. Wireless devices
are slow and display-handicapped, but mobile Web access is still a great conve-
nience. Several wireless phone manufacturers recognized this early and formed
the WAP Forum (www.wapforum.org) to create a specification for a Web access
environment based on current Internet and Web technology.

Clients, servers, and proxies

Information on the Web is manipulated by various technologies organized into
three basic categories: clients, servers, and proxies. Clients are the programs you
use. They allow you to traverse the Web and retrieve and submit information.
Servers contain information available to clients all over the world. Proxies act as

intermediaries between clients and servers.
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The WAP model is based on a scaled down version

Typical client applications are web
browsers such as Netscape Navigator
and Internet Explorer. Browsers make
information available to a user by nav-
igating through hypertext links and
forms. Unseen client applications may
contain  Web-enabled connectivity
without the user really knowing it. An
example is an application that logs
data from a remote location and posts
the data on a Web page. The client
application accesses the data posted
on the Web page and presents the data
to the user in what appears to be a
stand-alone application.

Servers process requests from mul-
tiple clients across the Web. Desktop
clients typically request servers to
retrieve Web pages, navigate hypertext
links, and access databases. Database
access is achieved via the Common
Gateway Interface, or CGI. A server
invokes a CGI script using client data
to access, process, and return data to
the client.

A proxy acts on behalf of the clients
it serves, and behaves as a sort of fun-
nel. Clients usually reside behind fire-
walls. Proxies receive requests from
clients behind a firewall and wait for
responses outside the firewall. All
transactions go through the proxy,
and proxies may flag or reject some
transactions. Proxies can also be
advantageous, especially in intranets.
An intranet is an internal network that
utilizes Internet protocols. Proxies can
cache documents and Web pages,
allowing faster access to frequently
requested information.

Web browsing on

wireless non-PCs

Web technology is fairly mature on
PCs and workstations, mostly due to
the capability and speed of desktop
machines and the rapidly evolved fea-
HTML. The
Internet and the World Wide Web are

tures supported by

based on wired technology.

of the standard Web model.

It’'s a different story on non-PCs,
such as cellular phones and wireless
PDAs. The computational power and
display capabilities of handheld wire-
less devices are feeble compared to
desktop devices. Having a fourline
LCD display on a cellular phone with
primitive graphics capability seems
extravagant. PDAs are mild exceptions
with bitmapped images and touch-
screens. A desktop computer with a
Megabit
Internet seem blazingly fast, but be

connection makes the
aware that a cellular phone may be
able to receive data only as quickly as
300bps.

With the throughput, display, and
computational limitations of hand-
held devices, running a browser that
interprets and displays complex
HTML information is out of the ques-
tion. The alternative is to create a new,
scaled down, highly structured lan-
guage and protocol for limited capa-
bility wireless devices and still enable
Web access. That’s the idea behind
WAP.

WAP architecture
fundamentals

The WAP model is based on a scaled
down version of the standard Web
model. The WAP model is consistent
with most Web architectural conven-
tions, such as standard naming via
URLs and
Content typing and content formats

standard  protocols.

are consistent with Web content typing
and format. This means that WAP
applications and types, such as lists,
images, and display formats, are direct
analogs to Web applications.

A card is the fundamental WAP dis-
play unit. A card represents one
screen’s worth of data. The basic data
can be text, a form, a single-bit
bitmap, or a menu. There can be one
or more cards per WAP client applica-
tion. Multiple cards reside in a deck. A
WAP browser, or user agent, decides
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how the information in a card is ren-
dered on its particular display. The
rendering and application functionali-
ty resides in the top-level application
layer called the Wireless Application
(WAE). The WAE
encompasses a micro-browser, sup-

Environment

ports code written in WML and
WMLScript, and also includes the
Wireless  Telephony  Application
(WTA). The WTA contains direct
access to telephone related functions.
Instead of calling the WAP browser a
micro-browser or client program, the
WAP documentation calls it a User
Agent.

WML

The Wireless Markup Language
(WML) is derived from the eXtensible
Markup Language (XML). XML is
itself a markup language derived from
the Standard Generalized Markup
Language (SGML), best known as the
daddy of HTML.

XML allows designers to custom
design document types. Whereas
everyone developing in HTML is bur-
dened with its alldinclusive nature,
XML can be used to create any type of
document. HTML must be all things
to all application domains. Not so with
XML. Custom languages for specific
application domains can be created
using XML. Rather than accommodat-
ing everyone, an XML-based markup
language can service a specific
domain, such as limited resource wire-
less devices. This reasoning prevailed
when the decision was made to base
WML on XML.

WML is designed with small in
mind: a small display, a small amount
of memory in the target device, and a
small amount of computing power.
WML applications are composed of
cards that reside in decks. A deck can
contain multiple cards. A card con-
tains wunits of wuser interaction. These
units of interaction are simple menu
selections, text entry fields, text for-
mats, and the like. WML also provides
an event-handling capability that is
used to navigate from card to card
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Every language has a syntax and syntax elements. WML specifies

several syntactic units.

WAP transaction sequence

WAP Client
Request via binary WML V@

(byte codes)

WML Binary content
(byte codes)

WAP Proxy

Content delivered in WML

:I

to WML by HTML filter.

Web Server

Uncompressed HTTP
request

or HTML

If content delivered in
HTML, then converted

within a deck and to control execution
of WML scripts.

WML structure and
transactions

WML transmissions usually originate
at the WAP client, or user agent. The
user agent makes a request via binary
WML byte codes. The request is typi-
cally a URL. A WAP proxy takes the
binary byte codes and uncompresses
The uncompressed WML
request is then translated to an HTTP
request. The proxy issues the request

them.

to a Web server via uncompressed
HTTP. Content is accessed at the serv-
er, returning HTML or other data
accessed on the Web server via CGI
scripts. The content delivered from
the server is HTML or WML, if the
Web server is WML-savvy.

At the WAP proxy, the incoming
HTML is converted to WML by an
HTML filter, then compressed into
binary byte codes. If the incoming
content from the Web server is already
in WML, only compression takes
place. The content is delivered to the

WAP client and the user agent displays
the new content, which is usually a
new card. The entire transaction
sequence is shown in Figure 1. With all
this activity and the inherently slow
data rate of wireless devices, one
comes to appreciate the minimal
nature and design of WML.

WML syntax elements

Every language has a syntax and syntax
elements. WML specifies several syn-
tactic units. These are entities, elements,
altributes, comments, and variables. An
entity is defined as a self contained
unit. WML contains two types of enti-
ties:  numbers and characters.
Elements define all deck information,
and are delimited by tags. Tags are
similar to tags in HTML. The structure
is <tag> information_content </tag>.
If there is no content, then the tag
form is <tag/>.

Attributes are values associated
with tags. WML tags have default val-
ues. If additional or specific informa-
tion must be associated with a tag,

then an attribute value needs to be
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specified within a tag. The general
form of an attribute within a tag is
<tag The
important things to watch for is the

attr="some_value"/>.

lack of white space between the attr
keyword and the equal sign. The value
associated with attr must be enclosed
in double quotes.

Comments are identified by pars-
ing an exclamation point and two
minus signs as the first characters after
a left angle bracket. Comments are
ended by two minus signs and a right
angle bracket. The form is <!-- com-
ments go here --> WML also allows
variables in cards and decks. Variables
are identified by a single dollar sign, $,
followed by the variable name.
Variables can be of the form $identi-
fier, $(identifier), or $(identifi-
er:conversion).

A simple WML deck

One of the simplest forms for a WML
deck is a single card with a text
prompt:

<wml>

<card>

<p>

Working with WAP
</p>

</card>

</wml>

A WML deck is enclosed by the tags
<wml> and </wml> This denotes the
beginning and ending of a deck, while
<card> and </card> denote the begin-
ning and ending of a card. The <p>
and </p>denote a paragraph, and the
enclosed text, “Working with WAP,” is
displayed.

This is an entirely static example
deck, with no provision for user input,
and no soft keys specified. The most
common construct for assigning soft
keys and taking action is the <do> ele-
ment. A typical <do> statement could
be <do type="ACCEPT" Llabel="Next'">.
This tag, like the others, must be ter-
minated, in this case, with a </do>. The
type="ACCEPT" part of the <do> state-
ment indicates an action type. The
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Like any language, WML has syntax rules and requires a parser to
determine if a submitted program is correct.

~ Two card example navig

<wml>
<card1>
<do type=""ACCEPT" Label="Next'">
<go href="#card2" />
</do>
<p>
Working with WAP
</p>
</card1>
<!— Card number 2 follows —>
<card2> !
<do type="ACCEPT" label="Last">
<go href="#card1" />
</do>
<p>
Working with More WAP
</p>
</card2>
<wml>1

ating with <do>

J

ACCEPT action type accepts the user
press of the soft key and takes the
action specified within the <do> and
</do>.

A common construct with <do> tags
is the <go> element. The <go> element
attempts to navigate to another card
or another deck. If the <go> element
specifies another card, that card is dis-
played. If a deck is specified, the deck
is retrieved and the first card is dis-
played. A WML listing that includes
two cards and a <go> statement is
shown in Listing 1.

Two soft keys are assigned in this
example, one labeled “Next” in Card1
and one labeled “Last” in Card2.
Cardl contains a small text block,
“Working with WAP,” that is displayed
first. If a user accesses the “Next” soft
key, Card2 is retrieved and the text
“Working with More WAP” is dis-
played. Both cards are cached on the
client device, and the client user
agent positions the text independent-

ly of the WML program since no for-
matting information is included.
Different user agents display this sim-
ple program differently, depending
on the client’s display capability. A
Nokia phone will display the program
slightly differently than a Motorola
phone.

How does the user agent know that
Cardl and Card2 are already on the
client device? First, no URL is speci-
fied. Second, a hash mark, #, precedes
the card name. The hash mark says
the card is local. Think of it as a “load
immediate” type of instruction.

As a WML author, how do you
know if your program is correct? Like
any language, WML has syntax rules
and requires a parser to determine if a
submitted program is correct. WML,
being based on XML, has a well speci-
fied document type. A document type
declaration must appear at the begin-
ning of every WML document. The
type declaration is:
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<?xml version="1.0"?>

<!DOCTYPE wml PUBLIC "-//WAPFO-
RUM//DTD WML 1.1//EN" www.
wapforum.org/DTD/wml_1.1.xmL>

This rather cryptic statement says the
WML document is based on XML ver-
sion 1.0, and the version of WML used
is 1.1 and can be found at the URL
indicated.

WML navigation and events

Navigation in WML is tied closely to
events and tasks. Events are usually
bound to tasks and result in navigating
to a new URL. Events can be intrinsic
or explicit. Intrinsic events enable
WML elements to generate events
when interacting with a user. If a par-
ticular type of action occurs, the event
is generated. Intrinsic events are rec-
ognized by four WML elements:
ontimer, onenterforward, onenterbackward,
and onpick. These are types associated
with an onevent element. For example,
an onenterforward event is generated
when a new card is entered. Explicit
events are generated by constructs
such as <do> statements, as explained
previously.

Tasks

WML supports four major “inter-card
traversal” mechanisms, or tasks. The
tasks are go, prev, noop, and refresh. The
go task can take up to 10 steps and
finally resolves to navigating to a URL.
The prev task can take up to seven
steps and results in popping a URL off
the history stack and locating a card
assigned to the URL. The noop task
does no processing. The refresh oper-
ation redisplays the current card. This
operation is used if any variable’s state
changes affect the display and need to
be displayed. If any of the tasks fail to
execute, the currently displayed card
is maintained without any changes to
variables, bindings, or state.

WMLScript

WML, like HTML, is static.
WMLScript, like JavaScript, adds
dynamic capabilities to WML.
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WMLScript functions follow specific rules and have rigid constraints,

such as always returning a value, passing parameters by value only,

WMLScript adds programming lan-
guage constructs such as if-then state-
ments. WML is weakly typed, and it’s

and not allowing function nesting.

easy to lose track of variables between
native WML and WMLScript.
WMLScript looks much more like

‘ WMLScript function formats

// for externally accessible functions
extern function FunctionlD(params)
{
BlockOfCode;

// for local calls only
function FunctionlD(params)
£
BlockOfCode;
};

WML/WMLScript variable interaction

<wml>
<!— This file is named num.wml —>
<!— Cardl calls GetNum() —>

<card1>
<p>
<do type="accept" Llabel="Get'>
<go href="num.wmls#GetNum()"/> <!— call GetNum() —>
</do>
</card1>

<!— Card2 displays result of GetNum() —>
<card2>
<p>
Num Is: $(NUM)
</p>
</card2>
</wml>

// This function is in num.wmls
extern function GetNum()
{
var number = 5;
WMLBrowser.setVar("'NUM", number);
WMLBrowser.go("'num.wml/#card2) ;
};
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a conventional programming lan-
guage than WML. Since WML is a sta-
tic language, some serious issues
come up, such as user data input
validity testing, target device resource
access, and local message generation
to users. How does WML know if a
user entered a name instead of a
phone number? What if the user
enters something wrong and an error
message must be displayed to alert the
user? Does this mean that a new card
must be accessed through a WAP
proxy and Web server just to get a sim-
ple error message? WMLScript
addresses these problems and offers
enough high level language features
to solve them.

WMLScript is function-oriented.
There is no call to main(), as in a C
program. All functions are stored in
compilation units and stored on a server
for execution. The forms of
WMILScript functions are shown in
Listing 2.

WMLScript functions follow specif-
ic rules and have rigid constraints,
such as always returning a value, pass-
ing parameters by value only, and not
allowing function nesting. WMLScript
supports two types of functions: exter-
nal and internal. External functions
are declared when the function is used
outside of its compilation unit. This is
like making a class member public in
C++. If a function is used strictly with-
in its local compilation unit, then the
function is declared normally and is
not visible to the outside world. A
block of code is like a block of code in
C or C++.

Listing 3 shows how to link
WMLScript functions to a WML page.
This example uses the WMLScript
library function setVar() to set a vari-
able in a WML program. The example
displays the number 5 on the client’s
display. The function GetNum() is
called from within the <go>element in
Cardl. The WML program stops exe-
cution, GetNum() is referenced and
interpreted, and the results are
returned in the WML variable NUM in
Card2. The WMLScript function uses
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The WAP architecture is built on a six-layer protocol based on the

Open Systems Interconnect (0SI) model.

User input check

function badValue(number)
{
if (number > 10)
1
Dialogs.alert("Number > 10");
};
3

the WMLBrowser library functions
setVar() and go() to set the value of
the WML variable NUM and to return
to Card2.

A WMLScript source code file is
parsed by a lexical and syntactic analyz-
er and translated into binary byte codes.
The result of a WMLScript compilation
is a compilation unit, which contains
user-created functions along with calls
to pre-defined library functions. The
byte codes contained in a compilation
unit are interpreted by a WMLScript
interpreter. The functions within a com-
pilation unit residing on a server are
accessed by referencing a URL followed
by a hash mark (#), the function name,
and a parameter list. An example is
call http://www.host.com/script#
AddIt(1,2). The function is AddIt()
with parameters 1 and 2. The byte-
codes for the function are retrieved and
processed by the WMLScript inter-
preter on the client.

WMLScript library functions
WMILScript supports a large array of
useful library functions. The library
functions are grouped into six classifi-
cations: Lang, Float, String, URL,
WMLBrowser, and Dialogs. WMLScript
library functions are called by prefix-
ing the specific library. For example,
to use getVar(), the call is
WMLBrowser.getVar("MyVar'"), similar
to accessing a member function in
C+.

The Lang library is a catch-all
source of functions that are related to
core WMLScript. The Lang functions
range from determining the absolute
value of a numerical parameter to
determining the character set support-
ed by a WMLScript interpreter. The
Float library supports floating-point
functions typically used in an applica-
tion, such as floor() and ceil(). The
String library contains string manipu-
lation functions such as compare() and
Length(). The String library also con-
tains some handy instructions such as
find(), which locates a substring,
squeeze(), which removes extra white
space between strings, and trimQ),
which eliminates excess leading and
trailing white space in a string.

The URL library contains functions
that manipulate URLs. The URL syn-
tax supported is as follows:

<scheme>://<host>:<port>/<path>;
<params>?<query>#<fragment>

The URL library functions range
from checking the validity of a URL to
resolving absolute URLs. The majority
of the URL functions are prefaced by
get, which returns URL content and
string information. Functions such as
getParameters() and getPort() return
the parameter list used in a URL and
the port number specified in a URL,
respectively.

The WMLBrowser library contains
the functions that link to WML vari-
ables. Important functions such as
getVar() and setVar() retrieve and set
variables in a WML program. Other
functions in the WMLBrowser library
have the same name as base WML
functions, such as go() and prev().
This duplicate naming can be a source
of confusion if an author isn’t careful.

The Dialogs library contains user
interface functions, such as prompts
and alerts. These beneficial functions
add quality to the user interface and
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save time, since the dialogs can be
cached on the client device. If a simple
prompt, confirmation, or alert is need-
ed, the user agent doesn’t need to gen-
erate requests to the WAP proxy, but
simply accesses the code on the client.
These are useful functions when
responding to invalid user input. If a
user inputs an out-of-range number, a
simple call to alert() displays the
error, as shown in the code segment in
Listing 4.

WAP protocol stack
Underneath the Wireless Application
Environment lies the rest of the WAP
Protocol Stack. The WAP architecture
is built on a six-layer protocol based
on the Open Systems Interconnect
(OSI) model, as shown in Figure 2. If
you get involved with WAP develop-
ment, you'll be in one of two WAP
implementation camps. You'll either
write WML and WMLScript applica-
tions, or implement the stack that
enables the applications. Writing
WML and WMLScript is relatively easy,
but porting the remainder of the stack
to a target machine is a difficult and
daunting task.

The first underlying layer is the
Session Layer. The Session Layer con-
tains the Wireless Session Protocol, or
WSP. The WSP offers both connec-
tion-oriented and connectionless ser-
vices. Connection-oriented services
maintain a virtual connection
throughout a session. Sessions may be
suspended and resumed at a later
time. The connectionless services pro-
vide datagrams that do not maintain a
connection, similar to UDP.

Underneath the Session Layer is
the Transaction Layer, which contains
the Wireless Transaction Protocol, or
WTP. The WTP is designed with thin
clients in mind. The Transaction Layer
supports three transaction classes:
unreliable one-way requests, reliable
one-way requests, and reliable two-way
request and reply transactions.

The next two layers down the stack
are the

Security and Transport

Layers. The security protocol is based
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The Web is now part of our daily lives and culture, but it is still

somewhat chained to the desktop. WAP is designed to break

on the Secure Sockets Layer (SSL)
protocol. Data integrity is ensured at
this layer, and data is encrypted using

a private key algorithm. The
Transport Layer contains the WDP, or
Wireless Datagram Protocol. This

layer provides the WAP equivalent of
TCP and UDP, with the emphasis on
datagrams. The
Transport Layer allows the upper lay-

connectionless

ers to operate transparently to the
data requirements of the bearer ser-
vices. On the bottom of the stack are
the Bearer Services. Bearers are the

that chain.

digital phones and the data services
they provide.

Developing WAP
applications

There are free WML and WMLScript
development tools available on the
Web. Two are currently available from
Phone.com  (formerly  Unwired
Planet) and Nokia. The full WML
specification set is available from the
WAP Forum.
require a connection to a server, but

The Phone.com tools

this can be localized by configuring a

The WAP six-layer protocol stack

Proxy Model

H Application Layer
1 (WAE or wireless appllcaﬁon environme

s | WMLScript, and WTA

Contains User Agents, WML,

|| applications.

_________________ ‘ ‘_; | ‘@

|| connection-oriented.

i Supports two services:
| connectionless and

Transaction Layer

Transaction Layer

(WDP or wireless datagram protocol)

Bearers

GSM CDMA CDPD

(WTP or wireless transaction protocol)
SCSSE—— | (- (17T

‘|| Supports three classes of transactions:
' unreliable one-way requests, reliable
| one-way requests, and reliable two-way

- Provides session-layer data
. encryption.

Supports WAP version of TCP or UDP.
Responsible for packet fragmentation,
reassembly, and maintenance of
end-to-end service.

This is the physical interface to
telephony and wireless hardware and
their services.
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server on the local machine the devel-
opment tools are downloaded on.
Most developers use the free Apache
server and configure it locally. The
Nokia toolset doesn’t require an
external server, although you can use
one if you like. The Nokia develop-
ment kit requires the Java runtime
library, and recommends 64MB of
RAM.

Both development toolsets have
well-thought-out user interfaces, and
each has a virtual phone handset on
the right of the screen where you can
see your WML/WMLScript applica-
tion in action.

Go forth

The Web is now part of our daily lives
and culture, but it is still somewhat
chained to the desktop. WAP is
that
Embedded systems programmers have
a great opportunity to create WAP
applications for wireless and wired
esp

designed to break chain.

platforms yet to be imagined.

Jelf Stefan is a system engineer at OnStar.

He has worked in embedded systems sofi-
ware for many years, is a frequent speaker
at the Embedded Systems Conferences, and
is the author of over 15 software articles.
He is currently writing his first book, enti-
tled Embedding Artificial Intelligence.
His e-mail address is jmstefan@mind-
spring.com.

Resources

WAP Forum. This is the WAP mother ship.
The full set of WAP technical specifica-
tions are found on the WAP technical
link: www.wapforum.org.

Nokia Wireless Data Forum. This offers a
WAP server trial kit and the Nokia WAP
Toolkit along with a well written docu-
mentation set that's loaded with good
examples. The WAP Toolkit is free but
requires developer registration: www.
forum.nokia.com/developers/wap/ .

Phone.com. Go to the Developer Web Site
to download the development kit. Like
Nokia, the toolkit is free but requires
registration: www.phone.com/develop-
ers/index.html.
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HIDs Up

T'he inclusion of a HID-class USB driver in Windows 98 and 2000 makes
connecting your embedded device to a PC easier than ever. Here's
everything you need to know to create a Human Interface Device.

fyou’re developing a device that will connect to PCs, chances are these
days you’ll be using the Universal Serial Bus (USB). USB is designed to
serve as a replacement for most of the PC’s legacy ports: parallel, seri-
al, and so on.

USB is versatile enough for use with many common peripheral

types as well as more specialized devices. Standard peripherals that
can use USB include mice, keyboards, disk drives, printers, and scanners.
USB is also becoming popular for data acquisition units, test instruments,
and monitoring and control devices. Just about anything that in the past
would have connected to an RS-232 or parallel port is a candidate for USB.

For many specialized devices, the human interface device (HID) class offers a
quick path for USB developers. Although the HID specification was written to
meet the needs of mice, keyboards, and similar input devices, it’s broad enough
to be useful for other devices that need to exchange data in both directions at
moderate rates.

Because Windows 98 and 2000 include HID-class drivers, there’s no need to
write a device driver for your new gadget. And the firmware requirements to clas-
sify a device as HID are minimal, consisting mainly of a series of data structures
that describe the HID interface and the data to be exchanged.

The main limitation of HID is speed, with a maximum transfer rate of 64KB/s.
This is much less than the full-speed bus rate of 12Mbits/s, but still fast enough
for plenty of applications.

This article is an introduction to HID development. I'll describe the
firmware requirements to enable the operating system to detect the HID and
exchange information with it. I'll also introduce the API functions available in
Windows for communicating with HIDs. And I’ll show how to use a couple of
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These descriptors for a USB joystick are included in the device
firmware. They include the device, configuration, and interface descriptors

required for every device, plus the HID class descriptor and a descriptor for
an interrupt IN endpoint

device_desc_table:
db 12h
db 01h
db 00h,01h
db 00h
db 00h
db 00h
db 08h
db B4h,04h
db 1Fh,OFh
db 88h,02h
db 00h
db 00h
db 00h
db 01h
end_device _desc_table:

config desc_table:
db 0%h
db 02h
db 22h,00h
db 01h
db 01h
db 00h
db 80h
db 32h

Interface_Descriptor:
db 0%h
db 04h
db 00h
db 00h
db 01h
db 03h
db 00h
db 00h
db 00h

Class_Descriptor:
db 0%h
db 21h
db 00h,01h
db 00h
db 01h
db 22h

Endpoint_Descriptor:
db 07h
db 05h
db 81h
db 03h
db 06h,00h
db OAh

end_config_desc_table:

;
;
;
;
;
;

r

Ne Yo Ne N Ne Ne N
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’

r
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r

’
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r

’

Descriptor length (18 bytes)

Descriptor type (Device)

Complies to USB Spec. Release (1.00)
Class code (0)

Subclass code (0)

Protocol (No specific protocol)

Max. packet size for Endpoint 0 (8 bytes)
Vendor ID (Cypress)

Product ID (joystick = OxOF1F)

Device release number (2.88)

Mfr. string descriptor index (None)
Product string descriptor index (None)
Serial No. string descriptor index (None)
Number of possible configurations (1)

Descriptor length (9 bytes)
Descriptor type (Configuration)
Total data length (34 bytes)
Interface supported (1)
Configuration value (1)

Index of string descriptor (None)
Configuration (Bus powered)
Maximum power consumption (100mA)

Descriptor Llength (9 bytes)
Descriptor type (Interface)
Number of interface (0)
Alternate setting (0)

Number of endpoints supported
Class code ()

; Subclass code ()
; Protocol code ()
; Index of string()

; Descriptor length (9 bytes)
; Descriptor type (HID)

HID class release number (1.00)

; Localized country code (None)

; No. of HID class descriptors to follow (1)
; Report descriptor type (HID)

; Total Llength of report descriptor

db (end_hid_report_desc_table - hid_report_desc_table),00h

Descriptor length (7 bytes)
Descriptor type (Endpoint)
Encoded address (Respond to IN, 1 endpoint)

; Endpoint attribute (Interrupt transfer)
; Maximum packet size (6 bytes)
; Polling interval (10 millisecs)
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free tools that will assist you in devel-
oping the firmware and ensuring that
Windows can communicate with the
device.

For a primer on USB in general,
see Jack Ganssle’s introduction to the
topic, “An Introduction to USB
Development” (March 2000, p. 79).

What is a HID?

The HID-class specification is the
product of a working group sponsored
by the USB Implementers Forum
(www.usb.org). The forum is the orga-
nization formed by the companies
responsible for developing the USB
specification.

The idea behind classes is to make
development easier by defining
requirements and behaviors shared by
devices with similar functions. An
operating system can include a device
driver based on a class specification,
and a device that conforms to the
specification can use the class driver
instead of having to provide its own
special-purpose driver. This is a big
time saver.

The HID class was one of the first
USB classes to be supported under
Windows. No doubt this was because
the class includes essential peripherals
like keyboards and pointing devices,
which were intended from the outset
to use USB. The class specification
and additional documents and tools
are available from the USB
Implementers Forum’s Web site.

The term human interface suggests
that these devices interact directly with
humans. With a keyboard or mouse, a
human’s actions are indeed what
determines the data that will be sent to
the host. Other examples of HIDs
include front panels, remote controls,
telephone keypads, and game con-
trols. But a HID doesn’t have to have
button, knobs, or switches. The speci-
fication mentions bar-code readers,
thermometers, and voltmeters as
other devices that could fall into the
HID class.

HIDs can also receive data from the
host. With a force-feedback joystick,
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In short, a HID can be any device that can function within the limits

defined by the specification.

The Descriptor Tool can help you build and test a report
descriptor for your device. When your descriptor passes the tool's scrutiny,

it's ready to be stored in the device

Y_z:]l”[l Descriptor Tool (DT)
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users can experience effects that

match their actions, such as more
resistance when pulling the stick to
cause a simulated airplane to climb.
Other possible HIDs are remote dis-
plays, robots, and devices controlled
by a virtual control panel on the host
computer.

In short, a HID can be any device
that can function within the limits
The

major features and limitations are:

defined by the specification.

@ A fullspeed HID can transfer up to
64,000 bytes per second (64 bytes in
each lIms frame). A low-speed
device is guaranteed only 800 bytes
per second (eight bytes every 10ms)

® A HID can request the host to poll
the device periodically to find out if
the device has data to send

® All data exchanged by a HID
resides in defined data structures

called reports. A single report can
contain up to 65,535 bytes. The
device’s firmware must include a
report descriptor that describes the
data to be exchanged. The report
format is flexible enough to handle
just about any type of data

Device requirements

In many ways, HIDs are no different
from other USB devices. Every USB
peripheral must contain an intelligent
controller that knows how to respond
to requests and other events at its USB
port.

The controller must have one or
more endpoints, which are buffers
that store received data or data waiting
to be sent. Each endpoint has a num-
ber and direction. Endpoint 0 is bidi-
rectional and is required for the con-
trol transfers used in enumerating the
device.

64 ocroeer 2000 Embedded Systems Programming

Every device must respond to a
series of control requests defined by
the specification. For example, when
the host sends a Get_Status request,
the device must return status informa-
tion in the expected format. Every
device must also store the descriptors
that the host will request.

The device’s serial interface engine
(SIE) handles the details of sending
and receiving the individual bits on
the bus, much as a UART does for
asynchronous serial communications.
Beyond this, the amount of firmware
support required to complete a trans-
fer varies with the transfer type and
the chip architecture.
that
apply to all devices, HIDs have addi-

Besides the requirements

tional requirements:

@ A HID must have an interrupt IN
endpoint for sending periodic data
to the host. An interrupt OUT end-
point for receiving periodic data
from the host is optional

e A HID must contain a class descrip-
tor and one or more report
descriptors

® A HID must support the HID-spe-
cific control request Get_Report
and may support the optional
request Set_Report

® For interrupt IN transfers, the
device must place the report data
in the interrupt endpoint’s buffer
and enable the endpoint. For inter-
rupt OUT transfers, the device
must enable the endpoint and
retrieve received report data (usu-
ally signaled by a device interrupt)
from the

interrupt endpoint’s

buffer.

Retrieving descriptors
The host computer identifies an
attached USB peripheral when it
retrieves a series of descriptors during
The
process is triggered when a device is

enumeration. enumeration
plugged into the bus or when the host
powers up with a device attached.
Listing 1 shows a series of descrip-
tors for a USB joystick. Every USB



Convergence. It's happening. Now. How do you get there? Trillium. We provide the software and support to
enable you to develop equipment for the convergence of telephony, Internet, wireless and cable networks.

Call us at +1-310-442-9222 or visit www.trillium.com. Now. Because the future is ahead of schedule ... and so is Trillium.

The World’s Source for Communications Software™
e el oo il e d www.trillium.com/ESP

Trillium Digital Systems, Inc. Los Angeles, California



A HID must also have one or more report descriptors, which are

requested after the host has detected that the device is a HID and

assigned the class driver to control it.

device has one device descriplor and one
or more configuration descriptors. If mul-
tiple configuration descriptors are
available, the host selects one during
Each
descriptor in turn supports one or

enumeration. configuration
more inlerface descriptors. In a HID’s
interface descriptor, the class code
field is set to 3. Following the interface
descriptor is a HID class descriptor that
specifies the number of endpoint
descriptors that follow.

Each direction that will use inter-
rupt transfers requires an endpoint
descriptor. Control transfers use the
default endpoint, which is always

enabled and doesn’t require its own
descriptor.

A descriptor for an interrupt end-
point specifies the endpoint number
and direction, the transfer type used
(interrupt), the maximum packet size
for each transaction (one to 64 bytes
for full speed, one to eight bytes for
low speed), and the requested maxi-
mum latency between transactions.

A HID must also have one or
more report descriptors, which are
requested after the host has detect-
ed that the device is a HID and
assigned the class driver to control
it.

This sample report descriptor is for a device that sends and

receives two vendor-defined bytes of data

hid_report_desc_table:

db 06h, AOh, FFh ;
db 0%, ASh ;
db Alh, O1h .
db 0%h, A6h b

;The 1input report
db 0%h, A7h =
db 15h, 80h =
db 25h, 7Fh ;
db 75h, 08h =
db 95h, 02h 2
db 81h, 02h »

;The output report
db 0%h, A%h -
db 15h, 80h -
db 25h, 7Fh -
db 75h, 08h 3
db 95h, O2h ;
db 91h, 02h ;

db COh >

end_hid_report_desc_table:

Usage Page (vendor defined)
Usage (vendor defined)

Collection (Application)
Usage (vendor defined)

Usage (vendor defined)
Logical Minimum (-127)
Logical Maximum (128)
Report Size (8)
Report Count (2)
Input (Data, Variable, Absolute)

Usage (vendor defined)
Logical Minimum (-128)
Logical Maximum (127)
Report Size (8)
Report Count (2)
Output (Data, Variable, Absolute)

End Collection

(bits)
(fields)

(bits)
(fields)
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Windows’ Device Manager uses .inf
files to decide which driver to assign to
a device. HIDs can use the default file
for HIDs (hiddev.inf for Windows 98,
input.inf for Windows 2000), or you
can provide an .inf file that contains
your Vendor and Product IDs. The
advantage of a custom .inf file is that
you can include a device description
and manufacturer name that will
appear in the Control Panel, in place
of the generic “Standard Device”
listing.

Reports

A HID can send and receive reports
using a device’s control endpoint and
interrupt endpoint(s). HIDs don’t
support USB’s bulk or isochronous
transfer types.

Control transfers have no guaran-
teed delivery time. The host controller
fits the transfers in as best it can. Ten
bus bandwidth is
reserved for control transfers, but the

percent of the

host may allocate some of the time to
other devices.

Interrupt transfers have a guaran-
teed
between transaction attempts. Each

maximum latency, or time
transaction carries a data packet. An
interrupt endpoint can request a max-
imum latency from Ims to 255ms,
10ms to 255ms for low-speed devices.
For example, if the latency is 10ms,
the host may initiate a new transaction
anywhere from 1ms to 10ms after the
last transaction attempt.

Which transfer type the host uses
depends on the type of report request-
ed and, sometimes, on the device
hardware and version of Windows. A
HID can exchange three types of
reports: input, output, and feature.
Input and output reports are best for
data that must be sent or retrieved
periodically, such as keypresses.
Feature reports are best for data that
transfers occasionally or isn’t time-crit-
ical-—such as setup or configuration
information.

When the

reports, the device sends data to the

host I'(‘q\l(‘SlS ill])lll

host in interrupt transfers. The host



why would you want to
network a thermostat? |

|

l: 76
728 i

T +"power consumption = 4 kilowatts per hour « regulate = auto « high 88t point temp = 72 degrees « low set point temy
4.2 degrees + fan low ¢ energy discount = 18% e« light = on e« switch = off % Iter efficitency = low v current mode ="heat
\ \. WE b’mu"‘v,:,\».(f. N L ST P
\\~\< \\
s \
\
A N\
/‘7\ S
N
N\
i
~ i KD
- A z o EAER O ] EELK
- 0 OR - “-SIMa
(1 0 - - . : L L] . LD L3y .
o . Pt [l »
0o 10 § 0 0 0 0 & o 430.Y



A HID can send and receive reports using a device’s control endpoint

and interrupt endpoint(s).

The Compliance Tool performs generic device tests as well as
tests specific to HIDs, It's available free from the USB Implementors Forum

P e
4
g
"
¥ Che

\

schedules the transfer requests accord-
ing to the maximum latency requested
in the endpoint descriptor.

For an output report, the host
sends data to a device using control or
interrupt transfers. The ability to do
interrupt OUT HID transfers was
added in version 1.1 of the HID spec,
and is available under Windows 98 SE
and later Windows editions, including
Windows 2000.

If the HID interface has an inter-
rupt OUT endpoint, Windows 98 SE
or later will use it for output reports,
and Windows 98 Gold (original) will
use control transfers. Device firmware
would need to support both transfer
types to enable a device to receive out-
put reports either way. If the interface
doesn’t have an interrupt OUT end-
point, the HID driver uses control
transfers for output reports.

Feature reports can travel in either
direction; they always use control
transfers. To send an OUT feature

report, the host sends a Set_Report
request, followed by the report data,
and the device returns status informa-
tion to indicate the success or failure
of the transfer. To receive an IN fea-
ture host
Get_Report request, the device sends
the report data, and the host returns
status information to indicate the suc-

report, the sends a

cess or failure of the transfer.

If data is needed only occasionally
and timing isn’t critical, feature
reports keep the bus from clogging
with periodic transfer attempts when
data isn’t needed.

Another advantage of feature
reports is the ability to support multi-
ple report formats. The host can spec-
ify a report number in the control
request. In contrast, in an interrupt
transfer, the host just requests or sends
data bytes without having the chance
to name a specific report.

Report formats can be simple or
complicated. Listing 2 shows a descrip-
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tor for a very basic report for a device
that sends and receives two bytes.
Items in the report descriptor can
specify how the data should be used
(for example, which axis or button on
a mouse), what units to apply, the
range of valid values, and more. The
items and values to use for common
device types are defined in the HID
specification and the HID Usage
Tables
www.ush.org. A device that doesn’t fit a

document available from

standard usage can use vendor-
defined items.

Tools

To assist in developing HID firmware,
the Implementers Forum provides two
free tools: the Descriptor Tool and the
USB Compliance Tool.

The Descriptor Tool (Figure 1)
automates the process of building
report descriptors and enables you to
check the format before copying the
descriptor into the device. You can
build a descriptor by selecting items
from a pick list and entering values
(such as the number of bytes in the
item) as needed. You can then ask the
tool to check the descriptor and flag
errors. To get you started, the tool
comes with example descriptors for
common device types.

The USB Compliance Tool is actu-
ally a suite of tools that performs a
series of basic tests on any device, plus
additional tests for HIDs, hubs, and
communications-class devices.

The Compliance Tool loads its own
diagnostic driver for the device under
test. You can read and check descrip-
tors and send other control requests.
The HID tests (Figure 2) enable you to
check the report descriptor and per-
form additional class-specific tests.

Windows communications
When you have the HID firmware up
and running, you're ready to start
accessing the device from applications
on the host computer. (This article
concentrates on Windows, but HID
support is also available or in progress
for other operating systems.)
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When you have the HID firmware up and running, you're ready to
start accessing the device from applications on the host

computer.

Windows' HID AP functions

API function

Documentation

Use in HID
communication

SempDiEmeevicelnterfm.\Mndaws NTiZOOO DDK and

- NT/2000 Platform SDK

HidD_GetAttributes

Windows 98/2000 DDK

HidP_SetButtons

tifies an
rface in the array returned
SetupDiGetClassDevs

Returns the Vendor ID,
Product ID, and Version for

"~ Returns a structure describing
the values in a device port

Windows 98/2000 DDK

The Windows 98 and 2000 driver
development kits (DDKs) include a
fairly complete tutorial on user-mode
(application-level) HID communica-
tions. The examples use C syntax, but
with some translating you can use
Visual BASIC, Delphi, or any other
language that can call API functions.
Table 1 lists the major API functions
used in HID communications.

The first step in talking to any HID
is finding it. This requires a series of
API calls that steps through all
attached HIDs, looking for one that
matches your criteria. You can look for
a standard device type like a joystick or

keyboard, or you can look for a match
with the Vendor and Product IDs or
Product String in your descriptors.

The API functions that identify and
return a device pathname for each
HID are Device
Management Functions documented
in the Windows NT and 2000 Platform
Software Development Kits (SDKs),
but not included in the Windows 98
DDK.

When you have a pathname, you
can use CreateFile() to open a handle
to the device, then use HID-specific
API functions to read the Vendor and
Product IDs, Product String, and

Windows
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other information about the device’s
intended use and abilities.

Once you've identified the device
you're looking for, you're ready to
exchange reports using ReadFile()
and WriteFile() (for input and output
reports) or HidD_Get_Feature() and
HidD_Set_Feature() (for feature
reports).

One caution about input reports:
ReadFile() is a blocking system call
that won’t return until the device has
returned the expected amount of
report data. Using ReadFileEx() or
overlapped 1/0 doesn’t help. So it’s
best to place code that
ReadFiles() in its own program
thread, so it doesn’t hang the main

calls

application while waiting for data.
Between the support provided by
Windows and other operating systems
and the wide availability of USB ports,
HIDs are worth a look. A HID is like-
ly to be the quickest route to a fin-
ished PC peripheral, and you can be
confident that you've chosen an
interface that will be around for a
long while. esp
Jan Axelson is the author of USB
Complete: Everything You Need to
Develop Custom USB Peripherals.
Portions of this article are adapted from
material in USB Complete. Jan hosts a
USB  Central page for developers at
www.lvr.com/usb.htm.

Resources

Ganssle, Jack. “An Introduction to USB
Development,” Embedded Systems
Programming, March 2000, p. 79.

HID Page (www.usb.org/developers/
hidpage.html). Links to the HID specifi-
cation, Usage Tables documents, and
the Descriptor Tool. Hosted by the USB
Implementers Forum.

USBComp (www.usb.org/developers/
tools.html). A free suite of tools for
compliance testing.

DirectX Developers Center
(msdn.microsoft.com/directx/). The
DirectX DDK, newsgroups, articles, and
more.
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Internet Appliance Products

Embedded Internet Tools

Chip for wireless

The iChip Internet Controller is a
peripheral chip that works in tandem
with a device’s host processor. It
enables engineers to make Internet
connectivity a feature of their products
without designing in additional proces-
sors and memory to run the necessary
protocols. It includes 512KB of on-
board flash memory for storing and
updating TCP/IP and other protocols.
A few lines of code written in the host
processor will invoke the Internet pro-
tocols stored in iChip’s flash memory.
In addition to supporting wireless
modems, iChip now includes HTTP
client software; binary MIME attach-
ments; auto baud-rate detection for
modem configuration; stay-online fea-
ture for sending and receiving multiple
messages within one Internet session;
and hardware flow control that frees
the host CPU from managing commu-
nications. iChip is available now for $20
each in quantities of 10,000.

Connect One
Santa Clara, CA
(408) 986-9602

www.connectone.com

Processor

The BlueBird series of digital voice and
digital music processors are designed to
enable audio user interface capabilities
in mobile devices. The BlueBirdV and
BlueBirdVL allow MP3 devices to utilize
voice record with background noise can-
cellation. They also enable PDAs to act
like low-power audio devices and record
or playback voice attachments to e-mail.
On notebook computers, the chips can
interface with CD-ROM drives to play
back MP3 or audio CDs during sleep
mode. The BlueBirdV is sampling now
for $19 per unit in quantities of 10,000.

Silicon Motion
San Jose, CA
(408) 501-5300

www.siliconmotion.com

X driver for PCI boai

This Linux driver works with all PCI
DAP boards from the top of the line
DAP 5200a/526 to the entry-level
DAP 840/103. Every DAP model has
onboard intelligence implemented
as DAPL, a multitasking RTOS that
runs on an onboard processor. The
RTOS from an
application running under a Linux

user controls the

system that contains the board. Real-
time functions in DAPL include soft-
ware triggering, data reduction, fil-
tering, FFT, and PID. The driver sup-
2.2. You can

download a free copy at the compa-

ports Linux kernel

ny's Web site.

Microstar Laboratories
Bellevue, WA
(425) 453-2345

www.mstarlabs.com
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SMP-Softwire is a

pr()cessor-p()()l

digital signal

technology  that
enables wireless equipment manufac-
turers to generate products that com-
bine networked functions such as
voice, data, video, and fax services. It
runs on DSP devices and is IP-ready.
Among the protocols SMP-Softwire
features are GSM 3.45 and 3G TS
23.146 fax adaption protocols; cus-
tomized cellular V.90 modem pools
for high speed circuit switched data
(HSCSD) and enhanced data rate
EDGE/EHSCSD channels; and GSM
AMR and FR voice coding. SMP-
SoftWire is available now.

Surf Communication Solutions
Maynard, MA

(978) 897-4005

ww.surf-com.com

rmy Knire  1or Lint
BusyBox is a Linux development tool
that combines tiny versions of com-
mon UNIX utilities into a single exe-
cutable. It was designed for use with
size- and resource-limited projects. Its
architecture is modular, allowing
designers to include or exclude specif-
ic features at compile time. Busybox is

open source and freely distributable

under the GNU general public
license.

Lineo

Lindon, UT

(801) 426-5001

OpEeENSoUrce lineo.com
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softwai

The Advanced
Linux (HA-Linux) software is now being

High Availability for

packaged with Red Hat Linux. The soft-
ware tools and application enablers sup-
ported on Red Hat Linux are now avail-
able to telecom OEMs building wireless,
wireline, and Internet infrastructure
applications. The HA-Linux offering,
together with Red Hat Linux, will be
available on the CPX8000 line of com-
puter platforms. Features of HA-Linux
software include host CPU multistage
switch over, hot-swap of all components,
and network management. HA-Linux
with Red Hat Linux 6.2 is available now.
The package ranges from $449 to $748.

Motorola
Austin, TX
(512) 895-6217

www.motorola.com
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Character and String

Literals

C and C++ provide several different
kinds of literals: integer literals such as
10 and 0x1C, floating literals such as
1.0 and 6.022e+23, character literals
such as 'a' and '\x10', and string lit-
erals such as "ouch!" and "\n". Last
month, I examined the integer and
floating literals.! This month, I'll look
at the character and string literals.

C and C++ differ with respect to
numeric (integer and floating) literals
in that C offers a couple of features
not available in C++. In particular:

® Integer literals in C can have long
long integer types. C++ does not
have long long integer types

® C permits floating literals in hexa-
decimal form. C++ does not

Aside from these added capabilities of

C, numeric literals are the same in C++
as they are in C.

Not surprisingly, character and
string literals are also very similar in
C and C++. Neither language offers
forms unavailable in the other lan-
guage. However, C++ changed the
behavior of character and string lit-
erals in some subtle but interesting

\\'il}'ﬁ.
Character literals

In C, character literals such as 'a'
and '\x10' have type int, not char. At
the risk of introducing a minor incom-
patibility with C, C++ changed the type
of character literals to char so that

overloaded functions and operators
can have the expected behavior, as
explained by the following example.
The Standard C++ library provides
a set of functions named operator<<as
output operators, declared more or

less as:

ostream &operator<<
(ostream &, char);

ostream &operator<<
(ostream &, int);

ostream &operator<<
(ostream &, long int);

The Standard C++ library defines
ostream as the type of an output
stream. Each function has a first para-
meter and return value of type
ostream passed by reference.

An expression such as:
cout << x;
translates into the call:
operator<<(cout, x);

If x is an int, then from among the

functions declared just above, the best

match for this call is:

ostream &operator<<
(ostream &, int);

which writes a character sequence rep-

resenting the numeric value of x to
output stream cout. On the other
hand, if x is a char, then the best

match for the call is:

ostream &
operator<<(ostream &,char);

which writes a single character repre-
senting the value of x to cout.

If character literals in C++ had type
int (as they do in C), then an expres-

sion such as:
cout << *a';
would call:

ostream &operator<<
(ostream &, int);

which displays its right-hand operand
as a number, not as a character. On a
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machine that uses the ASCII character
set, this would display 'a' as 97.

C++ changed the type of character
literals to char, so that:

ostream &operator<<
(ostream &, char);

would be the better match for the call.
This assures that overloaded operators
such as <<have the expected behavior.

Bjarne Stroustrup, the inventor of

C++, observed that:

“Surprisingly, giving 'a' type char
in C++ doesn’t cause compatibility
problems. Except for the pathological
example sizeof('a'), every construct
that can be expressed in both C and
C++ gives the same result.”

In C++, sizeof('a') yields the
same result as sizeof(char), which is
always 1. In C, sizeof('a') yields the
same result as sizeof(int), which
may be 1, but is much more likely to
be 2 or 4.

String literals in C

As 1 explained a few months ago,
arrays in C and C++ are not just point-
ers.? Although C and C++ have a stan-
dard conversion from “array of T” to
“pointer to T” which often makes
arrays appear to be pointers, arrays
really are arrays nonetheless.

In C, a string literal such as "abcd"
has type “array of char.” Since "abcd"
consists of five characters—"'a"', 'b"', 'c',
'd', and '\0' (the null character)—its
precise type is “array of 5 char.” In any
event, almost every time you use a string
literal in an expression, the compiler
treats it as if it were a “pointer to char”.

Why isn’t the type of a string literal
“array of const char’? After all, programs

shouldn’t be overwriting the values of

their string literals, should they?

A C compiler for embedded sys-
tems may place string literals into
ROM. In that case, a program that
attempts to write over a string literal
will be trying to write into ROM. Not
good.

Even in systems that don’t have pro-

grammable ROM, C programs that
overwrite string literals produce dire
results. A C compiler is allowed to
“pool” string literals. That is, a compil-
er can treat two or more string literals
with the same value as if they are all the
same object and allocate just one copy.
If one part of a program overwrites the
value of a string literal residing in
RAM, it may affect the value of the lit-
eral as seen elsewhere in the program.

For example, suppose your pro-
gram contains a function:

void rotate_left(char *);

which rotates a null-terminated char-
acter array left by one character. For
example:

char digitsC] = "9867530";

rotate_left(digits);

leaves the value "8675309" in array
digits.

Now suppose the program contains
the call:

rotate_left(""Hello");

which changes the value of the string
literal "Hello" to "elloH". If the com-

piler is pooling literals, then the call:
printf("Hello");

elsewhere in the program might print
"elloH.” This is almost certainly not
the correct output.

It seems that the simplest way to
prevent such mishaps would be for C
to give string literals type “array of
Then,

const char.” the compiler

would reject a call such as:
rotate_left("'Hello");

for attempting an invalid pointer conver-
sion. The compiler would transform
"Hello" from
“pointer to const char”.

«

‘array of const char” to
Function
rotate_Lleft expects a parameter of
type “pointer to (non-const) char,” but
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there’s no standard conversion from
“pointer to const char” to “pointer to
(non-const) char.” The compiler will
issue a diagnostic message at this point.
So, why doesn’t C treat string lit-

erals as “array of const char”?
Because C didn’t acquire the const
qualifier until the language was into its
second decade. By then, too much
code had been written that treated
string literals as arrays of non-const
char. The C standards committee
decided that the standard should sanc-
tion existing code rather than force
programmers to rewrite it.

Even though string literals have type
“array of char” in C, a program that
attempts to modify a string literal has
undefined behavior. That is, attempting
to modify a string literal is an error, but

compilers are not obligated to detect it.
String literals in C++

For compatibility with C, string literals
in C++ originally had type “array of
char.” This allowed C code to be
recompiled as C++ without change,
but it produced surprising behavior
during function overload resolution.
As I explained last year, a C++ pro-
gram can overload functions whose
parameter types differ only in their
use of the const qualifier.* For exam-
ple, a program can provide two dis-
tinct functions named f declared as:

void f(char *);
void f(char const *);

Because string literals are supposed
to be non-modifiable, you might rea-
sonably expect a call such as f(*abc")
to call f(char const *).In the past, it
didn’t. Rather, it called f(char *)
because "abc" had type “array of (non-
const) char.”

A few years ago, the standards com-
mittee opted to change C++ so that

«

string literals have type “array of const
char.” According to the C++ standard,
f("abc") should call f(char const *).
Many, but not all, C++ compilers have

since adopted this change.



Changing the type of string literals
to “array of const char” introduces a
problem for existing C++ programs

containing code such as:

void g(char *);

g("abc");

Here, g is not overloaded. There’s
one function g, and it accepts an
argument of type “pointer to (non-
const) char.” Calling g("*abc") is valid
C, and used to be valid C++. However,

now that C++ regards "abc" as an
“array of const char,” this call
requires a seemingly invalid pointer
conversion.

For compatibility with existing
code, C++ will still convert a string lit-
eral to a “pointer to (non-const) char”
as a special case. Even though C++ will
not convert any old “array of const
char” to “pointer to char,” it will do so
only for string literals. This is so that
code such as the prior call to g("abc")
will continue to compile. However, the
conversion from string literal to
“pointer to char” is deprecated, which
means that it may disappear from a
future C++ standard.

Dan Saks is the president of Saks &
Associates, a C/C++ training and consull-
ing company. He is also a consulting editor
Jfor the C/C4++ Users Journal. He served for
many years as secretary of the C++ standards
commiltee. With Thomas Plum, he wrole
C++ Programming Guidelines. You can
write to him at dsaks@uwittenberg. edu.
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highly ef

key part of successful
object-oriented  pro-
gramming is knowing
when not to use it. The
examples provided by

rétk’

== Thomas Niemann in
his article “Nuts to OOP!” (August
1999, p. 16) were not proof that object-
(OOP) is

flawed. Rather, they were perfect exam-

oriented programming
ples of when not to use objects.

For those who may not have read
the original piece, let me take you back
to an article that suggested the increas-
ing use of object-oriented program-
ming by embedded developers is
unwarranted. To support his position,
the author described an example C++
program in which a DEVICE class pro-
vided the interface to an unnamed
hardware device with two 16-bit regis-
ters. Each of these registers was
abstracted with a template class, called
Register, that allowed various opera-

Object-oriented programming techniques have been slow to hecome popula

embedded systems development. Maybe the proble

tions (= A & |, << and >>) to be per-
formed upon them. The DEVICE class
did nothing but give these two regis-
ters names.

As Michael Barr wrote in his coun-
terpoint to the original article:
“Abstractions are only useful when
they hide something.” Mr. Niemann’s
example hid nothing of the underly-
ing behavior and, in addition, took just
as many lines of code to control the
“abstracted” device as it would have
taken to control the device directly.
The real purpose of his DEVICE abstrac-
tion should have been to get away from
reading and writing registers. It’s the
results of manipulating the registers
that should be abstracted. In the
process, the raw reads and writes will
be hidden.

A proper example
For the last eight years, I have worked
as an embedded software engineer,
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n isn't OOP, but C++. Here

primarily developing software in Ada.
Mr. Niemann says “Nuts to OOP!” but
OOP isn’t really his problem. What he
ought to say is “Nuts to C++!” Ignoring
the weaknesses and overcomplications
of his example for a moment, most of
the issues that he describes as flaws of
OOP are really problems with the C++
language.

Mr.
Niemann’s many criticisms of OOP, I'd

Before  responding  to
like to show you a proper use of objects
to abstract the functionality of a hard-
ware device. We begin with the defini-
and

tion implementation of a

Register class in Ada95, which are
shown together in Listing 1.

To create and use a register within
your application code, you need only
write:

My_Register : Register.Object;
Register.Create (My_Register,
SomeAddress) ;——set the register



address
Register.Write (My_Register,
Value);

Of course, the Register class
doesn’t really provide a very useful
abstraction by itself. Any code that
creates and uses a Register still has to
know the actual address of the under-
lying register and the meaning of
each value that can be written to or
read from it. But the good thing is
that Ada, unlike C++, allows the pro-
grammer to separate the OOP primi-
tive of encapsulation from that of
inheritance. So the overhead is at
least minimized here.

In order to show the value of
abstracting beyond this point, let’s con-
sider the simplest embedded pro-
gram—what Mr. Barr described as the
embedded version of “Hello, World™ in
the opening chapter of his book—one
that flashes an LED. As you'll see, even
this simple program can benefit from
an object-oriented implementation.

To make a device like an LED more
useful, we need to take the next step
and hide the addresses of its registers
and the specific values read from and
written to them. Our goal is to sepa-
rate the functionality of the device
from the implementation details.

What is the function of an LED? It
is a light, that is either on or off. As an
application programmer, we would
like to be able to turn it on and oft,
preferably without including any
magic numbers (addresses or register
values) in our code. Listing 2 shows
the definition of a class that presents
just such an abstract interface for an
LED.

Of course, turning any LED on and
off will probably involve a register. But
no code outside the scope of the
Light class need worry about such
details. Nor should other code be

1 Over the years, I have found Ada code to be readable, reusable, and

maintainable. Although these same code features can be achieved in

other languages, Ada95 establishes a higher minimum standard in

affected if those details change on the
next revision of the hardware. The
resulting reduction in module cou-
pling is a major advantage of OOP.

The end result of all this is an
object-oriented program that is not
overly complex, yet accomplishes the
useful purpose of separating the func-
tion and use of the device from hard-
ware details that may change in the
future. One of the more interesting
side effects is that we could easily
extend this Light class, through inher-
itance, to support multi-color LEDs
(say, red, green, and blue in a single
package) or an eight-segment display.

If you look at Listing 3 you can see
how the complexity is hidden within
the implementation. Listing 4 shows
how simple it becomes to use this
class.

Benefits of Ada

Over the years, I have found Ada code
to be readable, reusable, and maintain-
able. Although these same code fea-
tures can be achieved in other lan-
guages, Ada9b establishes a higher min-
imum standard in each of these areas.

It's a fact that people maintain
code and, for that reason, must read it
many more times than it is written.,
Even without comments or careful
coding, I think the previous examples
show the readability inherent in the
Ada9s language. Similarly, it should
be clear that the Light class could be

used in a variety of ways on a variety of

hardware platforms. It platforms have
a single memory-mapped register to
control the LED, the only necessary
changes are the address and values. By
keeping the application software away
from the direct manipulation of regis-
ters, we are able to ensure that the
client code can be reused and only the
implementation of our class may have

to change.

each of these areas.

The object-oriented principles of
encapsulation, abstraction, modulari-
ty, and hierarchy lay the foundation
for good programming. Ada95 takes
advantage of these principles and
enforces them:

@ Incapsulation. Encapsulation is
what keeps the application code
from knowing or needing to know
the implementation details of the
class. This means that when you

change an address or a way of

doing things, you don’t have to

change every piece of source code

that depends on the subprograms

that are in your interface.
Encapsulation in the above exam-
ple is implemented by declaring
the type Light.Object as private.
No client can then access the values
in that record directly

® Abstraction. When 1 woke up this
morning, | tied my shoes. Long
ago, I learned how to make my
hands work together to tie my
shoes. Before that, I learned how to
make my hands work at all. The
idea that I don’t have to think
about anything but tying my shoes
is abstraction. In the above exam-
ple, we can think of turning the
LED on and off. We don’t need to
think of setting values in a register

®  Modularity. Modularity is the ability
to break a problem or its solution
into smaller pieces. The classes in
object-oriented programming lan-
guages allows us to do this. In
Ada95s, we specifically use packages
and can go one step further and
use child packages

® Hierarchy. Hierarchy is the idea of
arranging elements of a problem
into a treelike structure. For exam-
ple, a digital display output may be
built using several LEDs. In this
case, you could combine them
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‘ A Register class in Ada95 j

package Register is

type Object is private;
function Create (
The_Address : in System.Address )
return Object;
procedure Write (

private

This : in out Object;
The_Value s 1n Unsignedshort );
procedure Read (
This : in out Object;
The_Value : out  Unsignedshort );
type Object is
record
The_Location : System.Address;
end record;

end Register;

package body Register is

function Create (
The_Address : in System.Address )

return Object is

This : Object;

begin
This.The_Location := The_Address;
return This;

end Create;

procedure Write (
This : in out Object;

The_Value O Unsignedshort ) is

Register : Unsignedshort;
for Register'Address use This.The Location;

begin
Register := The Value;
end Write;

procedure Read (
This : in out Object;

The_Value g out Unsignedshort ) is

Register : Unsignedshort;
for Register'Address use This.The_Location;

begin
The_Value := Register;
end Read;

end Register;
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together and pass characters to the
digital display. This would in turn
send the appropriate on/off com-
mands to the LEDs on the display.
These again could be combined to
provide a multi-character display,
to which you could pass a string as
the argument. Hierarchy may also
include inheritance, which involves
adding functionality and state to a
class and basing it on another class.
For instance, we have an LED that
can be turned on and off. We may
want to manage an LED that can
change colors. This would involve
providing a method to change the
color along with a value in the state
to hold the color of the light. This
colored light could simply inherit
the rest of its behavior (on and off)
from the Light class

Myths and facts

Finally, I would like to take an oppor-
tunity to discuss some of the OOP
myths and facts presented by Mr.
Niemann. First, what were called
myths:

®  Objects are needed to protect data. In
order to truly protect data in C++,
you must use the class mechanism.
In Ada, however, the declaration of
a private type allows for the protec-
tion of data without a class.
Unfortunately, in C++ the encapsu-
lation mechanism and the inheri-
tance mechanism are one and the
same. If you would like to declare
data as private, you must put that
data inside a class. In Ada 95, the
encapsulation can take place
regardless of whether or not you
use inheritance. Encapsulation is
implemented in Ada95 by declar-
ing types in the private portion of a
package. Inheritance is implement-
ed using tagged types. These mech-
anisms may be used individually or
together to provide an appropriate
solution

®  Objects are needed to group data and
procedures. Again, if you are going to
protect data and group it with pro-
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The definition of the Light class

with System;

with Opsys;

package Light is
type Object is tagged private;
function Create (

Theaddress : System.Address;
Themask : Opsys.Unsignedshort)

return Object;
procedure Turn_On (

This : in out Object);
procedure Turn Off (

This : in out Object);

private
type Object is tagged
record
Address : System.Address;
Mask : Opsys.Unsignedshort;
Is On : Boolean := False;
end record;
end Light;

cedures in C++ you must use a class.
You can, of course, put some pro-
cedures together with some data
that they manipulate, but the only
way to ensure that the data manip-
ulation is always happening within
the proper code is to use a class. In
Ada95, you have several options.
Data and procedures can be
grouped with or without using the
inheritance mechanism

Objects are needed when implementing
large programs. The idea of imple-
menting a very large system (in
today’s terms) without taking
advantage  of  encapsulation,
abstraction, hierarchy, and modu-
larity is absurd. The advantages you
gain from using object-oriented
technology are strong enough to
consider their use

Objects are easier to maintain. 1 agree
that if I were developing a small
piece of code that had no other
code depending on it, then making
it a class would complicate matters.
But if I have any code (other mod-
ules) that depends on the function-
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ality I am producing, the entire
effort is much easier to manage
with object-oriented technology.
When speaking of maintaining an
individual class, yes the work is
harder. But when it comes to main-
taining an entire system, the work
becomes easier

The switch statement is bad. Here, 1
agree with Mr. Niemann, there is
nothing wrong with C++’s switch
statement (or the corresponding
“case” statement in Ada95).

However, I've never even heard of

such an OOP myth before. In fact, it
should be clear that when develop-
ing real-time systems, you can always
know how long a switch or a case
statement will take in the worst case.
If you are using dynamic run-time
dispatching through inheritance, it
is much harder to determine what
will happen ahead of time

According to Mr. Niemann, these

are the facts about OOP:

®  Object-oriented  programming requires

more time, wp front, doing design work.
We plan before we program. But
it's not OOP that requires more
planning. It’s the whole idea of
writing software correctly. Analysis
and design are also supposed to be
used in other programming para-
digms, they just often aren’t
Object-oriented  programming requires
more time to code a solution. In
describing why this is an issue, Mr.
Niemann points out that it takes
time to understand polymorphism
and inheritance. Neither polymor-
phism nor inheritance are require-
ments for writing object-oriented
programs. If a programmer designs
an effective solution, the idea of
polymorphism can be built in as
appropriate. If you make every
solution use inheritance and poly-
morphism it may become more
complex. But why do that? I suggest
using these features of the lan-
guages only when appropriate
Object-oriented programming resulls in a
more complex solution. When Mr.
Niemann recommends this, I need
to ask what is meant by a more com-
plex solution. Harder to use?
Harder to understand? I've been
around  procedural  programs
enough to know that it would cer-
tainly become a much simpler world
when changes that I make do not
impact the entire application.
Coding in an object-oriented lan-
guage, whether it be Ada95 or any
other, limits the impact that changes
made to one part of the code will
have on the rest of the system
Object-oriented programming resulls in
code that is more prone to error. Mr.
Niemann makes this claim based
on the fact that he has proven
object-oriented programming to be
more complex with his example. If
you are only talking about a 100-
line program, it’s more complex to
develop using classes in an object-
oriented language. But on a grand
scale, object-oriented program-
ming reduces complexity and local-

izes and contains errors
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The implementation of a Light class

with Opsys;
use type Opsys.Unsignedshort;

package body Light is

function Create (
Theaddress : System.Address;
Themask : Opsys.Unsignedshort)
return Object is This : Object;
begin
This.Address := Theaddress;
This.Mask := Themask;
This.Is On := False;
return This;
end Create;

procedure Turn Off (

for Register'Address use This.Address;
begin
if This.Is On then
Register := Register xor This.Mask;
end if;
end Turn Off;

procedure Turn On (

for Register'Address use This.Address;
begin
if not This.Is On then
Register := Register xor This.Mask;
end if;
end Turn_On;

end Light;

This : in out Object) is Register : Opsys.Unsignedshort;

This : in out Object) is Register : Opsys.Unsignedshort;

An example of using a Light class

with Light;
with System;
procedure Lightdriver is

My_Light : Light.Object;

begin
My_Light := Light.Create (16#FF5E#, 16#40#);
Light.Turn_On (My_Light);
Light.Turn_Off (My_Light);

end Lightdriver;
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®  Object-oriented programming resulls in
increased maintenance costs. Software
is always hard to maintain. It is
especially hard to understand and
see the impacts of the code you are
changing. At least in the object-ori-
ented paradigm, you can reduce
the coupling between modules, so
that changes do not have such a
dramatic impact on the entire
application. Those who maintain
legacy systems often take six
months or more to come to a good
understanding of even a small sys-
tem. That’s a high maintenance
cost that is independent of the pro-
gramming paradigm. If you have
built your system using object-ori-
ented principles, at least the main-
tainers will be able to see the scope
and potential impact of the
changes they need to make before
they make them

“++ may be flawed and an object-
oriented programming language. But
does that mean we ought to abandon
object-oriented programming alto-
gether? Certainly not. There are many
object-oriented programming lan-
guages to choose from. In particular,
Ada95 does an excellent job of
addressing the concerns of the embed-
ded systems programming world,
while maintaining an object-oriented
capability. Let’s not give up on object
oriented technology simply because
we can’t easily encapsulate registers in
C+. esp

Chad Bremmon works for Armstrong
Consulting in the areas of object-oriented e-
development and business process engineer-
ing. Chad was previously an Air Force
Officer at the Pentagon for five years, after
which he worked as a software engineering
specialist for Rational Software. You can e-
mail him at chadb@armstrongconsull-
ing.com.

Resources
For more information about Ada, go to
www.acm.org/sigada or

www.adapower.com.
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TIM WESCOTT

PID Without
a PhD

PID (proportional

as it sounds. Foll

t work, I am one of three designated “servo guys,” and the
only one who implements control loops in software. As a
result, I often have occasion to design digital control loops
for various projects. I have found that while there certainly

are control problems that require all the expertise I can

bring to bear, a great number of control problems can be
solved with simple controllers, without resorting to any control theory at all.

This article will tell you how to implement and tune a simple controller
without getting into heavy mathematics and without requiring you to learn
any control theory. The technique used to tune the controller is a tried and
true method that can be applied to almost any control problem with success.

PID control

The PID controller has been in use for over a century in various forms. It
has enjoyed popularity as a purely mechanical device, as a pneumatic
device, and as an electronic device. The digital PID controller using a
microprocessor has recently come into its own in industry. As you will see,
it is a straightforward task to embed a PID controller into your code.

PID stands for “proportional, integral, derivative.” These three terms
describe the basic elements of a PID controller. Each of these elements per-
forms a different task and has a different effect on the functioning of a system.

In a typical PID controller these elements are driven by a combination
of the system command and the feedback signal from the object that is
being controlled (usually referred to as the “plant”). Their outputs are

added together to form the system output.



Figure 1 shows a block diagram of

a basic PID controller. In this case the
derivative element is being driven
only from plant feedback. The plant
feedback is subtracted from the com-
mand signal to generate an error.
This error signal drives the propor-
tional and integral elements. The
resulting signals are added together
and used to drive the plant. I haven’t
described what these elements do
yet—we'll get to that later. I've includ-
ed an alternate placement for the pro-
portional element (dotted lines)—
this can be a better location for the
proportional element, depending on
how you want the system to respond
to commands.

Sample plants

In order to discuss this subject with
any sense of reality we need some
example systems. I'll use three exam-
ple plants throughout this article, and
show the effects of applying the vari-
ous controllers to them:

I PID stands for “proportional, integral, derivative.” These three terms

describe the basic elements of a PID controller.

® A motor driving a gear train
® A precision positioning system
@ A thermal system

Each of these systems has different
characteristics and each one requires
a different control strategy to get the
best performance.

Motor and gear

The first example plant is a motor
driving a gear train, with the output
position of the gear train being
monitored by a potentiometer or
some other position reading device.
You might see this kind of mecha-
nism driving a carriage on a printer,
or a throttle mechanism in an auto-
mobile cruise control system, or
almost any other moderately precise
position controller. Figure 2 shows a
diagram of such a system. The
motor is driven by a voltage that is
commanded by software. The motor
output is geared down to drive the

actual mechanism. The position of

this final drive is measured by the
potentiometer.

A DC motor driven by a voltage
wants to go at a constant speed that is
proportional to the applied voltage.
Usually the motor armature has some
resistance that limits its ability to accel-
erate, so the motor will have some
delay between the change in input volt-
age and the resulting change in speed.
The gear train takes the movement of
the motor and multiplies it by a con-
stant. Finally, the potentiometer mea-
sures the position of the output shaft.

Figure 3 shows the step response of
the motor and gear combination. I'm
using a time constant value of 7, = 0.2s.
The step response of a system is just
the behavior of the output in response
to an input that goes from zero to
some constant value at time ¢ = 0.
Since we're dealing with fairly generic
examples here I've shown the step
response as a fraction of full scale, so it
goes to 1. Figure 3 shows the step
input and the motor response. The

A basic PID controller
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response of the motor starts out slowly
due to the time constant, but once
that is out of the way the motor posi-
tion ramps at a constant velocity.

Precision actuator
It is sometimes necessary to control
the position of something very pre-
cisely. A precise positioning system can
be built using a freely moving mechan-
ical stage, a speaker coil (a coil and
magnet arrangement), and a non-con-
tact position transducer.

You might expect to see this sort of
mechanism stabilizing an element of

an optical system, or locating some
other piece of equipment or sensor.
Figure 4 shows such a system. Software
commands the current in the coil.
This current sets up a magnetic field
that exerts a force on the magnet. The
magnet is attached to the stage, which
moves with an acceleration propor-
tional to the coil current. Finally, the
stage position is monitored by a non-
contact position transducer.

With this arrangement, the force
on the magnet is independent of the
stage motion. Fortunately this isolates
the stage

from external effects.

A voltage driven motor and gear train
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Unfortunately the resulting system is
very “slippery,” and can be a chal-
lenge to control. In addition, the
electrical requirements to build a
good current-output amplifier and
non-contact transducer interface can
be challenging. You can expect that if
you are doing a project like this you
are a member of a fairly talented

team (or you're working on a short-
lived project).

The equations of motion for this
system are fairly simple. The force on
the stage is proportional to the drive
command alone, so the acceleration
of the system is exactly proportional to
the drive.

The step response of this system by

Position
transducer
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itself is a parabola, as shown in Figure
5. As we will see later this makes the
control problem more challenging
because of the sluggishness with which
the stage starts moving, and its enthu-
siasm to keep moving once it gets

going.

Temperature control

The third example plant I'll use is a
heater. Figure 6 shows a diagram of an
example system. The vessel is heated
by an electric heater, and the temper-
ature of its contents is sensed by a tem-
perature-sensing device.

Thermal systems tend to have very
complex responses. I'm going to
ignore quite a bit of detail and give a
very approximate model. Unless your
performance requirements are severe,
an accurate model isn’t necessary.

Figure 7 shows the step response of
the system to a change in V,. I've used
time constants of 7, = 0.1s and 7, = 0.3s.
The response tends to settle out to a
constant temperature for a given drive,
but it can take a great deal of time
doing it. Also, without lots of insula-
tion, thermal systems tend to be very
sensitive to outside effects. This effect
is not shown in the figure, but we’ll be
investigating it later in the article.

Controllers

The elements of a PID controller pre-
sented here either take their input
from the measured plant output or
from the error signal, which is the dif-
ference between the plant output and
the system command. I'm going to
write the control code using floating
point to keep implementation details
out of the discussion. It’s up to you to
adapt this if you are going to imple-
ment your controller with integer or
other fixed-point arithmetic.

I'm going to assume a function call
as shown below. As the discussion
evolves, you'll see how the data struc-
ture and the internals of the function

shapes up.

double UpdatePID(SPid * pid,
double error, double position)



Visua;ul])SP ~The Best DSP Development
Environment ror The Best DSPs Delivered

You want to build the most advanced digital signal processing applications — that’s why you are

working with DSPs from Analog Devices. To get the most out of them, you need the best

development environment — VisualDSP is that product!

With VisualDSP, you have a complefely integrated, easy-to-use project management environment that
will allow you to control and manage your projects efficiently from end-to-end, and make the most of

the superior advantages only Analog Devices DSPs can offer.

Analog Devices is committed to continuous innovation and superior DSP performance via the White
Mountain line of DSP development tools. Give us a call and we'll fetch the best development

environment for DSPs available today.

Analog Devices DSP Tools Sales
Phone: (603) 883-2430 Fax: (603) 882-2655 Email: aditools@analog.com
Web: hitp://www.analog.com for more information fodoy.

WHITE MOUNTFAILN DS§P
The Design Center for Analog Devices DSP Tools




pud

The reason I pass the error to the
PID update routine instead of passing
the command is that sometimes you
want to play tricks with the error
Leaving out the error calculation in
the main code makes the application
of the PID more universal. This func-
tion will get used like this:

position = ReadPlantADC();

drive = UpdatePID(&plantPID,
plantCommand — position,
position);

DrivePlantDAC(drive);

Proportional

Proportional control is the easiest
feedback control to implement, and
simple proportional control is proba-

Precision actuator position vs. time :
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bly the most common kind of control
loop. A proportional controller is just
the error signal multiplied by a con-
stant and fed out to the drive. The pro-
portional term gets calculated with the
following code:

double pTerm;
pTerm = pid->pGain * error;

return pTerm;

Figure 8 shows what happens when
you add proportional feedback to the
motor and gear system. For small gains
(k, = 1) the motor goes to the correct
target, but it does so quite slowly.
Increasing the gain (k, = 2) speeds up
the response to a point. Beyond that
point (k, =5, k, = 10) the motor starts
out faster, but it overshoots the target.
In the end the system doesn’t settle
out any quicker than it would have
with lower gain, but there is more
overshoot. If we kept increasing the
gain we would eventually reach a point
where the system just oscillated
around the target and never settled
out—the system would be unstable.

The motor and gear start to over-
shoot with high gains because of the
delay in the motor response. If you
look back at Figure 2, you can see that
the motor position doesn’t start ramp-
ing up immediately. This delay, plus
high feedback gain, is what causes the
overshoot seen in Figure 8.

Figure 9 shows the response of the
precision actuator with proportional
feedback only. Proportional control
alone obviously doesn’t help this sys-
tem. There is so much delay in the
plant that no matter how low the gain
is, the system will oscillate. As the gain
is increased, the frequency of the out-
put will increase but the system just
won't settle.

Figure 10 shows what happens
when you use pure proportional feed-
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back with the temperature controller.
I'm showing the system response with
a disturbance due to a change in ambi-
ent temperature at /= 2s. Even without
the disturbance you can see that pro-
portional control doesn’t get the tem-
perature to the desired setting.
Increasing the gain helps, but even
with %, =10 the output s still below tar-
get, and you are starting to see a
strong overshoot that continues to
travel back and forth (this is called
ringing).

As the previous examples show, a
proportional controller alone can be
useful for some things, but it doesn’t
always help. Plants that have too much
delay, like the precision actuator, can’t
be stabilized with proportional con-
trol. Some plants, like the tempera-
ture controller, cannot be brought to
the desired set point. Plants like the
motor and gear combination may
work, but they may need to be driven
faster than is possible with proportion-
al control alone. To solve these control
problems you need to add integral or
differential control or both.

Integral

Integral control is used to add long-
term precision to a control loop. It is
almost always used in conjunction with
proportional control.

The code to implement an integra-
tor is shown below. The integrator
state, iStateis the sum of all the pre-
ceding inputs. The parameters iMin
and iMax are the minimum and maxi-
mum allowable integrator state values.

double iTerm;

// calculate the integral state
// with appropriate Limiting
pid->iState += error;
if (pid->iState > pid—>iMax)
pid—->iState = pid->iMax;
else if (pid—->iState < pid—>
iMin)
pid->iState = pid—>iMin;
iTerm = pid->iGain * iState;



// calculate the integral term

Integral control by itself usually
decreases stability, or destroys it alto-
gether. Figure 11 shows the motor and
gear with pure integral control (pGain
= 0). The system doesn’t settle. Like
the precision actuator with propor-
tional control, the motor and gear sys-
tem with integral control alone will
oscillate with bigger and bigger swings
until  something hits a limit.
(Hopefully the limit isn’t breakable.)

Figure 12 shows the temperature
control system with pure integral con-
trol. This system takes a lot longer to
settle out than the same plant with
proportional control (see Figure 10),
but notice that when it does settle

out, it settles out to the target value—

even with the disturbance added in. If

your problem at hand doesn’t require
fast settling, this might be a workable
system.

Figure 12 shows why we use an inte-
gral term. The integrator state
“remembers” all that has gone on
before, which is what allows the con-
troller to cancel out any long term
errors in the output. This same mem-
ory also contributes to instability—the
controller is always responding too
late, after the plant has gotten up
speed. To stabilize the two previous
systems, you need a little bit of their
present value, which you get from a
|)l‘n])m‘tinn;1| term.

Figure 13 shows the motor and
gear with proportional and integral
(PI) control. Compare this with
Figures 8 and 11. The position takes
longer to settle out than the system
with pure proportional control, but it
will not settle to the wrong spot.

Figure 14 shows what happens
when you use PI control on the heater
system. The heater still settles out to
the exact target temperature, as with
pure integral control (see Figure 12),
but with PI control, it settles out two to

three times faster. This figure shows

operation pretty close to the limit of
the speed attainable using PI control
with this plant.

Before we leave the discussion of
integrators, there are two more things
I need to point out. First, since you are
adding up the error over time, the
sampling time that you are running

becomes important. Second, you need
to pay attention to the range of your
integrator to avoid windup.

The rate that the integrator state
changes is equal to the average error
multiplied by the integrator gain
multiplied by the sampling rate.
Because the integrator tends to
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typedef struct

{
double dState;
double iState;
double iMax, iMin;

// Last position input
// Integrator state

double iGain, // dintegral gain
pGain, // proportional gain
dGain; // derivative gain
} SPid;

{
double pTerm, dTerm, iTerm;

pTerm = pid->pGain * error;
// calculate the integral state with appropriate Limiting

pid->iState += error;
if (pid->iState > pid->iMax) pid->iState = pid—>iMax;

dTerm = pid->dGain * (pid->dState - position);
pid->dState = position;

return pTerm + dTerm + iTerm;

double UpdatePID(SPid * pid, double error, double position)

else if (pid—>iState < pid->iMin) pid->iState = pid—>iMin;

// Maximum and minimum allowable integrator state

// calculate the proportional term

iTerm = pid->iGain * iState; // calculate the integral term
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smooth things out over the long term
you can get away with a somewhat
uneven sampling rate, but it needs to
average out to a constant value. At
worst, your sampling rate should vary
by no more than +20% over any 10-
sample interval. You can even get
away with missing a few samples as
long as your average sample rate stays
within bounds. Nonetheless, for a PI
controller I prefer to have a system
where each sample falls within +1%
to 5% of the correct sample time,
and a long-term average rate that is
right on the button.

If you have a controller that needs
to push the plant hard, your controller
output will spend significant amounts
of time outside the bounds of what
your drive can actually accept. This
condition is called saturation. If you
use a PI controller, then all the time
spent in saturation can cause the inte-
grator state to grow (wind up) to very
large values. When the plant reaches
the target, the integrator value is still
very large, so the plant drives beyond
the target while the integrator
unwinds and the process reverses. This
situation can get so bad that the sys-
tem never settles out, but just slowly
oscillates around the target position.

Figure 15 illustrates the effect of
integrator windup. 1 wused the
motor/controller of Figure 13, and
limited the motor drive to +0.2. Not
only is controller output much greater
than the drive available to the motor,
but the motor shows severe overshoot.
The motor actually reaches its target
at around five seconds, but it doesn’t
reverse direction until eight seconds,
and doesn’t settle out until 15 seconds
have gone by.

The easiest and most direct way to
deal with integrator windup is to limit
the integrator state, as I showed in my
previous code example. Figure 16
shows what happens when you take
the system in Figure 15 and limit the
integrator term to the available drive
output. The controller output is still
large (because of the proportional
term), but the integrator doesn’t wind
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contact us at info@zucotto.com,

up very far and the system starts set-
tling out at five seconds, and finishes
at around six seconds.

Note that with the code example
above you must scale iMin and iMax
whenever you change the integrator
gain. Usually you can just set the inte-
grator minimum and maximum so
that the integrator output matches the
drive minimum and maximum. If you
know your disturbances will be small
and you want quicker settling, you can
limit the integrator further.

Differential

I didn’t even show the precision actua-
tor in the previous section. This is
because the precision actuator cannot
be stabilized with PI control. In gener-
al, if you can’t stabilize a plant with
proportional control, you can’t stabi-
lize it with PI control.

We know that proportional control
deals with the present behavior of the
plant, and that integral control deals
with the past behavior of the plant. If
we had some element that predicts the
plant behavior then this might be used
to stabilize the plant. A differentiator
will do the trick.

The code below shows the differ-
ential term of a PID controller. I pre-
fer to use the actual plant position
rather than the error because this
makes for smoother transitions when
the command value changes. The dif-
ferential term itself is the last value of
the position minus the current value
of the position. This gives you a
rough estimate of the velocity (delta
position/sample time), which pre-
dicts where the position will be in a
while.

double dTerm;

dTerm = pid->dGain *
(pid->dState — position);
pid->dState = position;
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With differential control you can
stabilize the precision actuator system.
Figure 17 shows the response of the
precision actuator system with propor-
tional and derivative (PD) control.
This system settles in less than 1/2 of a
second, compared to multiple seconds
for the other systems.

Figure 18 shows the heating system

with PID control. You can see the per-
formance improvement to be had by
using full PID control with this plant.
Differential control is very powerful,
but it is also the most problematic of the
control types presented here. The three
problems that you are most likely going
to experience are sampling irregularities,
noise, and high frequency oscillations.

Temperature controller with proportional feedback. The kink
at time = 2 is from the external disturbance
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When I presented the code for a
differential element I mentioned that
the output is proportional to the posi-
tion change divided by the sample
time. If the position is changing at a
constant rate but your sample time
varies from sample to sample, you will

get noise on your differential term.
Since the differential gain is usually
high, this noise will be amplified a
great deal.

When you use differential control
you need to pay close attention to
even sampling. I'd say that you want

Temperature control system with integral control. The kink

at time = 2 is from the external disturbance

Position

« = =« iGain = 0.05
= = » iGain =0.02
— {Gain = 0.01
= = » iGain = 0.005

: |

s |Nput

« = = pGain = 5, iGain = 0.01
« « « pGain = 2, iGain = 0.01
e pGaiin = 2, iGain = 0.005
= = « pGain = 2, iGain = 0.002

3 4 5
Time
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the sampling interval to be consistent
to within 1% of the total at all times—
the closer the better. If you can’t set
the hardware up to enforce the sam-
pling interval, design your software to
sample with very high priority. You
don’t have to actually execute the con-
troller with such rigid precision—just
make sure the actual ADC conversion
happens at the right time. It may be
best to put all your sampling in an ISR
or very high-priority task, then execute
the control code in a more relaxed
manner.

Differential control suffers from
noise problems because noise is usual-
ly spread relatively evenly across the
frequency spectrum. Control com-
mands and plant outputs, however,
usually have most of their content at
lower frequencies. Proportional con-
trol passes noise through unmolested.
Integral control averages its input sig-
nal, tends to Kkill
Differential control enhances high fre-

which noise.
quency signals, so it enhances noise.
Look at the differential gains that I've
set on the plants above, and think of
what will happen if you have noise that
makes each sample a little bit differ-
ent. Multiply that little bit by a differ-
ential gain of 2,000 and think of what
it means.

You can low-pass filter your differ-
ential output to reduce the noise, but
this can severely affect its usefulness.
The theory behind how to do this and
how to determine if it will work is
beyond the scope of this article.
Probably the best that you can do
about this problem is to look at how
likely you are to see any noise, how
much it will cost to get quiet inputs,
and how badly you need the high per-
formance that you get from differen-
tial control. Once you've worked this
out, you can avoid differential con-
trol altogether, talk your hardware
folks into getting you a lower noise
input, or look for a control systems
expert.

The full text of the PID controller
code is shown in Listing 1 and is avail-
able at www.embedded.com/code. html.
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Tuning

The nice thing about tuning a PID
controller is that you don’t need to
have a good understanding of formal
control theory to do a fairly good job
of it. About 90% of the closed-loop
controller applications in the world do

very well indeed with a controller that
is only tuned fairly well.

If you can, hook your system up to
some test equipment, or write in some
debug code to allow you to look at the
appropriate variables. If your system is
slow enough you can spit the appro-

Heater with Pl control. The kink at time = 2 is from the

external disturbance

Temperature
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priate variables out on a serial port
and graph them with a spreadsheet.
You want to be able to look at the drive
output and the plant output. In addi-
tion, you want to be able to apply some
sort of a square-wave signal to the
command input of your system. It is
fairly easy to write some test code that
will generate a suitable test command.

Once you get the setup ready, set
all gains to zero. If you suspect that
you will not need differential control
(like the motor and gear example or
the thermal system) then skip down to
the section that discusses tuning the
proportional gain. Otherwise start by
adjusting your differential gain.

The way the controller is coded you
cannot use differential control alone.
Set your proportional gain to some
small value (one or less). Check to see
how the system works. If it oscillates with
proportional gain you should be able to
cure it with differential gain. Start with
about 100 times more differential gain
than proportional gain. Watch your
drive signal. Now start increasing the
differential gain until you see oscilla-
tion, excessive noise, or excessive (more
than 50%) overshoot on the drive or
plant output. Note that the oscillation
from too much differential gain is
much faster than the oscillation from
not enough. I like to push the gain up
until the system is on the verge of oscil-
lation then back the gain off by a factor
of two or four. Make sure the drive sig-
nal still looks good. At this point your
system will probably be responding very
sluggishly, so it’s time to tune the pro-
portional and integral gains.

If it isn’t set already, set the propor-
tional gain to a starting value between
1 and 100. Your system will probably
either show terribly slow performance
or it will oscillate. If you see oscilla-
tion, drop the proportional gain by
factors of eight or 10 until the oscilla-
tion stops. If you don’t see oscillation,
increase the proportional gain by fac-
tors of eight or 10 until you start see-
ing oscillation or excessive overshoot.
As with the differential controller, I
usually tune right up to the point of
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1/100th of the desired system settling
time. System settling time is the

Precision actuator with PID control

amount of time from the moment the

drive comes out of saturation until the
control system has effectively settled
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Sampling rate

So far I've only talked about sample
rates in terms of how consistent they
need to be, but I haven’t told you how
to decide ahead of time what the sam-
ple rate needs to be. If your sampling
rate is too low you may not be able to
achieve the performance you want,

because of the added delay of the sam-
pling. If your sampling rate is too high
you will create problems with noise in
your differentiator and overflow in
your integrator.

The rule of thumb for digital con-
trol systems is that the sample time

should be between 1/10th and
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out. If you look at Figure 16, the con-

troller comes out of saturation at

0.8 ' about 5.2s, and has settled out at

around 6.2s. If you can live with the

é 8.6 one second settling time you could get

2 § away with a sampling rate as low as
s i o e 10Hz.

g 0.4 : : : : gg';nm:":mo' pGain = 200 i & You sl?ould treal'lhe sampl.ing rate

p i | - = - dGain = 2000, pGain = 500 { as a flexible quantity. Anything that

| i ' | === dGain = 5000, pGain = 1000 might make the control problem

it | : = = = dGain = 5000, pGain = 2000 more difficult would indicate that

¢ : you should raise the sampling rate.

Factors such as having a difficult
plant to control, or needing differen-
tial control, or needing very precise
control would all indicate raising the
sampling rate. If you have a very easy
control problem you could get away
with lowering the sampling rate
somewhat (I would hesitate to
lengthen the sample time to more
than one-fifth of the desired settling
time). If you aren’t using a differen-
tiator and you are careful about
using enough bits in your integrator
you can get away with sampling rates
1,000 times faster than the intended
settling time.

Exert control

This covers the basics of implement-
ing and tuning PID controllers. With
this information, you should be able
to attack the next control problem
that comes your way and get it under
control. esp
Tim Wescotl has a master’s degree in elec-
trical engineering and has been working in
industry for more than a decade. His expe-
rience has included a number of control
loops closed in software using 8- to 32-bit
microprocessors, DSPs, assembly language,
C, and C++. He is curvently involved in
control systems design at FLIR Systems
where he specifies mechanical, electrical,
and software requirements and does electri-
cal and software design. You can contact
him at robintim@leleport.com.
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ALEXANDER WOLFE

HP and
STMicroelectronics
Launch "Lx"

s buzz builds around the new approach toward embedded chip
architectures called system-on-chip, two companies have teamed

together to come up with what they think is a better mousetrap.
This new family of embedded processors, which is designed to
be more flexible and provide better performance at lower power
dissipation and lower cost than traditional SOC approaches, will
make its debut this month at the Microprocessor Forum in San Jose, CA.

The ground-breaking architecture, known as “Lx”, evolved from a collabora-
tion between Hewlett-Packard Labs, in Cambridge, MA, and France-based
STMicroelectronics.

“The fundamental thing we believe is that, at any level of technology, we
can produce a VLIW processor that’s two to 10 times faster than an equivalent
RISC processor,” said Roger Shepherd, manager of advanced architectures at
STMicroelectronics’ Bristol, England labs. Shepherd also serves as ST’s lead
representative on the project, which is centered at HP’s labs in Cambridge,
MA.

System-on-chip, in general, refers to hardware runs where time-to-market and
cost are critical factors. The chips themselves are often ASIC-based solutions,
consisting of a central microprocessor core or a DSP core and multiple periph-
eral functions. However, reining in the engineering costs for small-volume
designs—even when off-the-shelf cores are used—has remained an industrywide

challenge.

Embedded Systems Programming ocroger 2000 111




X]

The structure of a multi-cluster Lx architecture

Bundle PC

f ":f'."leiiif‘i',.,i',',' =———
| Interrupt and Exception
g Controller

S—

(FCEXU)

- Core
Memory
Controller
(CMC)
and Ry 5
Inter- | >
Cluster hE:

Bus
(ICB)

New twist

Enter Lx. In fact, the Lx team has not
eschewed SOC; they've just gone
about it in a slightly different manner,
one they believe gives the concept a lit-
tle more utility.

The Lx architecture consists of a
family of cores, according to Josh
Fisher, head of HP Labs. Fisher is
often referred to as “the father of
VLIW” for his cutting-edge work on
the technology at Multiflow Computer
in the 1980s.

“It’s a core for a SOC, but it’s a family
which has been designed for your
domain of application, and typically
designed with a large customer in mind,”
said Fisher. High performance comes
from its VLIW heritage, which gives it the
ability to exploit instruction-level paral-
lelism (ILP). It is also customizable for
different application domains.

“ILx is also enhanced by the fact
that the customized cores all ‘feel’ to
the user like they're in the same fami-
ly,
viously been difficult to achieve with

»

said Fisher—something that’s pre-

VLIW designs. “So, we were able to do
customization without a lot of incre-
mental engineering and cost to the
customer.”

Lx’s creators reiterate that it is
intended to be used in system-on-chip
configurations, where it can be mar-
ried up with appropriate additional
processor capabilities and desired
peripherals. It’s certainly not being
touted as a general-purpose micro-
processor, which requires a notorious-
ly expensive infrastructure of develop-
ment tools. One possible application
would be in a set-top box, where the
multiple Lx cores could be configured
on a single chip to handle, for exam-
ple, general-purpose processing,
MPEG decoding, and
media data types.

Although HP and ST do not like to
use DSP in regards to Lx—"DSP is too

streaming

specialized”—they note, perhaps the
Lx is more DSP-like than anything
else. (Strictly speaking, the companies
see Lx as a convergence of DSP and
microcontroller.)
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Indeed, the Lx prototypes, which
are due by the end of the year, will
enter a DSP market that’s been flood-
ed by new devices and turned into a
testbed for everything from reconfig-
urable computing DSPs to VLIW
design. Competitors will likely run the
gamut from high-flying upstarts such
as the reconfigurable chips from
Tensilica, through to VLIW DSPs such
as  Motorola’s  StarCore, TI’s
TMS320C62xx family, and Phillips’
Trimedia. Also sure to remain in the
mix are tried-and-true general-purpose
platforms such as MIPS and ARM.

Under the hood

For each potential customer, the Lx
custom processors would be architect-
ed by an automated hardware/soft-
ware co-design process. Such chips
would be churned out in very low vol-
umes for specific, deeply embedded
applications.

A major impetus for the venture is
a perceived need to supply the bur-
geoning demands of smart embedded
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X

devices such as Web processors, car
navigation systems, and other new-age
consumer-electronics devices being
suggested by Internet designers.

The approach rests on two bedrock
concepts, according to the two compa-
nies. First, there is Lx’s new clustered
VLIW core architecture (see Figure 1)
and microarchitecture specialized to
an application domain that ensures
scaleability and customizability.

Next, HP and ST have developed a
toolchain they say is based on “aggres-
sive ILP technology.” This is intended
to give the user a uniform view of the
platform at the programming lan-
guage level.

The first major peek at the Lx pro-
ject came in June, when engineers
from the two companies delivered a
joint paper on the effort at the 27th
Annual International Symposium on
Computer Architectures in Vancouver,
B.C.

PROductivit

CCOMPILERS SUPPORTING:

In terms of design, the basic Lx is
laid out as a cluster of four VLIW exe-
cution units. That is, the low-end
design would be a four-issue machine
containing four 32-bit integer ALUs,
two 16-by-32 multipliers, one load/
store unit and one branch unit.

One level up in the family, an eight-
issue device could be constructed by
ganging together two clusters. The
added cluster would bring along its
own set of registers, along with other
detritus to minimize the difficulties
inherent in scaling up a processor.

Lx also relies on a two-level code
compression scheme. The instruction
cache is compressed so that unused
slots don’t consume space during
encoding, the companies’ engineers
write. More ambitious is an effort in
the works to compress binaries with
Huffman-like techniques and then
decompress blocks of instructions dur-
ing I-cache refills.
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To clarify each company’s role in
the overall effort, so far as is known
publicly, HP developed the instruction
set architecture and much of the soft-
ware behind Lx, while ST implement-
ed the hardware.

“The Lx project has concentrated
on producing a highly automated way
of exploring architectures,” said
Shepherd. “Not on implementing
them, but exploring them.”

Though Shepherd’s statement
sounds cryptic, he really means that
the process is not yet entirely hands
off. Right now, the tools output a com-
piled description of the device that
must be tweaked. However, he sees
things moving in the direction of even-
tual full automation.

In a separate effort that delves into
some of the same concepts as Lx, HP
is also working on a project called the
PICO Architecture Synthesis System.
(PICO itself stands for “Program In,
Chip Out”). Led by Bob Rau, out of
HP’s labs in Cupertino, CA, PICO also
aims to create a set of software tools
that could make it economically feasi-
ble to quickly roll custom processors
in low volumes for specialized embed-
ded applications.

However, PICO appears to be work-
ing with more complex cores, akin to
HP and Intel’s highly advanced 1A-64
architecture. I.x takes a more down-
sized tack, both in terms of power con-
sumption and complexity. esp

Alexander Wolfe is editor-at-large for
ESP. He holds a BE in electrical engi-
neering from Cooper Union. He has writ-
ten assembly language code for embedded
systems. He is co-author of From Chips
to Systems: An Introduction to
Microcomputers, 2nd Edition (Sybex,
1987). He can be
awolfe@cmp.com

reached  at
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Abstracting System
Hardware for
Maximum Reuse

here are many reasons to adopt hardware abstraction. The foremost is to
enable code reuse. The term code reuse has been defined in many differ-
ent ways throughout industry, from code that is borrowed and slightly
modified for each project, to libraries of features that are released as
object code and linked together during development. For the purpose of
this article, code reuse will be defined as any code, either at a source level
or in library form, that is reused completely, with only changes in the definition of con-
stants in a header. Abstraction that requires functions to be written or macros to be
defined that change executable code is considered “borrowed” and not “reused.”

Another justification for hardware abstraction is maintainability of the appli-
cation code. If a standard method of accessing hardware exists, all software engi-
neers in a department can maintain the code. When hardware changes, the
abstraction changes in one location, not in every source code module. For exam-
ple, changing the port for a digital input from Port 1 to Port 2 would require a
change in the constant fed to the I/O layer, and each module will then benefit
from this change after linking.

Finally, quality of the end product increases. By reusing code and abstracting
hardware, the number of new or modified lines of code is reduced for each pro-
ject. Since the probability of creating a defect increases with the number of lines
of code written, by reducing this number, the number of defects will also decrease.

This article describes three methods of abstracting hardware from software
applications. The first method, which I call the function name method, is a direct
I/0 access method using a different function for each input and output. This
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method is the fastest and easiest to
use, but is also the hardest to change
when the hardware changes. The sec-
ond method uses an API for direct
[/0O. This method is more flexible and
ports more easily: to different hard-
ware, but requires a slight addition in

resources. Finally, the message method

is an example of indirect I/O, where
the I/0 is obtained using a messaging
system such as is found in
OSEK/VDX. This message method
works well in a complex environment
where data is obtained both from
hardware and other devices. The cost

is additional resources.

9v08-41004q

Phar Lap Software, Inc. 60 Aberdeen Avenue Cambridge, MA 02138
Phone: (617) 661-1510 Fax: (617) 876-2972 Email: info@pharlap.com

Providing Realtime Solutions for the Embedded World.
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The system model that will be used
is shown in Figure 1. The operating
system, utilities, and physical layer
chosen do not impact the I/0 abstrac-
tion directly and are not discussed
here. The 1/0 layer is the basis of this
article, and the impact to the applica-
tion tasks is discussed. In the case of
the message method, the 1/0O layer
will be separated from the application

tasks by a messaging system.

Function name

The function name method takes its
name from the fact that a specific func-
tion or set of functions is defined for
each input or output. These functions
provide the value of an input and set the
value of an output. In addition, sampling
routines need to be written for the
inputs, and driver routines need to be
written for the outputs. The steps

required to use this method are:

@ Define all inputs and outputs in the
application

® Define an access function for each
input and output. This may option-
ally be a macro

® Create the input sampling routines
required for all types of inputs.
Each routine should ideally sample
many inputs

@ (Create the output driver routines
required for all types of outputs.
Again, each routine should ideally
drive many outputs

® Create support routines such as
debounce routines, filtering, scal-
ing, and so on. These may already

exist in a library

This method will allow reuse of appli-
cation source code. However, the 1/0
layers will use borrowed code instead of
reused code, with the borrowed code

being re-written for every application.

Define inputs and outputs

The first step in applying this method
is to define all the inputs and outputs
to the system. These may include digi-
tal inputs and outputs such as switches

and lamps, analog inputs and outputs
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Operating

Application

System K.} Tasks

Utilities

Obtaining a descrete input state

/ * *

* 1 if the input is active.

Fkkdkkkkkk Fekkdedddkokkokdek /f

#define CheckNAMEState() \
((NAMEvariable & NAMEMASK = 0) \
2INACTIVE:ACTIVE)

BOOLEAN CheckNAMEState(void)

£
if(NAMEvariable & NAMEMASK == 0)

return INACTIVE;
else
return ACTIVE;

* Define an access of a discrete input that is packed in a byte with 7 other
* discrete inputs. The macro or routine returns O if the input is inactive or

such as voltages and currents, time-
based inputs and outputs such as fre-
quencies and PWM signals, and so on.
These should be listed in a table along
with any requirements such as range,
debouncing,
default values, and so on.

granularity, filtering,

Define an access function for each
input and output

This function or macro will always take
on the function prototype of: type

inputfunction(void); or void output-
function(type);, where type is the
type that contains the complete range
and granularity of the input. For digi-
tal inputs, this is usually BOOLEAN,
which most applications equate to an
unsigned character. It may be any type
of integer or float available in C, and
may also be a structure. The return
value is always the value of the input or
output. Outputs may have two func-
tions if other application tasks need to
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read the value.

Following are examples of access func-

current output
tion names, with NAME replaced by a
unique name for each input or
output:

BOOLEAN CheckNAMEState(void);
void SetNAMEState(BOOLEAN);
U8 GetNAMEValue(void);

void SetNAMEValue(U16);

After the function is defined, it
needs to be created. In the case of a
macro, the definition and creation are
simultaneous. The listings presented
here provide examples of routines for
each of the previous examples. The
macros are included. However, only
one or the other will actually exist in
the final product.

In Listing 1, the input is a discrete
input that can have the value either
ACTIVE or INACTIVE. Each input is
packed into a byte that contains eight
discrete inputs. The function must
unpack the bit and return the proper
value. Using a macro, the variable and
mask must be defined globally so all
routines can access them. The func-
tion provides some level of encapsula-
tion of the variable.

For a discrete output, Listing 2 pre-
sents an example where the output port
is written directly. Again with this macro,
the port must be defined globally.

For analog inputs, Listing 3
describes the access function. In this
case, a structure is defined for each
analog input as follows:

typedef struct AnaloglnputTypetag{
U16 rawvalue;
U16 filteredvalue;
U16 defaultvalue;
BOOLEAN validvalue;
} AnalogInputType;

If an error occurs, the default is used;
otherwise the filtered value is used. It
is up to the sampling routine to set the
validvalue status.

Finally, for a timer-based output
(PWM or variable frequency), Listing
4 shows how the value is buffered for
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output using an output driver. The  Create the input sampling routines that are used to determine the value of

value is first checked for validity and the inputs. Each routine should sample

limited at the high end.

Setting a descrete output

VAss Fekk

Next, create the input sampling rou-
tines and interrupt handling routines  as many inputs as possible in one func-

tion call. The following listings describe

examples of some types of inputs and
how they can be handled. Listing 5
shows an example where a single digital
input port is sampled as a byte and
debounced together. If the hardware is
designed to optimize this algorithm,

* Define an access of a discrete output that is connected to a port on the

* micro. The port is written to directly.

’ eight inputs are debounced at one

time. The DebounceDigital routine will
take the information from the sample

#define SetNAMEState(A) \

(A= O\

?PORT1&="NAMEMASK: PORT1 |= NAMEMASK)
void SetNAMEState(BOOLEAN state)

port and the structure to determine the
This
includes eight timers, one for each

debounced value. structure

input port.

{
. To sample analog inputs, Listing 6
if(state = 0) h P I g P‘ g 1l
- shows a system that navigates a nu

PORT18="NAMEMASK ; W et g o
e terminated list of analog input defini-
tions and filters the inputs. First, all

PORT1 |= NAMEMASK; P
3 analog channels are sampled. Then,
for each entry in the input list, the raw
3 2 value is passed to the filter function
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with the filtered value and filter con-
stant, and a simple first-order filter is
performed on the system and the fil-
tered value is updated.

Create the output driver routines

The output driver routines are used to
output data when direct writes to the
output are not feasible, such as in a
timer output that must interrupt on
each edge, or when the outputs need
to be periodically refreshed. Listing 7

shows an output driver for a frequency
output in an Intel 87C196 processor.
This interrupt routine calls a frequen-
cy handler that sets the time of the
next interrupt. The structure member
*output->time_register is a pointer to
the actual compare register, and the
member output->period is the time
between toggles of the output. EPAO
has been setup to toggle the output
whenever a compare occurs, which
presumes that the output is a 50%

ing an analog input value

/ *

#define GetNAMEValue() \

U8 GetNAMEValue(void)
{

else

* Define an access of an analog input that is packed in a structure with the
* raw value and the filtered value. This input has the capability to determine
* if the input is valid and use a default value if invalid.

((NAMEstructure.validvalue == TRUE)?\
NAMEstructure.filteredvalue:NAMEstructure.defaul tvalue)

if(NAMEstructure.validvalue = TRUE)
return NAMEstucture.filteredvalue;

return NAMEstructure.defaultvalue;

[ Fedekdedkdeddek sk dekodek koo deok ook dokok koo

kkkok Kok Kkdkkkk [

#define SetNAMEValue(A) \
((NAMEvariable > NAMEMAX)?\

void SetNAMEValue(U16 value)
{
if(value > NAMEMAX)
NAMEvariable = NAMEMAX;
else
NAMEvariable = value;

Setting a buffered output

* Define an access of a timer port output that is
* connected to a port on the micro. A buffer is written
* that is accessed on the next sample of the driver.

(NAMEvariable = NAMEMAX): (NAMEvariable

= A))
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duty cycle frequency output.
Therefore, output->period is _ the
period of the output signal. The value
of FreqOutput.period has been previ-
ously set using SetFreqOutputValue()

function.

Create support routines

Finally, create the support routines
that will be used to debounce inputs,
filter inputs, and scale inputs or out-
puts. These routines are general in
nature and will not be covered here.
The focus, however, should be on
generic routines that do not use any
global variables. All information that is
needed is passed to the routine in the
function call.

Function name advantages and
disadvantages

The advantage of using the function
name method is that access to data is
fast. Reads are either directly to global
memory, or through a quick single
function call. Writes are either directly
to a port, to a global memory location,
or through a quick single function
call. The read and write functions that
are written are straightforward and
simple.

The disadvantages include difficul-
ty to set up, poor code reuse, error
prone, and extensive use of global
variables. Whenever the source of an
input changes, multiple sections of the
code may need to be re-written or new
macros defined. Defining new macros
also requires re-compiling. Debugging
of macros is very difficult.

API calls
The API calls method
development of a generic API that is

requires

called by the application program
using structures that contain the
I/0O information. The amount of
actual code written for each new
application is minimal or non-exis-
tent. The steps to implement the
API calls method can be split into
two sections—one time code devel-
opment and integration into the

application.
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One time development

® Classify the types of 1/O that your

~ LISTING 5

organization uses

‘ ® Define type definitions for configu-
| /**************‘k‘k********************* . . -
rations of each type. Define a RAM

* Define structure to hold digital inputs type for data that changes and a
*************************************/ l{()\l (\l)(' 1'()[_ constant (llll

@ Define macros to create ROM and

|1 REPucs: delianoscidisgiistkatuct it RAM variables for each 1/0

NB i etas @ Create routines to access, sample,
; U8 value; and drive I/0O
| }DebouncedDigital;

Integration into application
[ Fededededesdedededededededededededededkdedekededededededede ek ke . ~ . - .
® Create each instance of the input

* Sample Digital Input port sample complete port and debounce all 8 inputs or output in a configuration file

* Assumes that all 8 pins are inputs

¢ Include the I/0 files in your build

B L L L L L L T e —— ! y 4
scripts/makefiles

® Include the jo.hfile in any applica-

void SampledigitalInputs(void) | tion module that accesses /0O

® Use the names defined in the con-
U8 RawDigital = Port1;

| figuration file to access the I/O in
DebounceDigital (RawDigital, &DebouncedDigital); |

each application module

® Schedule the sampling and driving

W, R 4 HBEN IR N1 W O bt ERd / tasks in your system. This is the only

\ Windows NT Embedded®
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Operating System. et

)W/’ndows CER3.0,
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section where code may need to be  Classify I/O types
written if the I/O functions can't In this step, each type of 1/O that is
be called directly by the RTOS or to  used by the organization is defined

encapsulate in an ISR and the parameters are classified. For

/
* Define structure to hold analog inputs
Fokd Ak /

struct analoginputstruct {

U8 constant;

BOOLEAN validvalue;

U8 channel;

U8 defaultvalue;

U8 filteredvalue;

}AnalogInput;
ek e ko ok ek ok ke ek ok
* Sample Analog Input ports sample and filter a list of analog inputs.
* Routine is passed a null terminated list of analog inputs.
ek ok ok ok kok ok ok ok kokkok ok ok ok k ok koo ko ko ok [

void SampleAnalogInputs(AnalogInput **list)
{
ConvertAllAnalogs();
while(xlist != NULL)
{
*List->filteredvalue = filter(rawanaloglxlist->channell,xlist->filteredvalue,
*List—>constant);
List++;
}

[ Fedededededededededed sk dededeokdokokdedkokokdeokdeokokokokkodekodok

* Define an interrupt service routine for an output and a routine for
* frequency outputs in general

Fekkk ke Fekkddk ko *kkk /

interrupt void EPAQ_ISR(void)
{
UpdateFrequencyOutput (&FreqOutput) ;
¥
void UpdateFrequencyOutput(FreqOutputStruct *output)
£
*output—>time_register += output—>period;
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example, discrete inputs may be
defined as being from either a digital
or an analog port, will be debounced,
and have a default value upon power-
up. Other types of 1I/O may include
discrete outputs, analog inputs/
outputs, PWM inputs/outputs, fre-
quency inputs/outputs, multi-state
inputs/outputs, and so on.

Define type definitions

For each type above, define a variable
(RAM) and a constant (ROM) struc-
ture that will be used by each instance
of that type of input. For the previous
example of discrete inputs from a dig-
ital port, the structures shown in
Listing 8 would be defined.

The definition IOHANDLE will be
used for the API function calls. In the
RAM structure, rawvalue is the last
sampled value of the input;
debouncedvalue is the debounced state
of the input; and time is the time that
each rawvalue has been constant in
order to debounce. Each RAM struc-
ture can hold eight digital inputs. The
ROM structure includes *digitalport,
a pointer to the digital port; mask, the
mask of the bit in the port corre-
sponding to the input; debouncetime,
the time to debounce the input in
samples; ramlocation, the offset into
the array of DigitalInputRam variables
that holds the particular input; ram-
mask, the mask of the RAM location to
extract the digital input; and defaul t-
state, the default state of the input.

Similarly, definitions of each of the
input and output types defined previ-
ously would be created.

Define macros
Define macros that create the
instances of each input or output.
These macros encapsulate the defini-
tion of the structure, thereby allowing
the structure to be modified to adapt
to changes in the API. Examples of
macros for our digital input example
are in Listing 9. These macros will all
appear in the configuration file.

The first macro reserves RAM
memory for the packed digital inputs
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in an array named digitalin. This
array will be used later in the access
and sample routines.
instance of this macro should exist in
the configuration file.

The ROM macro defines the con-
stant structure for each digital input.

Each digital input will have one

Only one

instance of this macro and it will be
referenced by the unique identifier
name. The member port is a global
name that has been defined elsewhere
and is specific to the microcontroller
being used. The debouncetime argu-
ment is the number of samples to
debounce the input. position and
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rammask is the offset position in the
RAM array and the mask of the digital
input in the packed RAM. The combi-
nation of position and rammask must
exist only once in the configuration
file. Finally, default is the default
value that will be used in the RAM
array for that input.

Create access, sample, and driver
routines

The access functions should be gener-
ic and allow multiple inputs or outputs
to be accessed using the same inter-
face, with a different argument. For
instance, GetDiscreteState, shown in
Listing 10, is used to unpack all dis-
crete inputs from a digital input. To
expand to analog-based digital inputs,
the routine would have to determine
the type of argument that has been
sent in the parameter list. This would
require an additional parameter or
structure that contains the type of the
input. For simplicity, assume that
GetDiscreteState will only return data
on a digital input.

This function is called by passing
the address of the ROM constant
structure to the function. In this inter-
face, the debounced value of the digi-
tal input is extracted from the RAM
packed array. INACTIVE is returned if
the bit is 0, otherwise ACTIVE is
returned.

The sample routine is quite differ-
ent from the one in the function name
method, since it is more generic and
needs to pack the inputs differently.
The generic routine is shown in
Listing 11.

In this function, the address of the
ROM constant structure is passed and
used to sample and extract the data
from the digital port. The result is
either 0 if low or non-zero if high. The
routine, DebounceDiscrete, will use the
raw data to debounce the input.

Create each instance in configuration
file

A configuration file with a name such
as iocfg.h needs to be created for the
application. This file is included in the
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Discrete input structure

typedef void * IOHANDLE;
typedef struct DigitalInputRamtag
{
U8 rawvalue;
U8 debouncedvalue;
U8 timel81;
} DigitallnputRam;
typedef struct DigitalInputRomtag
{
U8 *digitalport;
U8 mask;
U8 debouncetime;
U8 ramlocation;
U8 rammask;
BOOLEAN defaultstate;
} DigitalInputRom;

Macros for creating discrete inputs

#ifdef CREATE_MEMORY

#define CreateDigitalInRAM(number) \
DigitalInputRam digitalinCnumber/8 + 11;

#define\
CreateDigitalIn(name,port,mask,debouncetime,position,rammask,defaul t)\
DigitalInputRom const name = {\
&port,mask,debouncetime,position,rammask, defaul t};

Helse

#idefine CreateDigitalInRAM(number) \
extern DigitalInputRam digitalinCnumber/8 + 11;

#define\
CreateDigitalIn(name,port,mask,debouncetime,position,rammask,defaul t)\
extern DigitalInputRom const name;\

#Hendif

“

A

BOOLEAN GetDiscreteState(IOHANDLE name)
i
if(digitalinC((DigitalInputRom *)name)—>ramlocation].debouncedvalue &
((DigtialInputRom *)name)->rammask = 0)

return INACTIVE;
3
else
{

return ACTIVE;

~

Obtaining a discrete input state

=
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io.h file used by all application mod-
ules. However, the macro CREATE_
MEMORY must only be defined in jo.c,
or an error will occur during link. The
configuration file will contain all of
the macros to define all of the inputs
and outputs used in the application.

Use the names from the configuration
file in the application module

In each application, use the names
created in the iocfg.h file to access
the inputs and outputs. An example of
a task in an application is shown in
Listing 12. This task is part of a round
robin scheduler that checks state and
drives an output.

Integrate into RTOS

The final step is to integrate the sample
and driver routines into the RTOS. Each
sample routine that periodically samples
inputs needs to be scheduled. The
advantage of these routines is that indi-
vidual inputs can be sampled at different
frequencies. The example in the func-
tion name method requires all inputs on
a port to be sampled at the same fre-
quency. This may require the writing of a
shell routine that calls the function mul-
tiple times, once for each input. This
could be made more efficient by using a
null terminated list of inputs to be sam-
pled and a small while() loop. ISRs that
are specific to the application and call
API routines must also be developed.

API calls: advantages and disadvan-
tages

The advantage of this method is that
little or no code is written when 1/0 is
added, deleted, or modified. Only
constants using the macros in the con-
figuration file need to be changed.
This method has high reusability and
high portability since each function
receives a void pointer, and changes in
the structure to which the pointer is
referenced do not affect the applica-
tion code generated.

The disadvantages of this method
are slight increases in ROM and CPU
usage. However, since the difference
has not been benchmarked, there may



Object-Oriented Meets
Web Development

by Adam Kolawa

We continue our discussion by taking a look at
object-oriented techniques. In light of the current
trend towards Web development, it is only natural
that developers will try to compare object-oriented
development to the Web paradigm. But a closer
examination reveals that with a few mental
adjustments, object-oriented developers can use
both approaches in tandem for their various projects.

The main mental adjustment that object-oriented
developers must make is to understand how state is
recorded. Web pages do not have memory, so each
interaction with a Web page has to be handled
independently without regard for what events
occurred in the past. Even dynamic pages cannot
keep track of state; each time you travel from one
page to the next, you can only carry the state by
using state variables.

Storing information in state variables breaks the
object-oriented paradigm. A fundamental principle
of object-oriented programming is that all necessary
information is encapsulated inside the objects.
Objects have to carry state information from one
page to another page. But in Web development, state
dies each time a user leaves a particular page, and
each page is a new instance.

Developers who are trained in object-oriented
programming often enter Web development with the
false assumption that if they have the variables
stored in their objects, the variables will be ready to
apply to the new page. Ironically, these developers
can gain a better understanding of Web development
if they just think back to the old rules of FORTRAN
programming, in which external variables carried
information between functions and subroutines. The
functions and subroutines executed tasks on their
own, out of the developer's sight.

Dynamic Web development most certainly breaks
the object-oriented paradigm, and it keeps object-
oriented developers on their toes. Object-oriented
developers can take Web development as a new
challenge to their mental versatility, and can use its
best points to enhance their applications. One
example of how the two techniques can complement
each other is Java Server Pages (JSP) technology,
which encapsulates business logic in JavaBeans but
allows developers to build HTML pages to control
the display of the application.

Adam Kolawa, Ph.D., is Chairman and CEO of
ParaSoft. You can reach him at ak@parasoft.com
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be no increase or a slight decrease in ~ Message communication (IPC) system to trans-
total ROM usage due to the efficiencies ~ The message method is almost identi-  fer the status of the data. A major
of integrating functions into the API  cal to the API calls method, except  assumption is that the RTOS IPC pro-
instead of creating multiple functions. that it uses the RTOS’s interprocess  vides messages that are not consumed

when they are received. An example is
the OSEK/VDX unqueued message

Generic routine for sampling discrete inputs : 8 in the COM specification. (See my
previous OSEK/VDX articles in ESP:
void SampleDiscreteInput(IOHANDLE name) “OSEK/VDX Standard: Operating
Vi System and Communication,” March
U8 Rawbigital = *((DigitalInputRom *)name->port & 2000, p. 90; and “OSEK/VDX
((DigitalInputRom *)name->mask; Network Manager and
DebounceDiscrete(RawDigital, name); Implementation Language,” April
3} 2000, p. 96.) Unqueued messages
\ J retain the last value, and can be
“received” multiple times without los-
= Mmooy
ExPi dpiicRtos s : between message and API calls meth-
ods are:
void CheckRelay(void)
£ ® Type definitions change slightly
if((GetDiscreteState(&switch1)==INACTIVE) || ReceiveMessage instead ‘of the API
(GetDiscreteState(&switch2) == INACTIVE)) Runction: Gat
£ ® SendMessage instead of the API
SetDiscreteState(&relay,INACTIVE) ; faiction Set
i ® Definition of messages for all
:lse inputs required
SetDiscreteState(&relay,ACTIVE); Type definitions
2 : From the example in API calls of the
Tespinstelasic); digital input, the RAM type variable
2 does not change. However, the ROM

type variable adds a reference to the

message that contains the input as

Discrete input structure with message field

shown in Listing 13.

typedef void * IOHANDLE;

Macros
typedef struct DigitalInputRamtag Since the ROM structure changed, a
< change needs to be made to the macro
U8 rawvalue; that creates the structure instances to
U8 debouncedvalue; include the name of the message, as
U8 timel81; shown in Listing 14.
} DigitalInputRam;
Routines
typedef struct DigitallnputRomtag The access routines have been
£ TN replaced by the IPC routines, and
I ssintooct; the input sampling routine changes
U8 mask;

slightly as shown in Listing 15.
The addition of the SendMessage
function places the result in the sys-

U8 debouncetime;
U8 ramlocation;

U8 rammask;
MESSAGE message; tem message for use by the algo-
BOOLEAN defaultstate; rithms. The DebounceDiscrete func-
} DigitalInputRom; tion returns the debounced state of
L ) the discrete.
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Macros with message field added

#ifdef CREATE_MEMORY
#define CreateDigitalInRAM(number) \
DigitalInputRam digitalinCnumber/8 + 11;
#define\
CreateDigitalIn(name,port,mask,debouncetime,position,rammask,message,defaul t)\
DigitalInputRom const name = {\
&port ,mask,debouncetime,position,rammask,message ,defaul t};
t#else
#define CreateDigitalInRAM(number) \
extern DigitalInputRam digitalinCnumber/8 + 11;\
#Hdefine\
CreateDigitalIn(name, port,mask,debouncetime, position,rammask,message,defaul t)\
extern DigitalInputRom const name;\
#endif

Sampling discrete inputs using IPC ro

void SampleDiscreteInput(IOHANDLE name)
{
BOOLEAN result ;
U8 RawDigital = *(((DigitalInputRom *)name)->port &
(((DigitalInputRom *)name)—>mask;
result = DebounceDiscrete(RawDigital, name);
SendMessage(((DigitalInputRom *)name)->message,&result;

Discrete output driver routine

void WriteDiscreteOutput (IOHANDLE* names)
{

BOOLEAN result;
while(xnames != NULL)

{

ReceiveMessage(((DigitalOutputRom *)*names)—>message,&result) ;
Result #= (((DigitalOutputRom *)*names—>activelow);
If(result = INACTIVE)
((DigitalOutputRom *)*names)—>port &=
“((DigitalOutputRom *)*names)—>mask;
else
((DigitalOutputRom *)*names)—>port |=
((DigitalOutputRom *)*names)—>mask;
names++;
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An additional routine must be cre-
ated to output.
SendMessage only enters the informa-

enable Since
tion into the message RAM, a driver
routine must be created to actually
output the data to a port. This can be
seen in Listing 16. With OSEK/VDX,
this routine can be called whenever an
output changes. This routine navi-
gates a null terminated list of outputs
that are passed in names. It receives
the current message and sets the out-
put at the port based on the state after
inverting the message value for active
low outputs.

Message advantages and
disadvantages

The message method clearly abstracts
the source of the data, whether it is a
true hardware input or output, or data
received over a network. Complex
messages such as structures or strings
can be received easily, whereas the API
calls work best if all data is of a simple
type (that is, U8, Ul6, float, and so
on).

The disadvantage with this method
is that more RAM, ROM, and through-
put is utilized by adding another level
of abstraction: the message.

Software reuse is a noble goal that
has been chased by many firms for
years. In reality, attaining a large level
of true reuse is usually difficult and sel-
dom achieved. Major impediments to
reuse include different microcon-
trollers, multiple microcontrollers on
a single project, hardware changes,
and networks. Changing the source of
data usually forces extensive changes
in code. Following the tips just out-
lined will help increase your reuse
opportunities. esp

Joe Lemieux is a senior applied specialist

with EDS Embedded Solutions in Troy, MI.
He holds an MSEE from the University of
Michigan and has been writing software

Sfor embedded systems in the automotive

industry for over 17 years. He can be
reached by e-mail at joe.lemieux@eds.com.
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GREGORY EAKMAN

Strategies for
Debugging
Embedded Systems

ntegration and testing of software is difficult, and embedded systems pro-

vide the additional challenges of limited manipulation and visibility of

the system through a small number of inputs and outputs. Abnormal sys-

tem states, in particular, are difficult to test, because the system must be

driven into the state before its behavior in that state can be determined.

This article introduces the idea of instrumentation code injected into

the implementation of UML models for the purposes of increasing the control-

lability, observability, and testability of the system. The instrumentation is used in

both the development and the target environments, and allows interactive system

debugging at the model level. In batch mode, the instrumentation serves as the
basis for data collection, initialization, and test automation. My goals are to:

® Provide a brief overview of model-based software engineering and implemen-
tation of these models!
Outline approaches for integration testing of model-based software
Identify the interesting run-time data and execution points within modeled
systems
Define alternatives for collecting and manipulating model data at runtime
Integrate the instrumentation with test automation

Integration testing

According to Roger S. Pressman, in Software Engineering

A Practitioner’s Approach,
“Integration testing is a systematic technique for constructing the program struc-

ture while at the same time conducting tests to uncover the errors associated with
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Service
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interfacing.”? UML models and object-
oriented software tend to have classes
with many complex interactions, which
hinder integration testing. Combining
a structured approach to UML analysis
modeling with a coherent integration
and test strategy will make developing
quality embedded systems easier.

A software fault is an erroneous
instruction or computation within a
program. Execution of that fault
results in an error in the state of the
software. When the error is propagat-
ed to the output, and becomes visible
outside the system as an unexpected
result, a failure has occurred.
Controllability of a program is the abili-
ty of a suite of test cases to force the
program under test to follow a partic-
ular execution path, possibly execut-

ing faults along the way. Observability of

a program is the ability of the test suite
to detect an error state, and thereby
illuminate the existence of a fault.
The internal state of the system is
important in determining the correct-
ness of tests. The output of a system is

dependent upon both the initial state
of the system and the inputs applied to
it. The same set of inputs applied to a
different initial state will result in dif-
ferent outputs. The final state of the
system must also be examined as part
of evaluating the correctness of the
test, as an incorrect internal state may
evntually propagate to the system out-
put, causing a failure. System complex-
ity may also make it difficult to predict
the correct outputs of the system.

Initial State + Inputs —> Final State +
Outputs

Using black box test techniques,
only the external inputs and outputs of
the system are available. A distinguish-
ing sequence of test stimuli is required
to propagate an error to the output so
as to distinguish a faulty program from
a correct one. The longer the required
distinguishing the less
testable the program. Embedded sys-

sequence,

tems are similar to black boxes in that
controllability and observability are
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usually limited. Evaluating the final
internal state of the system results
reduces the distinguishing sequence of
inputs required to detect an error,
resulting in smaller, more manageable
test cases. Instrumentation seeks to
both
observability in a software program to

increase controllability and
result in a more testable program.

The technique of using test sup-
port instrumentation in application
code is a glass box approach to testing.
In developing the UML models of the
system, developers express an under-
standing of what the system is sup-
posed to do. Instrumentation-based
fault isolation strategies help leverage
the knowledge in the UML models
into integration testing. The opera-
tion and state of the system are more
visible at the analysis level than at the
code level, where it is obscured by
implementation details.

Setting the initial system state for a
test only from the external inputs
requires some specific sequence of
external stimulus. System operation
under abnormal conditions is critical to
verify in many embedded applications,
but creating these initial conditions
may not be simple. The techniques
described here enable the creation of a
test harness to greatly improve control-
lability and observability.

Phases of integration testing
Integration testing is broken into two
main phases, dynamic verification and tar-
get integration. Dynamic verification is
the execution of UML models in the
development environment. It focuses
on determining the correctness of the
models. Target integration involves soft-
ware and hardware integration in the
target environment. Both dynamic veri-
fication and target integration are done
at the analysis level, with the same tools,
using the test support instrumentation.
There are many reasons to do as
much dynamic verification testing as
possible: hardware availability, hard-
ware/software isolation, shorter debug-
ging cycle times, and access to tools. If
you have high confidence in your mod-
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els after running tests in dynamic verifi-
cation, debugging in target integration
can focus more heavily on the inter-
faces between system components and
on platform-specific issues.

Modeling embedded
systems with UML

The effective application of UML
models to software engineering for
challenging applications—especially
in the embedded context—requires a
development process that will ensure:

Models are rigorous and complete

® The resulting system implementa-
tion can be optimized without
impacting the models

® The overall architecture of the sys-
tem is maintained by the process
through multiple releases and
requirement evolution

To achieve these goals, model-
based software engineering employs a
translational approach, defined below.
This article focuses on adding test sup-
port into code using a translational
approach, but the techniques can also
be applied to manually implemented
UML models. Specific aspects of this
type of the translational process are
introduced in the following section.

Analysis

The process of modeling an imple-
mentation-independent solution to a
problem in terms of the problem itself
is called analysis. Effective analysis
models are rigorous and complete,
and largely free of implementation
bias. The Unified Modeling Language
(UML) is a standard notation defined
by the OMG for expressing analysis
models.? The work products produced

during analysis are:

®  Domain model: this is a UML class dia-
gram showing the highest level
decomposition of the system into
areas of separate subject matter,
called domains. These domains are
represented as packages, and depen-
dency arrows show bridges, which are
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the flow of requirements between
domains. A domain can be analyzed,
or it can be developed via other
means, such as hand-written code,
legacy code, generated from another
source, imported from a library, and
so on. Domain services are methods
that make up the interface of the
domain. Since the domains define a
complete specification of a single
problem space, they can be indepen-
dently tested, then combined with
other domains for further testing

® [nformation model: for each domain
that is to be analyzed, a UML class
diagram is used to define the class-
es that form the structure of the
domain. Classes have associations
with other classes, and inherit from
other classes

® Scenario model: key scenarios for this
specific domain are captured with
UML sequence charts and/or UML
collaboration diagrams to show
interactions between domain ser-
vices (operations), class services
(methods), class events messages,
and services of outside domains
used in this domain

® State model: for each class that
receives event messages, a UML
state diagram is used to capture the
class lifecycle, defining state-depen-
dent behavior for that class

® Action model: for each domain ser-
vice, class service, and state action,
a detailed, unambiguous behav-
ioral description is created. This is
expressed in an action language,
an analysis-level “programming”
language that provides a complete
set of analysis-level execution prim-
itives without biasing the imple-
mentation. By expressing behav-
ioral detail in action language, con-
siderable freedom is retained until
the translation phase for how each
analysis primitive is implemented,
which is critical for optimization

Design

Design is the creation of a strategy and
mechanisms supporting the mapping
of analysis constructs to a run-time

environment. Design is conducted in a
different concept space from analysis,
and much of the preliminary design
work can be completed independent
of the analysis activities.

Translation

Translation is the process in which the
UML
domain are mapped to implementa-

models for each analyzed
tion through design strategies. Design

is conducted at two levels:

®  Structural design: identify the execu-
(threads/tasks/

processes) of the system, allocate

tion units

them to processors, and allocate
domains to the units

®  Mechanical design: develop detailed
patterns (expressed in templates)
to map analysis to implementation
and build base mechanisms to sup-
port this implementation

Instrumentation
Parallels to source code debugger
Since the UML models represent a
complete executable model of the sys-
tem, the models can be translated into
implementation automatically. A set of
translation rules is applied to the
model, much like a compiler translates
high-level programming languages.
Following the language and model
compiler analogy further, a model com-
piler can add instrumentation into the
generated code, just as a language com-
piler adds a symbol table and debug
information into the executable.
Instrumentation from both compilers
allows the resulting application to be
tested and debugged by the developer
at the same level of abstraction as it was
developed. Only in very rare cases
would a high-level language developer
want to look at the assembly or machine
code when debugging an application.
Similarly, for UML models, the devel()p-
er will want to debug at the higher level
of abstraction of the models, rather
than with the implementation code.
The translational approach uses
information from the UML models to
create code to support testing in addi-
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tion to the application code. The instru-
mentation does not add any additional
functionality to the software, other than
enhanced testability. The test instru-
mentation is only available for test sup-
port and cannot be used during the
normal operation of the software.

Because the instrumentation inject-
ed during model translation is based
only on the UML model execution
semantics, it provides a generic test
harness that can be applied to any
application. The instrumentation can
be compiled out, or the code regener-
ated without the instrumentation, sim-
ilar to the way debugging information
is handled by the compiler.

For manually implemented systems,
the level of instrumentation required is
dependent on the complexity of the
application, the test approach, the tar-
get environment, available memory, the
support of other tools, and the time
available. Thus, trade-offs must be made
in order to deliver a quality product on
time. In the UML models, one must
identify important data values, attribut-
es, inputs, and control points. For each
of these items, add the appropriate
instrumentation access. The remainder
of this article will describe adding
instrumentation using the translational
approach, but the same principles can
be applied to manual implementation.

Instrumented application architecture
The UML test architecture is broken up
into two components, the dynamic veri-
fication user interface (DVUI) and the
instrumentation agent. The DVUI is
responsible for displaying information
to the user and accepting user com-
mands. The DVUI could be replaced
with a batch interface for automation.
The instrumentation agent acts as
the interface between the application
and the DVUIL The communication
mechanism between the agent and
DVUI can be any protocol—TCP/IP,
RS-232, and so on. The agent supports
information marshaling and commu-
nication via generated instrumenta-
tion code. It interfaces with the instru-
mentation to set and retrieve instance



data and to support DVUI notification
of break and trace points, and inter-
faces with the event processing to pro-
vide execution control, system stimu-
lus, break points, and stepping.

Data instrumentation code is inject-
ed into the application during transla-
tion to monitor and update object
instance population, attribute values,
event queue population, event data
item values, and service parameters.

Data access
During integration testing and debug-
ging, assessing the system state is a key
requirement. Since the system state is
distributed among many class
instances, all instances in the system as
well as the values of the attributes
should be accessible to the DVUIL
Keeping a list of instances in the
system is fairly straightforward. Each
class must include some structure to

hold the instances of that class, com-

monly some form of a linked list.
Within the
instance is added to the list, and in the

constructor, the new
destructor, it is removed.

To view the state of an instance, the
instance can support ASCII serializa-
tion, similar to the Java toString()
The toString()
would put the value of each of the

method. method
instance’s attributes into the string, as
well as the instances with which it has
associations. The string can then be
transported from the application
agent to the DVUI for display. To set
the data of an instance, a
fromString() method must be sup-
ported that can unpack the data and
make the proper conversions and
attribute assignments.

The state of an instance’s state
machine is also very interesting during
debugging, because it represents an
aspect of the control flow of the sys-
tem. It is special because it affects the

response of an instance to an event.
Therefore, it’s useful to separate the
current state of the state machine
from the rest of the class attributes.

Dynamic behavior

During system execution, instances are
created and deleted, and events are
exchanged; associations are created and
deleted; domain services are invoked;
and timers are set and fired. Fach of
these incidents is of potential interest
during integration testing. Depending
on the implementation, each of these
incidents could trigger an interactive
break point or a trace output.

The DVUI should be able to send
to the agent the conditions on which
to break. The break allows the DVUI
to interactively browse the state of the
system at that point in execution and
adjust instances and attributes, if nec-
essary. Trace points can also be set up
by the DVUI. At a trace point, a mes-
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sage describing the triggering incident
is passed to the DVUI and stored in a
log file. Trace points are a great way to
follow system execution at a high level.
They can even be post-processed to
generate a sequence diagram describ-
ing the scenario executed, or they can
be used in regression testing.

Break and trace point controls can
be implemented using the publish-
subscribe pattern. The agent supports
registration of each type of application
execution incident. The DVUI can
then subscribe to incidents, such as
the creation of a particular instance or
initiation of a state machine transi-
tion. Instrumentation within the appli-
cation code notifies the agent when an
incident occurs, and the agent then
notifies the subscriber with the appro-
priate action, break, or trace.

One implementation of a system
modeled with communicating state
machines includes an event queue.
Events sent by objects and from out-
side the domain are placed on the
queue. An event loop executes contin-
uously, pulling the next event off the
queue and passing it to its destination
instance, which executes the specified
action. With this implementation, the
event loop serves as a central place to
monitor system execution.

Within the event loop, an instrumen-
tation interface is added that watches
the events going by and looks up the
next state to be executed by the receiv-
ing instance. These conditions can be
compared against the set of break and
trace conditions set by the DVUIL

The instrumentation in the event
loop could also support a single event
step mode. In this mode, the DVUI
would command the application to exe-
cute one action, but stop before the next.

If an analysis-level action language is
used to describe the UML model actions
and services, you can expand the idea of
event stepping to stepping of action lan-
guage by instrumenting the code in a
similar way. Every line of action lan-
guage would be preceded by an instru-
mentation instruction, keeping track of
the line number and local variable val-
ues. Of course, this would be tedious

and error prone if done manually, but is
easily accomplished by translation.

Test execution

This section describes different ways
to use the instrumentation in the
application to make testing and fault
isolation easier.

Initialization
The instrumentation can be used to set
the system to a known initial state. By
creating and initializing class instances
through the agent, the state can be set
directly by the test case. This makes test-
ing from hard-to-reach states easier,
rather than having to apply a sequence
of inputs to drive it to that state. The ini-
tialization is made possible by serializing
instance data across the communica-
tions channel to the agent, where the
new instance is created and initialized.
A soft reset capability would allow
the system to be cleared, reinitialized
with another initial state, and run with
another set of test cases.

Stimulus

Stimulus is applied to the system from
the DVUI through the instrumentation
agent. Events can be initiated by the
DVUI and delivered to a target instance
through the instrumentation agent and
event queue. An encoding scheme for
the event and the data must be derived.
Also, with some additional encoding,
domain services can be invoked as sys-
tem stimuli as well. This mechanism is
similar to the encoding of parameters
that CORBA and RPC use when calling
functions across processes.

One of the more difficult problems in
embedded systems tends to be repro-
ducibility of failures due to timing or
sequencing of events. By controlling the
sequencing of event transmission
through the event queue, orderings of
actions can be tested and reproduced. Of
course, the interface to the event queue
would need to allow the reordering of
events, in addition to viewing the events.

Data collection
The data collection interface can be
used to test pre- and post-conditions of
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test cases. This is especially useful for
determining and validating the final
state of the system as part of test result
evaluation.

Another side benefit of instrumen-
tation is the ability to capture true tar-
get stimuli and replay it in the dynamic
verification environment. If some part
of the instrumentation were left in the
finished product, it could record a sub-
set of the system state and inputs, much
like the “black box™ on airplanes.

Emulation
In order to effectively test a domain in
isolation during dynamic verification,
the interface at the domain boundary
must be well understood. The test cases
that are defined for the domain will gen-
erally use this interface as the primary
stimulus to the domain. The test cases
and stimulus data are obviously applica-
tion-specific, but use the test harness
already provided by the instrumentation.
Figure 1 shows a test driver, either the
DVUI or other program connected to
the instrumentation agent, emulating
the domain’s target environment. The
driver initializes the class instances that
are part of the test. The test driver
applies the test stimuli and captures the
response. The test driver also emulates
the responses of other domains by trap-
ping the service calls and substituting the
return values. The calls are a form of out-
put from the point of view of the domain
under test, and the responses provided
by the test driver provide more input to
the domain under test. The test driver
uses the test instrumentation in the
domain under test to trap and substitute

messages.

Single domain to system testing

This test approach is scaleable from one
domain to the integration of multiple
domains and into system test (Figure 2).
Single domains are first tested in isola-
tion, using the test driver to emulate the
environment of the domain under test.
Domains can then be combined for test-
ing through integration of domain ser-
vices. Again, the test driver emulates the
environment of the domains under test.
The assumptions that one domain



makes about another, in the form of ser-
The

interface and flow of data across the test

vice calls, can now be verified.
boundary should be well understood.
As confidence is gained in lower
level domains, the test support instru-
mentation can be disabled on those
domains to reduce the
checkpoints and increase throughput.
If a problem is found, the test support
can be re-enabled to collect more data

on the specific test case.

Leveraging potential

Instrumentation added to the imple-
mentation of UML models allows the
models to be leveraged into the testing
phase of development. Developers can
write test cases, execute, and debug
and the level of the models. Ideally,
instrumentation should provide a full

debug environment at the level of

analysis. Full interactive manipulation

of instances, events, and data should

number of

be available, as well as ways to actively
stimulate the system, rather than just
The

vides full access to the system under

watch it. instrumentation pro-
test at the level of UML modeling,
allowing a glass box approach to inte-
gration testing with greater observabil-
ity, controllability, and testability for
embedded systems. Increased observ-
ability enabled by instrumentation
also allows detection of internal error
states without having to propagate the
error to the output. This results in
asier test case development and short-
er debugging time, as the error is iso-
lated much closer to the fault.

Once the capability of the full inter-
active analysis debugger exists, there is
an even greater potential for improved
quality and productivity by adding a
batch capability to it. This batch capabil-
ity would allow automated regression
testing, automated data collection of fail-
ure test cases, or application of random-

ized test inputs and event sequences to
obtain more analysis coverage. esp
Gregory Eakman is a principle consultant
with Pathfinder Solutions and is a PhD
candidate at Boston University in the area
of automaled testing of model-based sofi-
ware. He has successfully applied model-
based software engineering to a varily of
him at

applications. Conlact
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Hijacked!

L3
S]“CE [ started this series, quite a

lot of mail has come in with com-
ments and questions concerning
motors, PID, motion control, field-ori-
ented control, and pulse width modu-
lation (PWM). I've recieved enough
questions, in fact, that I decided to
review some of these areas before
moving on. I'm going to answer some
of the questions by presenting the
data that we've covered from a differ-
ent perspective. I'll also provide addi-
tional illustrations.

Specifically, we’ll take another look
at the physical aspects of controlling
brush and brushless permanent mag-
net motors. Our coverage will also
include PWM and a little bit on phase
currents. Next month, I'll go into
greater detail on the PID algorithms
and coefficients. Following that, we
will again continue with algorithms on
resolver and sinusoidal encoder con-

versions, which was my initial plan.

Pulse width modulation is a digital
technique for the control of DC sup-
plies to provide varying voltages into
a load. I use the word digital because
with PWM the full DC supply is
either turned on to the load or
turned off. That is, power is supplied
to the load by means of a series of on
and off pulses. The on-time is the
period during which the DC supply
is placed on the load and the off-
time is the period during which that
supply is removed, or cut off, from
the load.

In this manner, we can control the

average voltage delivered to a load.

For example, If we have a switch
between a light bulb and a 9V battery
and we turn the switch on and off at
halfsecond intervals, the bulb experi-
ences an average voltage of 4.5V. This
process is illustrated in Figure 1. To
describe this situation, we say that the
duty cycle is 50% and the frequency is
1Hz. Most loads, inductive or capacita-
tive, require a higher frequency to

achieve tighter control and resolution.

Common frequencies for motion con-
trol amplifiers range from 4kHz to
20kHz. Whatever the frequency, a 9V
supply with a 50% duty cycle will

always produce an average voltage of

4.5V.
Brush permanent magnet motors

Like brushless motors, brush motors
have a rotor (the part that rotates) and
a stator (the stationary part). Unlike
brushless motors however, the mag-
nets (or field) are mounted on the sta-
tor, while the windings (armature) are
located on the rotor.

The armature of a brush motor has
many windings, or phases, with only
one portion excited at any one time,
depending on the position of the
rotor relative to the stator. Brushes,
acting as switches, commutate the
motor by connecting current to differ-

Don Morgan

ent windings as the rotor turns. This
results in two flux patterns. One gen-
erated by the permanent magnets in
the stator (field) and the other gener-
ated by the armature windings.
Electromagnetic torque is created
by the interaction of the field flux and
the armature flux. To motor, or pro-
duce torque, the electrical angle
between the field and armature is typ-
ically 90 degrees (about 45 mechani-

cal degrees). So on a brush permanent
magnet motor, the brushes are
arranged so that currentflow in the
armature windings produces flux that
leads the stator flux by 90 degrees. So
many phases are possible in such an
arrangement that each one represents
only a few electrical degrees of rota-
tion, making for mostly ripple-free
torque.

The relationship between current
and torque on a permanent magnet
machine is linear. It's possible to cre-
ate a current source for such a motor,
but most often the control outputs a
voltage to the motor windings.

This works because the loads we
are dealing with in motion control are
overwhelmingly inductive. In an
inductor, current begins to flow after
voltage is applied, and, depending
upon the amount of inductance, that

current will rise to a certain level in a

Embedded Systems Programming ocroger 2000 149



SPECTRA ©

given period of time. The greater the
APWM-‘OPél‘biEﬂ ]amp = el LT = inductance, the less total current will
flow in a given period of time.

Techniques for voltage control

abound, but PWM is the most fre-

e
°

Lamp quently used. PWM controls the aver-
age voltage to the windings, as with the
9 Volt Battery lamp in Figure 1, and, therefore, the
average current to the windings. In a

brush pcrmanem magnel motor,

——

torque is a linear function of current.

In Figure 2, we see a typical brush

ermanent magnet motor driver. It’s
P g

often called an H-bridge because of

the arrangement of the switches and
the motor. The four switches in the

diagram control both the direction of

1 current through the motor, and,
because they are pulse width modulat-
ed, the average voltage across the
motor. The one important thing to
remember is that one never has an

[
= sty }—[CI]— ,

Motor

upper and lower switch closed in the
same leg at the same time. This would
result in a short circuit.

When we use a brush permanent
magnet motor, we can control the volt-

| age across the motor (and therefore

L = the current through the motor and its
torque) with PWM. We control the
commutation with brushes.

Brushless motors
Arc Magnets -

Brushless permanent magnet motors
differ from brush motors in that the
windings are located on the stator
and do not move, while the magnets
are found on the rotor. The windings
are distributed in multiple phases,
usually three. Each phase is separated
by 120 electrical degrees. One electri-
cal connection exists to each phase.
Brush motors switch phases in and
out mechanically, and because the
device features numerous phases, the
motion is relatively smooth. A similar
technique is possible on a brushless
motor, but because there are only
three phases, this technique pro-
duces large torque perturbations at
each transition.

Therefore, on a brushless motor,

the commutation is done electronical-

150 ocroser 2000 Embedded Systems Programming



ly. The drive, or power stage, monitors
the position of the rotor, usually with
an encoder, and excites the appropri-
ate winding to maintain a 90 degree
commutation angle.

Figure 3 shows a cross-section of a
four-pole brushless motor. If you imag-
ine the rotor making a complete
mechanical revolution of 360 degrees,
you will notice that the flux from the
magnets cycles twice, once for each
north/south pair. In other words,
there are more electrical cycles than
mechanical cycles. In fact, the number
of electrical degrees is equal to one
half the number of poles on the motor
multiplied by the number of mechani-
cal degrees. Most brushless perma-
nent magnet motors have more than
two poles.

Figure 4 is a diagram of a typical
power stage. It consists of six switches
configured much like the H-bridge
depicted previously but with an extra
leg for the third phase. Here, we also
use PWM to control the average volt-
age to each winding, and, therefore,
the current through each phase.
Again, one never has an upper and
lower switch on at the same time. In
this diagram, the voltage that we speak
of is measured from the input to each
phase to the center of the Wye.

Thus, we can control the average
voltage across each phase with PWM,
as in the brush application. But how
do we do the commutation?

Commutating a brushless
permanent magnet motor

Another technique exists that is more
suitable for three-phase motors than
the six-step method I described last
month (p. 179). It’s called sinusoidal
commutation. Because a brushless
motor can control current in multi-
ple phases independently, it moves
the winding flux in very small incre-
ments.

To

Kirchoff’s law, which states that the

understand this, recall
sum of all currents, voltages, and flux-

es in an electrical circuit must equal

zero. That relationship is represented

by the following formulae: @a(t) +@p(t) +9c(t) =0

a(t) +ip(t) +i(t) =0 for current

SPECTRA

for flux

A simple way to understand this is
to imagine a water hose. The water

moving into the hose, which we’ll call

Va@)+Vp(t)+Ve(1)=0  for voltage

+water, must be equal in amount to

the water coming out of the hose,

main Flash
. 2%Flash

or EEPROM

Interface

i memrm—

(Sd HSV 14

Security PMU >

p'S'ﬂ 1/0 Ports
Download Free software today,
and configure your embedded
design with your mouse!

Waferscale’s EasyFLASH™ PSDs solve the problems faced by
designers needing to integrate programmable logic
along with high density Flash and SRAM into

gooth 4228
gsc West

embedded designs. Unlike all other options,
PSDs form an integrated system level solution
that saves time, power, and costs. Waferscale'’s software
development/programming tools... PSDsoft Express and the
new PSDsoft 2000, provide an easy to use, point and click user interface
in which an engineer can accomplish in a couple of hours what may have,
in the past, taken several days. Visit our website today to learn more about
EasyFLASH PSDs and to download your free copy of PSDsoft Express!

www.waferscale.com/esp/flashisp.html

ferscale.co,
Waferscale-USA « Tel. 800-832-6974 » Fax 510-657-5916 + info@waferscale.com

“Development Kits
starting at $99
avatlable now”

5
Sy

Embedded Systems Programming oCTOBER 2000

151



RS SN e TR,

SPECTRA @

which we will call —water. Therefore, if
we add the +water to the —water, we'll
get zero. No other waters are involved.
If water goes in one end it will come
out the other. A three-phase system is
similar, except we have three bi-direc-
tional inputs. With a high frequency
PWM we can make fine adjustments to

the amount and the angle of the stator
flux.

If we examine the motor from the
stator point of view, we see three-phase
current flux angles that change con-
stantly. If, however, we assume a fixed
position on the rotor, we can see that
two fluxes must be present in a motor
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for it to move and produce torque,
and that they will be about 90 degrees
from one another. One is the rotor
flux, which in a permanent magnet
motor, is fixed by the circular magnets
on the rotor. The other, the stator
flux, is generated by the three-phase
windings on the stator. These two flux-
es can be mathematically generated by
two currents, /; and /,. This separation
of currents is a mathematical opera-
tion illustrated by the vector sum in
Figure 5. The vector sum of the flux
generated by the magnets on the
armature and the flux from the wind-
ings on the stator, result in a third vec-
tor often referred to as torquing flux.

Recall that we are imagining this
picture from a fixed position on the
rotor. Here, the values of I, and [,
change very slowly. You will see from
the vector diagram in Figure 5 that on
a permanent magnet motor, it is only
necessary to manipulate the winding
flux to create acceleration, decelera-
tion, or a profile, because the flux
from the permanent magnets is fixed.
This means that on a brushless perma-
nent magnet motor, the 7/, may be
Zero.

But to control the stator flux, we
need to generate phase currents; or,
you could say, we want to use our
power bridge to produce an average
voltage across each phase that will gen-
erate the proper flux in the windings
to cause the motor to turn as we
choose. It can be shown (please see
the bibliography) that /, and /; are a
result of the individual phase currents
and the position of the rotor as shown
here:

1,

1y 2 cos(f) cos(@—y) cos(6—2y)
1, 3|-sin(@) —sin(@—y) —sin(@-2y) II’

(1)
This formula is the product of two

formulae:

ig|_ 2|1 cos(y) cos(2y) :" _ 27
ig|” 3]0 sin(y) sin(2y) '.” = 3
(2)



FIGURE 4

iq 2 _cos(6)sin(f) | iy
iy —sin(@)cos(8) ig
(3)

Equation 2 transforms three phase

e T S Reference Polfits e ier i

currents, i, i, and i, to a homopolar sys-

tem, but with reference to the stator. [ +

This means the values , and i change =5 ® ®
¢ s . i e ——  Battery

rapidly with time. To get to the fixed —l Phase A Phase B

position on the rotor where /;and 1, (¢, ‘ T P

and ¢,) are moving very slowly, we need Phase C

to make one more change, and that is a
simple rotation based on the position of

the rotor relative to the stator. An

encoder usually supplies this angle. This
transformation is given in Equation 3.

Thus, we have one of the most pop- [

ular and effective algorithms for con-

trolling permanent magnet motors. ® ) 5

Induction motors 5= P 1 i

We can view an induction motor

much like a brushless permanent

32/64-Bit CPU
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(CMA) - a series of
flexible development
platforms offering
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PCl expansion and
interchangeable CPU
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our tools, support
and services,
visit us at
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or call
1.888.463.7367
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an embedded processor with a sm
footprint or is the next market-winning
Compact PCI High Availability solution,”
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magnet motor. The primary differ-
ence is that the induction motor has
a wound armature instead of perma-

nent magnets. The armature is mag-
netized by the stator windings; this
is the 7, component in Equation 1

that must now be supplied to the
motor. As a result, an induction
motor requires approximately one-

third more current to run than a
comparable permanent magnet

Fluxes in a brushless permanent magnet motor

Winding Flux

motor.

Next month, we dig more deeply into
the PID algorithm and the meaning of
esp

the terms and coefficients.

Don Morgan is senior engineer at Ultra

> Torquing flux Stereo Labs and a consultant with 25

years’ experience in signal processing,
embedded systems, hardware, and software.
Morgan recently completed a book about
numerical methods, featuring multi-rate
signal processing and wavelets, called
Numerical Methods for DSP Systems
in C. He is also the author of Practical
DSP Modeling, Techniques, and
Programming in C, published by John
Wiley & Sons, and Numerical Methods
for Embedded Systems from M&T.

Don’s e-mail address is dgm@baykitty.com.
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New Products

Tools for Embedded Developers

Soft

WinDriver v. 5.0 and KernelDriver v. 5.0
are software tools that together form a
driver development environment for
Linux, Solaris, and Windows. WinDriver
features a wizard that enables developers
to detect and diagnose their hardware
using graphical tools without writing any
code. WinDriver also includes remote
access capabilities that enable communi-
cation between the development envi-
ronment and the hardware through any
network connection. KernelDriver auto-
mates the development of standard dri-
vers, layered and filter drivers, and mini-
port drivers by means of a wizard that
generates the necessary C++ code. A free
30-day evaluation package is available
now at the company’s Web site.

Jungo
Natanya, Israel
(877) 514-0537

www.jungo.com

The MULTT 2000 integrated develop-
ment environment NOwW supports every
chip in Hitachi’s SuperH RISC line of
processors. The environment is cus-
tomized to take advantage of the chip
line’s features. For instance, the MULTI
2000’s compiler supports the SH3-DSP’s
ability to execute four independent
operations per instruction. It also struc-
tures code around the SH3-DSP’s zero-
overhead looping capability. Designers
can assemble and disassemble DSP
code and view internal DSP registers.
The MULTTI 2000 is also designed to uti-
lize the SH-4 processor’s 16-bit fixed-
length instructions. The MULTIT 2000
IDE, when combined with a compiler,

automates many aspects of the develop-
ment process. It features a window-ori-
ented editor, a source-level debugger, a
graphical program builder, and a run-
time error checker. It also includes a
version control system, an instruction
set simulator, a performance profiler, a
real-time event analyzer, and a context-
sensitive. HTML help system. MULTI
2000 is available now. It costs $5,900 for
Windows and $8,900 for UNIX.

Green Hills Software
Santa Barbara, CA
(805) 965-6044

www.ghs.com

TriCore Tool Suite v. 1.1 is available for

Infineon  Technologies’  TriCore
Unified Processor Core, as well as for
standard products based on merged

MCU/DSP The

includes an assembler that supports the

architecture. suite
TriCore Unified Processor’s peripheral
control processor, floating-point unit,
and memory management unit. The
suite’s debugger works with a cycle-
accurate instruction set simulator. The
suite is available now, starting at $3,900.

Tasking
Dedham, MA
(800) 458-8276

www, tasking.com

The DriveWay Lite family is a series
of tools that automates the design of
board-support packages comprised
of device drivers, boot code, and
glue code. Products in the DriveWay
Lite
hardware requirements of evalua-

line support the simplified

tion boards. Processor-specific ver-

sions of DriveWay Lite are available
now for $7,500.

Aisys
Santa Clara, CA
(408) 327-8820

www.aisysinc.com

Dynamic C Premier is a development
environment for the Rabbit 2000 micro-
processor. It features all the functionali-
ty of previous versions and now includes
the MicroC/OS-II real-time kernel, as
well as Fast-Fourier Transform (FFT)
and TCP/IP capabilities. FFT trans-
forms a waveform into its constituent
frequencies. With Dynamic C Premier,
Rabbit 2000 processors can include pat-
tern-recognition, filtering, and interpo-
lation in applications for data analysis in
areas ranging from earthquakes and
oceanic waves to electrical distribution.
When using Dynamic C Premier, devel-
opers can monitor events in real time
while their program runs in a con-
troller. It’s available now for $295.

Z-World
Davis, CA
(530) 757-3737

www.zworld.com

Imagix 4D is a reverse engineering tool
that now features software documenta-
tion capabilities. Using information
located in its database and in the
designer’s sourcecode, it documents
This
includes all files, classes, functions, and

each software component.
variables. Imagix 4D features a control
flow analysis tool that analyzes the
sequences and conditions of function

calls and variable usages in the code.
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An entire community devoted to
embedded computer design? In a
word, yes. It's an online community
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business as easily as possible. You'll
have access to the latest industry
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industry professionals buy and sell every
product imaginable. To visit, simply
go to www.embeddedtechnology.com.
The resources are there for you.
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of them.
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Developers also have control over the
representation of the data, choosing
where to insert crossreferences and
chart graphics into the documentation.

Imagix
San Luis Obispo, CA
(805) 781-6002

www./magix.xom

S()IlWIRE Nir: 2 0 is a t(ml creates pro-
grams using Visual Basic v.. 6.0. It fea-
TCP/IP,
financial, and analysis functions. Among

tures database, arithmetic,
the database functions are a query
builder, a database grid, and the ability to
read and write from Access, Oracle, or
SQL databases.
SoftWIRE include a graphical interface
for the oscilloscope, strip chart, and dig-
ital volt meter. Many of the new controls
are purely graphical, which means that
all properties and variables are set by
modifying and coloring graphical dis-
plays. Its available now for $495.

Computer Boards
Middleboro, MA
(508) 946-5100

www.computerboards.com

Hardware

FireSpy400 combines an analyzer, a gen-
erator, a monitor, and a controller in a
single unit. Together, these devices pro-
vide protocol analysis for IEEE1384-
based systems at transaction level. In
addition, FireSpy can analyze a device’s
USB
ugcm is a USB bus and protocol analyz-

. It records all USB traffic non-intru-

registers and memory addresses.

sn’t'ly at low or full speed. They're both
available now for $3,500 each.

Hitex Development Tools
Sunnyvale, CA
(800) 454-4839

www. hitex.com

Existing features of

The DK900-HC11 is a development kit
for the design of 68HCI11-based systems
that require in-system programming
during system operation (a process also
called in-application programming, or
IAP). Systems of this type include auto-
motive diagnostic systems, medical
monitoring systems, and remote indus-
trial control systems. IAP requires two
flash memory arrays so that boot code
and flash algorithms can be executed at
the same time that data is being erased
or written into the system. The DK900-
HC11 provides these arrays, as well as all
the other hardware and software
required to implement an IAP system.
Specifically, it includes a 68HC-11-based
development board, a FlashLLINK pro-
grammer and cables, a null-modem ser-
ial cable, power supply, and a CD-ROM
with PSDsoftExpress EDA tool and
PSDload UART download software.
The CD-ROM also includes program-

ming examples and tutorials on JTAG-

based in-system programming. The
development board includes a PSDIXX
programmable system device, a 16-char-
acter LCD display, power switch, UART
serial port, a JTAG programming port, a
reset button, a DIP switch, two LEDs,
and pads for additional RAM. The
DK900-HCI1 development kit is avail-
able now for $99.

Waferscale Integration
Fremont, CA
(510) 656-5400

www. waferscale.com

fhip%

Th( 1()()MH/ to )()()MH/ UltraSPARC
64-bit processor is targeted for embed-
ded applications in the telecommuni-
cations, network infrastructure, and
ISP markets. It integrates a 256KB
Level 2 cache; a 32-bit, 66MHz PCI
bus; and an SRAM controller and

When putting together an
| Embedded System, remember...
| A system is more than the sum of its parts.

GRAPHICS CLIENT™ PLUS

Application Ready Systems

at your fingertips!

w StrongARM 206 MHz

Embedded Linux
m WinCE 3.0
w Java/VxWorks/0S-9

ADS engineers complete embedded system
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New Products

memory interface. Power consump-
tion is estimated to run at a maximum
of eight watts for a processor running
at 400MHz and 15V. Maximum power
consumption is 13 watts for a proces-
sor operating at 500MHz and 1.7V.
Built-in power management functions
permit the chip approximately three
watts maximum power usage in sleep
mode. The UltraSPARC processor will
be available in November. It costs $230
for the 400MHz version and $357 for
the 500MHz version.

Sun Microsystems
Palo Alto, CA

(650) 856-2114

.sun.com

At;:mi‘(s oint t)
The TMS‘S‘)()( 16712 DSP performs up to
600 million floating-point operations per

-

second. It operates at 100MHz with a
core of 1.8V and an 1/0O supply 3.3V. In
addition, it features an internal memory
architecture that can be used as a two-
level cache, a one-level cache with direct-

mapped memory, or a combination of

two-level cache and direct mapped mem-
ory. Also included is a peripheral set that
features 16-channel direct memory
access, 16-bit external memory interface,
two multi-channel buffered serial ports,
and two 32-bit timers for data I/0O and
design flexibility. The C6712 is sampling
now, with volume production scheduled
for the first quarter of 2001. It will cost
$9.95 each in quantities of 100,00 units.

Texas Instruments

Santa Clara, CA
(8

www.ti.com

)0) 477-8924, ext. 4500

A family of standard silicon EEPROMs
has been made suitable for use in
space. The family offers units of a total
dose hardness ranging from 50 to 250
krad, depending on the customer-spec-
ified orbit in which they will travel. The
products feature no Single Event
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Latchup and a ten-year data retention
rate. They are all capable of in-system
electrical byte and page programma-
bility. The EEPROM feature data
polling and a Ready/Busy signal to
indicate the completion of erase and
programming operations. Hardware
protection is provided with a RES pin,
in addition to noise protection on the
WE-signal. Software data protection is
implemented using a JEDEC-optional
standard algorithm. Units in the family
are available now. One megabyte ver-
sions cost $750, 4MB versions cost
$1,750, and 8MB versions cost $2,500.

Space Electronics

San Diego,

well.com

AMovas oh
Altera Cnip St

The CL3000A family of laser-processed
logic devices can be used interchange-
ably in the same socket as Altera MAX
3000A CPLDs. Their manufacturer has
developed a software technology that
allows them to extract configuration
information and reproduce it on new,
non-programmable chips. They also take
up less space and use fewer transistors. If
you send the company a MAX3000A
programming file, they send you config-
ured sample chips within two weeks.

Clear Logic

The AT94K40 is a field programmable
system level integration circuit. Rated at
30 MIPS at 40MHz, these devices are
designed for use in low power, portable
applications for areas such as telecom-
munications, networking, instrumenta-
tion, and automotive. They combine
the embedded AT40K FPGA core with a
high-performance version of the AVR 8-
bit RISC microcontroller, two UARTS,

timer/controllers, interrupt controller,
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programmable 1/O ports, and 36KB of

program and data RAM on a single
chip. The microcode for the AVR
microcontroller and the FPGA logic
can be reconfigured an unlimited num-
ber of times. The AT94K40 is supported
by the System Designer tools suite. The
company says it will be the first in a
series of similar devices. AT94K40 is
sampling now and will start at $50 per

unit when it ships.

Atmel
San Jose, CA
(408) 441-0311

www.atmel.com

The VMICPCI-7710 is a Pentium III-
based single-board computer. The
processor has a 32-bit addressing and
64-bit data bus. Its superscalar archi-
tecture allows three instructions to be
executed per clock cycle. A dynamic
branch prediction unit, separate
instruction and data caches, and MMX
technology contribute to the proces-
sor’s performance. Features of the
VMICPCI-7710 include BIOS support
for temperature-based clock throt-
tling, BIOS support for USB legacy
keyboard and mouse, an SVGA con-
troller with 2MB internal SDRAM, a
PMC mezzanine expansion site, sup-
port for on-board optional flash mem-
ory by means of a socket for an M-sys-
tems DiskOnChip flash device, an
SMBus routed to a CPCI bus |3 con-
nector, hardware support for software
power-off, remote Ethernet booting,
passive heat sink, up to 384MB
SDRAM using two 144-pin SODIMM
modules, on-board Fast Ethernet con-
10BaseT and
Ultra-DMA-33
hard drive and floppy drive controllers

troller supporting

100BaseT interfaces,

through CPCI |3 connector, two high-
performance 16550-compatible serial
ports, a supporting
ECP/EPP USB
PS/2-style keyboard and mouse port

parallel port

modes, two ports,

on front panel, and software-selectable
watchdog timer with reset. The
VMICPCI-7710 is available now for
$3,100.

VMIC
Huntsville, Al

(256) 880-0444

VWw.vimic.com

The EP1A-8240 is the latest member of
the EmPower family of COTS VMEbus
products, a series of communications-
oriented boards in 6U and PMC form
factor. The EP1A-8240 is based on the
MPC8240 processor. Software support
for the EP1A-8240’s serial communica-
tion channels includes standard com-
munication protocol modules from
Trillium Digital systems. The modules
have been ported to the EP1A-8240’s

hardware and provide a modular com-
munications stack that offers configura-
tion for adaptation to differentapplica-
tions. Modules currently available
include HDLC, LAPB, and X.25 for syn-
chronous operation. The EP1A-8240’s
single channel, dual redundant MIL-
STD-1553B interface is implemented by
a DDC mini-ace. Other supported fea-
tures include a CompactFLASH site,
64MB  SDRAM, 9MB  FLASH,
10/100BaseT Ethernet and two PMC
sites. In addition to the onboard PMC
sites, PCI sub-system expansion is possi-
ble for both air and conduction cooled
applications, based on a range of PCI
mezzanine cards, including MIL-STD-
1553, ATM, Serial,

Fiberchannel, and flash extensions.

Graphics,

Radstone Technology

Towcaster, Northants, England

www.radstone.com
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Dé 1s growing.
Are you"?

If you're stagnating in your present job, recent account
wins have created huge new opportunities at EDS without
cutting into your family life.

opportunities on-line at.

Having
problems
landing
qualified
embedded
designers!?

More than 100,000 professionals are enjoying the benefits of an EDS career. We
offer excellent training, competitive salaries, and above all, room to grow. We
provide cutting-edge systems and insights to top clients worldwide. If you're looking
for a dynamic environment with all the opportunities you can handle, send us
your resume today.
Senior Embedded Systems Software Engineers
* Embedded programming for microcontrollers using C and Assembly
language including interrupt handlers and use of real-time executives
* Algorithm development, device drivers, Project Management, Formal
Configuration Management, Bench development skills, J1850 and CAN
Embedded Systems Software Engineers
C or Assembler programming, Microprocessor Architecture and Interfacing ex-
perience, real-time microprocessor program development, Software
Development Lifecycle, Requirements Analysis, Software Design, Coding,
Unit and Integration Testing, Bench Development skills.

Windows CE Software Engineers
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* 1-2 years Windows development experience using MS Visual C++
* Experience in Windows CE preferred, but will provide training if necessary
Engineering Associates East Coast Sales

Damon Graff
781.839.1285

* 4-year degree in Electrical Engineering or Computer Engineering or equivalent
work experience required
Positions available in North America.
Please mail, fax or email your resume, indicating position of interest, to: EDS
Recruiting, Dept. 72-9722, Awun: Deborah Polvi, 700 Tower Drive, 5th Floor,
Troy, MI 48098; Fax: (520) 833-9309; Email: deborah.polvi@eds.com.

California Sales
Andres Diaz

415.278.5274
DS West Coast Sales

Sam Louis
4-15.278.5223

gistered mark and the EDS logo is
and values the diversity of its
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SIEMENS

The wheels of the wireless mobility market
are turning and there's a new competitor
leading the pack. Combining the agility and
energy of a start-up, Siemens Mobile
Phones is poised to become an overnight
success with the help of some of the
nation’s finest professionals. Which is
where you come in. You're invited to bring
your wireless prowess and innovation to
the table. You'll get the chance to design
and develop some amazing wireless tech-
nology for the future.

We'll give you the resources, the

tools and the freedom to reach your poten-
tial. And at Siemens Mobile Phones, you've
got the room to take your career as far as
you can imagine.

Siemens Mobile Phones

Shifting towards innovative
solutions for the wireless world.

We have opportunities in the following
areas for COMA and TDMA Technology at
our San Diego Location:

Embedded Software Engineers

HW/Baseband Engineers
MMI Software Engineers
Marketing Positions
» Mechanical and PCB Layout Engineers
Product Managers
RF Engineers
« Software Integration Engineers
' Software Engineers
+ Supply Chain Manager
Systems Engineers
Test Engineers
Technical Project Lead
For other exciting opportunities
visit our web site.
To apply, send your resume to:
sdr @icp.si com indicating
code: 0291ESP. Siemens is an equal oppor-
tunity and diversity employer.
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el [( WEEELD /' 800-838-8012 + Easy to Use! « Toshiba, Sharp, only $169 VYUK
R A i 805-523-9774 Panasonic, OKI Includes RCM2020 core module, Call toll-free
S Y S EMS Fax: 805-523-0776 Also ask about our Flash Programmer! & more !l protatyping boardrlﬂvnamrcc 888.362.3387
> - ! software (not a trial version!), * i
11992 Challenger Ct. « Moorpark, CA 93021 Yokogawa Digital Computer Corp of America S e o o e oxbey e o
2 g L Tel: (408) 244-1932 and documentation on CD-ROM www.zworld.com
YOKOGAWA ’ Fax: (408) 244-1881 2900 Spafford Street Davis, CA 95616 = Tel 30.7573737 = Fax 5307535141
http://www.ydcusa.com e ;

email: info@ydcusa.com
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Please email us or visit our website for
our new US office contact and full-line catalog!

T ] B e i
Low Cost, Standalone
Mﬂ“ﬂ"ﬂ 240 A\ ACROSSER v crsiessseein

DSP Motion Controller

@ Buift-in firmware for PID, profile \ \ Fax. 886.2-85 25282 T 1' I

electronic i /$'="/} Background el O ess o o1a

gear NI o Mode Embedded
® 47'x38, FN . Embedded PC
Debugger .
gﬁﬁegx'\/gzﬁm # | 9 PC/104 Module Solution
™ } "/ 3 { :
® 2-or4-axis servo EMUL1 2—PC/ BDM ol
tion control . - Embedded OS
s Real-Time Microprocessor i

o Quadrature/ADC
inputs, DAC/PWM
outputs

@ RS-232/485, timers,
watchdog, TTL I/0, ADC

We have 30+ Low Cost Controllers with ADC, DAC,
solenoid drivers, relays, PCMCIA, LCD, DSP motion
control, 10 UARTs, 300 1/0s. Custom board design.
Save time and money!

Embedded NT
Development Tools Linux (Fully Support)

Call (408) 866-1820 for a product brochure AR-B1550
and a FREE Demo Disk Embedded Storage o T

Information is also available via Fax, call our DiskO jule
24-hour Fax Center at (408) 378-2912 RO udslle
Visit our web site- http://www.nohau.com

See EEM '97- pages D 1274-1282

nOHaU 51 E. Campbell Avenue
Campbell, CA 95008-2053

CORPORATION  Email: sales@nohau.com

AR-B1422
PC/104 Module CPU Card
Embedded Housing

Microbox
PC/104 box

1724 Picasso Ave., Suite A
Davis, CA 95616 USA

TERN ‘;ol: z:o-rsa-ono * Fax: 530-758-0181
i1ip.//www.tern.com
INC. |nvg1@nelmm.(um m@x

* H/W with full embedded OS compatibility

* Flash Disk with no special socket and driver needed
Only regular IDE required

* With a complete embedded platform, Acrosser takes
care all your embedded needs!

Fast. Reliable. Affordable.

Parallel port Parallel port
EMP-20 EMP-10

[1 $219.95

€% -
- - | PC based ~
$995.00 A $139.95 =iz

Emulators that change
s0 you don't have to.

romi( |-
vithTrace

The Leader in Memory Emulation

* Trace to pinpoint startup problems

NEEDHAM'S DEVICE PROGRAMMERS are the easiest and most
cost-effective way to read, program and verify 2716 - 8 meg
EPROMS. Support for Micros, Flash, EPROM, 16-bit, PLDs, Low
Voltage and Mach (call for support list for specific models, or download
demos from our BBS or web site). Easy to use menu driven
software features on-line help, and a full-screen editor. Support
for macros, read and save to disk, and split and set options

« Free technical support  Free software upgrades

* 1 to 2 year warranty on all parts and labor

* 30-day money-back guarantee * Made in the U.S.A.
 All models include software, on-line help, cables, and
power transformers (where applicable)

K fooo

NEEDHAM ELECTRONICS, INC.

4630 Beloit Drive, #20, Sacramento, CA 95838

FAX (916) 924-8065  BBS (916) 924-8094 CE
(Mon. - Fri. 8 am - 5 pm, PST) —
http://www.needhams.com/ @ ‘ e (26

and isolate real-time bugs.

* Code Coverage to verify execution
and speed up QA.

¢ Ultra-fast downloads via Ethernet,
parallel and serial ports for Unix,
Windows 95/NT and DOS.

Grammar Engine Inc.
Call Toll Free:

1-800-776-6423

www.gei.com

iSYSTEM™ in-circuit emu- <"
lators and software pre-

serve your investment in 68HC05/08/11/12/16

time and capital. Migrate to | 68K, 683XX, MCORE,
any of 300+ devices with a simple MPC, 8051, 80X86,
swap of the pod or a software setup. €500, Z80/180, CR16,
And retain the same user interface PICAND MANY MORE.
with winIDEA™ , our integrated development environment.
Adaptable, powerful, and easy to use—that's great value.

Call for your free demo CD
1 888 543-5300

usa@isystem.com
www.isystem.com
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8051, 80C196
PIC? AVR®

Integrated Development Systems:
Compilers, Simulators, Programmers,
In-Circuit Emulators

Non-intrusive, with trace feature, hardware uncondi-

tional & complex breakpoints, triggers, programma-

ble clock, memory mapping & banking, full project &
source level support for C compilers...

www.phyton.com

(718) 259-3191 PhytGn

is a full featured

«Simulators

*C Compilers

*Macro assemblers

*Source Level Debugger
Development

Integroted Environment

CODE comes with a full year of technical
support and free upgrades.

= Programs over 1200 devices
(E(E)PROM, Flash,Serial, PALCE, GAL,875x/895x
93Cxx, 1 7xx,PIC16xx)

= Fast parallel link to any PC, even laptops

= 40-pin universal pin driver and current limit

= On-board processor and built-in power supply

* Unbeatable programming speed

®= Checks for incorrect device insertion

= Automatic EPROM ID search

* Supports WIN95/98/NT

= NO fans & modules are required in circuit

* Made in USA, Lifetime free software

= Visit web site for demo software

" Sunnyvale, California, USA
Tel: 408+734=8184
EE(€WWLS Fax: 408+734=8185
www.eetools.com

V‘esta Technology, Inc.

Single Board Computers for the 21st Contury

SBC2000-332

TargetFFS™

Flash File System

e Re-entrant Embedded File System
» POSIX and Standard C API

e Guaranteed Integrity Across Resets
» Complete Wear Leveling

e “Thin” Driver Layer

¢ 100% ANSI C Source Code

» Royalty Free

BLUNK
Microsystems

(408) 323-1758
www.blunkmicro.com

IN-CIRCUIT
EMULATORS

The Right Emulator at the Right Price!

8051 * 68HCO5 Analog Devices * Atmel
68HC11 = COP8 = CR16  Dallas ® Intel * Motorola
DS80C320/520/530 nX65K Ph"‘at"’”a' NEC ¢ OK

78K0 * SMG000/SMES00 s ¢ orarl | Simens

Windows-Based Interface
Source-level debug AN
Real-time/Non-intrusive ‘A 4 ;/cv!%tg
Rentals available

Headquarters, Arizona, USA
Tel: 480.926.0797
Fax: 480.926.1198
sales@metaice.com

Cemplefe System $315 {
F R E E

Demo/Prototype board

M=

All tools qualified by
Scenix Semiconductor

« Supports SX18/20/28/48/52 « In-circuit run-
time debugging e Real-time code execution
« Source level debugging « Built-in programmer
« Real-time breakpoint « Conditional animation
break e External break input « Frequency
synthesizer « Selectable internal frequency
« External oscillator support « Software trace
« Unlimited watch variables e Parallel Port
Interface « Runs under Win 95/98/NT
« Comes with SASM Assembler
Single, Gang Programmers and SMT adapters

are 1]‘50 (l\/f‘lll(lb‘ﬁ‘

Dallas, Texas

Tel 972.980.2960 WWW.adv-transdata.com

®=

PIC-ICD
= Dehugger + Programmer + DemoBoard

« Designed for 16F87X « Can also support
most 16C6X/7X e In-circuit run-time debugging
« Real-time code execution « 2.5-6V operating

voltage « Source level debugging e Built-in

programmer o Real-time breakpoint

« Conditional animation break « 2 External

break inputs  Selectable internal frequency

« Software trace « Unlimited watch variables
« Parallel Port Interface « Runs under PICICD
IDE (Win95/98/NT) or MPLAB (Win95/98)

Dallas, Texas

Tel 972.980.2960 WWW.adv-transdata.com

PIC16/17 Emulator

Complete system
starts at $599 y A s

- RICET7A

o For PIC12/16/17 « 3-5volt emulation e 64K
program memory « 32K real-time trace
« 12-clip external probe « Source level
debugging e External break input e Trigger and
break output « Real-time breakpoint
« Unlimited software break and trigger points
« Selectable internal frequency e Unlimited
watch variables « Parallel Port Interface « Runs
under Win95/98/NT

Probes for 16F87x and 16€77x by Jan 2000
With data break support

Dallas, Texas
Tel 972.980.2960 WWW.adv-transdata.com

164 ocioser 2000 Embedded Systems Programming



From the Author

- NOW!
of WATTCP

Optimised
ANSI C

on the DOS wicachn
. RiC.
"ET' Realtime prom
a Kernel with fivet

The pFlashTCP gives you 10BASE-T
Ethernet connectivity, a full-function

TCP/IP Support

TCP/IP stack and 2 serial ports in a pack- ® Preemptive & Cooperative threads
age 30% smaller than PC/104 solutions. ¢ Critical Section Protection
Field-proven TCP/IP stack, DOS and PC- ~intorthread Messaging

, : e S A ® Complete Re-entrant TCP/IP
compatible BIOS make development quick * Web, CGI, FTP, Email, Telnet
and easy. Prices start at $169 gty 100. ® Web Graphics

Development kits are available. ° Interrupt-driven Serial Suppon‘

Call 530-297-6073 Fax 530-297-6074 www.ertos.com
See us at the Emb Sys Conf San Jose #5028

JK microsystems JK microsystems

Complete PICmicro
Development System

Production and Engineering Programmers
Extensive support for
Microchip PICs and others,

Wide variety of package types supported.
Thousands of happy customers worldwide
are living proof of our product quality.
Please contact us and find out why
Adyvin is your best choice.

— Accept trade-ins of out-dated Data 1/0 models —
www.advin.com
1-888-GO-ADVIN  408-243-7000

PICmicro® In-Circuit Emulator
PICmicro® Assembler
PICmicro® Debugger
Windows® IDE

P

ClearView™ Mathias is a full-featured In-
Circuit Emulator with a highly productive
Development and Debugging environment for

the PICmicro. SB-56K Multi-DSP Emulator

Fully emulates the selected PICmicro,
including program memory, register
memory, EEPROM, I/O activity, SLEEP
mode and all peripherals.

L - WMMMWWWHWHW;F Intuitive, Easy to Learn full-featured
environment with integrated ClearView

TDE provides integrated source-level  Debugger.

debugging for ALL popular PIC

Compilers and Assemblers.

Support for the Motorola DSPs:
DSP560xx, DSP563xx, DSP566xx, DSP568xx

SB-56K supports any combination and any count (up to
255) of the devices from the above families. With its
accurate counter allowing to measure code execution
(benchmarking), small size (1"x2.5"x4"), high speed
RS-232 interface, the SB-56K can provide independent
support for multiple devices with option to access each
device on the target board from different workstations
connected through LAN, WAN or Internet.

1700 Alma Dr. #495 Plano, TX 75075
OMAIN Tel-:(972) 578-1121/ Fax: (972) 578-1086
fo@domaintec.com

CHNOLOGIES, e i

'&I Garland, Texas 75046-2101 « ClearView, CVASM16, PICwriter, PICstation, the “Wizard"
hTools, RO. Box 462101 Garland, Texas 75046. * PICmicro is a registered trademark of E
www.domaintec.com

xbioéy Ine. ‘AII ofhet trademarks are trademarks or registered trademarks of their respective company.
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GALEP-III

Pocket Multiprogrammer

GALEP-//
AT

# Programs 8-bit and 16-bit
EPROMs, EEPROMS, Zero
Power RAMSs, Flash, serial
EEPROMs ® GAL, PALCE, f
ATF ® 87xxx, 8B9xxx,
PIC12/16/17Cxx # All DIL
devices without adaptor # Lightning fast
a transfer (e.g. 27C512 read/compare 2 sec!) ® Power

supply Independent due to rechargeable battery ¢ Uses PC printer
port # Hex, JEDEC, and binary file formats  Hex and fusemap
buffer editor @ Split & shuffle for 8-bit, 16-bit and 32-bit targets &
Runs under Win3.1, 95, 98, NT # ‘Remote control’ by DDE scripts ¢
Designed for the future due to flexible pin driver technology - new

devices will be added every month @ Device list, demo software and
lifetime free updates from our website www.conitec.com!

GALEP-111 Set with cable, battery, recharger... $333,00

PLEC Adaptor for 8-bit EPROMs / 16-bit EPROMs / GAL each $149.00

‘
- ( [ 1951 4th Ave, Ste 301 +San Diego, CA 92101 |
S COINTTEC it samowge o a2t |

UniSTAC for

(SA-1110,5A-1100)
Sﬂ;ng ARM designs

Min-Circuit Emulator Features:
T Real-

s Trace

UniSTAC is
a full-featured
high-end development
system for Strong ARM
SA-1110 designs

Powerful In-circuit Emulator
fe(:(unng 8 Mby'es emulation
memory, non-intrusive
Real-time trace capture and
display, support for hardware
breakpoints

« Test target Included

M Sophia Interface with target

| actor-without

lable for BGA256.

MAdvanced GUI source level
debugger Watchpoint

Also Supported

Power PC, ARM7/9186/386/486, Sophia
Pentium; 680x0, SuperH, Systems i

V800/850E, R3000/4000
408-467-9911

www.sophia.com

call toll free info@naral.com

\_ 888-88-DEBUG

wwvwv.noral.com

A Real x86 PC Based Embedded Solution

It’s a System on a Chip

: ‘ embedded@nucleusl.com
* Wide ranges of 386 and 5x86 available

* Low power consumption and extended temperature ranges
* Guaranteed low cost and long-term supply
* ISA bus, PC/104, 3.5" or custom sizes available

* Custom design or De-population available

Toll Free 1(800) 683-7335

www.nucleusl.com

NUCLEUS Eiectronic Corp.
Tel: (909) 468-5700 Fax: (909) 468-5704

CHIPVIEW’

1 and derivatives
Intel 80196 / 80296

This remarkable tool utilizes
ActiveX technology to
provide fast, cycle-accurate
simulation of CPU, interrupts,
and on-chip peripherals.

Add your own ActiveX controls to
simulate off-chip peripherals,
ASICs, and even entire systems!

Attach to HTML ActiveX controls to
mock-up and test your interface!

Interface to your HDL simulator for
har co-verificati

Download a
30-Day Trial Today!

www.chiptools.com

CHiPTOOLS

905-274-6244 FAX:905-891-2715

DEBUGGERS
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100 Mhz CPL 1/4 VGA
320 x 240

Windaws & Microsoft Are Registered Trade Mark Of
Microsoft Corp.

WindOW%E Touch S('/'Wn, 6"

ob

Embedded Computer ?
Y @
£ SR 7 e o) .
TREE] e ce: !
Embedded Tools Microsoft, \
I 0 0 % Ready to program using the
latest Microsoft 32-Bit Embedded tools.
Built-in Remote Debug and Touch
Screen makes this complete package
easy to use. F'or More Information and

=
ORI

. Features
e Elan SC-400 (486 100 Mhz )
e Solid State Disk

e Serial Ports (3 )

® Printer Port

* Digital I/0 ( 16 )

* Analog Inputs (6 ), 12 Bit

* PCMCIA Card Interface

Pricing Visit Our Web Site.

3 www.RLC.com
R <. Enterprises, Inc.

' o T0ll Free 1-888-RLC-TECH




lt'ﬂr-!uu Chip *

Embedded Systems Tool Finder "The best emulator

rogramming

1 ever used!"
Every Chip

Marketplace D i

One Click

East Coast Sales
nhHl 1:A

Damon Graff
781.839.1285 A 8801158

8051 All l)r erivatives

California Sales « more than 500

DS5000

. 8080/85 derivatives supported

Andres Diaz 8051XA - small emulation probes
80166 « real-time access to internal bus

415.278.5274

80196xx » can trigger on internal bus events
: - cascading triggers

» trace with timestamps

» dual-ported emulation memory

» external trace and triggers

88
Intel AMD

d"lHri 188xx

West Coast Sales

. » excellent HLL support
Sam Louis hitex = *code coverage
OPMEN Ls «performance analysis

415.278.5223 AVIOOCET

SYSTEMS, INC.

www.hitex.com

=
=
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> =
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e =
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contact us
mbarr@cmp.com
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ADVERTISER
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Advertiser

Abraxas Software
Accelent Systems
Accelerated Technology
Acrosser Technology Co.
Advanced Transdata Corp.
Advin Systems

Agilent Technologies
Agilent Technologies
American Arium
American Raisonance
American Raisonance
Applied Data Systems
ARC Cores Ltd

Arcom Control Systems
Artisan Software Tools
Axiom Technology
Blackhawk

Blunk Microsystems
Bsquare Corporation
Byte Craft Limited
Cadence

Cad-ul

Ceibo

Chip Tools

CMX Systems, Inc.
Compuware NuMega
Conitec

Copper Mountain
Cosmic Software
Dinkumware Ltd.
Domain Technologies
dSPACE

EBS, Inc

EBSnet

EDS

Electronic Engineering Tools
EMAC, Inc.

Embedded Power
Embeddedtechnology.com
Emware

Emwerks

Enea OSE Systems, Inc.
esmertec ag

Espial Group

Express Logic

Express Logic

General Software
Grammar Engine Inc
Green Hills Software Inc
Green Hills Software Inc
Hitachi Semiconductor
HI-TECH Software
HI-TECH Software

Hitex Development Tools
Hitex Development Tools
Hiware

IAR Systems

I-Logix

Intel Ceg

InterNiche Technologies
Int'l Microsystems, Inc
Introl

iSYSTEM USA, Llc

JK Microsystems, Inc.
JK Microsystems, Inc.
Kadak Products

Keil Software

Lantronix

Lauterbach

URL

www.abxsoft.com
www.accelent.com
www.atinucleus.com
Www.acrosser.com
www.adv-transdata.com
www.advin.com
www.agilent.com
www.agilent.com
www.arium.com
www.americanraisonance.com
www.americanraisonance.com
www.flatpanels.com
WWW.arccores.com
www.arcomcontrols.com
www.artisansw.com
www.axiomtek.com
www.blackhawk-dsp.com
www.blunkmicro.com
www.bsquare.com
www.bytecraft.com
www.cadence.com/systems
www.cadul.com
www.ceibo.com
www.chiptools.com
cmx.com
WWw.compuware.com
www.conitec.com
www.jobs.coppermountain.com
www.cosmic-software.com
www.dinkumware.com
www.domaintec.com
www.dspaceinc.com
www.ertfs.com
www.ebsnetinc.com
www.eds.com/careers
www.eetools.com
www.emacinc.com
www.embeddedpower.com
www.embeddedtechnology.com
www.emware.com
www.emwerks.com
www.enea.com
www.esmertec.com
www.espial.com
www.ghs.com/armsolutions
www.expresslogic.com
WWW.gensw.com
www.gei.com
www.ghs.com/armsolutions
www.ghs.com
www.superh.com
www.htsoft.com
www.htsoft.com/pic
www.hitex.com
www.hitex.com
www.hiware.com
www.iar.com
www.ilogix.com
www.intel.com
www.iniche.com
www.cardduper.com
www.introl.com
www.isystem.com
www.jkmicro.com
www.jkmicro.com/uflash
www.kadak.com
www.keil.com
www.lantronix.com
www.lauterbach.com
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Advertiser

Lineo

Lineo

LynuxWorks, Inc.
Metalink Corp
MetaWare, Inc.
Metrowerks, Inc.
Micro Digital
Micro/sys

Microsoft Windows CE

Microtek International
Microware Systems Corp
MontaVista Software, Inc.
Motorola Semiconductor Hp
National Semiconductor
Nat'l Engineering Search
Needhams Electronics

Net Media, Inc.

NETsilicon

NewMonics, Inc.

Nohau Corporation

Nohau Corporation

Noral Micrologics Limited
Nucleus Electronics Corp
Pacific Softworks

Pacific Softworks
Paradigm

ParaSoft

Phar Lap Software Inc
Phoenix Technologies Ltd
Phyton, Inc.

Precise Software

QNX Software Systems Ltd
Rabbit Semiconductor
Radisys Corp.

Rational Software
Reasoning

RLC Enterprises

Scientific Placement
Siemens

Signum Systems

Silicon Storage Technologies
Silicon Storage Technologies
Sleepycat Software
Sophia Systems

Sun Microsystems
Tasking

Tech Tools

Tektronix

Tern Inc

The Math Works

Tilcon Software Ltd.
Treck, Inc.

Trillium Digital Systems
US Software

Vesta Technology Inc

Vita Nuova Holdings Ltd.
Waferscale

White Mountain DSP
Wind River Systems

Wind River Systems
Working Engines Inc
Xilinx

Yokogawa Digital Computer
ZF Linux Devices

Zilog Inc.

Zucotto Systems, Inc.
Z-World Engineering

URL

www.lineo.com
www.lineo.com
www.lynuxworks.com
www.metaice.com
www.metaware.com
www.metrowerks.com
www.smxinfo.com
www.embeddedsys.com

Page

113
153
110
164
135
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147

www.microsoft.com/windowsce/embedded
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www.national.com
www.nesnet.com
www.needhams.com
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Embeddedsystems

P.0O. BOX 3404 * NORTHBROOK, IL 60065-9468
www.embedded.com

PLEASE ANSWER ALL QUESTIONS
(FRONT AND BACK) THEN SIGN AND DATE THE CARD.
Incomplete cards cannot be processed or acknowledged.

-I Do you wish to receive/continue to receive
«EMBEDDED SYSTEMS PROGRAMMING?

L] YES N

Signature (required) X

Name (please print)

Date

Job Title

Company Name

Address [Jwork [JHome

Mail Stop

City State Zip

Phone ( )

Fax: ( )

E-Mail:

If you do not wish to receive future communications from CMP/Miller Freeman, Inc. via e-mail please check here [

If you would prefer delivery to your home, please complete home address.
Company name and address are still required to qualify.

Address

City State Zip

2 Check all of the following that you are involved in doing
= Or managing at your company or at those companies to
whom you consult. (Please check all that apply)

01 [J Architecture Selection/ Specification

02 [J Writing Software for Embedded Systems

03 [J Writing/Embedding Real-Time Operating System/Kernel

04 [J Debugging Software

05 [J Debugging Hardware

06 [J Hardware/Software Integration

07 [J Hardware/Software Co-Design

Device Programming

Project Management

Software Design/Analysis

Prototype Testing

Designing Hardware for Embedded Systems

Board Layout/Design

Hardware/Software Co-Verification

Hardware/Software Partitioning

Software Testing

I SOC (System-on-Chip) Design

Internet Appliance Design

15 [J Other (please specify)
16 [J I'm not involved in Embedded Development in any way.

www.espmag.com

O
O
0
O
O
14 0O
O
5|
O
O
O

B010

FREE SUBSCRIPTION REQUEST FORM

3 What is your principal job function?
« (Please check only one)

Engineering/Computer Management

01 [J Executive Management (i.e., President, VP, Owner, Chairman, Partner)
02 [J Engineering Management (i.e., Technical Director, Chief Engineer,
Department Manager, Group Manager)

Software Engineering/ Programming/Development Management

(i.e., St Software Engineer, Principal Software Programmer)

Systems Engineering/ Development Management

(i.e., Sr Design, Hardware, or Test Engineer)

05 [J Other Management (please specify)
Engineering/Programming Personnel

06 [ Software Engineering/ Programming/Development

07 [J Systems Engineering/ Development (i.e., Design, Hardware, or Test Engineer)
08 [J Engineering Support (Technician, Programming Staff)

09 [ Scientific/R&D/Education
10 O Other staff (please specify)

03 O
04 J

4 Please check all products which you specify, recommend,
« authorize, or purchase. (Please check all that apply)

ICs and Semiconductors Software

01 [J Microcontrollers/ 36 [J Real-Time Operating Systems/
Microprocessors Kernels

02 [J 4/8-bit pC/pP 37 [ Compilers/Cross Compilers

03 [J 16-bit pC/pP 38 [ Assemblers/ Cross Assemblers

04 0 32-bit pC/pP 39 [ Software Debuggers

05 [J 64-bit pC/pP 40 [J Object-Oriented Design Tools

06 [ X-86/Pentium 41 [ Simulators/Modeling Tools

07 [J Digital Signal Processors 42 [ Version/Change Control Software

08 [J EPROM /EEPROM 43 [J Communications Software/

09 [J Flash Protocols

10 [J DRAM/SRAM 44 [J ROMable DOS Tools

11 [J Communication ICs 45 [J Device Driver Tools

12 [J Media Processors 46 [J Embedded Databases

13 [0 CPLDs/FPGAs 47 [J Embedded Web/Internet Tools

14 [J System-on-Chip (SOC) 48 [J GUI Development Tools

15 [J MCU Peripheral Chips 49 [ Open Source Tools

16 [J Hardware IP/Cores 50 [ Java Tools

System Boards 51 [J Software Testing Tools

20 [ Single Board Computers 52 [J Integrated Development

21 [J VME Boards Environments (IDEs)

22 [J Embedded PCs 53 [ Windows CE Tools

23 [J PCIBoards Design Tools/Test Equipment

24 [J cPCIBoards 56 (] In-Circuit Emulators

25 [0 DSP Boards 57 [J Logic Analyzers

Computer Systems 58 [ Oscilloscopes

29 PCs 59 [] Data Acquisition Equipment

30 [J NT Workstations 60 [ Device Programmers

31 [J Unix Workstations 61 [ Hardware/Software Co-Design

Tools
62 [J Hardware/Software
Co-Verification Tools
63 [J None of the above

32 [J Linux Workstations

5 What is the primary end product or service performed at
« your location? (Please check only one)

01 [J Computers/Peripherals/Office Automation

02 [J Communications/Telecommunications/Networking

03 [J Consumer Electronics/Entertainment/Multimedia

04 [J Automotive Transportation Systems and Equipment

05 [J Government/Military Electronics

06 [J Aerospace/Space Electronics

07 [J Industrial Controls

08 [J Electronic Instruments/ATE/Design & Test Equipment

09 [J Medical Electronic Equipment

10 [J Other: (please specify)

6 What is your engineering/development responsibility?
« (Please check only one)

I manage an engineering or software development department

[ manage a project team

I manage a project

I am a member of a project team

Other (please specify)

01 0
02 O
03 O
04 [J
05 [J

MORE QUESTIONS ON BACK — >
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7 _ o -I -I Please list the names of others at your location
« Do you specify or buy through distributors? « who may be interested in a free subscription to
31 } ) \\(195 EMBEDDED SYSTEMS PROGRAMMING
2 No

Name Title

8. How many employees are there at your company?
01 [J 1000 or more
{

02 500-999
03 250-499
04 L] 100-249
05 L] 50-99

06 [ 1-49

9 Please check the publications below that you receive
= personally addressed to you by mail.
(Izllge\a]se check all that apply)

02
03 EE Times

04 Electronic Design
06 [ Penton’s Embedded Systems Development
05 LI None of the above Company name
-I O How many other people read your copy of Company address
« EMBEDDED SYSTEMS PROGRAMMING?
01 O 1 05 05 City State Zip
0 O 2 06 CJ 6 )
03 Ll 3 07 O 7
04 [J 4 08 [J None PUBLISHER RESERVES THE RIGHT TO SERVE ONLY
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Meeting
of the
Minds

October 18-18, 2000 * adam’'s Mark Notel * dallas, tX, Usa

dttention signal processing

engineers and programmers!

Don’t miss this unique opportunity to enhance your signal
processing knowledge and design skills. Take advantage of the
many opportunities available this fall to enhance and update your
signal processing knowledge at ICSPAT, the premier international
forum for emerging signal processing research and development.

At ICSPAT, you can review cutting-edge research from around the
world. Hundreds of white papers will be presented in more than
30 application areas including: Audio, Biomedical, Communications,
Industrial Applications, Image Processing, Multimedia, Robotics,
Telephony and more!

What you'll get at icspat:

e Access to white papers in more than 30 application areas in the
ICSPAT program

* A window on the future of signal processing and the applications
in which it is used

* High quality technical knowledge and skill enhancement

» Expanded lectures offering more in-depth, enhanced coverage
of topics

¢ Tutorial and plenary sessions as well as free product training
representatives

* The official proceedings on CD-ROM

Web:
www.dspworld.com
Phone:

(800) 789-2223

Fax:

(415) 278-5390

Mail:

ICSPAT

C/o Corporate Registration
P.O. Box 612768
Dallas, TX 75261-2768
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Analog spoken here.

In this digital world, analog engineers
often tell us they feel misunderstood.
When the talk around the table is in ones
and zeros, they’re thinking in terms of
currents and voltages. They say it’s almost
as though if you’re doing analog, you’re
living in a different place. And speaking a
different language.

If this is your world, we’ve got some
good news: now you have a place you
can feel right at home. We call it Planet
Analog. And it’s built just for you.

Planet Analog is a place on the

Web devoted entirely to analog tech-

nology. A place where you can get the
latest news, in-depth technical coverage
and product data. Plus articles contributed
from some of the finest technologists in
the world. And in coming months, we’ll
add seminars, chats, polls, conference
registration and a lot more. All under the
leadership of Steve Ohr, regarded by
many as the leading analog advocate in
the world today.

So if you’re an analog engineer, come
to www.planetanalog.com for a place to
call your own. You’ll find we speak your

language.

SPONSORED BY:

: {'f TexAs
INSTRUMENTS

ANALOG
DEVICES

National
Semiconductor

EDTN NETWORK PARTNERS

EBN, EET, SBN, Embedded.com, ISD Magazine, Power Designers, Home Toys, Electronic Design,

Microwaves & RF, EE Product News, Wireless Portable, Wireless System Design, PCN Alert, ChipCenter,

Communications System Design, Design & Reuse, Circuits Assembly, HDI, PC Fab, Printed Circuit Design

www.edtn.com

EDTN

‘network
It’s all right here.




Momisms

L
M0m1sm ( moém iz’ em) n. 1.

A brief statement of a principle passed

maternally. 2. A tersely worded statement of

an observation of truth: APHORISM.

The image of mom gently guiding
her young ones down paths of right-
eousness, teaching them the basic ele-
ments of being civilized, helping with
school work, is powerful indeed. Yet we
still leave home ill-equipped for real
life; college itself does but a poor job in
preparing us for careers and adult-
hood. Perhaps mom should have
taught us some more lessons. Here are
a few thoughts.

Interrupts

Keep ISRs short. Debugging interrupt
service routines is tough and, in some
cases, almost impossible. Too often
those expensive tools work poorly or
not at all inside an ISR. Breakpoints
fail because they operate at human
speeds, while the interrupts come
much faster. Single stepping, the old
standby of many developers, just won't
work where interrupts arrive at any
sort of reasonable rate. Single step in a
section of code where interrupts are
reenabled, and you’ll likely debug dif-
ferent instantiations of the ISR with
each step. An emulator with trace will
capture the service routine’s execu-
tion, but even the largest trace buffers
fill quickly from loops and recursion.

A very wise friend taught me the fun-
damental rule of debugging ISRs: don’t.
Keep the routine so short, so simple,
that you can debug by inspection. A
good rule of thumb is to limit ISRs to a
dozen or so lines. Worst case, keep them
shorter than a page. If the ISR really

must do a lot of work, why not spawn a

task that handles the complexity?

Avoid NMI. Non-maskable interrupt,
also known as Trap, level 7, or any of a
number of monikers, can’t be shut off,
ever. Other interrupt inputs succumb
to the “disable” instruction, and gener-
ally turn off automatically when a hard-
ware-initiated interrupt occurs. Until
you explicitly turn the interrupt back

non-reentrant

unavoidable
parts of the ISR are safe. An NMI han-
dler, however, is never safe. Non-reen-

on, the

trant code will be destroyed if the inter-
rupt recurs. Many CPUs use an edge-
sensitive input for this beast, so the
slightest bit of noise can create multiple
false NMIs over the course of a few
microseconds. And debugging tools,
like emulators, often couple small bits
of spurious noise into the target system.
Reserve NMI for one-time events like

power failure or the apocalypse.

Fill unused wvectors. Though a CPU
might support hundreds of interrupt
sources, each one defined by an entry
in the dispatch table, we rarely use
more than a handful. If you leave
those unused dispatch table entries
blank, any weird vectoring will crash
the application horribly, leaving no
trail of evidence to the root cause.

Jack G. Ganssle

Why would spurious interrupts
occur? Maybe the hardware is defec-
tive or glitchy—it’s a prototype during
development, isn’t it? Perhaps you've
misprogrammed one of the hundreds
of registers inside of today’s too com-
plex peripherals.

Better to fill all unused vectors with
a pointer to a debug routine that
either logs the erroneous interrupt or
reaches a lurking breakpoint.

loms have

so benefit

Listen—don’t interrupt others. You'll
learn far more listening than talking,
and the listener never puts his foot in
his mouth.

Bugs

Inspect rather than debug. Bottom line:
code inspections find bugs some 20
times more efficiently than debugging
by test. Inspect the code, design, specs,
and all relevant design documents to
find problems before writing/debug-
ging/testing and then chucking a lot
of expensive firmware. Inspections
won'’t find all of the problems, but a
well-implemented inspection process
wrings out 70% to 80% of the defects
for a fraction of the cost.

Studies indicate that in many sys-
tems 0% of the code never gets test-
ed. It’s difficult at best to devise test

conditions for every error condi-
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ESC San Francisco
conference: April 9 -13, 2001
exhibits: April 11 =13, 2001
Moscone Center

July

ESC Chicago

conference: July 9-11, 2001
exhibits: July 10 -11, 2001
Navy Pier

September

ESC Boston
conference: Sept. 4 - 7, 2001
exhibits: Sept. 5 - 7, 2001
Hynes Convention Center

November

ESC Europe

conference: Nov. 7 - 9, 2000
exhibits: Nov. 8 - 9, 2000
Maastricht, Netherlands

www.emhedded.com
esc@cmp.com
1.800.789.2223




tion/exception handler, and for IFs
nested five deep. Since post-compile
error rates run around 5%! (five bugs
per 100 lines of code), even a small sys-
tem with 10,000 lines of code might
have 250 lurking bugs after it’s com-
pletely “tested.” Though devising bet-
ter tests is surely a good idea, inspec-
tions will bring most of these hidden
problems to light.

Inspect approximately 100 to 200 lines
of code per hour. There’s a sweet-spot
at 150 lines of code per hour where
inspections proceed very efficiently
yet unveil most of the defects.?
Monitor the inspection rate. These
numbers, which come from data I've
been accumulating for a number of
years, suggest that inspections cost
(assuming there’s no benefit!)
approximately $2 per line of code,
or 10% of the usual $15 to $30 per
cost for commercial

line most

firmware.

Track debugging time. It sure is fun to
crank code. But in many organizations
a large portion of a project’s time gets
consumed in the debugging phase.
This is a certain sign of dysfunctional
development. It indicates that the
developers either write the code care-
lessly or spend too little time on speci-
fication and design.

Measure bug rates. A few functions or mod-
ules typically exhibit most of the prod-
uct’s defects. We've all been there. We've
all worked on a function so complex, so
poorly understood, and so badly coded
that we're terrified of opening it in the
editor. Change a single character in a
comment and the code stops working.
Barry Boehm, the software estimation
guru, has shown that these error-prone
functions, which typically represent a
small percentage of the total code base,
contain 60% to 80% of the errors. More
compellingly, his data indicate these

problem-functions eat up four times

more effort than their well-behaved
brethren. It behooves us to take data to
quantitatively figure out which are bad,
and then toss bad code and start again.

Debug proactively. Face it, you're going
to have problems. The code will be far
from perfect. Plan for bugs and instru-
ment your code to find them quickly.
Does your RTOS include a stack-over-
flow checker? Leave it enabled whilst
debugging. Or seed the stack with a
pattern, then stop the debugger from
time to time to see if stacks are too big
or too small.

Why not fill unused ROM/flash
with nasty instructions, like software
interrupts, that vector off to a debug
routine? When code crashes it often

just wanders off, perhaps into your

carefully seeded ROM area. The soft-
ware interrupts and associated han-
dler will capture the crash quickly, and
in safety-critical systems can bring the
system to a known harmless state.

Dinkumware, Ltd.

Genuine Software

www.dinkumware.com

Dinkum C++ for

GCC/Linux 80

Dinkum C++ for

Includes the ari
e e 1 b G/ S0laris

Comes ready to run with GCC 2.95.2
on either SPARC Solaris or PC Linux

Dinkum® C99 Library
A complete implementation of the
ISO/IEC 9899:1999 Standard C Library.
The Dinkum C99 Library has rich
math and locale support, and has g
the extensive additions required
to conform to the C++ Standard.

*Dinkumware & Dinkum are Registered Trademarks of Dinkumware, Ltd.
Solaris & SPARC are Registered Trademarks of Sun Micorsystems , Inc.

Custom C++ Code
Compliance Analysis since 1984!

CODEFIX®

Version 2.0

C++ CODE MAPPING

CODEFIX Version 2.0 is a pro-

grammable tool for modifying all

C and C++ source code on a file

or project basis.

B Obfuscation and shrouding for C++
programs.

M Insertion of code for dynamic
runtime testing.

M Database generation from C++
source code.

PCYACC®

Version 9.0

PROFESSIONAL LANGUAGE
DEVELOPMENT TOOLKIT

Includes “Drop In” Language
Engines for SQL, dBASE,
POSTSCRIPT, HYPERTALK,
SMALLTALK-80, C++, C,
PASCAL, PROLOG, FORTRAN,
COBOL, BASIC, SGML, ASN,
RPG, REXX, PL1, SNA, RTF,
VISUAL BASIC, SQL2, DB2,
VHDL, HTML, VMRL, JAVA,
ODMG-0ODL/OQL, SQL3,
MODULA-3, DELPHI, VBS,
and ADA.
W Portable Object Oriented Classes
for C++ and JAVA - Error, Symbol

Table, Syntax Tree, Yacc, and Lex.

CODECHECK®

Version 9.0

SOURCE CODE ANALYST
Includes “Drop-In” Rules for
Compliance analysis, Adherence
to specifications, Measures of
complexity, Silent error
detection, Code maintainability,
and Portability.

M Maintainability - CODECHECK
identifies and measures complex,
sloppy, and hard to maintain code.

M Compliance - CodeCheck allows
your corporate coding and project
specification standards to be com-
pletely automated for compliance
validation.

30 day Money back guarantee!
Free AIR Shipping anywhere
in the world!

www.abxsoft.com

ABRAXAS™

Software,Inc.
4726 S.E. Division St.
Portland, OR 97206

TEL (503) 232-0540

FAX (508) 232-0543
E-Mail: sales @ abxsoft.com
To Order Call

1-800-347-5214

DOS $495, MAC $495, LINUX $495, WIN 2000 $995, UNIX $1995.
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We interrupt this frustrating web search for

EDA tools and design information

to bring you the following announcement...

Now you have one place on the Internet
where all the latest design automation news
and product information is just a click or two
away. It’'s www.eedesign.com. And it draws
on the resources of the leading information
providers, analysts and manufacturers in the
business.

At EEdesign, you’ll have instant access
to the latest news coverage from EE Times’
Richard Goering, Michael Santarini and Peter
Clarke. You’ll get the inside story on solving
real-world design problems from the peer
experts in Integrated System Design.

And speaking of engineering experts,
you’ll also have an exclusive direct connection
to John Cooley’s DeepChip.com site, home of
the fiercely independent ESNUG email

A A AV A S

newsletter. That’s something no other EDA
portal site can offer!

Plus we’re featuring Toolwire, creator
of the Design Chain Management Network,
as our partner for web-based electronics
design.

You’ll also have access to an industry-
wide interactive design tools product directory.
What’s more, in coming months we’ll add
seminars, bulletin boards, polls and a lot
more. All under the direction of Tets Maniwa,
regarded by many as the leading EDA
advocate in the world today.

So if you’re looking for EDA tools and
information and want it right now, log on to

www.eedesign.com. It just might be the most

productive design decision you’ve ever made!

EDTN NETWORK PARTNERS
EBN, EE Times, SBN, Embedded.com,

ISD Magazine, Power Designers,

Home Toys, PCN Alert, ChipCenter,

Communications System Design,

HDI, PC Fab, Printed Circuit Design,
Toolwire, DeepChip, EDA Connect,

WebPRN (Web Product Realization Network)

www.edtn.com

EDTN

network
It’s all right here.




You'd be surprised how many embed-
ded systems, those that are “done” and
shipping, access memory in bizarre ways.
Writing to ROM. Reading from unused
memory. Though perhaps harmless,
these odd behaviors indicate lurking
software problems. Consider setting up
unused/extra chip selects to trigger on
any errant memory access, or expand
your PLD decode logic to signal such
problems by means of an extra output.
Code that behaves unexpectedly is
flawed, even when the symptoms seem

benign.

Clean your room. Bugs thrive in messy
places.

Performance and size

Sometimes engineering costs more than
faster hardware. If you're building a mil-
lion of something, production costs
overwhelm development costs. That’s

much less true for small production
runs.

Never forget that one of the “pro-
duction” costs is that of the amortized
engineering. If a design decision adds
a month to the project, at perhaps a
cost of $20,000, then the product’s
price must include this additional
cost: $20,000 divided by the number of
units made. Does an 8051 really make
sense for your low-run application?
Would a bigger CPU dramatically
reduce development costs? Will shoe-
horning bytes into an undersized code
space eat weeks of expensive develop-
ers’ time?

A tiny CPU is, without question, the
perfect choice for a huge range of
applications. You just can’t beat them
for minimizing PCB real estate, recur-
ring costs, and power consumption.
And I've long been a proponent of dis-
tributing small CPUs around a board
to handle small chores like I/O pro-

@® BREAK POINTS

cessing. But do understand the very
real costs of working in a confined
address space with perhaps under-
powered tools and languages. Make
CPU tradeoffs that minimize total sys-
tem cost, from engineering through
production.

Overload a CPU at your peril. A 90%
loaded processor doubles develop-
ment time. At 95%, figure on tripling
the effort. This is hardly surprising to
our intuitive understanding of pro-
gramming. At one point or another,
we've all battled a performance-bound
system by tuning every bit of code it
instead of the 20% that is
typically responsible for most of the

contains,

real-time problems. Margins minimize
engineering costs by allowing us to be
a little sloppy. They let us deliver a
product which is not quite tuned to
perfection, avoiding the extreme costs
that entails.

Can CMX Really Put TCP/IP
On My Little Ole m Chip?

DOS COMPATIBLE

FILE SYSTEM

ERTFS - EMBEDDED REAL TIME FILE SYSTEM

Yes, Ma’am,
CMX has been doing
amazing things with
- RTOSes and TCP/IP
stacks for many years
now. If you haven’t
visited us in a while,

Since 1987 in Hundreds of Applications Worldwide

Selected as the File System for Several
Major Embedded Operating Systems

DOS/Win95/FAT32 Compatible
Simple OS and CPU Porting Layer

you are missing a
Contiguous File Support lot of cool, new
Realtime Extensions technology that is
economical, royalty

Includes Support for IDE, Floppy, ROM/RAM Disk,
PCMCIA, Compact Flash

CDROM Support Available
100% 'C' Source Code* Royalty Free

free, and comes with
source (,ode

Only $4500%
éded S}, Visit Our Web Site at: 680 Worcester Road
www.ertfs.com Framingham MA 01702
Ph: (508) 872-7675
Towrree | 800 428-9340 C MX L
Fax: (508) 620-6828
Outside U.S. Call 978 448 9340 % SYSTEMS email: emx@cmx.com
Yo, twas” email: sales@ertfs.com WWW: www.cmx.com
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Create a dynamic model of code size. Few
of us really create a meaningful esti-
mate of ROM/flash needs. Instead, we
tend to ask for as much ROM as possi-
ble, or perhaps double the amount
used on the previous project. It’s
tough to estimate binary sizes when
starting a large project.

But we can’t abdicate our responsi-
bility to monitor code growth. Telling
the boss a month before delivery—
when the hardware design is cast in
PCBs—that we need more ROM is a
sure path to career stagnation.

It’s a simple matter to build a
spreadsheet that lists all of the mod-
ules the system will contain with esti-
mates of their size (in lines of code,
function points, or any other reason-
able measure). Edit in the real source
line and object size of each module as
it’s completed. Over time you’ll find a
reasonable approximation to the
number of bytes of code per line of C;
have the model apply this to the as-yet-
uncompleted portions of the code to
predict final system size. Odds are
you’ll spot ROM shortages early on,
when there’s still time to take design
action.

Size doesn’t matter. Be content with your-
self and who you are.

Reuse and maintenance

Be realistic about reuse. Reuse is hard.
Good rules of thumb: Before you
can develop code for reuse you must
have developed it at least three
times. Before you can reap the ben-
efits of reuse you must have reused
it three times. One proposal for
Reagan’s version of the Star Wars
missile defense system, which was
pegged at 100 million lines of code,
was that every module had to have
been used three times before being
included in the system. Not a bad

idea, especially for a system so diffi-
cult to test.

Avoid dependencies. Global variables are
responsible for most of the evil in the
world. A program infested with globals
becomes non-maintainable, buggy,
and a nightmare for all team mem-
bers. Globals also make reuse all but
impossible.

Embedded systems suffer from
another dependency problem: code
that talks to hardware. Encapsulate all
I/O operations.

Self documenting code does not exist. Long
variable names do not self document-
ing code make. Judicious name selec-
tion is just a part of good coding.

Comment aggressively. Any idiot can
write code. Even teenaged hackers
manage to crank out working soft-
ware. Professionals create beautiful
code that is crystal clear and a joy to
maintain. Accurate, lucid comments
are an important ingredient of well-
written firmware. Code is nothing
more than the computerese descrip-
tion of what’s going on; comments are
the human description.

Use active voice. Capitalize using
standard English rules. Check your
spelling. Describe concisely the
goes-intas and goes-outtas, as well as
what happens and why. Some
enlightened programmers write all
of the comments first, and then fill
in the C at their leisure. The hard
part, after all, is creating an accu-
rate, documented design. The code
is nothing more than a simple trans-
lation of a good design into comput-
er-lingo.

Keep compiles clean. Don’t come to the
dinner table with dirty hands, and
don’t deliver code reeking of unpleas-
ant warnings.

Why do we tolerate warning messages
from our compiler? Firmware lives forev-
er. When someone else opens your code
five years from now for an upgrade and
finds hundreds of warnings scrolling off
the screen, he’ll have no idea if the mes-
sages are expected or are an effect of the
way he’s reinstalled the tools.
Maintenance is an unavoidable aspect of
the software development process; he
who programs without maintenance in
mind is an amateur.

Keep the code strictly ANSI com-
pliant to minimize warnings and max-
imize portability. Segment unavoid-
able deviations from the standard to
separate modules which document
expected unusual compiler behaviors.

Encapsulate. The OOP folks chant
“encapsulation, polymorphism and
inheritance.” Of those three, encapsu-
lation is the easiest and most powerful
tool for building well-written, easy-to-
understand code. It’s equally effective
in assembly, C, or C++. Bind “meth-
ods” (code that accesses a device or
data structure) with the data itself.

Floss. You’ll miss your teeth when
they’re gone. esp

Jack G. Ganssle is a lecturer and consul-

tant on embedded development issues. He
conducts seminars on embedded systems
and helps companies with their embedded
challenges. He founded two companies spe-
cializing in embedded systems. Contact him
at jack@ganssle.com.
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Debugger, In-Target Probes & In-Circuit Emulators for Intel Processors

It's hard to compete
without the right tools.

Let’s suppose you’ve just been tasked
to develop an important new Intel proces-
sor based system and that management
wants to take it to market yesterday.

Now what do you do? You certainly
don’t have time to get bogged down using
those dusty old, general purpose tools
you've got sitting around.

You need a proven development system

|

and the tech support to make the most of it. You need

American Arium and the planet’s best

debugger. We offer...

* GNU support

» Unmatched breakpoint options

* Fast setup/ease of use

* Free upgrades and tech support for 1 year
We’ve got the tools you’re going to need

so why wait—call us today.

am_erica ) 14811 Myford Rd., Tustin, CA 92780
arijum

Ph: 877-508-3970 Fax: 714-731-6344
E-mail: info@arium.com

For more information on any of our in-circuit emulators, visit...

www.arium.com
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Every Chip, Every Tool, One Source

In-Circuit Emulators

QuickTool Finder [seectchi <

PowerPC Families

MP C5xx

MPC8xx o

PPC4xx

68K Families

680x0

683xx

Motorola 8/16 Bit

68HC05/08

68HC11

68HC12

68HC16

ColdFire

6801/03

8051 All Derivatives

80C320/520

8xC751/2

C500

DS5000

8080/85

8051XA

80166

80196xx

8086/88

x86 Intel/AMD

80386EX

80186/188xx

Conexant/WDC

6502/65816

C18/19/29

2180/64180/Z280

28/Z28000/Zx80

Microchip PIC
e \/20/30/40/50

sales@avocetsystems.com 320C20

TLCS-90

RTOS

Simulators

AVOCET

SYSTEMS, INC

“Assemblers

Compilers
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