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Michael Barr 

Producer/Consumer 
Update 
A well-known synchl"Onization pl"Oblem 

I"\ctescribes a single data buffe r shared by 
two or more threads of execution. One o r 
more producer threads write new da ta into 
the buffer, in parallel with one 0 1- more 
consumer threads that read data [l"Om it. 
Depending on the specifics, one or more 
semaphores may be needed to code the 

pl"Oducer / consumer solution successfull y. 
ow well in to its second decade, an 

essential element of ESP s success has been 
the quali ty of its producers. In our case, the 

producers a re 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 majo ri ty of the con­
tent we publish is wri tten by fuU-time soft­

ware developers and consultan ts who desire 
to share knowledge acquired th l"Ough fi rst­
hand expelience with their peers. 

The resul ts of our most recent editolial 

survey indicate that the average ESP reader 
has been programming fo r more than 17 
years, developing embedded software fo r a 
decade, and reading the magazine fo r 
about seven years. And, yet, less than 1 % of 
you have ever written even one article for 
us! If you think ESP been a pre tty good 
read so fa r, just imagine how much more 

val uable of a community resource it could 
be if we could tap ule rest of that potential. 

The connection between readers and 
write rs is an importan t one: readers of our 
magazine make ule best ESPWliters. That's 
because you are Ule ones building actual 
embedded/ real-time systems Ulat must be 
completed on time, meet the ir target price 
poin ts, work reliably, and survive in fi eld 
condi tions. So you know how to do things 
light ule fi rst time, minimize system costs, 

and work around the litue annoyances of 
the real world. In short, you've learned cer-

tain "tricks oful e IJ-ade" that benefit you on 
a day-to-day basis- and could benefit your 

peers as weU. 
Sharin g yo ur knowledge wiUl your 

peers-by wliting an article or a book or 
speaking at a technical confel-ence-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, sha ring knowledge developed 
ul l"Ough my expe liences as an embedded 
pl"Ogt-ammer and a consultan t was how 1 
ultimately fowld a career as a magazine 
edi tor. And, of course, writing an article is 

also a good way to eam some extra cash. 
In addition to articles on any number of 

topics conceming the embedded software 
developer, we' re also looking fo r a new 

columnist. An ideal columnist would be 
omeone who likes to wli te, has lots of (at 

least ske tchy) ideas fo r column topics 
ro lling al"Ound in ule back of theil- brain, 

and can find the time to write someuung 
new every monul. Ideally, I'd like to find 
someone who could take up Ule "Real­
Time" manlJ-a abandoned by former ESP 
columnist and edi tor-in-chiefTyler Spen-y. 

You already kn ow you' re a nerd. So why 
not make it offi cial? Write fo r ESP. lfyou're 
interested, check out our \¥liter's guide­

lines at www.embedded. com/ wriguide. htrn and 
send your ideas direcuy to me. While help­
ing make a name fo r yourself, you 'll also be 
helping us make a dent in our OWll kind of 
producer/ consumer pl"Oblem. 

Embedded Systems Programming OCTOBER 2000 5 



=J;j~~~;~~ 
1"~t.. 'I~~" 

I remember when I budgeted for my project. I refused to spend 
money on debug tools. I didn't think I would need them. 
The money I saued would make me a hero. 

now, my project is one month, two months ... 
six months ouerdue. nobody thinks I'm a hero. 

Fina ll y, if there is a sub tle is ue du ring the integration of hardwa re, 
M icrotek EA emulators are capable or providing a cl ock-cycle-by­
clock-cycle trace that allows you to view each signal and determine 
whether it was in the correct state. M icrotek 's tools are clearly superior 
to so ftwa re debug solutions. 

What would I giue to get some of that time back? 
URGENT! 

There has never been a project that couldn ' t u e 
more time when it 's cri tica l ... li ke in fi nal test ing 
when everyth ing has come together ... or in fi nal 
debug, when everything is goi ng down in fl ames. Microtek debug tools can make time. They speed up 

development and testing, sav ing you precious time 
at the end of the project, where you need it mos t! 

If you are developing a Pentium 
class target using a reference 
design or off-the-shelf board, 

please take a moment to speak Mi crotek emulators offer the debug features you need 
to track down and correct software, hardware, and 
system integration issues. They ca n fi nd the errors 
so ftware debuggers cannot see. 

with our staff. They will insure your 
design is on track, and tool friendly 

if debug is needed in the future. 

Wouldn' t it be great to deliver your next project on 
time? Next time, be sure to put a Microtek emul ator 
in your project plan from the start. 

It will help take the knot out of your stomach. And it 
will improve your company's bottom line! 

First, emulators can debug before the operat ing system is 
functioning. If an unexpected issue i affec ting boot up, an emu lator 
can find it. They are also operational after a hard crash. Thi s is 
significant, beca use so ftware debuggers lose debug inform ation. 
Mi crotek emulators keep track of the last 128 KB of bus cyc les, 
allowi ng you to sift through and fi nd the problem. 

Additional interfaces: CAD/UL ® and Windriver Tornado II® 

MICROTEK 
I N-CIRCUIT E MULATORS 

1 (800J 886-7333 
Ph one (503) 533-4463 
Fax (503) 533-0956 
Email - info mi crotek intl. co m 



Parity Bit 

Readers to the Rescue 
An as tute read e r, Aa ro n Be rke n , 

po inte d o ut a n erro r in th e 

PRE (x) mac ro in my a rticl e, "Design 

by Co ntrac t fo r C Progra mm e rs" 

Uuly 2000 , p . 100) . The asse rti o n tes t 

was in a d ve rte ntl y le ft o ut o f th e 

m ac ro d e rinition o n page 10l. 

Unfortunate ly, thi s o mi ss io n re n­

d e re d th e m acro use less. Wh a t I 

meant to write was: 

#define PRE(x) { if (testPre &&\ 

!(x» reFailed(VALUE( __ LINE __ )\ 

, __ FILE--, #x) ; } 

This change a ppli es to both th e 

macm d e fin ition on page 10] as we ll 

as th e macro expa nsio n o n page 102. 

Myapo logie fo r the inaccuracy. 

Steve Kapp 
EM8EDDJ.: O R": /\L. - T I M E 

s kapP @ (' II1r1 ,C OIll 

I h ave som e comments in respo nse to 

Cha rlie Caro th e rs' le tte r regarding 

th e May a rticl e "A 'C' Test," (p. 11 9) . 
T he expressio n (60 * 60 * 24 * 

36S)UL is no t valid because UL is no t a 

postfix o perator that can be applied to 

any integer expression . There is no UL 

o perato r in the C language. Instead , U 

and/ o r L can be used as pan of th 

token tha t specifies a lite ..... dl integer con­

stant T hese suffIXes must immedia tely 

fo llow the digi ts of the integer constant 

and are part of the constant itse lf, rather 

than a modifie r tha t is applied to the 

constant. For example, 60UL is a con­

sta nt of type unsigned long_ (See sec­

tio n 6.1.3 of th e ANSI C sta ndard.) I 

believe the C++ standard requires rna l­

loc (0) to re turn a no n-zero po inter, but 

the ANSI standard states in section 

7.10.3: "If the size of the space requested 

is zero, the behavior is imple menta tio n­

d efin ed ; the value renlnl ed shall be 

e ither a null pointe r or a unique point­

e r." Therefore, you canno t count o n 

either behavior if you want your C pro­

gram to be po rtable. With impleme nta­

tions that do re turn a valid po in ter, I 
wo uld guess that ule library acnlaJly does 

aJlocate some memo ry. (malloc typicalJy 

aJlocates some exu-a overhead memo ry 

fo r in te rn al bookkee ping uses.) 

H owever, the result is likely to be unde­

fined behavio r if the programmer acnl­

a lly tries to sto re something in this "zero­

sized" m emory block. 

Rod Spade 

toll 11 

t 1e1-e a re a couple of bugs in the 

cod e th a t acco mpa ni es Mi c hae l 

Ba rr's a rticl e "Software-Based Me mo ry 

Testing" Uuly 2000, p. 28). 

1. The documentatio n in the code 

(memtest. c) suggests tha t if you want to 

use the aJgorithm to test memo ry tha t 

has a data bus wider than an 8 bits, you 

should change ule typedef for datum to 

a type tha t is as wide as the data bus. 

Fo r a 16-bit me mory d evice, you 

would cha nge the typedef fo r datum 

to typedef unsigned short datum;. 

However, this pre 'e nts a problem fo r the 

loops in Ule address line test because the 

initiaJizer in many of ule loops is offset 

= si zeofCdatum);. In this case offset 

is 2. 

The first access to me mo l)' 'ho uld 

be at ul e address correspo nding to the 

least sig nifi cant no n-zero address line . 

Fo r 8-bit me mory, this ad d ress is 1, but 

fo r 16-bi t me m o l)" this address is 2. 

Since the va riable baseAddress is of 

type volati le datum *, ule expressio n 

baseAddressCoffsetJ becomes 

baseAddressC2J, and since datum is an 

unsigned short, this cOITespond to the 

datum at memol), address 4, instead of 

ule desired address of 2. 

To fix this pro ble m, th e variable 

offset (or testOffset) sho uld always 

start a t 1. 

2. The test for address lines stuck 

low and shorted doesn 't work when an 

add res line is stuck low. When an 

address line is stuck low, a write to an 

address a t some power of two will cause 

an unin tended write to address O. The 

current test on ly checks for Ule non-ze ro 

addresses, and wi ll miss a bit stuck low. 

Also, Mr. Ba rr referred to problems 

expe ri e nced with missing m e m o ry 

chips, indicating Ulat it is possible to 

write to a m em o ry location , a nd Ula t 

th e capacita nce o n th e d at.:1. lines may 

sto re ule writte n va lue. I wo uld add 

tha t ulis could o nly happe n if th e 

mi cro processor cached o r pipe lined its 

instructio n fe tches, or if th e re we re 

sepa ra te data buses for d ata and cod e. 

On aJl of the embedded syste ms that 

I've worked o n, afte r writing a value to 

RAM, th e mi cro must d o a t least o ne 

instruction fe tch a t its PC in orde r to 

eve n kn ow to read back fro m that RAM 
locatio n. In d oing so, the addl-ess and 

d ata lines change be tween writing the 

value to RAM a nd reading it back. 

William Moon 
EA S TMA N KODAK C OM I'A N \' 

ERRATA 
In a recent article on Linux ("Linux, 

[nterruIJ/ed," 77wmas Besemer, August 2000, 
I). 49), the name of th.e author of the original 

aO-CTR05 driver was omiUed. Th.at code 

was developed and is maintained Uy Dr. 

Wam>n f aslJer, Associate ProftSS01; North 

Carolina State University. Source code is I~ 

vided with no warranty under the terms of the 

GNU Public License and derivatives of the 

driver, Lille Ml: Besemer's, must "I1w.intain the 

same licl'nsing terms. -Ed. 
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Start with the platform that 
lets you dive right in. 

The QNX
e 

realtime platform: 

Download it FREE at get.qnx.com 

Download the QNX realtime platform 
ond 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 to use it. That's because 

it's engineered from the ground up to 
support POSIX APls and other standards. 
And built-in Linux compatibility means 

you can port most Linux apps. 

You'll be more productive, too . 
The QNX realtime platform includes 
source for most components, including 

driver toolkits , OS utilities, TCP liP 
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 GNX technologies ore free licensing fees for third·party software may apply. 

get.qnx.com 
or call: 1 800 676-0566 

What you get: 

• microkemel RTOS 

• embeddable GUI 

• rich set of OS modules 

• hundreds of utilities 
and libraries 

• drivers (disk, graphics, 
networking, USB, etc.) 

• web browser 

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

• complete self-hosted 
development environment, 
including GNU toolchain 

• and much more •.. 

C 2000, ONI Sollwoft Sysl.mllld. aNI Is a ttgiSl.f.d Irodemor. , and 'Build a more fellahl. world' Is a Irademork, 0/ ONI Soh.Clr, SYII.mslrd. All arher trademarks btlong 10 rheilitsp.criyt o .. n.n. 



Planning to add TCP/IP 
Ethernet to your design? 
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800-243-2333 
www.netsilicon.com 
Cl 2000 , N etSi l icon , I nc . 
NE T + Work s is 0 tra d em a rk 
of N e t Si l icon , Inc . 
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The typical team af engineers needed ta saurce and integrate 
hardware and saftware fram multiple vendars. 

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 mo nths off your development process . 
Our 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 t ime! 

Visit our website at www.netsilicon.com/es to register 
for our free online sem inars 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 STs Memory 

Products Group. "as well as the advantages they offer embedded 

microcontroller applications." 

"STs vision. commitment. and resources will help us realize our 

product strategies." said Reza i<azerounian. 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-

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.e/ectronic-forecast.com. 

Iff~ !r_.l, '1:11' • • . - • - I~- •. I ••• .. - - .. - mmft.'l 

1997 1998 1999 
ICE/JTAG 148.5 159.5 172.3 
Logic Analyzers 92 .8 107.8 130.8 
Device Programmers 65.9 64.7 68.2 
ROM Emulators 7.9 8.1 8.2 
Codevelopment Tools 25.1 46.1 75 .6 

Total 340.2 386.2 455.1 

2000 2003 CAGR 
ICE/JTAG 186.4 236.5 8.2% 
Logic Analyzers 156 261 19.3% 
Device Programmers 71.3 82 .6 4.6% 
ROM Emulators 8.7 10.3 5.5% 
Codevelopment Tools 108 274.2 42 .8% 

Total 530.4 564.6 20.6% 

rate studies recently illustrated the prodigious influence wireless Briefly noted... that aims to provide wireless imer-

technology is having in various markets. One report declared that a Toshiba hasj oined the Extend the net products. * Mercury Marine 

global move to wireless data is underway. citing research that sug- Internet (ETI) alliance, an organ i- Inc. se lected Green Hills to pro-

gests that shipments of WAP-enabled handsets will rise from 33% of za lion of more than 25 companies cluce software that controls most or 

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). 

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. 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 fo rce 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 DlAB 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 
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News Vectors 

oft are d velopm nt t 

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 deve lopment 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 automatically generate production quality code have 

resulted in significant growth for the simulation/marketing segment. 

Source: Electronics Market Forecasters Group, www.e/ectronic-forecast.com. 

.. ' • • • . -
- . -. 

1999 2000 2001 2002 2003 2004 
RTOS 329.7 374.2 424.7 482.1 547.1 621 
True IDE 86.9 97.3 109 122.1 136.7 153.1 
Simulation-Modeling 170.6 212.7 287.15 387.65 523 .32 706.5 
SW Tools & IDE 212.9 234.2 265.81 301 .65 342.42 388.16 
Related Services 186.1 237 291.51 358.56 441 .03 542.5 

Total 986.2 1,155.4 1,378.2 1,665 1,990.6 2,411 .7 
Tools and RTOS alone 800.1 918.4 1,086.7 1,293.5 1,549.6 1,869.3 

.. ; .. • • • 

North America 52.9% 
Europe 29.2% 
Asia/ Australia 17.9% 

THE NUMBERS GAME 
Tundra Semiconductor announced 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, an investment company that 

specializes in early- to mid-stage technology companies . • TriQuint Semiconductor report­

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 ofl999. Net income rose 280% to $16.4 million 

in comparison to the same period ofl999 . • Revenues at Echelon Corpor tion totaled $12.7 

million, an increase ofl9% over those from the same period in 1999. nleir net loss for the quar­

ter was $508,000, a decrease from the same quarter ofl999 . • BP Micro ystems announced 

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 fun ctions 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 Sacramen to. * Object Technology 

International announced a di tribution and 

support agreement with MontaVista Software 

for Linux-based development tools and em­

bedded J ava applica tion deployment compo­

nents. * Nortel Networks has announced 

that it wi ll use Blue Wave Systems' Com truct 

CO llllllunica ti o ns producL in a new Voice ove r 

IP system. * Technical Support, an Omaha­

based embedded systems engineeling firm , has 

completed a project for US Software that ex­

pands their RTOS system technology into new 

telecommunication and ncnvorking markets. * 
2Wire has chosen M-Systems' DiskOnChip as 

th e lo ca l sto rage dev ice for its fa mil y of 

HomePortal residential ga teways. * inSilicon 

has licensed the ARM MicroPack and PlimeCell 

Pe riph e ra ls for use in co mbin a tion with 

inSi li cons' comlTlunications 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 IUSC processors. * LynuxWorks an­

nounced that th e LynxO RTO will now sup­

POrt TimeSys Corporation's TimeTrace tool. * STMicroelectronics wi lluse Associated 

Computer Experts' CoSy co mpi le r deve l­

opmentsystem for ST's embedded system com­

pi ler development. * VenturCom has opened 

an offi ce in West Sussex, England. * Triscend 

has li censed th e ARM7TDM1-S RISe mi cro­

processor core for use in next generatjon ARM­

powerd C oC prod ucts. * Lara Networks, 

a company that produces processors for net­

work appli ca ti o ns, is sell in g up a n In dian 

Design Ce nte r in Banga lore, India. * IBM 

and Sierra Monolithics form ed an agree­

ment to use IBM 's silicon germanium (SiGe) 

techn ology in SMl's microchips for optical net­

working equipm ent. * Aisys announced its 

nagship prod uct, a device driver design envi­

ronment named DriveWay ava ilable as a free 

d ow nl oa d to users o f Motorola's 8- bit 

68 1-IC08 fami ly of mi croco nlro ll ers. * 
Intrinsyc Software a nd MontaVista 

Software have'fonned an alliance to produce 

Li nux-based em bedded s),stems. 





.. I.' - .. .. . 

the new intel· scalable performance board design fits multiple processors for multiple 

purposes. which gives you the key to survival in today's economy' flexibility thanks 

to intel, you can design a single board around the 810 or 440bx chlpsets, then plug in 

different intel pentium III or celeron" processors depending on the end use of the board. 

the result: time and money aren't spent designing a unique board for each processor. 

and. even better. one universal board can serve a wide range of customers and 

applied computing applications - ranging from communications infrastructure and appliances 

to pos terminals to industrial pcs. because in the surge economy, if you're not flexible you're 

history. ( download the design guide .. http://developer.intel.com/design/info/070.htm) 



Jack W. Crenshaw 

Moving Right Along 
When last seen , a t th e close o f 

las t mo nth 's e pisode , our he ro was 

busily h ammering away in his work­
sh op , co nstructin g softwa re fo r hi s 

Za ppo-Ray, po rta ble anti-Bre nt fun c­
ti o n minimize r. His inte nti o n was to 

pu t toge th e r a se t o f sn a p-toge th e r 
m o dul es th a t we re both simpl e 

e no ugh to read and unde rstand, and 

effec ti ve e noug h to h andl e eve n 

to ugh extra te rrestria l and pa tho logi­

ca l fun cti o ns. Th e las t modul e co n­

stru c ted was th e stub ve rsion o f th e 

pa ra b o li c fit shown in Listing l. 
(In cide nta lly, thi s li stin g co rrects two 

e rro rs th a t c re pt into th e ve rsio n pl-e­

sen ted las t m onth . Bonus question 

fo r ex tra c re di t: wh a t we re th e 
e rro l-s?) 

No te th e last two lines o f 

para_shrinkO, which swap th e two 

endpoin ts of th e bracke ting regio n. 

These were put th e re to match th e 

sam e two lines in goLd_shri nkO. They 

have to be th ere in goLd_shrinkO, to 
fo rce it to bisect th e regions on th e left 

and right side o n alte rnate calls. They 
d o n ' t reall y have to be th e re fo r 

para_shri nkO, but it seemed a good 

idea to leave th e o utput sta te in a co n­

di tio n simila r to th a t whi ch 

goLd_shri nkO would do. 

At the close of las t mo n th 's session, 

we plo tted th e three p o ints being 

mainta in ed by th e minimize r, and 
no ted th e sam e bothe rso me effect I 

had obse rved earli e r: th e pa rabo li c fit, 

if left unaided , tends to hang on to dis­

tant endpoints a lo t longe r than we 

wo uld wish . 

In th e case of bisectio n me th ods, 
th e algorithm has no ch o ice but to 

pull th ose endpoin ts closer toge th e r. 

That's wh a t bisecti o n is a ll a bo ut. 

Eithe r th e n ew point is high enough to 

use as a new bracke ting point, or it's 

low enough to bring th e opposite 

po int in . Eith e r way, th e endpo in ts 

move inexo rably close r togethe r. In 
fac t, it 's th e distance between end­

po ints, ra th e r than th e stability of th e 

midpo in t, that we use as th e criteri o n 

fo r d eciding wh en we've conve rged. 

The me th od of paraboli c fit doesn 't 

Where should we put this logic? 

Well , we can always put it in the drive r 

fun c ti o n , exte rnal to fun ction 

para_shrinkO. I think it be tte r to 

place it within para_shrinkO itse lf. 

That is, we all ow the [-unction itself to 

decide whether the minimum it's rec­

ommendin g is acceptable, and have it 

re turn a Boo lean depending on th e 

result. To begin , defin e th e logical 
val-iables: 

Jack reaches a temporary solution to the problem 

of minimization. Optimizations will come later. 

work th e same way, so twe can 't gua r­

antee that each endpo int will be alte r­

na tely moved. 

This te nde ncy to han g o nto di s­

ta nt po ints leads to two se pa ra te 
pro ble ms: First, th e so luti o n isn ' t 

ve ry satisfac to ry because we' re fit­

ting a curve thro ugh points th a t a re 

n o t we ll-co nditi o n ed ( two p o ints 

close toge th e r, third ve ry fa r away). 

Seco nd , we can ' t u se the distan ce 

be twee n brac keting po in ts in o ur 

h al t crite rio n . No d oubt thi s prob­

le m is th e reason Bre nt came up 

with a compl ex a nd inscruta ble a lgo­
rithm fo r d ec idin g wh en th e so lu­

ti o n was good e n o ug h. 

Our cha llenge this month is to 

come up with the logic to keep the 

pa rabo li c fit under con trol, and to 

fo rce th e use of a bisection me th od to 
h e lp e nsure a sta bl e a nd sm oo th 

descent to th e minimum . 

#define FALSE 0 
#define TRUE (!FALSE) 

(I've put th ese definitions in my stan­
dard libra ry heade r, jma th.h) . The n 

a lte r para_shri nk() to re turn a 

Boolean . For sta rte rs, we canjust fo rce 

it to a lways re turn TRUE. 

Alternating methods 

We seem to have established that le t­

ting th e parabolic method run open 

loop is no t veIl' satisfYing, since it tends 
not to pull in the endpoin ts. The next 

o bvious approach might be to alternate 

between parabo lic and bisection metIl­

ods. We can do tIla t by simply putting a 

counter in para_shrinkO, and having 

it reUlrn FALSE every o tIl er pass. Not 
surprisingly, such an approach is going 
to take more fun ction evaluations, but 
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Functions for Rarabolic fit 

II estimate a minimum via paraboLic fit 
doubLe para_fit(doubLe xO, doubLe x1, doubLe x2, 

} 

doubLe yO, doubLe y1, doubLe y2){ 
doubLe mO = (y1 - yO)/(x1 - xO); 
doubLe m1 = (y2 - y1)/(x2 - x1); 
doubLe c = (m1 - mO)/(x2 - xO); 
return (xO + x1 - mO/c)/2.0; 

II shrink an intervaL using paraboLic fit 
void para_shrink(doubLe &xO, doubLe &x1, doubLe &x2, 

} 

doubLe &yO, doubLe &y1, doubLe &y2){ 
doubLe x = para_fit(xO, x1, x2, yO, y1, y2); 
doubLe y = f(x); 
if(x > x1){ 

} 

swap(xO, x2); 
swap(yO, y2); 

if«y > y1) && (x2 > xO»{ 
xO = x; 
yO = y; 

} 

eLse{ 

} 

x2 = x1; 
y2 = y1; 
x1 = x; 
y1 = y; 

swap(xO, x2); 

swap(yO, y2); 

FIGURE 1 Alternating methods S,' J' " .. '},r, 
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To make no mistake. 

That is what you seek. 

To be always right. Ever accurate. To not look like a fool. 

But that's not always easy. Not when you're exploring new ground. 

When you wi tt on ly find out what you don't know the hard way. 

By trial and error. 

We can help. 

With test equipment that is accurate, easy and intuitive to use. 

That can not on ly speed through a test. but through those 

wonderful fo lks in management. 

And with the help and advice of our engineers who, like you, 

want to do what's right. 

Make no mistake. 

www.agil ent. com/fi nd/engineer 1-800-452-4844; Ext. 6967 

~2000 Agllem Technologies ADGPPO05/ESP "In Canada. call 1-8778944414, Ext 6967 

. . . 
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••••• . . . Agilent Technologies 

Innovating the HP Way 
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Embedded Linux~ 

Embedded linux that is 100% pure, royalty-free , open source. 

Embedded linux with the broadest hardware support. 

Embedded Linux for design, development and deployment. 

• Em bedded Linux leadersh ip measured by what counts ... customers. 

MONTAVISTA" 
SOFTWAR E 

490 Potrero Avenue 
Sunnyvale, CA 94085 

tel 408-328-9200 
fax: 408-328-3875 
www.mvisto.com 

The Embedded linux Experts. 



visual 
solutions 
for the 

realworld 

The TllCON Real-Time Developer (TRTD) 
is the ideal solution for custom GUI/MM I 
development in a variety of industries, such 
as: embedded device interfaces, medica l 
displays, SCADA systems, virtual instruments 
and navigation systems. 

TRTD will drastically cut development time. 
Innovative architecture provides a clean 
separation between application code and 
windowing systems. With its rich set of 
objects and ability to test interfaces without 
writing code, TRTD quickly moves your 
project from concept. to prototype, to 
product. 

The TRTD API provides dynamic creation 
and editing of all objects . The API is 
identical across all platforms, including: 
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LISTING 1 

void goLd_shrink(doubLe &xO, doubLe &x1, doubLe &XZ, 

} 

doubLe &yO, doubLe &y1, doubLe &yZ){ 

doubLe x = goLd(xO, x1); 

doubLe y = f(x); 

if(y > y1){ 

xO = x; 

yO = y; 
} 

eLse{ 

} 

xZ = x1; 

yZ = y1; 

x1 = x; 

y1 = y; 

x = goLd(xZ, x1); 

y = f(x); 

if(y> y1){ 

xZ = x; 

yZ = y; 

} 

eLse{ 

} 

xO = x1; 

yO = y1; 

x1 = x; 

y1 = y; 

-- - 1 
-0- xO I 
- - -ClI- - - x1 I 
- -A- - x2 

10 11 12 13 14 



FfashFfex51 
Flash Microcontrollers 

How HARD Is IT To 
Do SUPERFLASH®/S051 
INTEGRATION? 

EVER TRIED 
TEACHING 
A GORILLA 
TO PLAY "THE 
FLIGHT OF THE 
BUMBLEBEE"? 

Let's face it, to put any kind of nonvolatile memory together with an 
industry-standard microcontroller, you've got to know the score. That's why 
we know you'll appreCiate FlashFlex51 ;M our family of fully 8051-compatible 
microcontrollers-smoothly integrated with up to 36 Kbytes of high-reliability 
SuperFlash® memory. 

Put them together and you 've got simpler designs, shorter development 
cycles, smaller parts counts and significant cost-of-ownership savings. 
It's enough to make you go ape. 

FiashFlex51 offers a killer solution for your embedded controller designs, 
especially for remote applications such as vending machines, set-top boxes 
and pas 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. 

J,t.' S ,.· _u ... .r.n 

........... --- ' ~ , 

SUPERFLASH. 
THE SUPERIOR FLASH MEMORY. 

0 2000, &IIcon Storage Technology, Inc The SST logo and SuperFlash are registered trademarks 01 SiIICOl'l Storage Technology. Inc. FlashFleIC51 and In'Applicatlon Programming are trademarks 01 Slhoon Storage Technology. Inc All other regtstered 
trademarks and trademarks mentiOned are recognized as being held by !heir respectIVe companies 



PROGRAMMER'S TOOLBOX • 

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. 

int para_shrink(double &xO, double &x1, double &x2, 
double &yO, double &y1, double &y2){ 

double too_close; 

} 

#define MAX-PARA 4 

static int count = MAX-PARA; 
if( count = OH 

} 

count = MAX-PARA; 
return FALSE; 

double x = para_fit(xO, x1, x2, yO, y1, y2); 

too_close = (x2 - xO)/20; 

if(max(x-xO, x2-x) < too_close){ 

} 

count = MAX-PARA; 
return FALSE; 

double y = f(x); 
if(x < x1 H 

if(y> y1H 

xO = x; 
yO = y; 

} 

else{ 

} 

x2 = x1; 
y2 = y1; 

x1 = x; 
y1 = y; 

} 

else{ 

} 

if(y> y1H 

x2 = x; 
y2 = y; 

} 

else{ 

} 

xO = x1; 
yO = y1; 

x1 = x; 
y1 = y; 

return TRUE; 
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let 's no t worry about that too much fo r 

now. We' ll be th inking harde r about 

optimizing a fte r we be tter understand 

the behavio r. 

At the moment, the big question is: 

does this approach fIX the parabolic fit 's 

tendency to hang onto outlier po in ts? 

Well , it might have, if I'd done it prop­

e rly. In fact, though, it didn 't, because I 

screwed up. The parabo lic fit ended up 

giving me po in ts tll at failed to satisfy 

our fundamentaJ requirement, that tlle 

middle po int is always lowest. 

The problem is still in th at pesky 
sta tement, wh ich was: 

i f( y > y1) 

las t mo nth, and in Listing 1: 

i f« y > y1 ) && (x2 > xO» 

Turns out, ne ithe r tes t is correct. Wha t 

I was trying to d o was to swap Po and P2 

if x turned o ut to be be tween XI and ~. 

That's because X is gua ranteed to be 

be tween Xo and XI fo r th e golden sec­
tion, and I wanted it to look tll e same 

way afte r a pa ra bo lic fit. 

H owever, I fo rgot th at, because of 

all th e swapping, some tim es Xo is la rg­

e r than ~, and some times no t. T he 

correct tes t is: 

if«y > y1) *(x2 > xO) > 0) 

(Recogni zing tha t this can be a risky 

test if Xo and ~ ar e drawing close r 
toge th e r, a we hope th ey do). 

So I can fi x the test. Do we now ge t 

pe rfo rma nce wh e re th e endpo ints 

always move inward? No, we don 't. 

Figure 1 shows the case wh ere I alte r­

nate be tween go lden and parabolic 

methods. In Figure 2, I've se t the fre­

quency to allow two pa rabo lic fits , then 

a fo rced golden section . It doesn 't 

seem to matte r; th e problem of end­

poin ts stuck a t the same vaJues pe rsists. 

To swap or not to swap 

We do n ' t have to look ve ry far to see 

the pro bl em : if you examin e th e 
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FOR YOUR 
EMBEDDED 
Go DIRE 
So YOUR HEAD 
EMBEDDED IN 

You're doing an embedded design. Up front, you're faced with the formidable 
task of integrating a microcontroller with flash, mask ROM, EPROM, OTP 
devices or other memory types. Maybe a little time spent imitating the ostrich 
would give you temporary relief. Probably not. May we suggest you avoid the 
problem completely, and jump directly to square 5-the one that says: 
'Use FiashFlex51 for a successful design.' 

Because FiashFlex51 is a real oasis in a desert of hard-to-integrate solutions. 
One that puts a fully B051-compatible microcontroller together with up to 
36 Kbytes of SST's high-reliability SuperFlash® memory. So when you tell 
your colleagues you just simplified your design, shortened your development 
schedule, saved on parts, and lowered your cost of ownership-they can go 
stick their heads in the sand. Or wherever. 

Another watershed event in flash/MCU capabilities is our unique dual-bank 
architecture. It enables you to alter flash contents in real time, while your 
system keeps right on running-something we call In-Application 
Programming™ And with our built-in security locks, no one can accidentally 
(or purposely) overwrite or swipe your flash contents. 

And if your business seems to be poking along at desert-crossing speeds­

due to long mask ROM lead times and wasted parts-try comparing 
FlashFlex51 . It's backed by a full suite of development tools, plus our legion 
of tech support professionals. For details, visit our website. For an evaluation 
kit, contact your SST distributor or representative today. 
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The Microsoft~ Windows~ Embedded Family of operating 

systems offers a comprehensive software platform for 

bringing the next generation of intelligent and connected 

devices to market faster. 

Choose from the widest range of embedded as technologies 

that integrate seamlessly with Windows and the Web. Tap 

into a worldwide pool of more than 5 million Win32~-trained 

developers familiar with award-winning development tools, like 

Visual Studio~, to help develop your embedded applications. 

With three OS's to choose from, there's one that's right for 

your next project. 

* While supplies last. Online orders have a fee of $12.95 which includes shipping and handling. 

~ 2000 Microsoft Corporation. All rights reserved. Microsoft. Visual Studio. Wln32. the Windows logo. Windows. Windows NT and Where do you want to go today? are either trademarks or 
registered trademarks in the U.S. and in other countries. 



The Microsoft Windows Embedded Family consists of: 

Windows CE 3.0 
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LISTING 4 • • •• 

int para_shrink(doubLe &x0, doubLe &x1, doubLe &x2, 
doubLe &yO, doubLe &y1, doubLe &y2){ 

doubLe too_cLose; 
#define MAX-PARA 2 
static int countO = 0; 
static int count2 = 0; 

if(countO == MAX-PARA){ 
countO = 0; 

return FALSE; 
} 

if(count2 == MAX-PARA){ 
count2 = 0; 

return FALSE; 
} 

doubLe x = para_fit(xO, x1, x2, yO, y1, y2); 
too_cLose = (x2 - xO)/20; 

if(max(x-xO, x2-x) < too_cLose){ 

return FALSE; 
} 

++countO; 
++count2; 
doubLe y = f(x); 
if(x < x1){ 

if(y> y1){ 

xO = x; 

} 

yO = y; 

countO = 0; 

eLse{ 

} 

x2 x1; 
y2 y1; 
x1 = x; 

y1 = y; 
count2 = 0; 

} 

eLse{ 
if(y > y1){ 

x2 = x; 

y2 = y; 
count2 = 0; 

} 

eLse{ 

} 

xO = x1; 
yO = y1; 

x1 = x; 
y1 = y; 
countO = 0; 

} 

return TRUE; 
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code fo r goLd_shrinkO, yo u ' ll see 

tha t it always d oes just o ne bi secti o n , 

and that o ne is always be tween Xo and 

X l ' In prac ti ce, th e wh o le po int o f 

bisec tions is to pull bo th e ndpoints 

in , but som eo ne go t tr icky a nd 

ho ped to save a littl e cod e by o nl y 

d o ing o ne bisecti on pe r pass . That 
so meon e was me . My o nly excuse is 

th a t I h ad a littl e encourage ment 

from bo th Bre nt and th e Numerical 
Recipes au th o rs, wh o used the same 

approach. 

T ha t approach limits th e numbe r 
o f fun c ti o n eva luati o ns pe r pass 

throu gh th e o ute r loo p to o n e, 
whi ch may make it ni ce [o r counting 

fun c ti o n evalua ti o ns, but has littl e to 

o ffe r othe rwise. We save dupli ca tin g 
a few lines o f code, whi ch ma kes th e 

ro u tin e that much sho rte r and more 

compac t. On th e d own side, we have 

a ll th ose stupid swa ps, which no t 

o nly co n [use th e h eck o ut of me (as 

m y e rro rs in the swa p tes t full y 

a ttest), bUl eat CPU cycles as we ll. A 
side effect is th a t we can ' t be sure 

wh e th e r X is inc reas ing to th e left o r 

th e ri ght. 

In reu'ospect, I be li eve th a t ome­

o ne (again, me; who else?) got entire­

ly too tricky for his own good. Given a 

choice betwee n tight and tl;cky, and 

large but simple, I'll take simple every 
tim e. So le t's begin th e process o f sim­

plification by writing goLd_shrinkO 
th e way it should have been in th e first 

place, and have it reduce bo th sides of 

th e in terval each call. We ' ll require, 

and assume, tha t: 

throughout th e process (except wh en 
th ey' re equal, of course, in which case 

we' re done) . The new ve rsion is shown 

in Listing 2. 
Functi on para_shrinkO ca n now 

be simplifi ed a bit, since we know the 

o rde r of the x's. We can a lso e liminate 

all those silly swa ps. The new code fo r 

this fun cti on is shown in Listing 3. T he 

corresponding pe rformance is shown 

in Figure 3. 
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FIGURE 3 Rarabolic bisectio'n ' :;, : .,~ ,: .. " .. ; . .. .' 
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Iteration 

LISTING 5 

doubLe para_search(doubLe (*f) (doubLe), doubLe &x0, doubLe &x2, doubLe Eps){ 

#define MAX_ITER 30 

} 

doubLe eps = Eps * (abs(x2-xO»; 

II initiaL Last vaLues make sure we try at Least twice 

doubLe Last1 = 1e20; 

doubLe Last2 = -1e20; 

doubLe x1 = goLd(xO, x2); 

doubLe yO = f(xO); 

doubLe y1 = f( x1); 

doubLe y2 = f(x2); 

for(i=O; i< MAX_ITER; i++){ 

if(!para_shrink(xO, x1, x2, yO, y1, y2» 

goLd_shrink(xO, x1, x2, yO, y1, y2); 

if«x2-xO) < eps) 

} 

break; 

if(max(abs(x1-Last1), abs(x1-Last2» < eps) 

break; 

Last2 = Last1; 

Last1 = x1; 

if(i = MAX_ITER) 

cout « "Para_search: No convergence after" « MAX_ITER « " triaLs." « 
endL; return x1; 
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Now th a t ' m o re like itl True , we 

still have va ri a bles th a t seem to sti ck 

a t o ne value. But look h ow dram a ti­

ca lly th e o th e rs a re cha ng in g as we 

go . Afte r o nly e ig ht passes, a ll three 

e rro rs a re less th a n 0.001. Co mpa re 

th a t to Figure 1, whe re it ta kes 12 
p asses to acco mpli sh th e sa m e res ult, 

o r Fi g ure 2, whi c h ta kes 10. 
Admitte dly, we ' re now evalu a tin g th e 

fun c tio n twi ce [o r each bi sec ti o n 

pass, but eve n so, the diffe re nce is 

impressi ve . I d o n 't mind a va lue get­

tin g stuc k a t, say, 1.0, i[ th e other two 

a re ra pidly squeezing up next to it. 

Tha t 's th e best we ca n rea lly ho pe [o r 

in such a m e th o d. 

Preventing bad estimates 

On e thin g we still must c heck o n is 

th e suita bility of th e es tim a tes co m­

in g o ut o f th e pa ra bo li c fit. If, fo r 

example, it gave a valu e for X l th a t 's, 

say, a lm os t equa l to xo, we can 

ex pect th a t th e ne xt pa ra bo li c fit 

will be poo r. I' ve fl agge d thi s as a 

po te nti a l pro ble m in th e pas t , a nd 

Bre nt wo rri e d a bo ut it too. H oweve r, 

bo th Bre nt's o ri g ina l Algo l code a nd 

Press e t a l. 's C tra nsla ti o n o nly rej ec t 

th e es tim a te if it 's ve ry cl ose (within 

a n e p il o n va lue o n th e o rd e r o f th e 

prec is io n in th e so lution ) of o ne o f 

th e brac ke tin g po ints. I'm go in g to 

be much m o re aggress ive o n thi s 

o n e, a nd rej ect it if it 's within 5% o f 

th e total CUITe n t inte rva l be twee n Xo 

a nd X2 ' T h e stru c ture o [ 

para_shrinkO a ll o ws us to rej ec t, 

s impl y by re turning a fa lse value fo r 

th e re turn Boo lean. T h e cod e frag­

m e nt is : 

if(max(x-xO, x2-x) < too_cLose){ 

count = MAX_PARA; 

return FALSE; 
} 

I'd also like to cha nge th e crite ri­

o n for fo rcin g a bi sec ti o n s te p . 

Curre n tly, we just co u n t o ff pa ra bo l ic 

ste ps, a nd th e n fo rce a bi sec ti o n 

wh e th e r th e m e th od needs it o r no t. 
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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. 

LISTING 6 

#incLude <iostream.h> 
#incLude <stdL ib. h> 
#incLude <math.h> 
#incLude <constant .h> 
#incLude <jmath .h> 

and jmath.* define pi, the GoLden ratio, 
* and aLso define abs as a macro rather than a function. If you 
1* NOTE: Files constant.* 

* don't do this, better change caLLs to abs to fabs. 

*/ 

doubLe f(doubLe xH 
return cos(2*pi*x*x*x); 

} 

void main(void){ 
doubLe eps = 1.0e-7; 
doubLe xO = 0; 

doubLe x2 = 1; 

doubLe x = para_search(f, xO, x2, eps); 
cout « x « endL; 

} 

For th e test case, it has a lways been 

need ed in th e se nse that one of th e 
boundary poin ts seems stuck. Bu t 
this may not a lways be tru e . When 

the boundary points are not stuck, 

it 's foolish to abandon a method 

that's work ing. A be tte r method 

would be to kee p a separate count 

for each boundary point, and kick 

out when one appears to be stuck. 
Listing 4 sh ows fun ction para_ 

shri nkO after this change. 

Knowing when to quit 

I think this header is particul a rl y 

apt, both for this month's session, 

and a lso for th e study of minimizing 

a fun c ti on. 1'm ready to quit, are n 't 

yo u? 

At this point, we a lmost have a se r­

viceable function, in that it takes a 

mixture of parabo li c and go lden sec­

tion steps, and it chooses between 
the two based on reasonably inte ll i­

ge n t, rather than pre-programm ed, 

rules. The one thin g still lack ing to 

ma ke th e [unction p.-oduction-quali­

ty is a good stopp ing criterion. Recall 

that, for bisec tion-only case, the cri­

terion is simple: we stop whe n the 

in terval between Xo and X<.! i reduced 

suffi ciently far. T hanks to the forced 

changes in both boundari es, we 

cou ld still use this crite ri o n , but in 

fact, the parabo li c fits seem to be 
hom ing in considel-ably faster than 

that last boundary point gets pull ed 

in . So we'd be taking a few too man y 

steps . 
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I h ave what I t11ink a re som e supe r 

ideas fo r a robust ha ltin g crite rion , 

but th ey would req uire too many 

changes to our code to include them 

thi s month. Brent used the change, 

not in two su ccessive pal-abolic esti­

mates, but in th e estima tes two cycles 

apart. Press et a l. sugges t o nly that 

"th e reason ... see ms esse n tia ll y 

h euristic." I'll go Brent o ne step bet­

ter, and require that we have three 

parabolic estimates within an eps il o n 

error. The cod e is coll ected into a 

ge nera l-purpose fun ctio n in Li sting 
5. A sample driver pl-ogram , com­

plete with test function, is sh own in 

Listing 6. 
For yo ur interest, the meth od 

conve rges to 1-7 acc uracy in 17 itel-a­

tions: five bisectio ns a nd 12 parabol­

ic fits . It uses a total of 25 function 

evaluatio ns. I know, I kn ow, that's 

more than Brent's method. T hat is 

no doubt because each go ld e n sec­

tion ma kes two eva luatio ns, not just 

o ne. At this point, it 's a price I'm 

pre pared to pay to get rock-solid 

robustness. 
I still be lieve we can improve on 

the a lgorithm som more. For exam­

ple, I want to try my ideas for a better 

halting criterion . H owever, I won't be 

do ing that next mo nth . I want to 

g ive both you a nd I som e tim e to 

wring out the algorithm. H ave at it, 

try it on as many functio ns as yo u 
can, and see if you can break it. 

Meantime, I th ink we co uld all use a 

res t fro m Brent's method andi ts 

co usins , so next mo nth I'll be start­

ing a new topic. 

See you th en . esp 
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Inc. in Clearwater, FL. He did much early 
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for Rea l-time Programming (CMP 
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by the emulator and fu ll speed, full feature operat ion is assured. The optional 
trace board allows triggering on user-speci fi ed events to increase producti vity. 
FLASH and EEPROM programming is suppOlted for appropriate chip . 

Nohau has a 8DM emu lator for the above parts plus the HC 12A4, HC 16 and 
the 683xx family. Nohau completes its Motoro la support wi th fu ll emulators 
for the HC 16 and 683xx, and the HC II . See the webs itc www. nohau.com/ 
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Measure Twice, 
Cut Once 
Carefully named variables help reduce confusion. Follow this naming 
convention to track units and avoid mismeasllrement. 

n the fall of 1999, ASA experi enced the failure 

of its Mars Clima te Orbi ter. Th e Cailure was attri b­

u ted to miscalcula tio ns in th e thrust used to cor­

rect an om alies in th e o rbi te r 's u"aj ectory on its 

way to Mars. T hese miscalcula tio ns, it was later 

di covered , we re du e to one subcontracto r using 

English uni ts instead of metric units. NASA specified th e 

o utpu t of a piece of ground softwa re to be in me tric uni ts of 

impulse (Newton-seconds); th e softwa re produced outpu t 

in Engli h uni ts of impulse (pound-seconds). 

This a rticle discus es p ro blems associated wi th th e lack 

o f a useful software abslrac tio n fo r measurement uni ts and 

prese n ts ome simple ideas fo r dealing with them. 

Standard units 
The Systeme Intern ati onal d 'Unites (SI, for sh ort) stan­
da rdizes the uni ts tha t a re used in science an d eng ineering. 

A featu re of SI uni ts is th a t you can solve all the fu ndamen-
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tal equatio n in physics without any ex tra manipula ti on . Fo r 

instance, th e famili ar equation F'= 11!(L can be solved by using 

th e SI unit o r mass (kilograms) and acce le ra ti on (me te rs 

per second pe r second ). T he resulting force is measured in 

Newtons (N). Yo u could solve this equa tio n using th e 

English uni ts o f mass (s lug) and distan ce (foot) . But th e 

resul t would no t be th e English uni t o r fo rce (po und) 

unl ess yo u also multipli ed it by a nonintuitive constant. 

SI cl ass ifi es uni ts into two diffe rent typ es: base units 
and derived un its. A base unit is a unit th a t cann o t be 

d ecomposed in to oth e r units. Le ng th is an example o f a 

base uni t, since it cann ot be expressed in te rms of o th e r 

units, like tim e o r mass . A derived ttnit can be expressed in 

te rms of multipl e base units and may have a prope r nam e . 

The SI unit of fo rce is a de rived unit that has a p rope r 

name . T he ewton is d e rived fro m the I uni ts o f mass, 
distance , and time. T his ca n be illustra ted using Newto n 's 

second law: 



Force = mass'" accele ra tio n 

Al terna te ly: 

ewton = kilograms*meters/ seconds/ scconds 

1 Newto n = 1 kg-m/ s2 

In additi o n, S] provides a vocabu­

la ry fo r scaling the standard units by 
powe rs of te n . T hese fam iliar pre fixes 
a re shown in Table 1. 

Why not use 51 units for 
everything? 
Mandatin g I standa rd uni ts in 
em bedded software is no t pl-acti caJ 

whe n th e inpu ts and outpu ts a re any­
thing but standard . Such a require­
men t can directly impact th e pe rfor­
mance and cost of tile system. For 
in tance, a system tha t measures time 
in o ne-microsecond clock ticks wo uld 

need a da ta type m at can represent 
l / l ,OOO,OOOm of a second in o rde l- to 

kee p the data in I units. Since C does 
not provide a fixed-poin t type, m e 
only o the r choices are to use a fl oat­
ing-po int type 01- an in tege r in non­
standard uni ts. 

Cost-sensi tive e m bedded systems 
avo id fl oa t ing-po int compu ta tio n 
whe neve l- possible. Using a CPU with­
o ut a fl oatin g-po int copl-ocesso r can 

cu t cos ts. Floa tin g-po int computa­
tio ns on an intege r CP U require th e 
use of a fl oa tin g-po int e mula ti o n 
li b ra l-y to ta ke th e place of the 
co p rocesso r. T he emu la ti o n li bra ry 

takes up precio us memo ry, which can 
affec t th e cost of the syste m. Floating­
point o pe ratio ns are emu la ted with 
fun ctio n calls m a t may be ro uted via 
a n excepti o n ha ndl e r. Ope ra tio ns 
th a t wo u ld no rm all y comp ile to a sin­

g le instructio n fo r an intege r a re 
turn ed into fun ction calls fo r emula t­
ed fl oa ting po int. Eve n m e fas test 
in tege r processo r will suffe r a signifi-

Mandating 51 standard units in embedded software is not practical 

when the inputs and outputs are anything but standard. 

can t performance pe nalty whe n it is 
fo rced to use emu la ted fl oating-po int 
o pe ra ti o ns. W he n a floatin g-po int 
coprocessor is available, th e space 
requ ired to sto re 4-byte floats might 
be too cos tly when 2-byte in tege rs will 
suffi ce. 

Fo r most programmers, the obvi­

o us solu tion to this problem is to use a 
scaled in teger, that is, an integer in 
n o n-standard units. For o ur o ne­
microsecond clock ti ck, th e simple 
cho ice is to re presen t time in uni ts of 
microseconds. Strictly speaking, m is is 
a standard unit because we a re only 
scaling me time by a power of 10. 
Scaling S] uni ts by powers of 10 is as 
simple as slapping on o ne of me pre­
fixes shown in Table 1 in front of th e 
name. 

Unfortu nate ly, scaling by a power 
of 10 is ofte n no help in embedded 
software. Fo r example, the output of 
an anaJog-to-d ig ital converte r (ADC) 

is typically a binary value-meaning 
m e range of output values is a powe r 
of two. The inpu t range, on th e o mer 
hand , can be constra ined in a com­
plete ly arbitra ry fashion. So, in ge ne r­
aJ , th e o utpu t of an ADC wi ll be X/ 2' , 
where X is me input range and y is th e 
number of bits in me output. Eve n if 
m e actua l in put (x) is in standard 
uni ts , your o utput wi ll be some stan­
dard unit d ivided by a power of two. SI 

doesn 't help much he re, since m ere is 
no vocabulary fo r representing stan­
dard units scaled by powers of two. 
That's probably just as well , since it is 
no t very often mat your input is an 
in tegra l mu ltip le of a standard unit 
e im er. 

Use and abuse of units in 
software 
It's ha rd to adh e re to any conve n­

tio n , le t a lo ne SI, in your softwa re, 
wh en a ll your inputs are in no n-stan-

dard uni ts. Devices li ke timers, ADCs, 
and encod e rs spit o ut in tege rs in 
wh a teve r uni ts a ha rdware des igner 
can dream of. Some times m ese uni ts 
make se nse and sometimes th ey' re 
just a l-bitra ry, but mostly th ey' re no t 

standard . It's up to th e embedded 
programm er to make some sense o ut 
of the chaos. 

It wo uld be easy j ust to blame 
hardwa re d esigne rs, but the re 's ple n­

ty o f b la me to go a ro und . 
Programmers can also play fas t and 
loose with m e d a ta and confuse a ny­
o ne who tries to fo ll ow. Ma ny a sho rt­
cut has been used to save CPU cycles 
th a t make th e cod e read like a co l­
lege textbook wh e re "the proof is le ft 
as a n exe rcise fo r th e reade r." Whil e 
shortcu ts a re o fte n necessa ry in 
embedded softwal-e, it is n o t neces­

sary to confuse eve ryone who looks a t 
th e cod e. 

So me commo n sho rtcuts yo u may 
have run across include inte rchang­
ing te rms li ke "frequency" an d "peri­
od ," o r "tinle" and "di sta nce" in yo ur 
code. T his may seem trivial as long 
as yo u a re fa mili a r with th e design, 
but it can con fuse a newcomer. 
Anothe r exam ple wo ul d be ha rd-cod­
ing scale facto rs in your cod e to con­
ve rt fro m o ne sys te m of units to 
a no th e r, wim no me nti on as to wha t 

is go ing o n . 
Some times , we hide vita l info r­

ma ti o n in a d es ign d ocum e nt tha t 
co uld have eas ily bee n included in 
th e cod e in th e fo rm of a comme nt 
or a n in fo rm ative na me. 
Programme rs will ma ke assump tio ns 
with o ut a lways checkin g the d ocu­
m e n ta ti o n- th a t 's hum a n na ture . 

So me ass umptio ns may seem o bvi­
o us to th e progra mm e r, bu t can still 
be wro ng. It may have seemed o bvi­
o us to th e programme rs writin g th e 
sof twa re fo r th e Ma rs Cli ma te 
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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: 

integer 01' floating point. 

TABLE 1 . ••• . -
Scale factor Prefix S mbol 
10-9 nano n 
10-6 micro 1.1 
10-3 milli m 
10-2 centi c 
10-1 deci d 
10 deka (or decal da 
102 hecto h 
103 kilo k 
106 mega M 
109 giga G 

Orbite r th at thrus t sh o uld be 

ex pressed in po unds. If th ey had 

checked th e d es ign d ocum e n t, th ey 

wo uld have found o th e rwi se. 

The problem of units in 
software 
The C and C++ langu ages do nOL g ive 

yo u many cho ices wh e n it co mes to 
re prese ntin g scala r varia bles. You bas i­

cally have two ch o ices: in tege r o r 

fl oaLing po in t. T he language makes 
no a sumptio ns about what th e da ta 

rep resen ts, so you get no complaints 

fro m th e compi le r wh en yo u do 

things like: 

• Assign uni ts of o ne type to a va ri­
able in different uni ts; fo r example, 

"length = time" 

• Add or subtrac t variables that al-e 
not in the same uni ts; fo r exa mple, 

"length = leng th + tim e" 

• Multiply o r divide varia bles in d if­
fe rent uni ts and sto re the resul t in 

a variable in the wro ng units; fo r 

example, "frequency = time/ cycles" 

In a nu tshell , what we need to 

de fIn e is a unique scalar type fo r each 

uni t of measure, su ch as leng th o r 

ti me, Lh at is derived fro m one of the 

native scala r Lypes (in t, doubl e, fl oaL). 

T he goal is to defin e some simple 

rules and let the compil e r enfo rce 
th em. Some languages, like Ada, have 

this a bility bui lt-in . O nce you defin e 

your own scalar Lype, an Ada compile r 

wo n 't allow you to mix up the math 

unless you ex pli citly instru ct it to do 

so. U nfortuna te ly, this is no t so u-ivi al 

in C and C++. 

The typedef keyword, which pro­

vides th e simples t way to defin e your 

own scalar type in C and C++, creates 

nothing m ore than an ali as. The com­

piler doesn 't care if you mix up an 
exp ression using a "me te r_type" and a 

"second_type," as long as th ey al-e bo th 

scala rs. In mOSL cases yo u won 't get a 
warnin g, much less an e rrOI-. To make 

matters worse, program checke rs like 

I in t do n 't care a bo ut use r-d e fi ned 

scalar Lypes e ithe r l You may as well just 

use the preprocessor. 

Th e next logical ste p is to defin e a 

class, but tll at opens up a new can of 

worms. In C++ a class cann o t inhe rit 

from a scalar. Fo r instance, th e fo llow­

ing C++ statement will no t co mpile: 

cLass METER : doubLe {}; 

II Does not compiLe 

If you want to create your own scala r 

class, you must se Ltle fo r sometlling 

like the fo ll owin g: 

cLass METER { doubLe vaLue; }; 

This is unfo rtun a te because now 

th e compile r kn ows abso lu te ly no th­

ing abou t scala r ope ra tio ns fo r this 

cl ass. Yo u must wr ite code fo r every 

scala r opera tion, including seve ra l you 

may no t have tll ought of. Fo r instance, 

in add itio n to writing ope rato r me tll­

ods fo r "+", " - " , and so o n, you must 

supply th e code to pe rfo rm all Lyp e 
co nve rsions, whi ch are necessa ry to 

evaluate a simple expressio n like the 

fo llowing: 

veLocity = (METERS_PER_SEC) meters 

I (METERS_PER_SEC) seconds; 

You have to defin e a me thod fo r 
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th e METERS_PER_SEC typecast in both 

tile METERS type and th e SECONDS type. 

You a lso have to provide vario us con­

structo rs and as ignm ent op e ra tors 

befo re Lhis class wi ll wo rk li ke a plain 

scala r. A complete example wo uld 

take seve ra l pages and can be found 

in the fi r t re fe rence at the end of this 

article. I'm sure yo u can fin d o ne in 

you r favori te C++ textboo k. You will 
also have to revise th ese classes regu­

la rly to provide access to new derived 

units. This is no t a low maintenance 

solutio n . 
All we wanted was for the comp iler 

to enfo rce bette r Lype checking of 

scalars. BUL LO do tll a t we a re fo rced to 

wri te lots o f ex tra code that adds no 

value to th e applica ti on . As if that 

weren 'L bad enough , using a scalar 

class such as this will produce ineffi ­

ci en t code. It fo rces tile co mpil e r to 

inse rt a call to a co nSLruc tor o r 

m e th od wh e re it would no rm ally 

insert a single machine instruction . 

Eve n with inli ne code and aggressive 

op timizati on , I doubt tll aL tllis code 

could ever be as effi cien t as code wri t­

ten wiLh p la in scala rs. 

Fo r me, th e ultimate q ues ti o n 

regarding a solution li ke this is "does it 

add value to th e code?" I have tllree 

simple C1ite ri a I use fo r deciding if a 

so lution adds value: 

• Does iL reduce til e am ount of code 
tlla t must be written? Fewer lines of 

code means fewe r opportuniti es 

fo r bugs 

• Is iL low main tenance? Cod e tl1aL 
has to be constan tly modifi ed LO 

acco mm oda te every a ppli cati o n 

does no t he lp . T he ac t of modi fy­

ing th e cod e in trodu ces mo re 

opportuniti es fo r bugs 

• Is it easy to unde rstand? If yo u ca n 
live with hi gh main te nance code, it 

had be tte r be easy to unde rstand . 

The mo re difficu lL iL is to unde r­

stand th e easier it is to make a mis­

take wh en "main taining" it. A 

kludge solution tha t wo rks well fo r 
o nly one appli ca ti on is no t much of 

a solution 
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I If following a particular convention starts to impact your 
performance or development cost, it's time to ditch the convention. 

Yo u will h ave to an swe r th ese 

ques tions fo r yourse lf. But le t's co n­

side r o ur humbl e goal. Ijust wanted 

to crea te an a bstrac t sca la r type th a t 

wo uld te ll th e compiler to prevent 
me fro m makin g stupid mista ke 

like "le ng th = tim e" 0 1- "seconds = 

milliseconds." I a lso wa nted to be 

ab le to ove rl oad o pe rato rs so th a t 
th e a nswe rs wo uld com e out in th e 

r ight uni ts auto m a ti cally. Any pro­

g rammer who wanted to use thi s 

cl ass would h ave to be fa mili a r with 

the imple m e n ta ti o n in o rd e r to use 

diffe re nt units. So much for low 

main te na nce . 

So we have go ne to extremes to do 

what should be a ve ry simple thing, 

and we still don 't have a good solu­

tion . This is proba bly why, wh en it 

come to u ing th e right uni ts , most o f 

us rely on code review and tes ting to 

ensure th at we get it right. 

Getting it right 
If you are going to rely on humans to 

do th e j ob of checking uni ts, yo u 

migh t as well make it easy o n them. 

The re are lots o f ways to screw things 

up, so th e best you can do is to try to 

make tha t less likely. The first line of 

de fense in this a rea is the names YO ll 

choose fo r your varia bles. 
No m od e rn progra mmin g la n­

gu ages I kn ow o f e nfo rce any rul es 

a bou t how you name yo ur da ta, o r 

a ll ow you to enfo rce your own . Many 

codin g co nve nti o ns o ut the re say 
how yo u sho uld name yo ur varia bles, 

bu t they are usua lly foc used o n aes­
th e ti cs. It seems we are mo re con­
ce rn ed a bo ut whi ch le tte r sho uld be 

capi talized , or wh e re to put th e 

unde rsco re th an we a re a bo ut 

whe th er th e name is inco nsistent o r 

misleading . Ofte n we d on 't realize 

how ambiguou s so me te rms a re un til 
we have to revisit th e cod e much 

late r. Wha t seems clear today may be 

incomprehe nsible six mo nths fro m 

now. 
Co nside r a te rm like "rate" used to 

describe a ch ange in some value ove r 

tim e. You mi ght nam e a va ria ble 
"transfer_rate" o r "fl ow_rate," but you 

are missing a key piece of info rma­

tion-th e uni ts. To measure a data 

transfe r ra te, you could be ta lking 

about bi ts pe r second, baud, bytes per 

second, megabytes pe r second, and so 

on. Typically you might put a co m­
men t in the declaratio n to indicate th e 

uni ts, but if th a t decla ra ti on is in 

ano th e r fil e, chances are good that no 

one will look fo r it. 

Why no t use th e name to indicate 

th e convention in use? Fo r exa mpl e , 

we could use th e nam e "tra nsfe r_ 

rate_bits_p e r _sec." T h is te ll s us 

exac tly how it was calcula ted and 

how to use it. Wha t if yo u a re u sin g 
system clock ticks as yo ur unit o f 

tim e m easurem ent? It wo uld be a 

was te of CPU cycles to sca le your 

clock ti cks into seco nds. In thi s case, 

you could skip the scalin g and use a 

n a m e like "tra nsfe r_ ra te_bytes_ 

per_tick," m akin g it clear th a t yo u 

a re no t usin g seconds fo r measure­

ment. This is n o t pa rt of a ny stan­

da rd co nven tion , but it communi­

cates an impo rtant piece o f info rm a­
ti o n th a t th e read e r needs to kn ow. 

Ano th e r programmer sh ould a t leas t 

ge t a clue from th e nam e that he 

needs to kn ow wha t a clock ti ck is 

befo re he makes a ny ass umption s 

a bout thi s va lue. 

Putting units in yo ur va ri abl e 

names may seem clunky a t first, bu t it 

adds value to yo ur code. Fo r 'o ne 

thin g, it gives more m eaning to a va ri­

able tha n a ge n e ri c te rm like "ra te" o r 

"length ." If th e name co nsists o f real­

wo rld measurements, th e reader can 

in fe r info rmatio n abo ut th e va ria ble 

just by knowing about th e appli ca­
tio n . Fo r instance, if a variable co n-
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ta ins th e sp eed of a ca r in mil es pe r 

hour, you have a fairly good idea wh at 

the ran ge of values is fo r th a t vari­

a ble. You also kn ow tha t an expres-

sion like "speed _mph 

di s ta n ce_ m e te rsl d e I ta_ ti m e_sec­

onds" is wro ng. You can see that just 

by looking at the names. No need to 

sift through h ead er fil es or d esign 

docum en ts, it's ri ght th e re fo r eve ry­

o ne to see . 

What I like abo ut this approach is 

tha t it is simple to a pply and fo llow. 
You do n o t n eed strict rules to apply 

this, just common sense. You don 't 

n eed a di ctiona ry to fo ll ow th e code as 
long as you stick to familiar abbrevia­

ti ons. A code revi ew can he lp ale rt you 
to ambiguo us abbreviati o ns o r unfa­

miliar te rms. 

Anothe r benefit o f this approach is 

th at incomple te compliance is be tter 

th an n one a t all. Even with tens o f 

th ou sands of lines of legacy code , you 

can still improve th e code by applying 

this to just the code you add o r modi­

fy. Unlike some namin g conventi ons 
th at don ' t work un less th ey a re strictly 

fo ll owed tllroughout th e code, putting 

units in va riable nam es can be do ne 

anywhere at any time . 

Naming guidelines 
Fo llowin g a convention like SI goes a 

lo ng way toward making your code 

easy to follow, but if following a pa rtic­

ular conventio n sta rts to impact your 

per fo rm ance o r deve lo pment cost, it 's 

tim e to ditch the conventi on. Tha t's 

wh ere th e names are m ost important. 

Yo u sh ould be free to use wh atever 

uni ts are necessary to ge t th e j ob 

done, bu t use the names to info rm th e 

reade r. 

The goal is to make th e code as 

easy to fo llow as p ossibl e , so tha t code 

reviews will catch as many e rrors as 

possible . Stick to familiar terms and 

abbrevia tions in your names using SI 

as an example (see Table 1) . Kee p in 

mind tha t th e SI abbrevia tio ns are case 
se nsitive. Fo r instance, "M" is th e 

abbrevia tion fo r "Mega," but " 111 " is tll e 
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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. 

The ANSI C clockO function is one of many time related functions in the ANSI standard 

that leaves much to be desired in terms of a name. The timeO function is just as vague, 

but this at least has the advantage of a long legacy that you can at least assume that 

programmers will be familiar with it. 

The clockO function is supposed to tell you how much CPU time your program 

has consumed, but there are a few gotchas. For one thing the name tells us noth­

ing about the units in the return value, and the return type "clock_tO. is equally 

uninformative. I have seen more than one manual that told me to divide the 

return by CLK_ TCK to get the time value in seconds, but this is wrong. Again, we 

have a macro with a bad name. The only thing CLK_ TCK has in common with 

clockO is that they use the same units (whatever those are). It seems that the unit 

of clock_t and the definition of CLK_ TCK are implementation defined. 

Unfortunately some early implementations of ANSI C left out a critical macro­

the one which tells you the units, which is more clearly named 

CLOCKS_PER_SECOND. 

So what is CLK_ TCK then? CLK_ TCK is supposed to tell you how precise the 

timer used by clockO is. That is, if CLOCKS_PER_SECOND tells you that the units of 

clockO are in microseconds, then CLK3CK tells you how many microseconds there 

are between each clock tick. Obvious isn't it? This gets even more confusing when 

your implementation incorrectly defines CLK3CK and CLOCKS_PER_SECOND as 

the same value. This is true of the Cygnus distribution of GCC for Windows (also 

known as Cygwin B20). Faulty software that uses CLK_ TCK instead of 

CLOCKS_PER_SECOND will work until a compiler change makes these macros take 

on different values. Fortunately, hardly anyone uses this function anyway. I can't 

imagine why not. 

POSIX improved things with the clock_gettimeO function. This function takes as 

its parameters a clock ID and a "tv" structure containing two fields-tv_sec and 

tv nsee. Notice how the structure element names tell you that the time is in seconds 

+ nanoseconds. The clock ID allows for implementation-defined clocks, but every 

implementation is required to provide a CLOCK_REALTIME clock ID. So this function 

can accommodate high precision clocks and is a bit more informative than the simpler 

ANSI functions. 

abbrevi ation fo r "meter" and "m ill i. " 

When in doubt, spell it out. Th is is 
especia lly true if you are going to use 
some of th e less common abbrevi a­
tions. For example: 

• 1/ 1000th of a volt = "mv" o r "mV" 
are okay, "mVolts" o r "mi lliVolts" 

a re even be tte r 
• 1/ 100th o f a vo lt = "mvx10," 

"mVx10," "mVoltsx10," o r 
"mi ll iVo ltsx 10" a re o kay bu t 

"centiVolts" is would be unusual 
and "cV" would be crypti c 

• 1/ 10th of a volt = "mVoltsx100" o r 
"m ill iVoltsx100" but "d eciVo lts" 
would be unusual and "dV" would 

be crypti c 

These names sta rt to ge t ugly when 
you use d e rived units li ke 
"ve locity_mete rs_per_second," but at 
least th ey' re n o t am biguo us. 
Sometimes yo u shou ld consid e r 
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inventin g your own uni ts to avoid con­
fusion . For instance, maybe you wa nt 
to use a pixel as a unit of d istance. In 
tha t case, don 't call it a millimelel~ call 
it a pixe l. You can then defin e a well­

named consta n t like PI XELS_ 

TO_ MILLIMETERS that will convert your 
pixels in to appropriate uni ts. 

An o th e r exam ple of when you 
mi gh t wan t to inve n t your own un its 
is when you need to manipula te raw 
da ta fro m an ADC. Chances a re th a t 

th e raw d a ta is in a rbitra ry un its , so 
n o SI units app ly un less you scale th e 
d a ta first. In this case just ca ll it 
somethin g like "ad cCoun ts." An y 

progra mm e r o r reviewer sh ould 
understand tha t th ese are raw coun ts 
tha t need to be sca led befo re th ey 
can be used. 

Of course, ass ignin g un its to every 
scala r does not make sense. To pa ra­

phrase Freud, sometimes an i nt is just 
an i nt o Examples of th is would include 
loop counters and bit fl ags. Use good 
judgement and listen to code l-eview 
feedback. In th e end you shou ld have 
code th at is easier to understand and 
fewer bugs. esp 
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Michael Barr 

Disconnecting 

Even in this connected age, it's 
sometimes necessary to disconnect [or a 
while. For example, you can't roam to 
every square kilometer of the planet 
wi th any wireless technology currently 
available. So while networks are valu­
able, being off-network is a practical 
reali ty that must be dealt with-by bodl 
u ers and developers. 

Several cliffe rent behavioral models 
exist fOl- handling a ll-network situations. 
In dle case of cell phones, the network 
generally han cUes disconnections auto­
matically. Incoming calls may be routed 
to a (network-side) voice mailbox 
instead of your unreachable handset. If 
the cal ler opts to leave a message, the 
network will let you know about dlat as 
soon as you are again widlin range. 

Ano ther off-network behavi o ral 
model operates like a digital camera, 
wherein dle de\~ce is still useful, dl0Ugh 
perh aps 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 cam era. And you certainly won't 
have access to the image manipulatio n 
software and color printing capabilities 
tllat 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 
tll e Wireless Applicatio n Protocol. 
Despite its heavy association with Web­
enabled cell phones, WAP has much 
broader po tential applications. 
Specifically, its Wireless Markup 
Language- a stripped down version of 
HTML--could be used LO develop inter­
active data content for any display-limit­
ed devi ce. T he scripting language 

WMI...script is also avai lable to embedded 
developers for all sorts of applications. 

Another useful connection technolo­
gy is USB. One of the perceived prob­
lems widl dlis PGcentJic bus is dle need 
to develop a number o[ operating system 
drivers (Windows 98, Windows 2000, and 
Linux to name just dlree) for each new 
device you might care to develop. 
Howeve l~ dlat's not always entirely true. 
Many embedded devices can get by with 
a bare bones amount of USB fiJmware 
and no new drivers at all-at least on 
modem Windows platforms. This opens 
the door to embedded devices no t 
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 
finTIware tossed in, so dlat a user desiring 
to hook that product up to theil- com­
puter could do so. (l can already hear 
the lawyers for dle record labels grum­
bling at tilat speci.fic tilought. ) 

I hope you enjoy dl ese Intem et 
Applian ce Design articles and the ones 
to come. I'm taking a few montils away 
fro m writing this column. The decision 
to disconnect is a difficult one, but some­
times you have no odler choice. Right 
now, I'm too busy widl tlle additional 
responsibilities of being edi tor-in-chief. I 
do hope to return to til is space sometime 
early next year. esp 

Michael BeIIT is the editor in chief of 

Embedded Sys tems Programmjng . H e 

holds BS and MS degrees in electrical engi­

neering from the University of M a·ryland. 

He is the authorofthl' book Programming 
Embedded Systems in C and c++ 
(O'Reiliy & Associates). M ichael can be 

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

Worl<ing 
with WAP 

You can't run a desktop Web 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. 

he Wireless Applicatio n Protocol (WAP) is eme rgi ng as a standard 
wire less pro tocol and browser framework fo r small , limited display 
devi ces. WAP is an Intern e t-enabling protocol, based o n XML, that 
allows data access fo r ce ll phones, PDAs, and o ther low-horsepower 
ystems. WAP is a reacti on to two phenomena: the explosive growth 

of the World Wide Web and digital wire less devi ces. 
Access to the Intern e t and Web o n the desktop is a fairly matu re lechnology, 

even despite its short existe nce. For the everyday user, modem speeds a re tole ra­
ble, access is better than eve r, and a large number of Interne t service providers 
make mass access affordable. Fo r companies and power use rs, technologies such 
as Digital Subscriber Lines, or DSL, offe r ultra high speed, always-connected 
Intern e t access. This isn 't th e case with wire less Web access. Wireless Web is new, 
immature, and inhere ntly slow. Desktop browsers, such as Netscape Navigator 
and Intern e t Explorel- easily suppo rt complex text and graphics and render them 
re latively quickly, bUl the opposite is true witll a wire less devi ce. Wireless devices 
a re slow and di play-handicapped , but mobile Web access is still a great conve­
nie nce. Several wireless phone manufacturers recognized this early and fo rmed 
the WAP Fo rum (www.wajJjorum. org) to create a specificatio n for a Web access 
enviro nment ba ed on current Interne t and Web technology. 

Clients, servers, and proxies 
Info rm ati on on the Web is manipula ted by various technologies organized into 
three basic categori es: cli ents, se rvers, and proxi es . Clien ts are tlle programs you 
use. They allow you to traverse the Web and re trieve and submit informati on . 
Se rvers contain informati on avail able to cli en ts all ove r the world . Proxies act as 
inte rm ediari es be tween cli ents and servers. 
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The WAP model is based on a scaled down version 
of the standard Web model. 

Typical cl ien t applications a re web 
browsers such as Netscape avigatOl­

and Inte rnet Explorer. Browsers make 
informatio n avai lable to a user by nav­

igating through hypertext links and 
forms. Unseen cli ent applications may 
contain Web-e nabled connec tivity 
without the use r really knowing it. An 

example is an applicatio n that logs 
data from a remote location and posts 
th e data on a Web page. The client 

appli cation accesses the data posted 
on th e Web page and prese nts the data 
to th e user in what appears to be a 
stand-alone appli cation. 

e rver process requeslS from mul­
tiple clients across the Web. Desktop 

cli e nts typically reques t se rve rs to 
retrieve Web pages, navigate hypertext 
links, and access database. Database 
access is achi eved via the Common 
Gateway Interface, o r CGI. A serve r 
invok s a CGI script using client da ta 
to access, process, and re turn data to 
the client. 

A proxy acts on behalf of th e cli en ts 
it se rves, and behaves as a so rt of fun­
nel. Clients usua lly res ide behind fire­
wal ls. Proxies receive requests from 
clients behind a firewall and wait for 
re po nses o utside th e firewall. Al l 

transactions go through th e proxy, 
and proxies may fl ag 01- rej ect some 

tra nsactions . Proxi es can a lso be 
advantageous, especially in inu-anets. 
An intrane t is an inte rnal network that 
utilizes In ternet protocols. Proxies can 

cache docume nts and Web pages, 
allowing faster access to frequently 
I-equested in forma ti on. 

Web browsing on 
wireless non-pes 
Web technology is fairly mature o n 
PCs and workstations, mo tly due to 

til e capability and speed of desktop 
machines and th e rapidly evolved fea­
tures supported by HTML. Th e 
Internet and tile World Wide Web a re 
based on wired technology. 

[t's a diffe rent story on non-PCs, 

such as ce llular phones and wireless 
PDAs. The computational power and 
display capabiliti es of handheld wire­
less devices are feeble compared to 

desktop devices. H aving a four-lin e 
LCD display on a cellular phone witll 

primitive graphics capability seems 
extravagant. PDAs are mild exceptions 

with bitmapped images and touc h­
screens. A desktop compute r with a 
Megabit conn ection makes th e 
Inte rn e t seem blazingly fast, but be 

aware that a cellular phone may be 
able to receive data on ly as qui ckly as 

300bps. 
Witll th e thro ughput, display, and 

computational limitations of hand­
he ld devices, running a browser tlla t 

inte rpre ts a nd displays complex 
HTML information is out of til e ques­
tion . The a lte rna tive is to create a new, 
scaled down , highly structured lan­
guage and protocol for limited capa­
bili ty wire less devices and still enabl e 
Web access. That's the idea behind 

WAP. 

WAP architecture 
fundamentals 
The WAP model is based on a scaled 

down version of th e standard Web 
mode l. The WAP model is consistent 
with most Web architectu ral conven­
tions, such as standard naming via 

URL and standa rd protocols. 
Content typing and content form a ts 
are consistent with Web content typ ing 

and format. This means that WAP 
applications and types, such as lists, 
images, and display form ats, a re direct 
analogs to Web applications. 

A card is the fund amenta l WAP dis­
play unit. A card re prese nts o ne 
screen 's wortll of data. The basic data 
can be tex t, a fo rm , a sin gle-bit 
bitmap, or a menu. There can be one 

or more cards per WAP client applica­
ti on . Multiple ca rds reside in a d eck. A 
WAP browser, or use r age nt, decides 
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how th e information in a card is ren­
dered on its particu lar display. The 
rendering and application functionali­
ty resides in the top-level appli cation 
layer called til e Wire less Application 
Environment (WAE ). The WAE 

e ncompasses a micro-browser, sup­
ports cod e written in WML and 
WMLScript, and al 0 includes the 
Wire less Te lepho ny Application 
(WTA). Th e WTA conta ins direct 
access to telephone related functions. 
Instead of calling the WAP browser a 
micro-browser o r client program, the 

WAP documentation calls it a Use r 

Agent. 

WML 
The Wire less Markup Language 
(WML) is derived from th e eXtensible 

Markup Language (XML). XML is 
itse lf a markup language de rived from 
the Standard Generalized Markup 
Language (SGML), best known as the 

daddy of HTML. 
XML all ows designer to custom 

d e ign d ocume nt types. Wh e reas 
eve ryo ne d eveloping in HTML is bur­

dened with its a ll-inclu ive nature, 
XML can be used to create any type of 
document. HTML must be a ll thin gs 
to all applicatio n do mains. Not so with 

XML. Custom languages for specific 
appli ca tion domains can be created 
usin g XML. Ra th e r than accommodat­
ing everyo ne, an XML-based markup 
language can se rvi ce a specific 
do main , such as limited resource wire­
less devices. This reasoning prevai led 
when th e decision was made to base 

WMLon XML. 
WML is designed with small in 

mind: a small display, a small amount 
of memory in the target device, and a 
small am ount of computing powe r. 

WML appli cati ons are composed of 
cards that reside in decks. A deck can 
conta in multiple cards. A ca rd co n­
tains units of user interaction. These 

units of interactio n are simple menu 
selecti ons, text entry fi eld , text fo r­
mats, and th e like. WML also provides 
an event-handling capability that is 

used to navigate from card to ca rd 





Every language has a syntax and syntax elements. WML specifies 

several syntactic units. 

FIGURE 1 WAP transaction sequence 

WAP Client WAP Proxy Web Server 

Request via binary WML 
(byte codes) 

WML Binary content 
(byte codes) 

within a deck and to conu"o l execution 

ofWML scrip ts. 

WML structure and 
transactions 
WML u"ansmissio ns usually on glllate 

a t the WAP client, o r user agen t. The 

user agen t makes a request vi a binary 

WML byte codes. T he request is typi­

cally a URL. A WAP prm.'Y takes th e 

binary byte codes and un compresses 

th e m . T h e uncompressed WML 
request is then translated to an HTTP 

request. T he proxy issues th e request 
to a Web serve r via un compressed 

HTTP. Conten t is accessed at the se rv­
e r, returning H TML or o th e r data 
accessed on th e Web serve r via CGl 

scripts. T he conten t delive red from 
th e server is HTML or WML, if the 
Web server is WML-savvy. 

At th e WAP p roxy, the incoming 

HT ML is converted to WML by an 

HTML fil ter, th en compressed into 

bina ry byte codes. If th e incoming 

con tent from the Web server is already 

in WML, on ly compression takes 

place. T he con ten t is delivered to th e 

Uncompressed HTIP 
request 

--~ 

If content delivered in 
HTML, then converted 
to WML by HTML filter. 

, accessed via 
" CGI scripts, 
, etc. 

WAP client and th e use r age nt displays 
th e new conten t, which is usually a 

n ew card . T h e e ntire transac ti o n 

sequence is shown in Figure 1. With all 

this ac tivi ty and th e inhe re ntly slow 

da ta ra te of wi re less d evices, o ne 

comes to apprecia te th e min i ma l 

nature and design of WML. 

WML syntax elements 
Every language has a syntax and syn tax 
elements. WML specifies several syn­

tactic uni ts. T hese are entities, elements, 

attributes, comments, and variables. An 
entity is d efin ed as a self contained 

uni t. WML contains two types of enti­
ties: numbers and cha racte rs. 

Elements defin e all deck informa tion , 
and a re de limited by tags. Tags a re 
similar to tags in HT ML. T he structure 
is <tag> information_content </tag>. 

If the l"e is no content, th en th e tag 
fo rm is <tag/>. 

Attributes a re va lu es assoc ia ted 

with tags. WML tags have defaul t va l­
ues . If additio nal o r specifi c informa­

tio n must be associa ted with a tag, 

tll en an attribute value needs to be 
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specifi ed witllin a tag. The ge neral 
fo rm of an a ttribute within a tag is 

<tag attr="some_vaLue"I>. The 

important things to watch for is tll e 

lack of whi te space betwee n th e attr 

keyword and the equa l sign. T he va lue 

associated witll attr must be enclosed 

in double quo tes . 
Comme nts are identifi ed by pa rs­

ing an exclamatio n po int and two 

minus signs as til e first characte rs after 

a .left angle bracke t. Comments are 

ended by two minus signs and a right 

angle bracket. The fo rm is <! -- com­

ments go here -->. WML also allows 

variables in cards and decks. Va riables 

a re identified by a single dolla r sign, $, 

fo ll owed by th e va ria ble na me. 
Variables can be of th e fo rm $identi­

fier, $(identifier), o r $(identifi­

er:conversion). 

A simple WML deck 
One of th e simplest fo rms for a WML 

d eck is a single card with a text 

prompt: 

<wmL> 

<card> 
<p> 

Working with WAP 

</p> 

<Icard> 

</wmL> 

A \VML deck is encl osed by th e tags 
<wmL> and </wmL>. T his de no tes th e 
beginning and ending of a deck, while 
<card> and <Icard> denote th e begin­

nin g and ending of a card . Th e <p> 

and </p> deno te a paragraph , and the 
enclosed text, "Wo rking witll WAP," is 

displayed. 

This is an entire ly static example 
deck, witll no provisio n for user input, 

and no soft keys specified . The m os t 

common construct fo r ass igning soft 
keys and takin g ac tion is the <do> e le­

men t. A typical <do> state ment could 

be <do type="ACCEPT" LabeL="Next">. 

T his tag, like tll e o th e rs, must be te r­

mina ted , in tllis case , with a </do>. Th e 
type="ACCEPT" part of til e <do> state­

ment indicates an ac tio n type. T he 
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like any language, WMl has syntax rules and requires a parser to 
determine if a submitted program is correct. 

~~wo card example navigating with <do> 

<loI1ll> 

<card1> 

<do type="ACCEPT" label="Next"> 

<go href="lIcard2" I> 

</00> 

<p> 

Working with WAP 

</p> 

</card1> 

<!- Card I1Ulber 2 follows -> 

<card2> 

<do type="ACCEPT" label="Last"> 

<go href="lIcard1" I> 

</00> 

<p> 

Working with More WAP 

</p> 

</card2> 

<loI1ll>1 

ACCEPT action type accep ts the user 
press of the soft key and takes the 
action specified within the <do> and 
<I 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 re trieved 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 Cardl 
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 d evice, and the client user 
age nt 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 capabili ty. A 
Nokia phone will display the program 
slightly diffe rently 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, II, 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"?> 

<! OOCTYPE wmL PUBLIC "-I/WAPFO­

RUMIIOTO WML 1.11IEN" www. 

wapforum.org/OTO/wmL_1.1.xmL> 

This rather cryptic statement says the 
WML document is based on XML ver­
sion 1.0, and t11e version ofWML 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 tas ks. 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: 
on timer, onenterforward, onenterbackward, 
and onpick. These are types associated 
with an oneuent 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. T he 
tasks are go, preu, noop, and refresh. The 
go task can take up to 10 steps and 
finally resolves to navigating to a URL. 
T he 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 p rocessing. The refresh oper­
a tion redisplays the curren t card. This 
operation is used if any variable's state 
changes affect the display <I{ld need to 
be displayed . If any of the tasks fai l to 
execute; the currently displayed card 
is maintained without any changes to 
variables, bindings, or state. 

WMLScript 
WML, like HTML, is static. 
WMLScript, like J avaScript, adds 
dynamic capabiliti es to WML. 





WMLScript functions follow specific rules and have rigid constraints, 

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

and not allowing function nesting. 

WMLScript adds programming lan­

guage con tructs such as if-then sta te­
ments. WML is weakly typed , and it's 

easy to lose track of variables be tween 
na tive WML and WMLScript. 

LISTING 2 WMlScript function formats 

II for externaLLy accessibLe functions 

extern function FunctionLO(params) 

{ 

BLockOfCode; 
} . , 

II for LocaL caLLs onLy 

function FunctionLO(params) 

{ 

BLockOfCode; 
}. , 

WMLScrip t looks much more like 

LISTING 3 WMLlWMLScript variable interaction 

<I.I11L> 

<!- This fiLe is named num.I.I11L - > 

<!- Card1 caLLs GetNum() - > 

<card1 > 

<p> 

<do type="accept" LabeL="Get"> 

<go href="num.I.I11Ls#GetNumO"I> <!- caLL GetNumO - > 

</do> 

</card1 > 

<!- CardZ dispLays resuLt of GetNumO - > 

<cardZ> 

<p> 

Num Is: $(t-U'I) 

</p> 

</cardZ> 

</I.I11L> 

II This function is in num.I.I11Ls 

extern function GetNum() 
{ 

} . , 

var lll.lrVer = 5; 

WMLBrowser. setVar( "NUll", number); 

WMLBrowser .go("num.I.I11L1#cardZ); 
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a conve n tio na l programming lan­
guage th an WML. Since WML is a sta­
tic la nguage , some se ri ous issu es 
come up , such as use r da ta input 
validity testing, ta rget devi ce resource 

access, and loca l message ge neratio n 
to users . H ow does WML kn ow if a 
user e nte red a name instead of a 
pho ne numbe r? What if the use r 
en te rs something wro ng and an e rro r 
message must be displayed to ale rt the 
use r? Does this mean tha t a new ca rd 

must be accessed thro ugh a WAP 
proxy and Web serve r just to get a sim­
ple e rro r mes 'age? WMLScript 
add resses th ese pro blems and offe r 
enough high level language features 
to so lve them. 

WMLScrip t is fun ctio n-o ri e nted . 
T here is no call to mainO, as in a C 

program . All functions a re sto red in 
compilation units and sto red o n a se r'ver 
for executi o n . T he fo rms o f 
WMLScript fl.ln ctio ns a re shown in 

Listing 2. 
vVMLScript functi ons fo ll ow pecif­

ic rul es and have ri gid constrain ts, 

such as always returning a value, pass­
ing pa rametel-s by va lue o nly, and no t 

allowing function nesting. WMLScript 
su pports two types of functions: exte r­
na l and in tern a!. Exte rn al fun ctio ns 
are declared wh en the fun ctio n is used 

outs ide of its compil ati on unit. This is 
like making a class member publi c in 
C++. ]f a fun ctio n is used strictly Witll­
in its local compila tio n unit, t11en the 

fun ctio n is decla red normally and is 
not vis ible to the o utside wo rld . 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 th e WMLScript 
library fun ction setVarO to set a va ri ­
able in a WML program. T he example 
displays the number 5 o n the cli ent's 

display. Th e fun cti o n GetNumO is 
called fro m wiiliin the <go> e lement in 
Cardl. T he vVML program stops exe­
cUli o n, GetNum() is refe renced and 

in terp reted , and the results a re 

returned in the WML variable NUM in 
Card2. T he WMLScript fun cti on uses 
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The WAP architecture is built on a six-layer protocol based on the 
Open Systems Interconnect (051) model. 

LlSnNG 4 User input check 

function badVaLue(number) 
{ 

if (number> 10) 
{ 

DiaLogs.aLert("Number > 10"); 
} . , 

the WMLBrowse r libra ry functions 

setVarO and goO to set the value of 

the WML variable UM and to re l1un 

to Card2. 

A WMLScript source code fil e is 

parsed by a lexical and syntactic analyz­

er .uld translated into binary byte codes. 

The result ofa WMLScJipt compilation 

is a compilation unit, wh ich contains 
user-created [unctions along with caUs 

to pre-defined library functions. The 

byte code contained in a compilation 

unit are interpreted by a vVMLScrip t 

inte rpreter. The functions within a com­

pilation unit residing on a serve r are 

accessed by referen cing a URL followed 

by a hash mark (#) , th e ['un ction name, 

ancl a parameter list. An example is 

caLL http://www.host.com/script# 
AddIt(1,2). The fun ction is AddItO 

with parameters 1 and 2. The byte­

codes for the function are retJieved and 

processed by the WMLScript inte r­

preter on the client. 

WMLScript library functions 
WMLScript supports a large array of 

useful li brary functions. The libra ry 

functions a re grouped into six cl a siii­
catio ns: Lang, FLoat, String, URL, 

WMLBrowser, and DiaLogs. WML cript 

library functions a re called by prefix­

ing the specific library. For exampl e, 

to use getVarO, th e call 

WMLBrowser. getVar( "MyVa rOO) , sim ila r 

to accessing a member function in 

C++. 

The Lang libra ry is a ca tch-a ll 

source of functions tha t are related to 

core WMLScJipt. The Lang fun ctions 

range from de termining th e absolu te 

value of a nume ri cal parameter to 

de termining th e character e t support­

ed by a WMLScript inte rprete r. The 

Float library supports fl oating-point 

functions typi cally used in an appli ca­

tion, such as fLoorO and ceiLO. The 

String library contains string manipu­

lation functions such as compare() and 

LengthO. The String library also con­

tains som e handy instructions such as 
findO , wh ich locates a substrin g, 

squeezeO, which removes extra white 

space be tween strings, and trimO, 

wh ich e liminates excess leading and 

trai ling white space in a string. 

The URL library contains fun ctions 

tha t manipula te URLs. The URL syn­

tax supported is as foll ows: 

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

The URL library functions range 

from checkin g the validi ty of a URL to 

resolving a bsolute URLs. The majority 

of the URL functions are prefaced by 

get, which re turns URL content and 
sU-ing in formation. Functions such as 

getParametersO and getPortO re turn 

th e pa rame ter list used in a URL and 

the port number specified in a URL, 

respectively. 

The WMLBrowser li bra .. ·y contains 

th e functions that link to WML vari­

a bles. Impo rtant fun tio ns such as 

getVarO and setVarO retri eve and set 

variables in a WML program. Othe.­

functions in th e WMLBrowser library 

have the same name as base WML 

functions, such as goO and prevO. 

This duplicate naming can be a source 

of confusio n if an auth o r isn 't careful. 

T he DiaLogs library conta ins user 
in terface functions, such as prompts 

and ale rts. These benefi cial fun ctions 

add quali ty to th e use r in terface and 
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save time, since th e dialogs can be 

cached on the cli ent device. Ifa simple 

prompt, confirmation , or ale rt is need­

ed, the use r agent doesn ' t need to gen­

e rate requ e ts to the WAP p roxy, but 

simply accesses th e code o n the cli ent. 

These are useful fun ctions wh en 

respo nding to invalid user input. If a 

u e r inputs an out-of-range number, a 

simple call to aLertO displays the 

error, as shown in the code segment in 

Listing 4. 

WAP protocol stack 
Underneath the Wire less Application 

Environment lies the rest of th e WAP 

Protocol Stack. The WAP arch itecture 

is built on a six-layer protocol based 

on the Open Sys tems Inte rconnect 

(OSI) model, as shown in Figure 2. If 

you get invo lved with WAP deve lop­
ment, yo u ' ll be in one of two WAP 

implementation camps. You ' ll eithe r 

write WML and WMLScript applica­

tions, or implement th e stack that 

e nables the app li cations . Writing 

WML and WMLScript is re lative ly easy, 

but po rting th e remainder of the stack 

to a target machine is a diffi cult and 

daunting task. 

The first unde rlying layer is the 

Session Laye r. T he Session Layer con­

ta ins the Wireless Session Protocol , or 

WSP. The WSP offers both connec­

tion-orien ted and connection less se r­

vices. Connectio n-o ri e nted se rvi ces 

ma i n ta in a vi nual connec ti o n 

throughout a sessio n. Sessions may be 

suspended and resum ed at a la te r 

tim e. The connecti onless servi ces pro­

vide datagrams th at do not mainta in a 

connectio n, simila r to UDP. 

Underneath th e Session Laye r is 

the Transaction Layer, which co ntains 

th e Wire less Transaction Protocol, o r 

WTP. The WTP is designed with thin 
clients in mind. The Transaction Laye r 

supports three transaction classes: 

unre liable one-I¥,dy requests, re liable 

one-way requests, and reli able two-way 

request and reply transactions. 

The next two layers down the stack 

are the Security and Transport 

Laye rs . The security p ro tocol 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 breal< 

that chain. 

on the Secure Sockets Laye r (SSL) 
protocol. Data integri ty is ensured a t 
this laye r, and da ta is encrypted using 
a private key a lgo rith m . Th e 
Tra nspo rt Laye r contains the WDP, o r 
Wire less Datagram Pro tocol. This 
layer provides the WAP equivale n t of 
TCP and UDP, with th e emphasis o n 
conn ec ti o nl ess d a tagrams. Th e 
Transpo rt Laye r a llows the upper lay­
e rs to opera te transparently to th e 
data requirements of the bearer se r­
vices . On the bottom of th e stack a re 
the Beare r Servi ces. Bearers a re th e 

d igital pho nes and the da ta servi ces 
they provide. 

Developing WAP 
applications 
There are free WML and WMLScript 
d evelopment tools available on the 
Web. Two are currently avai lable from 
Pho ne .com (forme rly Unwired 
Plane t) and Nokia. T he fu ll WML 
specification se t is ava ilable from the 
WAP Forum. Th e Pho ne.com tools 
requ ire a connectio n to a serve r, but 
this can be localized by configuring a 

~:_'Z=:~;]iThe WAP six-layer protocol stack 

Proxy Model 

Application Layer 
(WAE or wireless application environment) 

Session Layer 
(WSP or wireless session protocol) 

Transaction layer 
(WTP or wireless transaction protocol) 

Security Layer 
(WTlS or wireless transport layer security) 

Transaction layer 
(WDP or wireless datagram protocol) 

Bearers 
GSM CDMA CDPD 

I Contains User Agents, WMl, 
WMlScript, and WTA 
applications. 

Supports two services: 
connection less and 
connection-oriented. 

Supports three classes of transactions: 
unreliable one-way requests, reliable 
one-way requests, and reliable two-way 
requests. 

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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se rve r o n the local mach ine the devel­
o pment tools a re d ownloaded on . 
Most develope rs use the free Apache 
server and configure it locally. T he 
No ki a too lset doesn ' t requ ire an 
ex te rn al server, although you can use 
one if you like. The Nokia develop­
men t kit requires th e J ava runtime 
library, and recommends 64MB of 
RAM. 

Both d evelopme nt toolse ts have 
well-t1lOught-out use r interfaces, and 
each has a virtual phone handse t on 
the righ t of the screen where you can 
see your WML/ WMLScript applica­
tion in action . 

Go forth 
The Web is now part of our dai ly lives 
and culture, but it is still somewhat 
chain ed to th e d esktop . WAP is 
d esigned to break th a t chain. 
Embedded systems programmers have 
a great opportu nity to create WAP 
appli catio ns fo r wire less and wi red 
p latfo rms yet to be imagined . esp 
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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.comldeveloperslwapl. 

Phone.com. Go to the Developer Web Site 

to download the development kit. Like 

Nokia, the toolkit is free but requires 

registration: www.phone.comldevelop­

erslindex.html. 
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JAN AXELSON 

HIDs 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. 

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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device __ desc __ table: 
db 12h 
db 01h 
db OOh,01h 
db OOh 
db OOh 
db OOh 
db 08h 
db B4h,04h 
db 1Fh,OFh 
db 88h,02h 
db OOh 
db OOh 
db OOh 
db 01h 

end __ device __ desc __ table: 

confi9-desc __ table: 
db 09h 
db 02h 
db 22h,OOh 
db 01h 
db 01h 
db OOh 
db BOh 
db 32h 

Interface __ Descriptor: 
db 09h 
db 04h 
db OOh 
db OOh 
db 01h 
db 03h 
db OOh 
db OOh 
db OOh 

Class-Pescriptor: 
db 09h 
db 21h 
db OOh,01h 
db OOh 
db 01h 
db 22h 

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 10 (Cypress) 
Product 10 (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) 
Maxinun power consurption (100nA) 

Descriptor length (9 bytes) 
Descriptor type (Interface) 
Number of interface (0) 
Alternate setting (0) 
Number of endpoints supported 
C lass code () 
Subc lass 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 length of report descriptor 

db (end __ hid __ report __ desc __ table - hid __ report __ desc __ table),OOh 

Endpoint-Pescriptor: 
db 07h 
db OSh 
db 81h 
db 03h 
db 06h,OOh 
db OAh 

Descriptor length (7 bytes) 
Descriptor type (Endpoint) 

? 
Encoded address (Respond to IN, 1 endpoint) 
Endpoint attribute (Interrupt transfer) 
Maxinun packet size (6 bytes) 
Polling interval (10 millisecs) 
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free LOo ls th a t will ass ist yo u in d eve l­
oping th e firmware and ensuring that 
Windows can communicate with th e 
device. 

For a primer o n USB in genera l, 

see J ack Ganssle's in trodu cti on to the 
topic, "An Introdu ctio n to USB 
Developmen t" (March 2000, p . 79). 

What is a HID? 
The HID-class specifi catio n is th e 

product of a working group sponso red 
by th e USB Imple me nte rs Fo rum 
(www.usb.org). T he forum is th e o rga­

ni zati o n fo rm ed by th e companies 
responsible fo r developing th e USB 
specificatio n. 

The idea behind classes is to make 
d eve lo pm e nt eas ie r by d e finin g 
requi rements and behavi o rs sha red by 
d evices with simi la r fun c tio ns. An 

opera tin g system can include a devi ce 
drive r based o n a class specifi cati on , 
and a d evice th a t conforms to th e 
specifi cation can use th e class drive r 
instead of having to provide its own 
specia l-purpose drive r. This is a big 
time save r. 

The HID class was one of the first 

USB classes to be supported under 
Windows. 0 do ubt this was because 
th e c1as includes esse ntial pe riphe ra ls 
like keyboards and pointing devices, 
which were intended from th e outse t 
to use USB. The class specificati on 
and addi tional documents and tools 
a re avail able fro m th e USB 
Implemen te rs Fo rum 's Web site. 

T he te rm human interface suggests 
tha t th ese devices inte ract directly with 
humans. With a keyboard o r mouse, a 
huma n 's ac ti o ns a re indeed wha t 

de te rmines th e data tlu t will be sent to 
th e host. Oth er examples of HIDs 
include front panels, remote contro ls, 
te lephone keypads, and game con­
trols. Bu t a HID doesn 't have to have 
butto n, kn ob , o r switches. The speci­
fi cati on men tio ns ba r-code readers, 
the rm o me te rs, and vo ltm ete rs as 

other devices tha t co uld fall into the 
HID class . 

HIDs can a lso receive data from th e 
host. With a fo rce-feedback j oystick, 
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In short, a HID can be any device that can function within the limits 
defined by the specification. 

0 1111) ()P <. lIlptor '001 (D ') - - - - ""~ EJ 
fila ~dil Psrse Desaiplor About 

HII) Xte .. aeport Descriptor 

·U}A~~··-Jl·A<:,~ .. --·--.. -·-·-.. _ .. __ ·lt .. USAGE_~A~ E . (AI phnumer1 c ~1 s~ I ay) g~ 51 .. 
USAGE:MINIMUM .-

USAGE (Alphanumeric Display ,... 
LOGICAL-MINIMUM (O ~ 15 00 

USAGE-MAXIMUM COLLECTION (Logica ) A1 02 
DESIGNATOR_lNOEX USAGE (Disp l ay Attributes Report) 09 20 
DESIGNATOR-MINIMUM COLLECTION (Logical) A1 02 
DESIGNATOR-MAXIMUM USAGE rOWS) 09 35 
STRING_INDEX USAGE Columns) 09 36 
STRING-MINIMUM USAGE Chara.cter wi dth) 09 3D 
STRING-MAXIMUM USAGE Character Height) 09 3E 
COLLECTION REPORT_ID (1) 85 01 
ENO_COLLECTION LOGICAL-MAXIMUM (31) 25 1F 
INPUT REPORLSIZE (5) 75 05 
OUTPUT REPORT_COUNT (4) 95 04 '"'-FEATURE FEATURE (Cnst,Var,Abs) B1 03 
LOGlCAL-MINIMUM REPORT_SIZE (1) 75 01 
LOGICAL-MAXIMUM REPORT_COUNT (3) 95 03 
PHYSICAL-MINIMUM LOGICAL-MAXIMUM (1) 25 01 
PHYSICAL-MAXIMUM USAGE ~ASCII Character Set) 09 21 
UNIT_EXPONENT USAGE Data Read Back~ 09 22 
UNIT USAGE Vertical Scrol ) 09 29 
REPORT_SIZE - FEATURE (Cnst,Var,Abs) 81 03 
REPORT_ID REPORT_COUNT (3) 95 03 
REPORT_COUNT FEATURE (Cnst,Var,Abs) 81 03 
PUSH ... ENO_COLLECTION CO 

I I REPORT_SIZE (8) 75 08 
Manual Entry REPORT_COUNT (1) 95 01 

LOGICAL-MAXIMUM (2) 25 02 

I Clear Descriptor I USAGE (Display Status) 09 20 
COLLECTION (Logical) A1 02 .E USAGE (Stat Not Ready) 09 2E 

use rs can ex perience effects that 

match the ir ac ti ons, such as more 
res istance when pu ll ing the stick to 
cause a simulated airplane to climb. 
OLher possible HIDs are remote dis­
plays, robots, and devices controlled 
by a virtual control pan e l on the host 
computer. 

called re-/Jorls. A single report can 
contain up to 65,535 bytes. The 
device's firmware must include a 
re/Jort descriptor that describes the 
data to be exchanged. The report 
format is fl exible enough to handl e 
just about any type of da ta 

In short, a HID can be any device 
that can function within th e li mits 

d efined by th e specifi cation. The 
maj or features and li mitati ons a re: 

• A fu ll-speed HID can transfer up to 
64,000 bytes pe r second (64 byte in 
each ] ms frame) . A low-speed 
d evice is guaranteed only 800 bytes 
pe r second (eight bytes every lOms) 

• A HID can request the host to poll 
the device pe riodically to find out if 
Lhe device has data to send 

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

Device requirements 
In many ways, HIDs are no diffe re nt 

from othe r USB devices. Every USB 
peripheral must contain an inte lligent 
controll e r that knows how to respond 
to req uests and other eve n ts at i LS USB 

port. 
The conu"o lle r must have one or 

more endpo ints, wh ich a re buffe rs 
that store received data o r data wai ti ng 
to be sent. Each endpoint has a num­

ber and direction . Endpoint 0 i bidi­
rectional and is required for the con­
u"ol transfers used in enumerating the 
devi ce . 
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Every device must respo nd to a 
series of control requests de fin ed by 
the specification . For example, when 

the host sends a GecStatus request, 
the device must re turn status informa­

tion in the ex pected format. Every 
devi ce must also stol"e the descriptors 
that the host will request. 

The device's serial inte rface engine 
(SIE) handles the details of sending 
and receiving the individual bits on 

the bus, much as a UART does for 
asyn chronous sel"ial communicati ons. 

Beyond this, the amount of firmware 
support required to complete a trans­
fer varies with the u"ansfer type and 

the chip a rchitecture" 
Bes ides the requ irements that 

apply to a ll devices, HlDs have addi­
ti ona l requirements: 

• A HID must have an interrupt IN 
endpoin t for sending periodic data 
to the host. An interrupt OUT end­
point for receiving periodic data 

from the host is optio nal 

• A HID must contain a class descrip­
to r a nd o ne or more report 
descriptors 

• A HID must support the HID-spe­
cific control req ues t Get_Report 

a nd may support the optio na l 
reque t Set_Report 

• Fo r interrupt IN transfers , the 
device must p lace the report data 
in the interrupt endpoint's buffer 
and enable the endpoint. For inter­
rupt OUT transfers, the d evice 
must enabl e the endpo int a nd 
retrieve received report data (usu­
ally signaled by a device in terrupt) 
fro m th e interrupt endpo in t'S 

buffer. 

Retrieving descriptors 
The host computer identifies an 
attached USB periph e ra l when it 
re tri eves a series of descriptors during 
e num era ti o n . The e num erati o n 
process is triggered when a device is 

plugged into the bus or when the host 
powers up with a device attached. 

Listin g ] shows a seri es of de crip­
tors for a USB j oystick. Every USB 





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 riroic(' r/pscritJ/orand one 

or more configura/ion rip.miIJ/ors. If mul­

tipl e configuratio n descriptors are 

ava ilable, the host selects one during 

en umeration. Each configuration 

descriptor in turn supports one or 
more inlpr{flCP dpscritJlors. In a I-lID's 

interface descriptor, the class code 

field is set to~. Following the interface 

descriptor is a HID class dl'srrijJtor th a t 

spec ifi es the number of mr/jJoin l 
r/l'scrijJiors that follow. 

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 transaction s. 

A HID must a lso have one or 

more re/JOrl dr-uri/J /ors, whi c h are 
requested after the host has detect­

ed that the device is a HID and 

assigned the class driver to con trol 

it. 

Each direction that wi ll use inter­

rupt transfers requires an endpoint 

descriptor. Control transfers use the 
default endpoint , which is a lways 

LISTING ifhis sa pie report descript:>r 'i~}W a. device that se'1ds and,'·;;" ';'/;' 
o venaor-oefined bytes of data , ');;> ..... .' /' ", '" ',' 

hid-Feport __ desc __ table: 

db 06h, AOh, FFh 

db 09h, A5h 

db A1h, 01h 

db 09h, A6h 

;The input report 

db 09h, A7h 

db 15h, 80h 

db 25h, 7Fh 

db 75h, 08h 

db 95h, 02h 

db 81h, 02h 

;The output report 

db 09h, A9h 

db 15h, 80h 

db 25h, 7Fh 

db 75h, 08h 

db 95h, 02h 

db 91h, 02h 

db COh 

; 

Usage Page (vendor defined) 

Usage (vendor defined) 

Collection (Application) 

Usage (vendor defined) 

Usage (vendor defined) 

Logical MinilTUTl (-127> 

Logical MaxilTUTl (128) 

Report Size (8) (bits) 

Report Count (2) (fields) 

Input (Data, Variable, Absolute) 

Usage (vendor defined) 

Logical MinilTUTl (-128) 

Logical MaxilTUTl (127) 

Report Size (8) (bits) 

Report Count (2) (fields) 

Output (Data, Variable, Absolute) 

End Collection 
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Windows ' Device Manager uses .inf 
files to decide which driver to assign to 

a device. HIDs can use the default fil e 

for HIDs (hiddev. inf for Windows 98, 

input.inf for Windows 2000), or you 

can provide an .inf file th at conta ins 

your Vendor and Product IDs. The 

advantage of a custom .inf fil e is that 

you can include a device description 

and manufacturer name that will 

appear in th e Control Pane l, in place 
of th e generic "S ta nda rd Device" 

listing. 

Reports 
A HID can send an d receive reports 

using a device's control endpoint an d 

interrupt endpoint(s). HIDs don't 

support USB's bulk or isochronous 

transfer types. 
Control transfers have no guaran­

teed delivery time. The host contro ll er 
fits the transfers in as best it can. Ten 

percent of the bus bandwidth is 

reserved for control transfers, but the 

host may a ll ocate some of th e tim e to 

other devices. 
Interrupt transfers have a guaran­

teed maXIllHlm latency, or tim e 

between transaction attempts. Eac h 

tran~action carries a data packet. An 

interrupt endpoin t can requ('st a max­

imum latcncy from I ms to 2!'i!'ims, 

10ms to 2!'i!'ims for low-speed devices. 

For example, if th e latency is 10ms, 

the host m,lY initiate a new transac tion 

anywhere from lms to 10ms after the 

last transaction attempt. 

Which It-ansfer type the host u~cs 

depends on t he type of report l-equest­

ed and , sometime~ , on the device 

hardware and version of Windows. A 

HID ('(Ill exchange three types of 

report~: input, output, and feature, 

Tnpllt and output reports arc best for 

data that must be ~enl or retrieved 

periodica lly, such as kevpres~e~. 

Feature reports are best for data that 

transfers occasiona lly or isn't time-o-it­

i(al-~u(h as setup or configuration 

information . 

When the host requests input 
reports, the device sends data to the 

hmt in intcrrupt transfers. The hm t 





A HID can send and receive reports using a device's control endpoint 
and interrupt endpoint(s). 

HIDVu'w f ull T t' st EI , 
TestOptJons 

DesOlptor Tests 

rv Gat D8VlC8 Descriptor TestNow I 
rv Get Oass Descnptor Te .. Now I 
" Gel Report Oescnptor (OS) TestNow I 
" Got Report Oescllptor (TPOIse) Te. tNow I 
" Check Spec Draft ~ Compliance TestNow I 

Optlonol Commands 

1'7 Get Idle Te .. Now 

F7 Selldle Te.tNow 

1'7 Get Protocol TeltNow 
F7 Set Protocol Test Now 

Re. ultsReport 

Summary Filencmte: I·\summory.log 

Completa Report Filename 

Mex.mum File Size For Complete Report File: 

schedul es th e transfel- requests accord­

ing to th e maximum la te ncy requested 
in the endpoint descriptor. 

For an o utput report, th e hos t 
sends da ta to a device us.ing contro l o r 
in terrupt u-ansfe rs. The ability to do 
in te rrupt O UT HID transfers was 
added in ve rsio n 1.1 of the HID spec, 
and is avail able under Windows 98 SE 

and later Windows editions, including 
Windows 2000. 

If th e HID inte rface has an inter­
rupt OUT e ndpoint, Windows 98 SE 
or late r will use it for output repo rts , 
and Windows 98 Gold (orig ina l) wi ll 
use conu-ol u-ansfers. Device firmware 
wou ld need to support bo th u-ansfe r 

types to enable a device to receive out­
put reports e ither way. If the interface 
doesn 't have an interrupt O UT end­

point, the HID drive r uses contro l 
transfer for o utpu t reports. 

Feature reports can travel in e ither 

directio n ; they a lways use contro l 
transfers. To send an OUT feature 

Other Tests 

P Configure Device TestNow I 

looping 

... urr, 

SelectAJI Te ... 

~ OeseledAJI T ssts S\artTests 

kilobyt •• J 

report, the host end a ecRepo rt 
request, foll owed by th e report data, 
and th e device returns status informa­
tio n to indicate the success or fa ilure 
o f th e transfe r. To receive an IN fea­

ture re port, th e hos t sends a 
GeCReport request, the devi ce sends 
th e report data, and the host returns 
ta tus info rma tio n to indicate th e suc­

cess o r fai lure of th e transfe r. 
If da ta is needed only occasionally 

and timing isn ' t c riti ca l, fea ture 

reports keep th e bus from cloggi ng 
with periodi c u-ansfe r attempts when 
data isn 't needed. 

Another advan tage of feature 
reports is th e ability to suppo rt multi­
ple report formats. The host can spec­
ify a repo rt numbe r in the control 
request. In contrast, in an inte rrupt 
transfe r, the host just requests or sends 
data bytes without having th e chance 

to name a specific repo rt. 
Report formats can be simple or 

compli cated. Listing 2 shows a descrip-
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tor fo r a very basic report fo r a device 
that sends and receives two bytes. 

Items in the report descriptor can 
specify how th e 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 
devi ce types a re defin ed in the HID 
spec ifi cati o n and the HID Usage 
Tables d ocum e nt available fro m 
www.usb.org.Adevicethatdoesn ·tfit a 

standard usage can use vendor­
defin ed items. 

Tools 
To assist in deve loping HID firmware, 
th e Implemente rs Fo rum provides two 
free tools: th e Descriptor Tool and the 
USB Compliance Tool. 

The Descripto r Tool (Figure 1) 
automates the process of building 
report descriptors and enables yo u to 
check th e format before copying the 

descripto r into th e devi ce. You can 
build a descriptor by selecting items 
from a pick list and ente rin g values 
(such as th e number of bytes in the 
item ) as need ed. You can th en ask th e 
tool to check the de 'criptor and flag 
e rro rs. To ge t you started , the tool 
comes with example descriptors fo r 

common device types. 
The USB Compli ance Tool is ac tu­

ally a su ite of tools that pe rforms a 
series of basic tests on any device, plus 
additional tests for HIDs, hubs, and 
communicati on -class devices. 

The Compliance Tool loads its own 
diagnostic drive r for the device under 
tes t. You can read and check descrip­
tors and send o th er control requests. 

The HID tests (Figure 2) enabl e you to 
check the report descriptor and pe r­
form additional class-specific tests. 

Windows communications 
When you have the HID firmware up 
and runnin g, you ' re ready to sta rt 
accessing the device from applicati ons 
on the host compute r. (This a rticle 

concentrates on Windows, but HID 
support is also available o r in progress 
for o th e r operating systems.) 
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a real x86 System 

on a Chip 

( actual Size) 

Introducing the 
"FailSafe MachZ" for the next 
generation of embedded systems 
You can des ign the M achZ system into virtually anywhere your imag ination 
can take you. It's very smoll and at a 1/2 watt it actually runs cool to the 
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Auto-Boot FailSafe System 
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upgrades - FailSafe Boot, Flashless 
Operation, Dual WD-Timer, Z-tag 
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Includes BIOS and linux DIS or 
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PhO~ 

800.683.5943 • www.zflinux.com 



When YOIl have the HID firmware lip and running, you're ready to 

start accessing the device from applications on the host 
computer. 

TABLE 1 

API function Documentation Use in HID 

with HIDs 
SetupDiGetClassDevs Windows NT 12000 DDK and Returns an array of structures 

NT 12000 Platform SDK containing information about 
all installed HIDs 

SetupDiEnumDevice lnterfaces Windows NT 12000 DDK and 
NT/2000 Platform SDK 

Returns a pointer to a 
structure that identif ies an 
interface in the array retu 

SetupDiGetDevicelnterfaceDetail Windows NT /2000 DDK and 
NT /2000 Platform SDK 

by SetupDiGetClassDevs 
Returns a device path name 
for a specified device interface 
Opens a handle to a HID 
using the pathname returned 
by SetupDiGetDevice­
Interface Detail 

CreateFile Windows Platform SDK 

HidD _GetAttributes Windows 98/2000 DDK Returns the Vendor ID, 
Prod uct I D, and Version for 
a specified HID 

HidD _ GetPreparsedData Windows 98/2000 DDK Returns a handle to a buffer 
with information about a 
device's capabilities 

HidD_GetCaps Windows 98/2000 DDK Returns a structure np';rnmnp 

a device's capabilities 
HidD _GetValueCaps Windows 98/2000 DDK Returns a structure describing 

the values in a device port 
Returns a structure describing 
buttons in a device report 
Reads a feature report from 

HidD _ GetButtonCaps Windows 98/2000 DDK 

HidD_GetFeature Windows 98/2000 DDK 
a specified HID 

Hid D _SetFeatu re Windows 98/2000 DDK Sends a feature report to a 
specif ied HID 

ReadFile Windows Platform SDK Reads in input report from a 
specified HID 

WriteFile Windows Platform SDK Sends out output report to 
a specified HID 

HidP _SetButtons Windows 98/2000 DDK Sets the button data in a 
report 

The Windows 98 and 2000 driver 
deve lo pment kits (DDK5) include a 
fa irly comple te tutorial on user-m ode 
(applicatio n-l evel) HID communica­
tions. The examples use C syn t..:"1x, but 
with some transla tin g you can use 

Visual BASIC, Delphi , o r any o th e r 
language th at can call API fun ctio ns. 
Table I lists the maj o r API fun ctio ns 
used in HID communicati ons. 

The first ste p in talking to any HID 
is findin g it. This requires a se ri es of 
API ca lls that steps thro ugh a ll 
a ttached HIDs, looking fo r o ne th at 
matches your criteria. You can look fo r 
a standard device type like a j oystick o r 

keyboard , or YO ll can look fo r a ma tch 
with th e Vendo r and Product IDs o r 
Product String in your descriptors. 

T he API functions Ul a t ide nLi fy and 
return a device pathname fo r each 
HID a re Windows Device 

Manage ment FuncLi ons documented 
in th e Windows NT and 2000 Platfo rm 
Software Deve lo pme nt Kits (SDKs) , 
bUl no t included in ule Windows 98 

DDl<.. 
When you have a pa thname, YO ll 

can use CreateFile 0 to open a hand le 
to the device, th en use HID-specific 
API functions to read the Vendor and 
P roduct IDs, Product Strin g, and 
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o Uler informa tio n about the device's 
intended use and abili ti es . 

Once you 've identifi ed ule device 
you ' re looking fo r, you ' re ready to 

exchange re po rts using ReadFil eO 
and Wri teFileO (for input and output 
repo rts) o r H idD_Ge t_FeatureO and 
I-lidD_Se t_FeatureO (fo r feature 
reports) . 

One caution about input repo rts: 
ReadFi leO is a blockin g system call 
that won 't re turn un til the device has 
)-eturn ed th e ex pec ted amount of 

report da ta. Using ReadFi leExO o r 
ove rlapped I/ O doe n 't he lp . So it's 
best to p lace cod e th a t call s 
ReadFil esO in its own program 
thread , so it doesn ' t hang the main 
applicatio n whil e waiting fo r da ta. 

Between the suppo rt provided by 
Windows and o th e r opera tin g syste ms 
and the wide avail abi li ty of USB po rts, 
HIDs a re wo rth a look. A HID i ' like­

ly to be th e qu ickest ro ute to a fin ­
ished PC peripheral, and you can be 
confide n t th a t yo u 've chosen a n 
in terface th a t will be a ro und fo r a 
lo ng while . esp 

Jan Axelson is the authoT of USB 
Complete: Everything You Need to 
Deve lo p Custo m US B Pe riphe ra ls. 
Portions of this article are adapted fran! 

material in USB Comple te. Jan hosts a 

USB Centm l /Jage 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.orgldevelopers/ 

hidpage.htm/). Links to the HID specifi­

cation, Usage Tables documents, and 

the Descriptor Tool. Hosted by the USB 

Implementers Forum. 

USBComp (www.usb.orgldeve/opersl 

too/s.htm/). A free suite of tools for 

compliance testing. 

DirectX Developers Center 

(msdn.microsoft.comldiredxl). The 

DirectX DDK, newsgroups, articles, and 

more. 
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Internet Appliance Products 

Embedded Internet Tools 
Chip for wireless 
The iChip Inte rn e t Controll e r is a 
periph era l chip that works in tandem 
with a device 's hos t proce sor. It 
e nables engineers to make In ternet 
connectivity a feature of their products 
without designin g in additional proces­
sors and memory to run the necessary 
protocols. It includes 5121<.B of o n­
board fl ash memory for storing and 
updating TCP / IP and other protocols. 
A few lines of code written in the host 
processor wi ll invoke the Internet pro­
tocols stored in iChip's flash memory. 
In additio n to supporting wire less 
modems, iChip now includes HTTP 
client software; binary MIME attach­
ment ; auto baud-rate detecti on for 
modem onfiguration; stay-online fea­
ture for sending and receiving multiple 
mes ages with in one In ternet session; 
and hardwa re fl ow cono-ol that frees 
dle ho t CPU from managi ng commu­
nicati n . 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 seJies of digital voice and 
digital music processors are designed to 
enable audio user interface capabiJities 
in mobile devices. The BlueBirdV and 
BlueBirdVL aJlow MP3 devices to utiJize 
voice record with background noise can­
cellation. They aJso enable PDAs to act 
like low-power audio devices and record 
or playback voice attachments to e-mail. 
On notebook computers, th e 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 

linllx driver for PCI boards 
T his Linux drive r works with a ll PCI 
DAP boa rds from th e top of th e lin e 
DAP 5200a/ 526 to the entry-l eve l 
DAP 840/ 103. Every DAP model has 
o nboard inte llige nce imple memed 
as DAPL, a multitaskin g RTOS that 
runs o n an o nboa rd processor. The 
user controls th e RTOS from an 
a pplication runnin g under a Linux 
sys tem that conta ins the board. Real­
time functions in DAPL include soft­
ware triggering, d a ta reduction , fi l­
tering, FIT, and PID. The d river sup­
ports Linux ke rn e l 2.2. You can 
d ownload a free co py at th e compa­
ny's Web site. 

Microstar Laboratories 

Bellevue, WA 

(425) 453-2345 

www.mstarlabs.com 

Wireless software 
SMP-Softwire is a di g ita l 
processor-pool techn o logy 

signa l 
th a t 

e nables wireless equipm ent manufac­
turers to ge ne rate prod ucts tha t com­
b ine ne two rked fun ctio ns su ch as 
vo ice, da ta, video, and fax services. It 
ru ns on DSP devices and is IP-ready. 
Among dle protoco ls SMP-Softwire 
features a re GSM 3.45 and 3G TS 
23.146 fax adap ti o n pro tocols; cus­
tom ized cellular V,90 modem pools 
for hig h speed circuit switched data 
(H SCSD) and e nhanced data ra te 
EDGE/ EHSCSD channels; and GSM 
AMR a nd FR vo ice coding. SMP­
SoftWire is avail ab le now. 

Surf Communication Solutions 

Maynard, MA 

(978) 897-4005 

www.surf-com.com 

"Swiss army knife" for Linllx 
BusyBox is a Linux development tool 
tha t combines liny versions of com­
mon UNIX utilities in to a single exe­
cUk'1ble. It was designed for use widl 
size- and resource-limi ted projects. Its 
a rchi tecture is modular, all owing 
designers to include or exclude specif­
ic feauII"es at compile time. Busybox is 
open source and free ly diso-ibutable 
unde r th e GNU ge neral publi c 
license. 

Lineo 

Lindon, UT 

(801) 426-5001 

opensource.lineo. com 

Software and RTOS package 
T he Advanced High Avai lability for 
Linux (HA-Linux) software is now being 
packaged with Red Hat Linux. The soft­
ware tools and application enablers sup­
ported on Red Hat Linux are now avai l­
able to te1ecom OEMs building wireless, 
wire li ne, and Internet infrasu"ucture 
applications. The HA-Linu.x offering, 
togedler with Red Hat Linux, will be 
avai lable on the CPX8000 line of com­
puter platforms. Features of HA-LimLX 
oft ware include host CPU multi-stage 

switch over, hot-swap of aJI components, 
and network management. HA-LimLX 
widl Red Hat LimLX 6.2 is avai lable now. 
The package ranges from $449 to $748. 

Motorola 

Austin, TX 

(512) 895-6217 

www.motorola.com 
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Simplify change management and mal(e time for 
the things that really matter. When you spend all day keeping 

track of changes, you lose time for the important things. Like writing 
code and updating Web content. Rational ClearCase" can help by automating many 

of the time consuming tasks associated with developing software and building e·business 
applications, such as parallel development and change management. It even manages code 
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Dan Saks 

Character and String 
Literals 
( and C++ provide several different 

kinds of lite rals: intege r lite rals such as 

10 and Ox1C, fl oating lite l-als such a 

1.0 and 6 .022e+23, characte r li terals 
uch as I a I and I \x10 I , and string liL-

erals such as "ouch!" and "\n". Last 

mo nLh , I examined the integer and 

fl oating li terals. l This mon th , I'll look 

at th e character and SU-ing liLe rals. 

C and C++ diffe l- with respect to 
numel-ic (integer and fl oating) lite rals 

in th aL C offers a co uple of features 

nOL available in C++. In pa rti cul a r: 

• Intege r liLe rals in C ca n have Long 

Long integer types. C++ does not 

have Long Long integer types 
• C pe rmiLs fl oati ng lite rals in h exa­

deci mal fo rm . C++ does no t 

Aside from th ese added capabiliti es of 

, numeric li terals a re the same in C++ 
as th ey a re in C. 

OL surprising ly, ch a rac te r a nd 

string liLera ls a re also very simil ar in 

C and C++. e ither lan g uage offers 

form unavail a bl e in th e o th e r la n­

g uage. H owever, C++ chan ged th e 

be havi o r of ch a racte r a nd strin g li t­

e ra ls in so m e subtl e but inte r s tin g 

ways. 

Character literals 

In C, cha racte r lite ra ls su ch as I a I 

a nd I \x10 I have type i nt, no t char. At 

the risk of in trod ucing a min or incom­

patibili ty with C, C++ changed th e Lype 
of cha racte r lite rals to char so that 

oved oad ed functions and o pe rato rs 

can have the expecLed be havior, as 

expla ined by the fo ll owi ng example . 

The Standard C++ library provides 

a seL of fun cti ons named operator« as 

ou tput ope ra to rs, d ecla red more o r 

less as: 

fun cti ons declared just a bove, th e best 

match for this call is: 

ostream &operator« 
(ostream &, int); 

wh ich writes a character seque nce re p-

In C++, character and string literals function just 

as C programmers would expect them to. Even 

more so. 

ostream &operator« 

(ostream &, char); 

ostream &operator« 
(ostream &, int); 

ostream &operator« 

(ostream &, Long int); 

T h e Standard C++ lib rary defines 

ostream a the type of an output 
sU-eam. Each fu nctio n has a first para­

m e te r a nd re turn va lue of type 

os t rea m passed by refe rence. 

An expression such as: 

cout « X; 

translates into th e call : 

operator«(cout, x); 

If x is an i nt, th en from among th e 

resenting the numeric value of x to 

output strea m couto On the othe r 

hand, if x is a char, the n th e best 

match for th e call is: 

ostream & 
operator«(ostream &,char); 

which writes a single character rep re­

senting th e value of x to couto 

If characte r li terals in C++ had type 

int (as th ey do in C) , th en an expres­

sio n such as: 

cout « I a I ; 

wou ld call: 

ostream &operator« 

(ostream &, int); 

which d isplays its righ t-hand operand 

as a number, no t as a charac te r. On a 
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machine tha t uses th e ASCII character 

set, this would displ ay 'a' as 97_ 

C++ cha nged th e type o f charac te r 

lite rals to char, so th a t: 

ostream &operator« 

(ostream &, char); 

wo uld be th e be tte r match for th e call. 

This assures tha t ove rloaded o pe ra to rs 

such as « have th e expected be havior. 

Bjam e StroustnlP, the inve nto r o f 

C++, obse l-ved th a t: 

"Surprisingly, giving 'a' type char 

in C++ doesn 't cause compa tibili ty 

problems. Exce pt fOl- th e pa tho logical 

example si zeof(' a') , every co nstruct 

th a t can be expressed in both C a nd 

C++ gives th e arne result."2 

In C++, si zeof(' a') yie lds th e 

sam e result a sizeof(char), whi ch is 

a lways I. In C, si zeof(' a') yie lds the 

sam e result as sizeof(int), whi ch 

may be 1, but is much m o re like ly to 

be 2 or 4. 

String literals in C 

As 1 explained a few mo nths ago, 

a rrays in C and C++ al-e no t just po int­

ers.3 Althoug h C and C++ have a stan­

d ard conve rsio n fro m "array o f T" to 

"pointe r to T" which often ma kes 

arrays appear to be pointers, arrays 

really are a rrays no ne th eless. 

In C, a string Lite ral such as "abcd" 

has type "array of char." Since "abcd" 

consists of five characters- ' a " 'b' , 'c' , 

'd' , and '\0' (the null characte r)-its 

precise type is "array of 5 char." In any 

event, almost eve ry time you use a string 

Literal in an expression , the compiler 

u-eats it as if it we re a "pointer to char". 

Why isn 't the type of a string lite ral 

"array of const char'? After all , programs 

shouldn 't be overwliting the values of 

their suing lite rals, should they? 

A C compil e r fo r embedded sys­

te ms may place string lite rals into 

ROM. In th a t case, a program th at 

a ttempts to write over a string lite ral 

will be trying to wlite into ROM. ot 

good. 

Eve n in syste ms tha t do n ' t have pro-

gramm able ROM , C progra ms th at 

ove n vrite string lite rals produce dire 

resul ts . A C compile r is all owed to 

"pool" strin g lite ra ls. That is, a compil­

e r can treat two o r mo re string lite ra ls 

with the same value as if they a re all th e 

same o bject a nd a ll ocate just o ne copy. 

If o ne pa rt of a p rogra m ove rwTites th e 

value of a string lite ral I-esidin in 

RAM, it may affect the va lue o f th e lit­

e ral as seen e lsewhere in the progra m. 

Fo r example , suppose your pro­

g ram contai ns a fun ctio n: 

void rotate_Left(char *); 

whi ch ro ta tes a null-te rmina ted cha r­

ac te r a rray left by o ne charac te r. Fo r 

exa mpl e: 

char digits[] = "9867530"; 

rotate_Left(digits); 

leaves the value "8675309" in array 

digits. 

Now suppose the program conta ins 

the call: 

rotate_Left ("He L Lo"); 

whi ch cha nges th e value o f th e string 

lite ral "HeL Lo" to "eLLoH". If the com­

pil e r is pooling lite rals, the n th e call: 

pri ntf( "HeLLo") ; 

e lsewh e re in th e program migh t print 

"eL LoH. " This is a lmost ce rtainly not 

th e correct o utput. 

It seems tha t the simplest way to 

prevent such misha ps would be fo r C 

to give string lite rals ty pe "array of 

const char. " T h e n , th e compil e r 

would rej ect a call such as: 

rotate_Left( "He L Lo"); 

for a tte mpting an invalid pointer conver­

sio n. The compile r wo uld transfo rm 

"HeLLo" [rom "array of const char" to 

"po inte r to const char". Functio n 

rot a t e_ L eft expects a parame ter of 

type "pointer to (non-const) char," but 
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there's no slL'1ndard conversion from 

"poin ter to const char" to "pointe r to 

(no n-const) char." The compiler will 

issue a diagnostic message a t this point. 

So , why d oes n ' t C treat strin g lit­

e l-a ls as "a rray o f const char"? 

Because C didn ' t acquire th e const 

qualifi e r until th e la nguage was in to its 

second decad e. By th e n , too much 

cod e had been writte n th a t treated 

strin g li te ral as arrays of n o n-const 

char. T h e C sta nda rds committee 

d ec ided th a t th e standa rd sho uld sanc­

ti o n existing cod e ra th e r th a n fo rce 

programme rs to rewrite it. 

Even tho ugh string lite rals have type 

"ar ray o f char" in C, a program that 

attempts to modify a slling Ijte ral has 

undefin ed behavior. That is, a ttempting 

to modify a string Ijte ral is an error, but 

compilers are not obljgated to de tect it. 

String literals in C++ 

Fo r compatibility with C, string lite ra l 

in C++ o riginally had type "a rray of 

char. " T his a ll owed C cod e to be 

reco mpil ed as C++ with o ut cha nge, 

but it produced surpl-ising be havi o r 

during fun ctio n ove rload resolutio n . 

As I expla ined las t year, a C++ pro­

gram can ove rload fun ctio ns whose 

pa ra me te r types diffe r o nly in the ir 

use o f th e const qua lifi e r." Fo r exam­

ple, a progra m can provide two dis­

tinc t fun ctio ns nam ed f d ecla red as: 

void f(char *); 

void f(char const *); 

Beca use string lite ra ls a re supposed 

to be no n-m odifiable, you mi ght rea­

so na bly expect a call such as f("abc") 

to call f(char const *). In th e pas t, it 

didn 't. Rath e r, it call ed f(char *) 

because "abc" had type "array of (no n­
const) char. " 

A few years ago, th e standards com­

mittee o pted to change C++ so th a t 

string lite rals have type "array of const 

char." According to th e C++ sta nda rd , 

f("abc") sho uld call f(char const *) . 

Many, but no t a ll , C++ compile rs have 

since ad o pted this change. 



Changing the type o f sU-ing li terals 

to "array of const char" introduces a 

problem for ex isti ng C++ programs 
containing code such as: 

void g(char *); 

g("abc"); 

H e re , 9 is not overloaded. T h e re's 
one function g, and it accepts an 

argument of type "pointe r to (non­
const) char." Calling g("abc") is valid 

C, and used to be valid C++. Howeve r, 

now that C++ regards "abc" as an 

"array of const char," thi s ca ll 

requires a seemingly in va lid pointe r 

conve rsio n . 

For compa tibili ty with ex istin g 

code, C++ will sti ll convert a stt-ing lit­

eral to a "po in ter to (non-const) char" 

a a specia l case. Even though C++ will 

not convert any o ld "array of const 

char" to "pointe r to char," it will do so 

o nly for sU-ing li terals. T his is so that 

code su ch as th e pl-ior cal l to g("abc") 

will continue to compil e. However, the 
conve l-sion from string lite ral to 

"po in ter to char" is deprecated , which 

means tha t it may disappear from a 

future C++ standard. 

Dan SailS is the IJTesident of SailS & 
Associates, a C/C++ training and consult­

ing company. H e is also a consulting editor 

for the C/ C++ UsersJoumal. He servedf01-
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++ Programming Guide lines. You can 
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CHAD BREMMON 

From OOP to Nuts 
Object-oriented programming techniques have been slow to become popular for 
embedded systems development. Maybe the problem isn't OOP, but C++. Here we see how Ada helps make OOP 
highly effective. 

key part of successful 
o bject-o l-ien ted pro­

g ramming is knowing 

when not to use it. The 

example provided by 

Thomas iemann in 

his article "Nuts to OOP! " (August 

1999, p. 16) were not proof that obj ect­

o ri ented programming (OOP) is 

fl awed. Rather, they were perfect exam­

ples of when not to use o bjects. 

For those who may not have read 

Lhe origina l piece, le t me take you back 

to an articl e that suggested the increas­

ing use o f object-o ri ented program­

ming by embedded deve lo pe rs is 
unwarranted . To support his position, 

the aULh o r described an example C++ 

program in which a DEVICE class pro­

\~ ded the interface to an unn am ed 

hardware device wi th two 16-bi t regis­

ters. Each of th ese registers was 

abstracted with a templa te class, call ed 

Regi ster, that all owed various ope ra-

ti ons (=, " , &, I, « , and » ) to be per­

form ed upon th em. The DEVICE class 

did nothing but give these two regis­

te rs names. 

As Michae l Barr wrote in his COUll­

terpo in t to th e orig ina l a rticl e: 

"Abstractions are on ly use ful when 

they hide some thin g." Mr. iemann 's 
exampl e hid no thing o[ th e unde rly­

ing behavior and, in addition , took just 

as many lines o f code to control the 

"abstrac ted" device as it would have 

taken to control th e device directly. 

The real purpose of his DEVICE abstrac­

tion should have been to get away [rom 
readin g and writing registe rs. It's tlle 

results o f manipulating tl1 e registers 

th at sh ould be abstracted . In the 

process, the raw reads and wTites will 

be hidden. 

A proper example 
For th e last e ight years, I have worked 

as an embedded software engineer, 
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primarily developing software in Ada. 
Mr. Niemann says "Nuts to OOP!" but 

001' isn ' t really his problem. Wha t he 

o ught to say is "Nuts to C++! " Ignoring 

tll e weaknesses and overco mpli cations 

of his example for a moment, most of 

the issues th at h e describes as fl aws of 

OOP are really problems with th e C++ 

language. 
Be fore respo nding to Mr. 

iemann 's many criticisms ofOOP, I'd 

like to show you a proper use of obj ects 

to a bstract the functionality of a hard­

ware device. We begin with th e defini­

ti o n and imple menta tion o f a 

Regi ster class in Ada95, which are 

shown toge th e r in Listing l. 

To create and u e a register within 

your a ppli cation code, you need only 
write : 

My_Register : Register.Object; 

Register_Create (My_Register, 

SomeAddress);--set the register 



address 

Reg i s t er .Write (My_Register, 

Va Lue); 

Of course, the Register class 

doesn't really provide a vcr'y useful 

abstraction by itself. Any code that 

creates and uses a Regi ster 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 il. But the good thing is 

that Ada, un like C++, a ll ows the pro­

grammel- to separate the OOP primi­

tive of encapsulation from that of 

inheritance. So the overhead is at 

least minimiLed here. 

In order to show the value of 

absu-acting beyond this point, let's con­

sider the simplest embedded pro­

gram-what Mr. Barr de 'cribed as the 

embedded version of "Hello, World" in 

the opening chapter of his book-one 

that Llashes 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 

usefu l, we need to take the lIcxt step 

and hide the addresses of its registers 

and the ~pecific values read from and 
wriuen to them. Our goal is to sepa­

rate the functionality of the device 

from the implementation detail>. 

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 ofC 

preferab ly without including any 

magic numbers (addresses or register 

values) in our code. Listing 2 ~hows 
the definition of a class that presents 

ju~t such an abstract interface for an 

LED. 
Ol cour~c, tuming any LED on and 

011 will probably illvolve a register. BlIt 

no code outside the ~cope of the 

L ight cla~s lIeed worry about such 

details. Nul' ~hould other code be 

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 
each of these areas. 

affected if those details change on the 

next revision of the hardware . The 

resulting reduction in module cou­

pling i ' 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 fl'Om hard­

ware details that may change in the 

future. One of the more imeresting 

side effects is that we could easily 

extend this Light class, through inher­

itallce, to support multi-color LEOs 
(say, red, green, and blue in a single 

package) 01- 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 usc this 

c1as '. 

Benefits of Ada 
Over the years, 1 have found Ada code 

to be readable, reusable, and maintain­

able. Although these same code fea­

tures can be achieved in other lan­

guage~, Ada95 establishes a higher min­

imulll standard ill each of 111ese areas. 

1t'~ a fact that people maintain 
code and, for that reason, mu~t read it 

many more times than it is wrillen. 

Even without comments or careful 

coding, 1 think the previous examples 

show the readability inherent in the 

Ada95 language. Similarly, it should 

be clear that the Light c1as~ could be 

L1sed in a vadety of ways on a variety of 

hardware platforms. If platforllls have 

a single memorY-lIlapped register to 

control the LED, the only nece~sary 

changes are the address and values. By 

keeping the applicatioll software awa)1 

frolll the direct man ipulation of regis­

tel~, we are able to e n~urt' that tht' 

c1iellt code can be rell~ed alld 0111)' the 

implemclltation of our class lila), ha\e 

to change. 

The object-oriented principles of 

encapsulation, abstraction, modulari­

ty, and hierarchy lay the foundation 

for good programming. Ada95 takes 
advantage of these princip les and 

enforces them: 

• /c.'/I,wjJsulation. 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 i implemented by declaring 

the type Light.Object as private. 

No client can then access the values 

in that record directly 

• Ab~traction. When I woke up this 
Illornillg, I tied my shoes. Long 

ago, 1 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 allythillg but tying my shoes 
b abstraction. In the above exam­

ple, we can think of turning the 

LED 011 and off. We don 't need to 

thillk of setting vallles in a register 

• Modulari.ty. Modularity is the ability 
to break a problem or its solution 

into smaller pieces. The classes in 

object-oriellted programming lan­

guages allows us to do this. In 
Ada95 , we specifically use packages 

alld can go one step further and 

use child package~ 

• Ilil'l'Wthy. Hierarchy is the idea of 
al ... anging e1elllcllts of a problem 

into a lIeelike structure. For' exam­

ple , a digital di~play output may be 
built using several LEOs. In this 

case , you could combine them 
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LISTING 1 'A Register class in 'Ada95 

package Register is 
type Object is private; 
function Create ( 

The_Address 

return Object; 
procedure Write ( 

This 
The_VaLue 

procedure Read 
This 
The_VaLue 

private 
type Object is 

record 

in 

in 
in 

in 

System. Address 

out Object; 

Unsignedshort 

out Object; 

out Unsignedshort 

The_Location: System. Address; 
end record; 

end Regi ster; 

package body Register is 

) 

) ; 

) . , 

function Create ( 
The_Address 

return Object is 
Thi s : Object; 

in System.Address ) 

begin 
This.The_Location := The_Address; 

return This; 
end Create; 

procedure Wri te 
This in out Object; 
The_VaLue in Unsignedshort is 

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

begin 
Register := The_VaLue; 

end Write; 

procedure Read 

This 
The_VaLue 

in out 
out 

Register : Unsignedshort; 

Object; 
Unsignedshort 

for Register'Address use This.The_Location; 

begin 
The_VaLue .- Register; 

end Read; 

end Register; 
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is 

together a nd pass characte rs to the 

digita l display. This would in turn 

send the appropriate o n / off com­

mands to th e LEDs on th e displ ay. 

These aga in could be combined to 

provide a multi-characte r display, 

to which you could pass a sU-ing as 

the argum e nt. Hie ra rchy may a lso 

include inheritance, which involves 

adding fun ctionali ty and sta te to a 

class and basin g it o n a no the r class. 

For in stance, we have an LED that 

can be turned o n a nd o ff. We m ay 

want to ma nage a n LED that can 

cha nge colors. This wou ld involve 

providing a me th od to change the 

colo r a lo ng with a value in tll e sta te 

to ho ld th e colo r o f the light. Th is 

colo red light could simply inhe rit 

th e rest of its be havior (on and off) 

from the Light class 

Myths and facts 
Finally, I would like to take an oppor­

tunity to discuss som e of the OOP 
myths a nd fac ts prese n te d by Mr. 

Niemann. First, what were call ed 

mytlls: 

• Objects are needed to IJI'Otect data. In 

ord er to truly protect data in C++, 

yo u must u e the cl ass mechani sm . 

In Ada, howeve r, the d ecla rati o n of 

a priva te type a ll ows for th e protec­

tion of d a ta without a cl ass . 

Unfo rtunately, in C++ the e ncapsu­

latio n m echa nism and tll e inhe ri­

tance mecha nism a re o ne and th e 

sam e. If you would like to d eclare 

d ata as private, you must put that 

data inside a class. In Ad a 95, tlle 

e n capsul a ti o n ca n ta ke place 

regard less of wh e th e r o r no t yo u 

use inhe ri tance . Encapsulation is 

imple me nted in Ada95 by declar­

ing types in the private portio n of a 

package. Inhe rita nce is implem ent­

ed usin g tagged types. These mech­

a ni ms may be used individually o r 

together to provide a n a ppropriate 

solutio n 

• Objects are needed to group data and 

IJTOceduTes. Again , if you a re goin g to 

protect data a nd group it with pro-
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wi th System; 

with Opsys; 

package Light is 

type Object is tagged private; 

function Create ( 

Theaddress 
Themask 

System. Address; 
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 

Mask 
Is_On 

System. Address; 

Opsys.Unsignedshort; 

BooLean := FaLse; 

end record; 

end Light; 

cedures in C++ you must use a class. 
You can, of course, put some pro­

cedUl-es LOgether with some data 

that they manipu late, but th e only 

way to ensure that the data manip­

ulation is always happening within 

the prope r code is to use a class. In 

Ada95, you have several options. 

Data and pr·ocedures can be 

grouped with or without us ing the 
inhe.-itance mechanism 

• Objects aTe needed when implf'lllenting 

laTge IJrogrmns. T he idea of imple­

menti ng a very large system (in 

today 's terms) without takin g 

advantage of encapsu lation, 

abstraction, hierarchy, and modu­

larity is absurd. T he advantages you 

gain from using object-or ien ted 
technology a re sU-ong enough to 

consider their use 

• Objects are easier to maintain. I agree 

tha t if I we re develop ing a smal l 

p iece of ode th a t had no other 

code de pending on it, then making 

it a class would comp li cate matte rs. 

But if I have any code (other mod­

ules) that de pends on the functi o n-

al ity J am producing, th e entire 
effort is much easie r to manage 

with object-oriented techno logy. 

When speaking of maintaining an 

individual class, yes th e work is 

ha rde l-. But when it comes LO main­

ta ining an entire system, th e wOI-k 

becomes ea ie r 

• The switch statement is bad. Here, 1 

agree witll Mr. Niemann, tl1e re is 
nothing wrong Witl1 C++'s switch 
tatement (or tll e corresponding 

"case" statement in Ada95). 

However, I've neve r eve n heard of 
uch an OOP mytl1 before. In fact, it 

should be clear that when develop­

ing real-time sy terns, you can a lways 

know how long a switch or a case 

statement wi ll take in the worst case. 

If you are using dynamic rUIl-time 

dispatching through inheritance, it 

is much harder to detennine what 

wi ll happen ahead of time 

According to Mr. Niemann, lhese 

are th e fa cts about OOP: 

• ObjPct-orienlNL j))vgrm/lming rl!quires 

82 OCTOBER 2000 Embedded Syst ems Programming 

more time, up front, doing ,design work. 

We plan before we program. But 
it's not OOP tllat requires more 

planning. It's the whole idea of 

writing softwa re co rrectly. Analysi 

and design a re also supposed to be 

used in otller programming para­

digms, they just o ften aren 't 

• Object-oriented programming Tequires 

'ln01·e time to code a soLution. In 

describing why this is an issue, Mr. 

Niemann points out m at it takes 

tim e to understand po lymorphism 

and inhe ritance, Neither polymor­

phism no r inheri tance are require­

ments for writing object-oriented 

programs. If a programmer designs 

an effective solu tion, the idea of 

po lymorphism ca n be built in as 

app ropri ate. If yo u make eve ry 
solution use inherita nce and po ly­

morph ism it may become more 

complex. But why do that? I suggest 
using these fealllres o f th e lan­

guages only when approp riate 

• Object-oriented pmgrwmning results in a 

//lore compLex soLution. When Mr. 
Niemann recommends tl1is, I need 

to ask what is mcan t by a more com­

plex solution . H ard e r to use? 

Harder to understand? I've been 

arO llIld procedund programs 

enough to kn ow that it would cer­

tainly become a much si mpler world 

when changes tl1at I make do not 

impac t th e entire app li cati on, 
Cod ing in an object-oriented lan­

guage, whetl1er it be Ada95 or any 
o tl1 er, limits the impacllhal changes 

made LO one pan of the code wi ll 

have on tll e rest of the system 

• Object-oliented lJ1vgmmming results in 

code that is //lore jJmne to envr. Mr. 

Niemann makes this claim based 

on tll C fact lhat he has proven 

object-orien ted programming to be 

more complex witll his example. If 

yo u are only lalking aboul a 100-
line program, il's more complex to 

deve lop usiug classes in an objeCl­

oriented language. But on a gralld 

scale, objec l-oriented program­

ming reduces complexity and loc<tl­

izes alld cOlllains errors 
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LISTING 3 iThe 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 
This : in out Object) is Register : Opsys.Unsignedshort; 
for Register'Address use This.Address; 

begin 
if This.Is_On then 

Register := Register xor This.Mask; 
end if; 

end TurlLOff; 

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

LImN 

with Light; 
wi th System; 

An example of using a Light class 

procedure Lightdriver is 

My_Light Light.Object; 

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

end Lightdriver; 
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• Object-oriented programming results in 

increased maintenance costs. Software 
is always ha rd to maintain. It is 

especia lly ha rd to understand and 
see the impacts of th e code you are 
changing. At least in the object-o ri­
ented pa radigm, you can reduce 

th e coupling be tween modul es, so 
th at changes do no t have such a 
dramati c impact o n th e entire 
appli cati on . Those who main tain 
legacy syste ms ofte n ta ke six 
months o r mo re to come to a good 
understanding of even a sma ll sys­
te m. Tha t's a high maintenance 
cost tha t is inde pendent of th e pro­
gramming pal-adigm . If you have 
built your system using object-OI"i­

ented principles, a t least th e main­
taine rs wi ll be able to see the scope 
a nd po tentia l impact of th e 
changes they need to make before 
they make them 

c ++ may be fl awed and an object­

o riented programming language. But 
does tha t mean we ought to abando n 
o bjec t-orie nted progra mming a lto­
ge the r? Certain ly no t. There are many 

o bj ect-o rie nted programming la n­
guage to choose fro m. In pa rticular, 
Ada95 d oes an exce ll e nt j o b o f 
addressing the concerns of the em bed­
d ed systems programm ing wo rld , 
whi le mainu. ining an object-o rie nted 
capability. Le t's no t give up on object 

oriented technology simply because 
we can 't easily encapsulate registe rs in 

C++. esp 

Chad Bremmon works Jor Armstrong 

Consulting in the a'reas oj object-ori.ented e­

development and business process engineer­

ing. Chad was pTeviously an AiT FOTce 

Officer at the Pentagon JOT five yeaTS, afler 

which he worked as a softwaTe engi.neering 

specialist Jar Rational SoJtware. l ou. can e­

mail him at chadb@armstrongconsult­

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, integral, derivative) control is not as complicated 
as it sounds. Follow these simple implementation steps for 

quick results. 

t wOl-k, I am one of three designa ted "servo guys," and the 

only one who impleme nlS contro l loops in software . As a 

result, I o ften have occasion to design digita l contro l loops 

fo r various projects. I have found tha t wh ile Lhere certainly 

are conu-oJ problems that require a ll th e ex pe rtise J can 

bring to bear, a great number o f conu-ol problems can be 

solved with imple conu-o lle rs, without resorting LO any co nU-ol theOl), a t all. 

This article will te ll you how to implement and tune a sim ple contro lle r 

without getting into heavy mathematics and witho UL requil-ing you to learn 

any conu-ol th eo I)'. The technique used to tune th e controller is a uied and 

u-ue method that can be applied to almost any contro l problem with success. 

PID control 
The PID contro lle r has been in use fo r over a ce ntlll)' in various forms. It 

has enj oyed popularity as a pure ly mechanical devi ce, as a pneumati c 
device, and as an e lecu-onic device. The digital PID controlle r using a 

microprocesso r has I-ecently come into its own in indusu)'. As you will see, 

it is a straigh tforward task to embed a PID conu-o ll e r in to your code. 

PID stands fo r "proportional , integral, derivative." These three te l-ms 

describe the basic elements of a PID controller. Each of these elements pe r­

fo rnls a diffe rent task an d has a differen t effect on the functioning ofa system. 

In a typical PID contro lle r these e lemen ts are driven by a combina tio n 
of the system command and tile feedback signa l from the o bject that is 

be ing contro ll ed (usua lly refe rred to as the "pla nt"). Their outputs a re 

added togethe r to form th e system output. 



Figure 1 shows a b lock di agram of 

a basic PID contro ller. In this case th e 

d e riva ti ve e le ment is be ing dri ve n 

o nly from plant feedback. T he plant 

feedback is subtracted fro m the co m­

mand signa l to gene ra te an e rro r. 

T his e rro r ign al drives th e pro po r­

tio na l a nd il1legral elem e nts. T he 

resu ltin g signals a re added toge th e r 
and used to drive th e p lan t. I have n 't 

descl-ibed wha t th ese e lem e n ts d o 

yet- we ' ll ge t to tha t la te r. I've includ­

ed an a lte rna te placement fo r th e pro­

po rti o na l e le ment (d o tted lin es) ­

thi s can be a be tte r locati o n fo r th e 

proporti o na l e le ment, d e pe nding o n 

how yo u wa nt th e system to re po nd 

to commands. 

Sample plants 
In o rde r to discuss this subj ect with 

any se nse of reali ty we need some 

example systems. I'll use th ree exam­

ple plan ts througho ut this a rticle, and 

show th e e ffects o f applyi ng th e va ri­

ous contro ll e rs to th em: 

FIGURE 1 A basic PID controlle~ 

PID stands for "proportional, integral, derivative." These three terms 
describe the basic elements of a PID controller. 

• A moto r drivin g a gear tra in 

• A precision pos iti onin g system 

• A the rmal system 

Each of th ese systems has diffe ren t 
cha rac te ristics and each o ne requires 

a diffe rent contro l stra tegy to ge t the 

bes t pe rfo rm ance. 

Motor and gear 

T h e fi rst example p la nt is a moto r 

driving a gea r tra in , with th e o u tput 

p os iti o n of th e gea r tra in be ing 

m o ni to red by a p o te n tio meter o r 

som e o th e r pos i tio n readi ng d e vi ce. 

You m ight see this kind of mecha­

ni sm driving a carr iage o n a pr inte r, 

o r a thro tt le m echanism in an auto­

m o b il e c rui se co ntro l sys te m , o r 

a lmost any o th e r m od e ra te ly prec ise 

p os iti o n contro ll e r. Figure 2 shows a 

di ag ra m of su ch a sys te m . T h e 

mo to r is drive n by a vo l tage th at is 

comm anded by software. The m oto r 

o u tput is geared d own to dri ve th e 

ac tua l mecha n ism . Th e pos itio n o r 

thi s tin a l dri ve is m easured by th e 

po te n ti o me te r. 

A DC motor driven by a voltage 

wan ts to go at a constant -peed that is 

pro portional to the appli ed voltage. 

Usually th e mo to r arma ture has some 

resistance tha t limits its ab ili ty to accel­

erate, so th e motor will have some 

delay be tween th e change in input vo lt­

age and th e resulting change in speed . 

The gear train takes the movement of 

the motor and mu ltip lies it by a con­

stant. Final ly, dl e po tentiome ter mea­

sures the position of the output shaft. 

Figure 3 shows the ste p I-espo nse of 

th e mo to r and gear combina tio n. I'm 

using a tim e constant value of <0 = 0.2s. 

T he ste p respo nse of a sys tem is just 

th e behavio r o f th e o utput in respo nse 

to an input lha t goes from ze ro to 

so me co nstant value at time t = O. 

Since we' re dealing with fa irly gene ric 

examples he re I've shown dl e step 

response as a fracti on of fu ll scale , so it 

goes to 1. Figure 3 shows th e step 

inpu t and th e mo tor response. The 

Proportional 

r,~ 
-- command error~' 

Derivative 
Integral 

feedback 
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response of the motor starts out slowly an optical system, o r locating some 
due to the time constant, but o nce othe r piece of eq uipment o r sensor. 
that is ou t of the way th e motor posi- Figure 4 shows such a system. Software 

tion ramps a t a constant velocity. commands th e current in the coil. 
This current sets up a magne ti c fi eld 

Precision actuator that exe rts a force on the magne t. The 
It is sometimes necessar'y to control 

the position of something very pre­
cisely. A precise positioning system can 
be built using a freely movi ng mechan­
ical stage, a speaker co il (a coil and 
magnet arran gement) , and a no n-con­
tact position transducer. 

You might ex pect to see this sort of 
mechanism stabi lizing an e lement of 

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 an-angement, the force 

on the magnet is independent of th e 
stage motion. Fortunately this isolates 
the stage from ex te rnal effects. 

FIGURE 2 'A voltage driven motor and gear train 
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Unfo rtunate ly the resulting system is 
ve ry "s lipper'y," and can be a chal­
lenge to control. In addition , th e 
e lectri cal requireme nts to build a 
good curre nt-output amplifi e r and 
no n-contact transducer interface can 
be chall enging. You can expect th at if 
you a re doin g a proj ect like thi s YO Ll 
are a membe r of a fairly ta lented 

team (or yo u ' re wo rking o n a sho rt­
lived project). 

The equations of mo ti on fo r u1is 
system are fa irly simple. The force on 
u1 e stage is proporti onal to the drive 
command alo ne, so the acceleratio n 
of t.h e system is exactly proportional to 
the drive. 

Stage 

The step response of this system by 
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itse lf is a parabola, as shown in Figure 
5. As we will see la te r this makes the 
control proble m mo re challenging 
because of the sluggishness with which 
the stage sta rts moving, and its entl1u­
si asm to keep moving once it gets 

going. 

Temperature control 
The third example plant I'll use is a 
heate r. Figure 6 shows a di agram of an 
example system. The ves e l is heated 
by an electri c heate r, and the temper­
ature of its contents is sensed by a tem­
perature-sensing devi ce. 

Thermal systems tend to have very 
compl ex res po nses . I'm go ing to 
ignore quite a bit of de ta il and give a 
very approximate model. Unless your 
perfo rm ance requ iremen ts a re 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 ofr] = O.ls and r2 = 0. 3s. 
The response tends to settle out to a 
constant temperature for a given drive, 
bu t it can take a great deal of time 
doing it. Also, witl10ut lots of insula­
ti on, tl1 e rm al systems tend to be very 
sensitive to outs ide effects. This effect 
is not shown in the fi gure, but we 'll be 
investigating it later in the articl e. 

Controllers 
The eleme nts o f a PID contro ll e r pre­
sented here e iLher take their input 
from the measured plant output o r 
from tl1e e rror signal, which is the dif­
fe rence be tween the plant outpu t and 
th e syste m command. I'm going LO 
wl-ite th e con trol code using fl oatin g 
point to keep implementa ti o n de tails 
out o f the discllssion . It's lip to you to 
adapt this if YO ll are going to imple­
men t your con tro ll er witl1 in tege r or 
o the r tixed-po int a rithmetic. 

I'm go ing to assume a functi on call 
as shown below. As the di scuss io n 
evolves, you ' ll see how the data struc­
ture and the inte rnals of the f'un ction 
shapes up. 

doubLe UpdatePIO(SPid * pid, 
doubLe error, doubLe position) 
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The reason I pass the e rror to the 
PID upda te routine instead of passing 
th e command is that sometimes you 

want to play tricks with the e rro r. 
Leaving out th e error calculation in 
th e main code makes the appli cati on 
of the PID more unive rsal. Th is func­
tion wi ll ge t used like this: 

position = ReadPLantADC(); 
drive = UpdatePID(&pLantPID, 

pLantCommand - position, 
position); 

DrivePLantDAC(drive); 

Proportional 
Proportional contro l is th e easiest 
feedback contro l to im pleme nt, and 

simple propo rti onal control is proba-

FIGURE 5 Precision actuator position vs. time . 
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bly the most common kind of contro l 
loop. A proportio nal controll e r is just 
th e e rro r signa l mu ltip li ed by a con­
stant and fed out to the drive. The pro­
portionalte rm gets calcula ted with th e 

foll owing code: 

doubLe pTerm; 

pTerm pid->pGain * error; 

return pTerm; 

Figure 8 shows what happens when 
you add proporti ona l feedback to the 

motor and gear system. For smal l ga ins 
(kJi = I ) the mo tor goes to th e con-ect 
ta rget, bu t it does so quite slowly. 

Increasing th e ga in (h/I = 2) speeds up 
the response to a point. Beyond that 

po int (h/I = 5, h/I = 10) th e motor sta rts 
out fas ter, but it ove rshoo ts the ta rge t. 
In the end th e system doesn't se ttle 

ou t any quicker th an it wo uld have 
with lower gain , but th e re is more 

ove rshoo t. If we kept increasing til e 
gain we wo uld eventually reach a point 
wh ere th e syste m just oscill a ted 
aro und the ta rget and never settl ed 

out-the system would be unstable. 
The motor and gear sta rt to over­

shoot with high gains because o f th e 
de lay in th e motor response. If you 
look back at Figure 2, you can see tlla t 
th e motor position doesn 't start ramp­
ing up immed ia tely. This de lay, plus 
high feedback gain , is what causes tile 

ove rshoot seen in Figure 8. 
Figure 9 shows til e response of th e 

precision ac tua to r Witll proportio nal 
feedback only. Proportion al contro l 
alo ne obviously doesn 't he l p th is sys­
tem. There is so much de lay in tile 

plant tha t no matte r how low th e gain 
is, the system will oscilla te. As the gain 
is increased , th e frequency of tile out­
put will increase but th e system just 

wo n 't settle. 
Figure 10 sh ows wh a t happe ns 

when you use pure proportion al feed-
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back with th e tempel-ature contro ll er. 

I'm sh owin g the system response with 

a disturban ce due to a change in a mbi­

e nt tempe ra ture at t= 2s. Even without 

the disturbance you ca n see that pro­

portional contro l d oesn 't get the tem­

perature to th e d es ired settin g. 

In creasing the gain h e lps, but even 

with "1)= 10 the output is still be low tar­

get, and you are startin g to see a 

stro ng overshoot that con tin ues to 

travel back a nd forth (tllis is called 

ringing). 
As the previo us exampl es show, a 

proportional conu-o ll e r' a lo n e can be 

useful for some things, but it doesn 't 

a lways he lp. Pla nts that have too much 

d elay, like th e precisio n actuato r, can ' t 

be stabilized with proportional co n­

trol. Som e p lan ts , like tll e tempera­

ture conu-oll er, cann o t be brought to 

th e desired set po in t. Pla nts like the 

m oto r a nd gea r combina ti o n may 

wo rk, but they may need to be driven 

faster than is possible with pro portio n­

al contro l alone. To solve these con trol 

p roblems you need to add integra l o r 

differential conu-o l or both . 

Integral 
Integra l con trol is used to add lon g­

term precisio n to a contro l loop. It is 

a lmost a lways used in conjun cti o n with 

proportional conu-o !. 

The cod e to imple me nt a n integra­

tor is shown be low. The integrator 

state , i State is the sum of a ll the pre­

ceding inputs. The param e te rs iMin 

a nd iMax a l-e the minimum and maxi­

mum a ll owable integrato r sta te valu es. 

doubLe iTerm; 

II caLcuLate the integraL state 

II 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; 



II caLcuLate the integraL term 

Integral control by itself usually 

decreases stability, or destroys it a lLO­

g ther. Figure 11 shows the motOI- a nd 

gear with pure integral control ( pGa in 

= 0). The system doesn 't se ttl e. Like 

th e precision ac tuator with propor­

tional contro l, the motor and gea r sys­

tem with integral control alone wi ll 

oscill ate with bigge r a nd bigger swi ngs 
until somethin g hiL5 a limit. 

(Hopefu lly the limit i n't breakable.) 

Figure 12 sh ows the temperature 

control system with pure integra l co n­

trol. This sys te m takes a lot longer to 

settle out th a n th e sam e plant with 

proportional control (see Figllre 10), 

but notice that when it does senle 

ou t, it settles out to th e target va lue­

eve n with th e disturbance added in. If 

yo ur problem at ha nd d oes n 't reqllire 

fa t settling, this might be a workable 

system. 
Figure 12 hows why we use an inte­

gra l term. The integrato r state 

"rem embers" all that has go ne on 

before, which is what a ll ows th e con­

troller to can e l o ut a ny long teml 

errol-s in the output. This same me m­

ory a lso contribut e to instability-the 

contro ller is always respo ndin g too 

late, after the p lant has go tten up 

speed. To stabili ze the two previous 

systems, you need a littl e bit of their 

present value, which you get from a 

proportional term. 

Figure 13 shows the motor and 

gear with proportional and in tegTal 

(Pl ) contro l. Compare thi s with 

Figllre. 8 and II. The position takes 

long(,r to s(,tt le out than the system 

with pure proportional contro l, but it 

wi ll not eule LO the wrong spot. 

Figure J 4 sh ows what happens 

when you use PI contro l o n the heater 

system. The healer srill se ttles Ollt to 

th e exact target tempel-ature, as with 

pure integral control (see Figur(' 12), 

bllt with PI control, it se ttl es Olll two to 

three times fast(,r. This figure sh ows 

operation pre Lly close to the lim it of 

the speed attainable us ing PI control 

with this plant. 

becomes important. Second, you need 

to pay attention to the ra nge of your 
integrator to avoid windup. 

Be fo re we leave the d iscussion of 

integrators, th e re are two more things 

I need to point out. First, since you arc 

adding up the error over tim e, th e 

sampling tim e that you are running 

The rate that the integrator state 

changes is equal to th e average error 

mu ltip lied by th e integrator gain 

mu ltip lied by the sampling rate. 

Because th e integrator tends to 
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LISTING 1 

typedef st ruct 
{ 

P.ID controller code~' '. . 

II Last position input 
II Integrator state 

doubLe dState; 
doubLe iState; 
doubLe iMax, iMin; II Maximum and minimum aLLowabLe integrator state 

doubLe iGain, 
pGain, 
dGain; 

II 
II 
II 

integraL gain 
proportionaL gain 
derivative gain 

} SPid; 

doubLe UpdatePIO(SPid * pid, doubLe error, doubLe position) 
{ 

doubLe pTerm, dTerm, iTerm; 

pTerm = pid->pGain * error; II caLcuLate the proportionaL term 

II ca LcuLat e 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; II caLcuLate the integraL term 

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

return pTerm + dTerm + iTerm; 

FIGURE 8 
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smoo th things o ut ove r th e lo ng te rm 

yo u can ge t away with a so mewhat 

uneve n samplin g rate, but it needs to 

ave rage o ut to a co nstant value. At 

worst, your sampling rate sh ould vary 

by n o mo re than ±20% ove r any] 0-

sample inte rval. You can eve n get 

away with mi ss ing a few sampl es a 

long as yo ur ave rage sample rate stays 

within bo unds. No ne the less, for a PI 

co n tro ll e l' I prefe r to have a system 

wh e re each sample fa lls within ±1 % 
to ±5% of th e co rrec t sample time, 

and a long-term ave rage rate that is 

right o n the butto n. 

If you have a controll er ulat needs 

to push ule plant ha rd, yo ur contro lle r 

output wi ll pend signiiicant am ounts 

of time outside the bo unds of what 

your drive can ac tu ally accept. This 

condition is called saturation . If you 

use a PI controlle r, then all ul e time 

spent in saturation can ca use th e inte­

grator state to g row (wind up) to ve ry 

large values. When the p lant reaches 

ule target, th e integratol' value is still 

very large, so m e plant drives beyond 

the ta rge t whi le th e integrato r 

unwinds and th e process reve rses, This 

situation can get so bad ulat the sys­

tem never setu es o ut, but ju t slowly 

osci llates a round th e target positi o n. 

Figure 15 ill ustrates m e effect of 

integrator windup . 1 used th e 

motor/ controlle r of Figure 13, and 

limited the mo to r drive to ±0.2 . Not 

on ly is contro ll er output much greate r 

m an ule drive ava ilable to th e mo to r, 

but the motor shows severe overshoot. 

The motor actually reaches its ta rget 

at around five seconds, but it doesn 't 

reverse d irectio n unti l e ight seconds, 

and doesn 't se ttle o ut unti l 15 seconds 

have gone by . 
The easiest and most direct way to 

deal wim integrato r windup is to limi t 

ule integrato r state, as I showed in my 

previou s code exampl e. Figure 16 

shows what happens when you take 
m e system in Figure 15 and limit the 

integrator term to the available drive 

output. The controll e r output is still 

la rge (because of the proporti onal 
te rm ), but m e integrator doesn 't wind 
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up ve r), far and th e system star ts se t­

tling out at five seconds, and fini shes 

at a round six seconds. 

No te tha t with the code example 

above you must scale iMin and iMax 

wh eneve r you change th e integrator 

gain. Usually you can just set the in te­

gra to r minimum and maximum so 

tha t the integra to r output ma tches the 

drive minimum and maximum. If you 

know your disturbances will be sma ll 

and you want quicke r se ttling, you ca n 

limit th e integra to r furth e r. 

Differential 
I didn 't even show the precision ac tua­

tor in tll e previous section. T his is 

because th e precisio n ac tua to r cann o t 

be stabili zed with PI controL In ge ne r­

al, if you can 't stabili ze a plant witll 

propo rtional contro l, YO ll can 't stabi­

lize it with PI controL 

We kn ow tha t proportional contro l 
deals with th e present behavio r o f th e 

plant, and that integral control deals 

witll th e past behavio r o f th e plant. If 

we had some clement tha t predicts the 

p lant behavio r th en this might be used 

to stabilize th e plant. A diffe re ntiator 

will do the tri ck. 

T he cod e be low shows th e diffe l-­

entia l te rm o f a PID contro ll e r. J pre­

fe r to lise th e ac tua l pl ant pos itio n 

ra ther th an th e e rro r because thi s 

makes fo r smoother transitions when 

th e command value changes. Th e dif­
fe re ntia l te rm itself is th e las t va lue of 

th e positi on minus the current va lue 

o f th e positi o n. This g ives yo u a 

rough estim a te o f th e velocity (de lta 

pos iti o n / sampl e tim e), whi ch p re­

di cts wh e re th e pos itio n will be in a 
while_ 

doubLe dTerm; 

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

pid->dState = position; 
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With diffe ren tial control you can 
stabi lize the precision actualo r system. 
Figure 17 shows the respo nse of the 
precision actuato r system with propor­
tional and de rivative (PD) contro l. 
This system se ttles in less than 1/ 2 of a 
second, compared to multiple seconds 
for the o ther systems. 

Figure 18 show the heating system 

wi th PID co ntro l. You can see tll e per­
formance im provement to be had by 
usin g fu ll PID con trol wi th this planl. 

Difle rentiaJ conu'ol is very powerful, 
but it is also the most problematic of the 
control lypes presenled here. The three 
problems tllat you are most likely going 
to experience are sampling irreguladties, 
noi e, and high frequency oscillations. 
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When I presented th e code fOI" a 

d iffe rentia l element I mentioned tha t 

the output is proportional to the posi­

tion change divided by th e sample 

tim e. If the positio n is changing at a 

co n tant rate but your sample time 

vari es from sample to sample, you will 

FIGURE 13 

2.5 

2 I 
j 

c: 
1.5 11 

~ ,i 

'v; 1.5

1 

' 
0 
"-

'" 

1 

0.5 

0 

0 2 

get no ise o n your diff e rential te rm . 

Since th e diffe rential gain is usually 

high, this no ise wi ll be ampli fi ed a 

g reat deal. 

When you use diffe renti a l contro l 
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even sampling. I'd say that you wan t 
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the samplin g inte rval to be consistent 

to within 1 % of th e to tal a t all tim es­

th e clo e r the be tte r. If you ca n 't set 

th e ha rdware up to e nforce th e sam­

pling inte rva l, design your software to 

sample with very high prio rity. You 

do n 't have to ac tually execute the con­

troll e r W;ilh such ri gid precision-just 
make sure th e actual ADC conve rsion 

happens at the right time. It may be 

best to put all yO UI" samplin g in an ISR 

o r ve !")' high-prio rity task, th en execute 

the contro l code in a more relaxed 

manner. 
Diffe rentia l contro l suffe rs from 

no ise problems because no ise is usual­

ly spread relative ly even ly across th e 

frequen cy spectrum. Contro l co m­

mands and plan t outpu ts, howeve r, 

usually have mo t o f th e ir conten t a t 

lowe r frequencies. Proporti onal co n­

tro l passes no ise through unmolested . 

In tegra l co n trol ave rages its inpu t sig­
nal, whi ch te nds to kill no ise . 

Diffe renti al contro l enhances high fre­

quency signal , so it enhances no ise. 
Look a t th e diffe rential gains tha t I've 

set on th e plants above, and think of 

what will happen if you have no ise th at 

makes each sample a littl e bit diffe r­

ent. Mu ltip ly th at littl e bit by a diffe l"­

en tial ga in of 2,000 and think of what 

it means. 

Yo u can low-pass filte r yo ur diffe r­

enti a l o utput to redu ce th e noise, but 

this can seve re ly a ffect its usefu lness. 

The th eory be hind how to d o this and 
h ow to d e te rmin e if it wi ll wo rk is 

beyo nd th e sco pe o f thi s articl e. 

Proba bly th e be t th a t you ca n do 

a bo ut this p roblem is to look a t h ow 

like ly yo u a re to see any no ise, how 

much it will cos t to ge t qui e t inputs, 

and how badly yo u need th e high pe r­

fo rm ance that you ge t from diffe re n­
ti a l contro l. Once you 've worked this 

Ollt, yo u can avoid diffe rential co n­

tro l a ltoge th e r, ta lk your ha rdware 

fo lks into ge tting you a lower no ise 

inpu t, o r look fo r a contro l systems 

expe rt. 
The full text of th e PID conu"oller 

code i shown in Listing 1 and is ava il­

able at w7Uw.embedded.com/code. html. 





Tuning 
T he ni ce thing about tuning a PID 
contro ller is th at you don 't need to 
have a good understanding of fo rmal 

contro l theory to do a fa irly good j ob 
of it. About 90% of the closed-loop 
contro lle r appli cati o ns in th e world do 

very we ll indeed with a contro ll e r tha t 
is o nly tuned fa irly weI l. 

If you can, hook your system up to 
some test equipment, o r write in some 
debug code to allow you to look at the 
appropria te variables. If your system is 

slow enough you can spi t the appro-
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priate variable out on a e ria l port 
and graph them wi th a spreadsheet. 
You want to be able to look at th e drive 

outpu t and th e plant output. In addi­
tio n, you want to be able to apply some 
sort of a square-wave signal to th e 
command inpu t of your system. It is 
fairly easy to write some test code that 
will generate a sui table test command. 

Once you get th e setup ready, set 
all gains to zero. If yo u suspect that 
you will not need diffe rential contro l 
(like the mo tor and gear example o r 
th e thermal system ) then skip down to 
th e secti on that discusses tunin g th e 

propo rtio nal gai n. Otherwise sta rt by 
adjusting your diffe rential gain . 

T he way the contro llel' is coded you 
cannot use differential con 0 '0 1 alone. 

Se t your proportional gai n to some 
small value (one o r less) . Check to see 
how the system works. If it oscilla tes with 

proportional gain you should be able to 
cure it with diffe rential gain . Start with 

about 100 times more differential gain 
than proportional gain. Watch your 
dlive signal. Now start increasing the 
differential gai n until you see oscilla­
tion, excessive noise, o r excessive (more 
than 50%) overshoot on the drive o r 
plan t output. Note that the oscilla tion 
from too much diffe rential gain is 

much fas te r than the oscillation from 
not enough . I like to push the gain up 
until th e system is on th e ve rge of oscil­
lation then back the gai n off by a facto r 
of two or four. Make sure the drive sig­
nal still looks good . At this poin t 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, se t the propor­

tional gain to a starting value be tween 
1 and 100. Yo ur syste m will probably 
eithe r show te rribly slow performance 
o r it will oscillate. If you see oscilla­
tion, drop th e pro po rtio nal gain by 
factors of e ight or 10 until the oscilla­
ti on stops. If you do n 't see oscillation, 
increase the proportional gain by fac­
tors of e ight o r 10 until you sta rt see­
ing oscilla tion o r excessive overshoot. 
As with th e d iffe rential cono'olle r, I 

usually tune ri ght up LO th e point of 
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too much overshoo t then reduce the 
gain by a facto r of two or four. Once 
you a re close, fin e tune the propor­
ti onal gain by factors of two until you 
like what you see. 

Once you have your proportional 
gain set, sta rt increasing integral gain . 
Your starting values wi ll probably be 
from 0.0001 to 0.01. Here again , you 
want to find the range of in tegral gain 
that gives you reasonably fast perfor­
mance without LOO much overshoot and 
with out being too close to oscillation. 

Other issues 
Unless you are working o n a proj ect 
with very critical performance para­
meters you can often ge t by with con­
trol gains tha t a re within a factor of 
two of the "correct" value. T his means 
that you can do a ll your "multiplies" 
with shifts. Th is can be ve ry handy 
when yo u ' re wo rkin g with a slow 
processor. 



Run in the Rath of 
a Leader. 

CDPPER MDUNTAIN 
High Performance DSL Networking 

Life moves fast at Copper Mountain. In a short period of time, we've grown from 

an exciting start-up company to the world 's leading provider of DSL networking 

systems with an international client list of global giants. 

We've realized our vision to take high-speed data networking and carrier class 

transmission technologies and turn them into THE technologies of choice. 

Today, we're the fastest growing Internet-related company in the world. And with 

each passing day, we're becoming stronger, expanding our technologies, 

creating new applications and winning new clients. 

If you're looking for the kind of powerful career that comes from being with a leader, 

look to us. You'll find a career filled with intriguing challenges, lucrative rewards and 

exciting advancement potential. To learn more about Copper Mountain and the 

many opportunities we have available, please visit our Web site at: 

www.jobs.coppermountain.com 
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1/ 100th of the des ired system se tLling 
time . Sys tem settling time is th e 

am oun t of time from the moment Lll e 

drive comes o ut o f aturation until the 

co ntrol system has effectively se tLl ed 

out. [f you look at Figure 16, the con­

tro lle r comes o ut of satura ti o n at 

about 5.2s, and has se tLled out at 

a round 6.2s . If you can live with the 

one second se ttlin g tim e you could ge t 

away with a sampling ra te as low as 

10Hz . 

Yo u sho ul d treat th e sampling ra te 

as a fl exible quantity. Anythin g that 

mi ght ma ke th e co ntro l pro ble m 

mo re di ffi cult would indica te th a t 

yo u sh o uld ra ise th e sampling rate , 

Facto l's su ch as having a diffi cult 

pl ant to co n tro l, or needing diffe re n­

tia l control, 0 1' needin g ve ry precise 

contro l wo uld a ll ind ica te ra ising lh e 

sampling ra te. [[ yo u have a very easy 

comro l pro ble m yo u co ul d get away 

wilh lowe rin g th e sa mplin g ra te 

so m ew hat (1 wo uld h es ita te to 

leng th en th e sample tim e to mo re 

than o ne-fifth of the desired se ttlin g 

time). If yo u a re n 't using a diffe re n­

ti ato r a nd yo u a l'e careful about 

using en o ugh bi ts in yo ur in tegl'a lo r 

yo u can ge t away with sampling ra les 

1,000 tim e fas te r th a n the inte nded 

settling tim e. 
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Sampling rate 
So fa r J've only talked abo ut sampl e 

rates in te rms of how consistent Lhey 
need to be, bu t I haven 't told you how 
to decide ahead of time wh a t Llle sam­

ple ra te needs to be . If your samplin g 

rate is too low you may no t be able to 
achi eve the perfo rmance you want, 

1.5 2 

Time 

because of th e added de lay of the sam­

pling. If yo ur samplin g ra te is too high 
yo u will create problems with no ise in 
your differenti ato r and ove rflow in 

your integrator. 
T he .-ule of Lllumb [o r digital co n­

tro l systems is tha t th e sample time 
sho uld be between 1/ lOth a nd 
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T his cove rs the basics o f implement­

ing and tuning PID contro ll e rs. With 
this info rm ati on, you should be able 
to attack th e next contro l problem 

that comes your way and get it unde r 
contro l. esp 

Tim Wescoll has a master's degrf'e in elec­

trical mgineering and has been working in 

industry for rnore than a decade. H is eX/le­

l"ience has inclu.dpd a number of control 

lOOl)S closed in software using 8- to 32-bit 

rni~~"opmcesson~ DSPs, assembly language, 

C, and C++. !-If' is cUTTently involved in 

control systems design at FLIR Systems 

when' he st)ecijies mf'chanical, electrical, 

and soflwaTe -requinmzents and does electri­

cal and soflwa-re design. You can contact 

him at robintim@teleport. com. 
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HI-TECH C users get that feeling often - the feeling of being \\in the 
groove", the realization that not only did you meet your deadline, but 
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If you program embedded microcontrollers, and you want to raise your 
performance leveL get HI-TECH C. World-beating performance from a 
tool that gets the job done without getting in your way, and backed by 
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ALEXANDER WOLFE 

HP and 
STM icroelectron ics 

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

s buzz builds a round th e new approach toward embedded chip 
a rchitectures call ed sys tem-on-chip, two companies have teamed 
toge th e r to ome up with wha t th ey think is a be tter mouse trap. 
This new famil y of embedded processo rs, which is design ed to 
be more fl exible and provide be tte r pe rfo rmance a t lower power 
dissipa ti on and lower cost than traditional SOC approaches, will 

make its debut this mo nth a tlhe Microprocessor Fo rum in San Jose, CA. 
T he gro und-breakin g a rchitecture, kn own as "Lx", evolved from a collabora­

tion between H ewlett-Packard Labs, in Cambridge, MA, and France-based 

STMicroe lectro ni cs. 
"The funda me nta l thin g we be li eve is th a t, a t any leve l of technology, we 

can produce a VLIW processo r th a t's two to 10 tim es faste r than an equivalent 

RISC p rocesso r," said Roge r She phe rd , manage r of advan ced architectures at 
STMi croe lec tro ni cs' Bristo l, England labs. Sh epherd also se rves as ST's lead 
rep rese nta ti ve o n th e proj ec t, which is cente red at HP 's lab in Cambridge, 

MA. 
System-on-chi p, in ge neral, refe rs to ha rdware runs where tim e-to-marke t and 

cost are cri tical (actors. T he chips th emse lves a re often ASIC-based solutions, 

consisting of a centra l micro processo r core o r a DSP core and multipl e pe riph­
eral functions. H oweve r, .-e ining in th e engineering costs fo r small-volume 
designs-even when off-th e-sheU' co res are used-has remained an indusu-ywide 

cha ll enge. 
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Enter Lx . In fact, th e Lx team has not 

esc hewed SOC; they've just gone 
about it in a slightly d ifferent manner, 
one they beli eve g ives th e concept a lit­
tle more utili ty. 

T he Lx architecture consists of a 
fam il y of co res, accord ing to Josh 
Fishel-, head o[ HP Labs. Fishe r is 

ofte n refe rred to as "th father of 
VLIW" for his cutting-edge work on 
th e technology at Multifl ow Computer 
in the 1980s. 

"It's a core for a SOC, but it's a family 

whi ch has been designed for your 
domain of application , and typically 
designed witll a large customer in mind," 
said Fisher. High perform ance comes 
from its VLIW hel;tage, which gives it the 
abili ty to exploit instnKtion-level paral­
lelism (ILP) . It is also customizable for 

d ifferent application domains. 
"Lx is a lso enhanced by tlle fact 

that the customized cores all 'feel' to 
th e user like tlley' re in th e same fami­
ly," said Fisher-sometlling that's pre­
viously been difficult to achieve with 

Cluster 0 

Interrupt and Exception 
Cont roller 

VLIW designs. "So, we were able to do 
custom ization without a lot of incre­

mental engi neering and cost to tll e 
customer. " 

Lx's creators re iterate that it is 
in tended to be used in system-on-chip 
configura ti ons, where it can be mar­

ri ed up with appropriate additional 
processor capabiliti es and desired 
peripherals. It's certa inly not being 
touted as a general-purpose micro­
proce o r, which requires a notorious­
ly expensive infrastructure of deve lop­
ment tools. One possible application 

wou ld be in a set-top box, where the 
multiple Lx cores cou ld be configured 
on a single chip to hand le, for exam­

ple , general-purpose processing, 
MPEG decoding, and streaming 
media data types. 

Although HP and ST do not li ke to 
use DSP in regards to Lx-"DSP is too 
specialized"-they note, perhaps the 
Lx is more DSP-l ike than anyth ing 

e lse . (Strictly speaking, th e companies 
see Lx as a convergence of DSP and 
m icroconu-oller.) 
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Core 
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Indeed, the Lx prototypes, which 
are due by the end of the year, wi ll 
enter a DSP market tllat's been flood­

ed by new devices and turned into a 
testbed [or everything from reconfig­
urable computing DSPs to VLTW 

design. Competito rs will likely run tlle 
gamut from hi gh-flying upstarts such 
as the reconfigurable chips from 
Tensili ca, through to VLIW DSPs such 
as Motorola's StarCore, TI's 
TMS320C62xx fam ily, and Phi lli ps' 
Trimedia. Also su re to remain in the 

mix are tt-ied-and-true general-purpose 
platforms such as MIPS and ARM. 

Under the hood 
For each potential customer, the Lx 
custom processors wou ld be architect­
ed by an automated hardwa re/ soft­
ware co-design process. Such chips 
wou ld be churned out in very low vol­
umes for specifi c, deeply embedded 
appli cations. 

A major impetus fo r the ve ntu re is 

a perceived need to supply tlle bur­
geoning demands of smart embedded 
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embedded Linux can be used. 

Because Linux is open source, it 

offers unmatched control, flexibility 

and reliability that allow it to precisely 
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and constraints. And as a leader in the 

real-time embedded Linux market, Lineo 

prov ides 0 E M tools, support and services 

to help you build solutions across the full 
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partner with Lineo you can put Linux anywhere, 

even in an ad for a cruise line. 
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devices such as Web processors, car 
navigation systems, and o th e r new-age 
consumer-e lectro ni cs d evices be ing 

suggested by Inte rne t designe rs. 
The approach rests o n two bedrock 

concepts, according to th e two compa­
nies. First, there is Lx 's new clustered 
VLIW co re a rchitecture (see Figure 1) 
and microa rchi tecture specia li zed to 
an applicatio n domai n that ensures 
sca leabili ty and customi zability. 

Next, HP and ST have develo ped a 

toolcha in th ey say is based o n "aggres­
sive ILP technology. " This is intended 
to g ive th e use r a unifo rm view of th e 
pla tform a t th e programming la n­

guage leve l. 
The first maj o l' peek at th e Lx pro­

j ect came in June, when engineers 
from the two companies d elivered a 

j o int paper on th e effort at th e 27th 
Annual In te rna tiona l Symposium on 

Compute r Architecture in Vanco uver, 
B.C. 

Optimizing C Compiler 
Integrated Development Environment 
Built-in Macro Assembler 
BClink Linker 
Runs under: Windows 95/9 
Also available for DOS, HP-UX 

In te rms of design, the basic Lx is 
la id o ut as a cluste r of fo ur VLIW exe­

cuti on units. Th a t is, the low-end 
design would be a four-issue machine 
con ta ining fo ur 32-bit intege r ALUs, 

two 16-by-32 mu ltiplie rs, o ne load / 
sto re unit and o ne branch unit. 

One level up in the family, an e ight­

issue device co uld be constructed by 
ganging togethe r two cluste rs. The 
added cluste r would bring along its 
own se t of registers, along with o th er 
de tritus to minimize th e diffi culties 

inhe rent in scaling up a processor. 
Lx also re li es o n a two-level code 

compression scheme. The instru cti on 
cache is compressed so th a t unused 
slo ts d o n 't consume space durin g 
encoding, th e companies' engineers 

write. More ambiti ous is an effo rt in 
th e works to compress bina ries with 
Huffman-Ii ke tech n iq ues and th e n 
decompress blocks of instructi ons dur­

ing I-cache retil ls. 

LIMITaD 

x40 j 
S&Ox20) 
table() ; 

114 oaOBER 2000 Embedded Systems Programming 

To cla rify each company's role in 
the ove ra ll effort, so far as is kn own 
publicly, HP developed the insu'uction 
se t a rchitecture and much of th e soft­
wa re behind Lx, while ST implement­

ed th e hardware. 
"The Lx proj ect has concentrated 

on producing a highly automated way 
o f explo rin g arc hitec tures," said 
She phe rd . "Not on imple me n ting 
them , but explo ring them." 

T h o ugh She ph e rd 's state men t 

sounds cryptic, he really means th at 
the process is no t ye t enti re ly hands 
off. Right now, the tools o utput a com­

piled description of the device that 
must be tweaked . H owever, he sees 
things moving in the direction o f even­

tual full automati on . 
In a se parate effort tha t de lves in to 

some of the same concepts as Lx, HP 

is also wo rking on a proj ect call ed tlle 
PICa Architecture Synthesis System. 
(PICa itself stands fo r "Program In , 
Chip Out"). Led by Bob Rau, o ut of 
HP's labs in Cupertin o, CA, PICa a lso 
a ims to create a se t of software tools 
th a t could make it econo mically feasi­

ble to qui ckly ro ll custo m processors 
in low volumes fo r speciali zed embed­
ded applications. 

Howevel~ PICa appea rs to be wo rk­
ing with mo re complex cores, akin to 
HP and Inte l's highly advanced lA-54 

architecture. Lx takes a more down­
sized tack, both in te rms of power con­

sumption and complex ity. esp 

Alfxandfr Wolfe is fdi tor-at-largf for 
ESP. He holds a BE in eli' ftrical engi­
neering from Coo/Jer Unio ll. Hp has writ­
ten assembly language code f or embedded 
systems. He is co-author of Fro m Chi ps 
to Sys te m s: An In t rodu ctio n to 
Microcompute rs, 2nd Ed itio n (Sybex, 
1987). He can be reached at 
awol[e@C1/ljJ .I'O'/1/ 

Resources 
Faraboschl p. G. Brown. et al. "Lx: A 

Technology Platform for Customizable 

VlIW Embedded Processing." IS avail­

able at www.hpl.hp.comlcambridge/ 

projeds/cfpldocsllSCAOO paper. pdf 



It makes sense to choose an 
RTOS vendor who has the complete 
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We Put 
Our Heads 
Together 

And Came Up With This Great ARM Solution. 
read X 

• No Royalties 
• Fastest RTOS for ARM 
• Smallest memory 

requirements 
• Complete ThreadX 

source code 
• Preemption-threshold™ 
• Picokernel TM architecture 
• Optimized ARM interrupt 

handling 
• IRQ and FIQ interrupt 

support 

• Best IDE for ARM 
Development 

• Best ARM Debugger 
• Best ARM Compiler 
• Seamless ARM/Thumb 

interworking 
• Code Balance TM tuni ng 
• ThreadX-aware Debugging 
• Run-time Event Analyzer 

for ThreadX 
• ThreadX C Libra ry 
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• Complete ARM simulation 
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What if the best RTOS in the market 
combined with the best Compiler, 
Debugger, and IDE? You 'd get seamless 

integration , no hitches, no snags, 
and no surprises _ VtlVtIVtI. ghs .comlarmsolutions 

Well now it's happened. Express 
Logic's ThreadX'" kernel and Green Hills 
Software 's MULTI'" 2000 IDE have come 
together to create the industry's most 
powerful development and run -time solution 
for deeply embedded applications. 

With ThreadX you get a royalty-free, source­
code RTOS, and state-of-the-art features like 
preemption -threshold and picokernel design . 
The advanced MULTI 2000 IDE gives you an 
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JOSEPH LEMIEUX 

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 rellse. 

he re are many reasons to adopt hardware abstraction. The fo remost is to 

enable code reuse. The tenn code reuse has been defined in many cIilfe l~ 

ent ways throughout industry, from code that i bon-owed and slightly 

modi.tied for each project, to Libraries of features that are released as 

object code and linked togetller during development Fo r the purpose or 
t11is article, code reuse will be defin ed as any code, eitller at a source level 

or in library fo ml , that is reused completely, witll only changes in the definiti on of con­

stants in a header. Abstrdction that requires ['unctions to be written or macros to be 

defin ed that change executable code is considered "borrowed" and not "reused ." 

An o th e r justificatio n fo r hardware abstraction is mainta inabili ty of th e a ppli­

cation code. If a standard me thod of accessing ha rdware exists, all software engi­

neers in a de partm ent ca n maintain th e code . Wh en hardware changes, th e 
abstrac tio n changes in one locatio n, no t in eve ry source code module . Fo r exam­

ple, changing th e po rt fo r a digiuLi input from Port 1 to Port 2 would require a 
change in the co nstant fed to th e I/O laye r, and each module will th en benefi t 

from thi s change afte r linking. 

Finally, qua li ty of th e end product increases. By reu sing code and absu~acting 

hardware, ul e number of new o r modified lines of code is reduced fo r each p ro­

j ect. Since the probability of creating a defect increases with ul e number of lines 

of code written, by reducing this number, the number of defects will also decrease. 

This a rti cle d escribes ulree methods of a bstrac ting hardware from software 
a ppli catio ns. The first me thod , which I call the f unction name meth od , is a direct 

I/O access me th od using a diffe rent fun ction fo r each input and output. This 
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method is th e fas test and easiest to 

use, but is also the hardest to change 

when th e ha rdware changes. The sec­

ond me th od uses an API [o r direct 

I/O. T his method is more fl exible and 

po rts more easily- to differen t hard­

ware, bu t requires a slight addiLi on in 

resources. Finally, the message meth od 

is an example o f indirect I/O , wh e l-e 

the I/O is obta ined using a messaging 

sys te m su ch as is fo und in 

O SEK/ VDX. This message me th od 

wo rks well in a complex enviro nm e nt 

where da ta is obtained both fro m 

hardware and othe r devices. T he cost 

is addiLional resources. 

~7\\·7ofPi~~~o&ffii1 
- -

What 

will 

you 

create? 

Phar Lap Software, Inc. 60 berdeen Avenue LoalllOfIU"C. 

Phone: (6 17) 66 1-15 10 Fax: (6 17) 876-2972 intc)Ilil 'Jhariarl.com 

Providing Realtime Solutions for the Embedded World. 
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T he system mode l th at will be used 

is shown in Figure 1. T he ope rating 

sys tem , utiliti es, and ph ysical laye r 

chose n do no t impac t th e I/O abstrac­

tion directly and a re no t discussed 

here. T he I/O layer is the basis o f this 

arti cle, and th e impact to tll e appli ca­

tion tasks is discussed. In th e case of 

tll e message me tll od , tJl e I/O laye r 

will be se parated fro m th e a ppli caLion 

tasks by a messaging system. 

Function name 
The fl.lll ction name metJlod takes its 

name from me [act that a specific flolIlc­

tion o r set of fun ctions is defin ed for 

each input or ou tput. These fun ctions 
provide me value of an input and set the 

value ofan output. In addition, sampling 

routin es need to be wl-itten fo r me 

inputs, and dl;ver routines need to be 

writte n fo r m e outpu ts. T he ste p 

requil-ed to use tllis metJlod are: 

• Defin e all inputs and outpu ts in m e 
appli ca tio n 

• Defin e an access fun ction fo r each 
inpu t and output. T his may option­

all y be a macro 

• Create the input sampling ro utin es 
required fo r a ll types of inputs. 

Each routin e should ideally sample 

many inpu ts 

• Crea te th e outpu t drive r routin es 
required fo r all types of outpu ts . 
Aga in , each routin e should ideally 

dri ve many outpu LS 

• Create support routines such as 
de bo un ce routin es, filte ring, sca l­

ing , and so o n . Th ese may already 

exist in a library 

T his metll od will allow reuse of appli­

cali on source code. Howeve l~ m e I/O 

layers wi ll use borrowed code instead of 
reused code, with the bor rowed code 
be ing re-written [or every appli caLion. 

Define inputs and outputs 

The first step in a pplying this me th od 
is to defi ne all th e inputs and o utpu ts 

to th e system. T hese may include d igi­
ta l inputs and outputs such as switches 

and lamps, ana log inputs and outputs 
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FIGURE 1 System model 

Operating 
System 

Utilities 

1/0 Layer 

Physical Layer 

LISTING 1 Obtaining a descrete input state 

1************************************ 

* Define an access of a discrete input that is packed in a byte with 7 other 

* di screte inputs. The macro or routine returns 0 if the input is inactive or 

* 1 if the input is active. 

************************************/ 
#define CheckNAMEState() \ 

« NAMEvariabLe & NAMEMASK = 0) \ 
?INACTIVE:ACTIVE) 

BOOLEAN CheckNAMEState(void) 
{ 

} 

if(NAMEvariabLe & NAMEMASK = 0) 

return INACTIVE; 

eLse 
return ACTIVE; 

such as voltages and curre n ts, time­

based inpu ts and outpu ts such as fre­

quencies and PWM signals, and so on. 

These sho uld be listed in a table alo ng 

with any requ ireme nts such as range, 

g ranulari ty, d e bouncing, fi lter ing, 

default values, and so on. 

Define an access fWIction for each 

input and output 

T his function or macro wi ll always take 

o n the function prololype of: type 

i nputfuncti on( voi d); or voi d output­

function(type}; , whe re type is th e 

lype th at contains th e com ple te range 
and granularity of th e input. For digi­

tal inpu ts, this is usua lly BOOLEAN, 

whi ch most appli cations equate to an 

unsig ned cha racter. It may be a ny type 
of integer or fl oat avail able in C, a nd 

may also be a structure. The re turn 

value is a lways th e value of th e input o r 

o utput. Outputs may have lWO fl.lIl c­

tions if other application tasks n eed to 
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read th e curre nt o utput value . 

Following are examples of access fun c­

tio n nam es, with NAME replaced by a 

unique name for each input o r 

output: 

BOOLEAN CheckNAMEState(void}; 

void SetNAMEState(BOOLEAN}; 

U8 GetNAMEVaLue(void}; 

void SetNAMEVaLue(U16}; 

After the functio n is defined , it 

needs to be created. In th e case of a 

macro, the definiti on and creation are 

simulta neo us. T he listin gs presented 

here provide examples of ro utin es for 

each of th e previous examples. The 

macros a re included. H owever, o nly 

one or th e othe r wi ll ac tually exist in 

the final product. 

In Listing 1, the inpu t is a d iscre te 

input that can have the value e ithe r 

ACTIVE o r INACTIVE. Each input is 

packed into a byte that contains e ig h t 

discre te inpu ts. T h e function must 

unpack the b it and return the proper 

value. Using a macro, the variable and 

mask must be defin ed globally so all 

routi nes can access them. The fun c­

tion provides some level of e ncapsula­

tion of th e variable. 

For a discrete o utput, Listing 2 pre­

sents an example where the output port 

is written directly. Again with til is macro, 

the port must be defined globally. 

For a na log inpu ts, Listing 3 

describes the access function . In tllis 

case, a structure is defin ed for each 

a nalog input as fo ll ows: 

typedef struct AnaLoglnputTypetag{ 

U16 rawvaLue; 

U16 fiLteredvaLue; 

U16 defauLtvaLue; 

BOOLEAN vaLidvaLue; 
} AnaLoglnputType; 

If an e rror occurs, th e default is used; 

othe rwise th e filte red value is used . It 

is up to the sampling routin e to set the 

va L i dva Lue status. 

Finally, for a time r-based outpu t 

(PWM or varia ble freq ue ncy), Listing 

4 shows how th e value is buffered for 





output using an o u tpu t d.-iver. Th e 

va lue is fir t checked fo r va lid ity and 

limited a t th e hi gh e nd . 

Create the input sampling routines 

Next, create the i~put sampling ro u­

tines a nd in te rrupt handling routine 

tha t a re llsed to de te rmine th e value of 

the inputs. Each routine sh ould sample 

as m any inpu ts as possible in o ne func­

tion call . The fo llowing listings describe 

examples of some types o f inputs and 

how th ey can be handl ed . Listing 5 

sh ows an example where a single digita l 

input po rt is sampled as a byte and 

d ebounced togeth er. If the hardware is 

d esigned to o ptimize this algorithm, 

e igh t inputs a re d ebo unced a t o ne 

tim e. T he DebounceDi gi ta L routin e will 

take th e info rmation from the sample 

po rt and the structure to d e te rmin e the 

d e bo un ced valu e. This structure 

in cludes e igh t time rs, o ne fo r each 

input port. 

Setting a descrete output 

1****** A A A A A A A A A A A A A A A A A A A A A********* 

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

* micro. The port is written to directly. 

**** A A A A A A A A A A A A A A A A A A A A A A A A******** I 

#define SetNAMEStateCA) \ 

CCA = 0) \ 

?PORT1&=-NAMEMASK: PORT1 1= NAMEMASK) 

void SetNAMEStateC800LEAN state) 
{ 

} 

if(state = 0) 

PORT1&=-NAMEMASK; 

else 

PORT1 1= NAMEMASK; 

The most widely deployed 
embedded database 

on any planet 

• Runs on Lin ux, UNIX, 

W indows, and VxWorks 

• upports thousands 

of concurrenr users 

• Scales to terabytes of data 

• Survives power loss, application 

crashes, and hardware failures 
withollt los ing data 

• 
• 
• • 

To sample a nalog inputs, Listing 6 

hows a syste m tha t navigates a null 

te rmin a ted list o f ana log input d efini ­

ti ons and fil te rs th e inpu ts. First, all 

ana log ch annels a re a mpl ed. The n , 

fo .- each e n try in th e input list, th e raw 

va lue is passed to the filter fun ctio n 

Provides easy- to-llse APIs 

available from Java, C++, C, 
Perl, Python, and T cI 
Links direcdy inro the 

application: No separate server, 
no database admini strator 
Small footprint 

Distributed with complete 

source code 

Berkeley DB from Sleepycat Software 
Phone: 1-877-SLEEPYCAT (to ll-free in the US) or + 1-5 10-526-3972 · Fax: +1-5 10-526-2537 

www.sleepycat.com 
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SIMPLER 
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I o = with th e fi ltered value and filter con­

stant, a nd a simple first-order fi lter is 

performed o n the system a nd th e fi l­

tered value is upda ted. 

Create the output driver rou tines 

The o utput driver routines are used to 

o u tput data wh en direct writes to the 

output are not feasib le, such as in a 

timer o utput that must interrupt o n 

each ed ge, or when the o utputs need 

to be period ically refreshed. Listi ng 7 

sh ows a n output driver for a frequency 

o u tput in an Inte l 87C196 processor. 

This intermpt routine calls a frequen­

cy handler that sets the time o f the 

next interrupt. The struc ture member 

*output->time_register is a pointer to 

the actu al compare register, and Lhe 

m ember o utpu t->period is th e time 

between toggles of the o utput. EPAO 
h as been setup to toggle th e o utput 

whenever a compare occur, whi ch 

presumes that the o utput is a 50% 

LISTING 3 Obtaining an analog il}put value 

/************************************ 
* 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. 

************************************/ 

#define GetNAMEVaLue() \ 

«NAMEstructure.vaLidvaLue == TRUE)?\ 

NAMEstructure.fiLteredvaLue:NAMEstructure.defauLtvaLue) 

U8 GetNAMEVaLue(void) 
{ 

} 

if(NAMEstructure.vaLidvaLue = TRUE) 

return NAMEstucture.fiLteredvaLue; 

eLse 

return NAMEstructure.defauLtvaLue; 

LISTING 4 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. 

************************************/ 

#define SetNAMEVaLue(A) \ 

«NAMEvariabLe > NAMEMAX)?\ 

(NAMEvariabLe = NAMEMAX): (NAMEvariabLe = A» 

void SetNAMEVaLue(U16 vaLue) 
{ 

} 

if(vaLue > NAMEMAX) 

NAMEvariabLe = NAMEMAX; 

eLse 

NAMEvariabLe = vaLue; 
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duty cycle frequ e n cy o utput. 

Thel-efore, o utput->period IS th e 

period of the o utput signal. The value 

of FreqOutput. period has bee n previ­

ously set using SetFreqOut putVa LueO 

function. 

Create support routines 

Finally, create the support routines 

th at wi ll be used to debounce inpu ts , 

filter inpu ts, a nd scale inpu ts or out­

puts. These routines are gen e ra l in 

nature and wi ll no t be cove red h e re . 

The focu, h owever, sh o u ld be o n 

gen e ric routines that d o not use any 

global variables. Al l informatio n that is 

needed is pas ed to the routine in the 

fu n ctio n call. 

Function name advantages and 

disadvantages 

The advantage of using the function 

n a me m e th od is that access to data is 

fast. Reads a re e ith e r d irectly to globa l 

m e m ory, or thro ugh a quick single 

function call. Writes are e ithe r directly 

to a port, to a global me m ory location, 

or through a quick single function 

call. T h e read a nd write functions tllat 

are writlen are straigh tforward and 

simple. 

T h e di advantages include difficu l­

ty to set up, poor cod e reuse, e rror 

prone, and exte nsive use of g lo ba l 

variables. Whenever tll e source of a n 

input ch a nges, mu ltip le sections of tlle 

code may need to be re-written or n ew 

macros defined. Defi ning new macros 

also requires re-compi ling. Debugging 

of m acros is vel)' difficu ll. 

API calls 
The API ca lls method requ ires 

development of a ge n e ri c API that is 

call ed by th e ap p lication program 

us in g structures that co nta in the 

I/O informatio n. T h e a m o unt of 

actua l code written for eac h new 

app licatio n is minima l or n o n-ex is­

tent. T h e steps to imple m e n t the 

API ca ll s method ca n be sp lit in to 

two sections-on e time code deve l­

op ment a n d integration into the 

app li catio n . 
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LISTING 5 Sampling digital input ports . 

/************************************* 
* Define structure to hoLd digitaL inputs 

*************************************/ 

struct debounceddigitaLstruct { 

U8 timer[BJ; 

U8 vaLue; 
}DebouncedDigitaL; 

1************************************* 

* SampLe DigitaL Input port sampLe compLete port and debounce aLL B inputs 

* Assumes that aLL B pins are inputs 

*************************************/ 

void SampLeOigitaLInputs(void) 
{ 

} 

U8 RawOigitaL = Port1; 

DebounceDigitaL(RawOigitaL, &DebouncedDigitaL); 

One time deve/ojnnent 

• Classify th e types of I/O tha t your 
o rgani zation uses 

• Defin e type definitions for configu­
rati ons of each type. Defin e a RAM 

type fo r data tha t changes and a 
ROM type [o r constant data 

• Defin e macros to create ROM and 
RAM variables fo r each I/O 

• Crea te rOll tines to access, sample , 
and drive I/O 

i ntegration into ajJjJ/ication 

• Create each instance of the input 
or o utput in a configura tion fil e 

• Include th e I/O fil es in your build 
SClipLS/ makefi les 

• Include the io.h fil e in an y appli ca­
tio n module Lha t accesses I/ O 

• Use th e names defin ed in the con­
fi gu ra ti o n f.il e to access th e I/O in 
each appli cati on modul e 

• Schedul e th e sampling and drivin g 
tasks in your system. This is th e only 
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ThreadX also includes must-have features, such 

as preemption-threshold technology, shown by 
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With processor support for most processor families, 

clear and concise documentation, and such extensive 

ThreadX-aware debugger integration, you will be up 

and running in no time! 
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I o· 
= secti o n whe re code may need LO be 

writte n if th e I/O functio ns can 't 

be called d irectly by the RTOS o r to 

e ncapsul ate in a n ISR 

LISTING 

/************************************* 
* Define structure to hoLd anaLog inputs 

*************************************/ 

struct anaLoginputstruct { 

U8 constant; 

BOOLEAN vaLidvaLue; 

U8 channeL; 

U8 defauLtvaLue; 

U8 fiL teredvaLue; 

} Ana LogInput; 

1************************************* 

Classify I/ O types 
In this step , each type o f 1/ 0 tlla t is 

used by tile o rgan iza ti o n is de fin ed 

a nd tile parame te rs a re class ifi ed. Fo r 

* SampLe AnaLog Input ports sampLe and fiLter a Li st of anaLog inputs. 

* Routine is passed a nuLL terminated List of anaLog inputs. 

*************************************/ 

void SampLeAnaLogInputs(AnaLogInput **List) 
{ 

} 

ConvertAL LAnaLogsO; 

whiLe(*List != NULL) 
{ 

*List->fiLteredvaLue = fiLter(rawanaLog[*List->channeLJ,*List->fiLteredvaLue, 

*List->constant); 

L ist++; 
} 

LISTING 7 Output driver for frequency outputs 

/************************************ 
* Define an interrupt service routine for an output and a routine for 

* frequency outputs in generaL 

************************************/ 

interrupt void EPAO_ISR(void) 
{ 

UpdateFrequencyOutput(&FreqOutput); 
} 

void UpdateFrequencyOutput(FreqOutputStruct *output) 
{ 

*output->time_register += output->period; 
} 
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example, di sc re te inputs may be 

defin ed as be ing fro m either a digita l 

o r a n a nalog po rt, will be de bo un ced , 

and have a defau lt va lue upon power­

up . Othe r types of I/O m ay include 

d isc rete o utpu ts, a na log inputs/ 

outputs, PWM inputs/ o utputs, fre­

que ncy in p uts/ o utputs, multi-sta te 

inputs/ outputs, a nd so o n . 

Define type defInitions 
Fo r eac h type a bove, de fin e a variab le 

(RAM) and a constant (ROM) SU"U C­

tu re tha t will be used by each insta nce 

of tlla t typ e of input. Fo r th e previ ous 

example of d iscre te inputs fro m a d ig­

ita l po rt, th e struc tures sho wn in 

Listing 8 wo uld be defin ed . 

The d efin itio n IOHANDLE will be 

used fo r the API fun ctio n calls. Tn the 

RAM 'u"ucture , rawva Lue is tile las t 

sampled value o f th e input; 

debouncedva Lue is the debo un ced sta te 

of the input; a nd time is th e time th a t 

each rawva Lue has been co nstant in 

o rde r to de bo un ce. Each RAM SU"UC­

tu re can ho ld e ight d igital inpu ts. The 

ROM structure includes *digitaLpor t , 

a po inte r LO th e d igita l po rt; mas k, the 

mask of tile bi tin the po rt corre­

spo ndin g LO th e input; debouncetime, 

the tim e to debo unce th e input in 

samp les; ramLocati on, the offse t into 

til e array of Di gi ta LInputRam varia bles 

that ho lds th e particul al- inpu t; ram­

mask, th e mask o f th e RAM locatio n LO 

extract th e digital in pu t; a nd defauL t ­

s t a t e, tile defa u lt state of tile input. 

Simi larl y, defin itio ns of each of til e 

input a nd output types defin ed previ­

o usly would be created. 

DefIne macros 
Defin e mac ros tha t create the 

instances of each in put or o utput. 

These macros e ncapsu late th e de fin i­

tio n of th e structure, thereby all owin g 

th e structure to be mod ifi ed to ada pt 

LO cha nges in th e API. Examples of 

macros fo r our d igita l input example 

a re in Listing 9. These macros will a ll 

appea r in th e configurati o n fi le. 

T he first mac ro rese rves RAM 

memo ry for th e pac ked digita l inpu ts 





i 

J 
in an array named digitaL in. T his 

array will be u ed later in the access 

and sample routines. Only one 

instance of this macro should exist in 

th e configuration file. 

The ROM macro defines the con­

stant structure for each digital in put. 

Each digital input will have one 

instance of this macro and it wi ll be 

refe renced by the uniqu e identifier 

name. The member port is a global 

name that has been defined elsewhere 

and is specific to the microco ntroll er 

be ing used. The debouncetime argu­

ment is the number of samples to 

debounce th e input. posi tion and 
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rarrrnask is the offse t posluon in the 

RAM a rray and th e mask of the digital 

input in th e packed RAM. The combi­

nation of position and rarrrnask must 

exist on ly o nce in the configura tion 

fil e. Finally, defauLt is th e d efault 

value that wi ll be used in the RAM 

array fo r tha t input. 

Create access, sample, and driver 

routines 

The access fun cti ons should be gene r­

ic and all ow multipl e inputs o r outputs 

to be accessed using th e same inte r­

face, with a d iffe rent argument. For 

instance, GetDi screteState, shown in 

Listing 10, is used to unpack all dis­

cre te inputs from a digital input. To 
expand to analog-based digital inputs, 

th e routin e would have to de te rmin e 

th e type of argument tha t has been 

sent in th e pa rame te r list. T his wo uld 

require an additi onal pa rame te r o r 

structure tha t contains the type of the 

input. For simpl icity, assume th a t 
GetDi screteState will only return data 

on a digita l input. 

This fun ctio n is called by pass ing 

th e address of th e ROM constant 

structure to th e fun cti on . In this inte r­

face, the de bounced value of the d igi­

tal input is extrac ted from th e RAM 

packed array. INACTIVE is re turned if 

the bit is 0 , o th e rwi se ACTIVE is 

returned. 

The sample routine is quite diffe r­
e nt from th e one in the fun ctio n name 
me thod , since it is more gene ri c and 

n eeds to pack th e inputs diffe rently. 

Th e ge ne ri c ro utine is shown in 

Listing II. 

In th is fun cti on, the address o f th e 

ROM co nstant structure is passed and 

used to sample and extrac t the data 
from th e digital po rt. The [-esulL is 

e ithe r ° if low or no n-ze ro if high . The 
routin e , DebounceDi screte, will use tile 

raw data to de bounce th e input. 

Create each instance in configuration 

me 
A configura tio n fi le with a nam e such 
as iocfg . h needs to be crea ted fo r tile 

applica tio n . Th is fil e is included in th e 
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LlmNG8 Discrete input structure 

typedef void * IOHANDLE; 
typedef struet DigitaLInputRamtag 
{ 

U8 rawva Lue; 

U8 debouneedvaLue; 

U8 timeC8J; 
} DigitaLInputRam; 

typedef struet DigitaLInputROOltag 
{ 

U8 *digitaLport; 

U8 mask; 

U8 debouneetime; 

U8 ramLoeation; 

U8 ranmask; 

BOOLEAN defauLtstate; 
} DigitaLInputROOl; 

LlmNG9 Macros for creating discrete inputs 

#ifdef CREATE_MEMORY 

#define CreateDigitaLInRAM(number) \ 

DigitaLInputRam digitaLinCnumber/8 + 1J; 

#define\ 

CreateDigitaLIn(name,port,mask,debouneetime,position,rammask,defauLt)\ 

DigitaLInputROOl eonst name = {\ 
&port,mask,debouneetime,position,ranmask,defauLt}; 

#eLse 

#define CreateDigitaLInRAM(number) \ 

extern DigitaLInputRam digitaLinCnumber/8 + 1J; 

#define\ 

CreateDigitaLIn(name,port,mask,debouneetime,position,ranmask,defauLt)\ 

extern DigitaLInputROOl eonst name;\ 

#endif 

LlmNG 10 Obtaining a discrete input state 

BOOLEAN GetDisereteState(IOHANDLE name) 
{ 

} 

if(digitaLinC«OigitaLInputROOl *)name)->ramLoeationJ.debouneedvaLue & 
«OigtiaLInputROOl *)name)->ranmask == 0) 

{ 

return INACTIVE; 
} 

eLse 
{ 

return ACTIVE; 
} 
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io.h fil e used by al l appli cation mod­
u les . However, the macro CREATE_ 

MEMORY must on ly be defin ed in io.c, 

or an error will occur during link. T he 

configuration fil e will contain all of 
th e macros to defin e all of the inpu ts 
and outputs used in the application. 

Use the names from the configuration 

me in the application module 

In each application , use the names 
created in th e iocfg.h fil e to access 

th e inputs and outputs. An example of 
a tas k in an appli cati on is shown in 
Listing 12. This task is part of a round 
robin schedule r that checks state and 
drives an output. 

Integrate into RTOS 
The final step is to in tegrate ule sample 

and dliver routines into the RTOS. Each 
sample routi ne Ulat periodically samples 
inputs needs to be scheduled. The 
advantage of u1ese routi nes is that indi­
vidual inputs can be sampled at diffe rent 
frequencies. The example in the TI.II1C­
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 Ulat calls the fun ction mul­

tiple times, once fo r each inpuL This 
could be made more effi cient by using a 
null terminated list of inputs to be sam­
pled and a small whi LeO loop. ISRs that 
are specific to Ule application and call 

API routines must also be develo l~ed. 

API calls: advantages and disadvan­

tages 
The advan tage of this me th od is tha t 

little o r no code is written when I/O is 
added , d e le ted , o r modified. On ly 
constants using th e macros in the con­
fi gura ti on file need to be changed. 
This method has high reusabili ty and 
high portabili ty since each functi on 
receives a void pointer, and changes in 
th e structure to wh ich the poin ter is 
referenced do no t affect th e appli ca­

ti on code generated . 
T he disadvantages of this method 

are slight increases in ROM and CPU 

usage. H owever, since Ule d ilIerence 
has not been benchmarked , ule re may 
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We continue our discussion by taking a look at 
object-oriented techniques. In light of the current 
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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 al l 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 certain ly breaks 
the object-oriented paradigm, and it keeps object­
oriented developers on thei r toes. Object-oriented 
developers can take Web development as a new 
challenge to their mental versatility, and can use its 
best paints to enhance their applications. Dne 
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. 
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be no increase o r a sligh t decrease in 

LOtal ROM usage d ue to th e effi cie ncies 

o f in tegrati ng functions into th e API 

instead o f creati ng m ultiple fun ctio ns. 

Message 
T he message me th od is a lmos t id e nti­

cal to th e API call s me th od , except 

th a t it uses th e RT OS' inte rprocess 

L1STINCi 11 Generic routine for sampling discrete inputs 

void SampLeOiscreteInput(IOHANOlE name) 
{ 

} 

U8 RawOigitaL = *«OigitaLInputRom *)name->port & 
«OigitaLInputRom *)name->mask; 

OebounceOiscrete(RawOigitaL, name); 

void CheckReLay(void) 
{ 

} 

if«GetOiscreteState(&switch1)==INACTIVE) I I 
(GetOiscreteState(&switch2) == INACTIVE» 

{ 

SetOiscreteState(&reLay,INACTIVE); 
} 

eLse 
{ 

SetOiscreteState(&reLay,ACTIVE); 
} 

TenminateTask(); 

L1STINCi 13 Discrete input structure with message field 

typedef void * IOHANOlE; 

typedef struct OigitaLInputRamtag 
{ 

U8 rawva Lue; 
U8 debouncedvaLue; 
U8 time[8J; 

} OigitaLInputRam; 

typedef struct OigitaLInputRomtag 
{ 

U8 *digitaLport; 
U8 mask; 
U8 debouncetime; 
U8 ramLocation; 
U8 rarnnask; 
MESSAGE message; 
BOOLEAN defauLtstate; 

} OigitaLInputRom; 
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commun icatio n (IPC) syste m to tra ns­

fe r th e sta tus o f the da ta. A maj o r 

assumptio n is th at the RTOS IPC pro­

vid es messages tha t are no t co nsum ed 

wh en th ey are received . An example is 

th e O SEK/ VDX unq ueu ed message 

in th e COM specifi cati o n . (See my 

previo us OSEK/ VDX a rticles in ESP. 

"O SEK/ VDX ta nda rd: Ope ra tin g 

ys tem and Commun icatio n ," March 

2000, p . 90; a nd "O SEK/ VDX 

Ne two rk Ma n age r and 

Imp le me nta ti o n La ng uage," April 

2000, p . 96.) Unque ued m essages 

re ta in th e las t value, a nd can be 

"rece ived" mu ltip le tim es with out los­

ing th e va lue . T h e diffe ren ces 

betwee n message and API ca lls m e th­

ods are: 

• Type de fin itio ns cha nge slightly 
• ReceiveMessage instead of tile AP I 

fun ctio n Get 

• SendMessage instead of the API 
functio n Set 

• Defin iti o n of m essages fo r a ll 
inpu ts required 

Type definitions 
Fro m the example in API calls of til e 

digita l inpu t, th e RAM type varia ble 

d oes no t change . H owever, th e ROM 

type variable adds a re fe re nce to th e 

message th at contain s m e inpu t as 

shown in Listing 13. 

Macros 
Since the ROM structure cha nged , a 

change needs to be made to til e macro 

tha t creates th e structure instances to 

include th e name of th e message, as 

shown in Listing 14. 

Routines 
Th e access rou t i n es h ave bee n 

re p laced by th e IPC ro u tines, and 

th e input sampling routin e cha nges 

slig htly as s h own in L isting 15. 

Th e addi t io n of th e SendMes sage 

fun ctio n p laces th e result in th e sys­

te m message for use by th e a lgo­

r ithms. T h e DebounceDiscrete fun c­

ti o n re turns th e d e bo u nced sta te of 

th e di sc re te. 



Thanks to its object-oriented architecture, MetaWare's SeeCode™ debugger can be set to fit your project requirements. 
Through documented APls, SeeCode™ interfaces with system-level tools, software/hardware execution took, or other key 

elements of your own environment. The RTDS API can make SeeCode aware of your RTDS, even if Ws home-grown. 

MetaWare® 
INCORPORATED 

2161 Delowore Avenue, Sonlo Cruz, CA 95060 USA • Toll-free: 1.877.TOOLSET (866.5738) • Fox: 1.831.429.9273 
12 Rue Saulnier, 92800 Puleaux, France • Tel: 33 (0)1 47 288631 • Fax: 33 (0)147284699 

MetaWare is a registered trademark of MetaWare incorporated. Aii other cOJ.!J.!IIJ'!IJnCU!a!'!y'n J.!Ur01Y.l'UIilol!<!lJJl;t;Ll!!''!.ill!.I!'lli!l!!..!\'~Illiill'll~!llli!l!l!'''-!lUJhll!!!irJ];!l>j,/l;!!<!!!tiv''''-''.\.!!lmJl,lj;llillOni "'-__ 



LISTING 14 

#ifdef CREATE~EMORY 
#define CreateOigitaLInRAM(number) 

OigitaLInputRam digitaLin[number/8 + 1J; 

#define\ 

CreateOigitaLIn(name,port,mask,debouncetime,position,rammask,message,defauLt)\ 

OigitaLInputRom const name = {\ 
&port,mask,debouncetime,position,rammask,message,defauLt}; 

#eLse 

#define CreateOigitaLInRAM(number) \ 

extern OigitaLInputRam digitaLin[number/8 + 1J;\ 

#define\ 

CreateOigitaLIn(name,port,mask,debouncetime,position,rammask,message,defauLt)\ 

extern OigitaLInputRom const name;\ 

#endif 

L1mNG 15 

void SampLeOiscreteInput(IOHANOLE name) 
{ 

} 

BOOLEAN resuLt; 

U8 RawOigitaL = *«(OigitaLInputRom *)name)->port & 

« (Oigi taLInputRom *)name)->mask; 

resuLt = OebounceOiscrete(RawOigitaL, name); 

SendMessage«(OigitaLInputRom *)name)->message,&resuLt; 

L1mNG 16 Discrete output driver routine 

void WriteOiscreteOutput(IOHANOLE* names) 
{ 

BOOLEAN resuLt; 

whiLe(*names != NULL) 
{ 

} 

} 

ReceiveMessage«(OigitaLOutputRom *)*names)->message,&resuLt) 

ResuLt A= «(OigitaLOutputRom *)*names->activeLow); 

If(resuLt == INACTIVE) 

«OigitaLOutputRom *)*names)->port &= 
-« OigitaLOutputRom *)*names)->mask; 

eLse 

«OigitaLOutputRom *)*names)->port 1= 
«OigitaLOutputRom *)*names)->mask; 

names++; 
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An additional routine must be cre­

a ted to en able ou tput. Sin ce 

SendMessage only en te rs th e info rm a­

tion in to th e message RAM, a d .-iver 

rou tine must be created to actua lly 

output the data to a po rt. This can be 
seen in Listing 16. With OSEK/ VDX, 

this routine can be call ed whe neve r an 

o utpu t ch anges . This rou tine navi­

gates a null terminated list of outpu ts 
th at are passed in names. It rece ives 

th e cur rent m essage and sets the o ut­

put at th e port based on the sta te afte r 
inve rting the message value fo r active 

low outputs. 

Message advantages and 
disadvantages 

T he message me th od clearly abstracts 

th e source of th e da ta, whe ther it is a 

true h ardware inpu t o r output, o r da ta 

rece ived ove r a netwo rk . Complex 

m essages su ch as structures o r strings 

can be received easil y, whereas th e API 

calls work best if all data is of a simple 

typ e (that is, US, U16, float, and so 

on ). 

T he disadvan tage wi th this meth od 

is th at more RAM, ROM, and through­

put is uti lized by adding ano the r leve l 

of abstraction : th e message. 

Software reuse is a noble goal tha t 

has been chased by m any firms for 

years. In reali ty, attaining a large level 

of tru e reuse is usually di ffic ul t and sel­

dom achieved . Maj or im ped imen ts to 

reuse include diffe re nt mi croco n­

tro ll e rs, multipl e microcontro lle rs on 

a single proj ect, hardware chcll1ges, 

and networks. Changing the source of 

data usually fo rces extensive changes 

in code. Following the tips j ust o ut­

lined will he lp increase your reuse 

opportunities. esp 
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GREGORY EAKMAN 

Strategies for 
Debugging 

Embedded Systems 
TIle 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. 

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

vide the additional challenges o f limited manipula tion and visibility of 

the system through a small number of inpu ts and outputs. Abnormal sys­

tem states, in parti cula l~ a re difficult to test, because the system must be 
driven in to th e state befo re its behavior in th at state can be determined. 

This a rticl e introduces th e idea of instrumentation code injected in to 

th e implementation of UML mode ls for the purposes o f increasing the contro l­
la biU ty, obse rvabili ty, and testability of the system. The instrumentation is used in 

bo th the development and the ta rge t environmen ts, and a llows interac tive system 

debugging at th e m ode l leve l. In ba tch mode, the instrum entation serves as th e 

basis for da ta coll ecti on, initia li za ti on, and test au tomati on . My goals are to: 

• Provide a brief ove rvi ew of model-based softwa re engineering and implemen­
tation of these mode ls I 

• Outline approaches fo r integra ti on testing of mode l-based software 

• Identify th e in teresting run-tim e data and executi on po in ts within mode led 

systems 

• Defin e alternatives fo r collecting and manipula ting mode l data at runtime 

• Integrate the instrumentatio n with test automatio n 

Integration testing 
According to Roger S. Pressman , in Software Engineering-A Practitioner's Ajlproach, 

"Integrati on testing is a systema ti c technique for constructing th e program stru c­

ture whi le at th e same tim e conducting tests to un cove r the errors associated with 
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FIGURE 1 Emulation of domain's target environment 
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interfacing. "2 UML mode ls and object­

oriented software tend to have classes 

with many complex interactions, which 

hinder integration testing. Combining 

a stmctured approach to UML analysis 

modeling with a cohe re nL integration 

and test strategy will make deve loping 

qua lity embedded systems easier. 
A softwa re faul t is an e rro neous 

instruction o r computa tio n within a 

p.-og ram. Executi o n of th a t fa ult 

results in an e rro r in th e sta te of the 

software . \""h en the error is propagat­

ed to the output, and becomes visible 

outside th e system as an un expected 

result, a fa ilure has occurred. 

Controllability of a program is th e abili­

ty of a suite of test cases to force dl e 
program unde r test to fo ll ow a pa rtic­

ular executio n path, possibly execut­

ing faul ts along dle way. Obseroabilityo f 

a p.-ogram is the abili ty of th e test suite 

to de tec t an e rro r sta te, and th e reby 

illumina te th e existence of a fault. 

The inte rnal state of the system is 

impo rtant in de termining th e co rrect­

ness of tests. The output of a system is 

-' -.. ...... 
.-

dependent upon bodl dle initial state 

o f dl e system and dl e inputs applied to 

it. The same se t of inputs applied to a 

diffe rent initial state will result in dif­

ferent outputs. The flnal state of th e 

sys tem must also be examined as part 

o f evaluating th e cOlTectness of the 

test, as an incorrect inte rnal sta te may 

evntually propagate to the system out­
put, cau ing a fa ilure_ System complex­

ity may also make it difficult to predict 

dle correct outputs of the system. 

Initial State + In1JuiS - > Final State + 

Ou tpUIS 

Using black box test techniques, 

only th e exte rna l inputs and o utputs of 

dl e system are available . A distinguish­

ing sequence of test stimuli is required 

to propagate an e rro r to the outpu t so 

as to distinguish a faul ty program from 

a correct on e. The longer the required 

di stin guishing sequence, th e less 
testable the program. Embedded sys­
tems a re simila r to black boxes in that 

controllabili ty and obse rvability are 
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usually limi ted. Evaluating the fi nal 

inte rnal state o f th e system resul ts 

reduces th e distinguishing sequence of 

inputs required to de tect an e rror, 

resultin g in smalle r, more manageable 

test cases. Instrum enta tion seeks to 

in crease both contro ll a bili ty and 

observability in a so[tw<u-e program to 

resul t in a more testable program. 

The technique of using test sup­

po rt instrumenta tio n in applica tio n 

cod e is a glass box approach to testin g. 
In deve loping dl e UML models o f dl e 

system, develope rs express an unde r­

standing of wh at dl e system is sup­

posed to do. Instrumenta tion-based 

fault isolation su-ategies he lp leve rage 

th e knowledge in th e UML models 

into integrati on testing. The o pe ra­

tion and sta te of th e system a re mo re 

visible a t th e <Ula lys is leve l th an at th e 

cod e level, wh e re it is obscured by 

implementa tion details. 

Se tting dl e initial system state fo r a 

tes t o nly f.-om th e ex te rnal inputs 

requires some specifi c sequence o f 

exte rna l stimulus. yste m ope ra ti on 

unde r abno rmal conditi ons is critical to 

ve l-ify in many embedded applications, 

but creating th ese initial conditi ons 

may no t be simple. The techniques 

described he re enable dle creation of a 

test ha rness to g ready improve conu-o l­

labili ty and observability. 

Phases of integration testing 
Integration testing is broken into two 

main phases, dynamic verification and lar­

get integration. Dynamic ve rification is 

the execution of UML models in tll e 

deve lopment environment. It [ocuse 

on detel-mining tll e COITectness of the 

mode ls. Target integra tion involves soft­

ware and hardware integration in tlle 

target environment. Bo th dynam ic ved­

flcation and target inLegra tion are done 

at the analysis level, with the same tools, 

using dle tes t support instrumentation. 

The re are many reasons to do as 

much dynami c verification testing as 

possible: hardware avai lability, hard­

ware/ software isolati on , sho rte r debug­
ging cycle tim es, and access to tools. If 

you have high confidence in your mod-
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els after running tests in dynamic vel-ifi­

cation, debugging in ta rget in tegra tion 

can focus more heavily on th e inter­

faces between system componen ts and 

on platform-specific i sues. 

Modeling embedded 
systems with UML 
Th e effective a ppli cati on o f UML 

mode ls to softwa re engineering fo r 

cha lle ng i ng a pplicati o ns-especia lly 
in th e embedded context-requires a 

development process th at will ensure: 

• Models are rigo rous and complete 

• The resulting system implementa­
ti o n ca n be o ptimized witho ut 

impacting the mode ls 

• T he ove rall architecture of th e sys­
tem is main tai ned by th e process 

thro ugh multipl e re leases and 

requirement evolution 

To ac hi eve th ese goa ls, mod e l­

based softwa re engineering employs a 

translati onal approach , de fin ed be low. 

This a rticle focuses on adding test sup­

po rt into code using a tran slationa l 

app roach , but the techniques can also 

be appli ed to manua lly implemented 

UML models. Specific aspects of this 

type of th e translationa l process are 

introduced in the fo ll owing section. 

Analysis 

T he process of mode ling an imple­

menta tio n-independent solution to a 

problem in te rms of th e problem itse lf 

is call ed analysis. Effective ana lysis 

models are rigorous and comple te, 

and la rgely free of implementation 

bias. The Unifi ed Mode ling Language 

(UML) is a stan da rd no tation defi ned 

by th e OMG fo r expressing analys i 

mode ls.3 The work products p roduced 

during analysis are: 

• Domain 17wdel. this is a UML class dia­
g ram showing th e highest level 

decomposition of tile system in to 

areas of se pa ra te subj ect matter, 

cal led domains. T hese domai ns are 

represen ted as IJadwges, and depen­
dency arrows show bridges, which are 





5' 

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 li brary, and 

so on. Domain services are methods 
that make up the interface of the 
domain. Sin ce tlle domains define a 
complete specification of a single 
problem space, mey can be indepen­
dently tested, tllen combined with 
omer domains for furm er testing 

• Information model:. fo r each domain 
tha t is to be analyzed , a UML class 
d iagram is used to defin e the class­
es tllat form the structure of the 
domain . Classes have associations 
with o tller classes, and inhe l-it from 
o tll e r classes 

• Scenario model: key scenarios fo r this 
pecifi c domain are captured with 

UML sequence charts and/ or UML 
coll aboJ"atio n diagrams to show 

interaction be tween domain ser­
vi ces (ope rati ons), cl ass servi ces 
(memods), class even ts messages, 
and servi ces of outside domains 
used in thi domain 

• State model: for each class th a t 
receives event messages, a UML 

state d iagram is used to capture the 
class lifecycle, definin g state-depen­
dent behavior for tll at class 

• A ction model: for each domain se r­
vice, clas service, and tate ac tion , 
a d e ta il ed , unambiguo us behav­
io ral description is created. T his is 
expressed in an ac tion language, 
an ana lys is-leve l "programming" 

language mat provides a comple te 
set of analysis-leve l executio n prim­
itives wimout biasing me imple­
men ta tion. By expl-essing behav­
io ral de tail in ac tion language, con­
siderable freedom is retained until 
m e transla tion phase fo r how each 
analysis pl-imitive is implemented , 

wh ich is critical for optimization 

Design 
Design is tll e creation of a stra tegy and 

mechan isms supportin g m e mapping 
of analysis constructs to a run-tim e 

environmen t. Design is conducted in a 
diffe ren t conce pt space from analys is, 

and much of m e pre liminal}' design 
work can be completed independe nt 
of tll e analys is activities. 

Translation 

Translation is the process in which th e 
UML mode ls fo r each analyzed 
domai n are mapped to implementa­
tion through design stra tegies . Design 
is conducted at two levels: 

• Structural design: identi fy me execu­
ti o n uni t (threads/ tas ks/ 
processes) of the system, all ocate 
th em to processors, and a ll ocate 
domains to the un its 

• Mechanical design: develop detail ed 
patte rns (expressed in templates) 

to map ana lysis to implementa ti on 
and build base mechanisms to sup­
port th is imp lementation 

Instrumentation 
Parallels to source code debugger 

Since the UML models represent a 
complete executable model of m e sys­
tem, me mod els can be transla ted into 
implementa tion automaticall y. A se t of 
translatio n ru les is applied to th e 
model, much like a compi ler transla tes 

high-level programm ing languages. 
Fo llowing the language and model 

compile r analogy furtlle l~ a model com­
pile r can add inso-um entation in to tll e 
generated code,ju t as a language com­
piler adds a symbol table and debug 
info rm atio n in to the execu table. 
Instrumentation from both compi lers 

allows the resulting application to be 

tested and debugged by me developer 
at me same level of abso-ac tion as it was 
developed. On ly in vel}' rare cases 
would a high-level language developer 
want to look at tlle assembly o r machine 
code when debugging an application. 
Similarly, for UML models, tlle develop­

er wi ll want to debug at tJl e higher level 
of abstraction of me models, ramer 
tllan with me implementa tion code. 

The transla ti onal app roach uses 

information from the ML models to 

create code to support testing in addi-
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tion to tll e application code. The instru­
mentation does not add any additional 
fun ctional ity to tlle software, omer man 
enhanced testabili ty. The test instru­
mentation is only avai lable for test sup­

port and cannot be used during tll e 
n ormal operation of the software. 

Because tll e insu-umentation il-uect­
ed during m odel transla tion is based 
on ly on the UML model execu tion 
seman tics, it provides a generic test 
ha rn ess mat can be applied to any 
applicati on . The instrumentati on can 

be compiled o ut, o r m e code regener­
ated wi tho ut th e instrumentation , sim­
ila r to the way debugging info rmation 
is handled by the compile r. 

For manual ly implemented systems, 
me level of insul.Jmentation requi red is 
dependent on tJle complexity of tlle 

application, tll e test approach, tll e tar­
get environment, avai lable memol}" me 
support of omer tools, and th e time 
available. Thus, trade-offs must be made 

in o rder to deliver a qual ity product on 
tim e. In tlle UML models, one must 
identify important data values, attribut­
es, inputs, and control points. For each 
of tlle e items, add me appropl; ate 
inSlnlmen ta tion access. The remai nder 

of this a rticle wi ll describe adding 
instrumen tation using tlle translational 

approach, but the same principles can 
be applied to manual implementation. 

Instrumented application architecture 
T he UML test al-chi tecture is broken up 

in to two components, me dynamic ve ri­
fi cation user interface (DVUI) and the 
instrumentation agent. The DVUI is 
responsible fo r displayi ng informati on 

to tll e user and accepting user com­
mands. The DVUI could be replaced 
with a batch interface for automation. 

The insu-ume ntation age nt ac ts as 
the interface between m e appli cati on 
and tlle DVUI. The communication 
mechanism be tween m e age nt and 
DVUI can be any protocol-TCP / IP, 

RS-232, and so o n. The agent supports 
information marshal ing and commu­

nicati on via ge nerated instrumenta­
tion code. It in terfaces with tll e instru­
menta tion to set and re trieve instance 



data and to support DVUI notifi cation 
of break and trace poin ts , and inte r­

faces with th e event proces ing to pro­

vide execution control , sy tem stimu­

lus, break po ints, and stepping. 

Data instrum entation code is il:ject­

ed into th e a pplication during transla­

tion to monitor and upda te object 

instance population , attribute values, 

event queue population, event data 

item values, and service parameters. 

Data access 

During integrati on testing and debug­

g ing, assess ing the system sta te is a key 
requirement. in ce th e system state is 

distributed amo ng ma ny class 

instances, all instances in th e system as 

we ll as the values of th e attributes 

should be access ibl e to th e DVUI. 

Keeping ' a list of instances in the 

system is fai rly stra ightforward. Each 

class must include some tructure to 

ho ld th e instances of that class, COI11-

mo nly some fo rm o f a linked list. 

With in the co nstru ctor, th e new 

instance is added to th e list, and in the 

destructor, it is removed. 

To view th e state of an instance, the 

instance can suppo rt ASCII se rializa­

ti on, similar to th e J ava toStr;ngO 
method. The toStr;ngO meth od 

wou ld put the value of each of th e 

instance's attributes into th e string, as 

well as th e instances with which it has 

associa tions. The strin g can then be 

tra nsported from th e app li catio n 

agent to th e DVUI for display. To set 
the data of an instance, a 

fromStr;ngO me th od must be sup­

ported that can unpack th e data and 

make th e pro pe r co nve rsio ns a nd 

attribute assignments. 

The state of an instance's sta te 

machine is also very inte resting during 

debugging, because it represents an 

aspect of the contro l flow of the sys­

tem. It is special because it affects th e 

response of an instance to an event. 

Therefore, it's useful to separa te the 

current tate of the state machine 

from th e rest of the class attributes. 

Dynamic behavior 

DUling 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. Each of 

these inciden ts is of potential in terest 

during integration testing. Depending 

on the implementation, each of these 

incidents could trigger an interactive 

break po int or a trace output. 
The DVUI should be able to send 

to th e agent the co nditi ons on which 

to break. The break allows th e DVUI 

to inte rac tive ly browse th e state of the 

system at tha t point in execution and 

adju t instances and a ttributes, if nec­

essal)'. Trace points can a lso be set up 

by the DVUI. At a trace point, a mes-
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sage desc ribing th e triggering incide nt 
is passed to the DVUI and stored in a 
log fil e. Trace poin ts are a great way to 

fo llow system execution a t a high level. 
T hey can even be post-processed to 
generate a sequence diagram descri b­
ing the scenario executed , o r they can 

be used in regression testing. 
Break an d trace point contro ls can 

be implemented using th e publish­
subscribe patte rn . T he agent supports 
registration of each type of appli ca ti on 
executio n incident. T he DVUl can 
then subscribe to inciden ts, such as 
the creation of a particul ar instance o r 
ini tiati on of a state mac hine u-ansi­

tion . Instrum enta ti on within th e appli­
ca tion code no tifies thc agen t when an 
incident occurs, and the agent then 
notifi es th e subsc riber wi th the app ro­
pl-ia te action, break, or trace. 

O ne implementation of a system 
modeled with communicating state 

machi nes includes an event queue . 
Eve nts sen t by obj ects and from out­
side the domain are placed on the 
queue. An even t loop execu tes con ti n­
uously, pulling th e next event off th e 

queue and passing it to its destination 
instance, which execu tes the specified 

action . With this implemen tation, the 
event loop serves as a centra l place to 
monito r system executi on . 

Within the event loop, an insn-umen­

tation interface is added ulat watches 
ule events going by and looks up ule 
next state to be executed by ule receiv­
ing instan ce. These condi tions can be 

compared against ule set of break and 
n<lce conditions set by the DVUI. 

The instrumentation in the event 
loop could also support a single event 
step mode. In ul is mode, the DVUr 

would command ule application to exe­
cute one action, but stop before Ule next. 

If an analysis-level ac tion language is 
used to de cribe the UML model actions 
and services, you can expand the idea of 
event stepping to stepping of action lan­
guage by insul..Imenting the code in a 
similar way. Every line of action lan­
guage would be preceded by an insn-u­
menta tion instruction, keeping u-ack of 

the line number and local variable val­
ues. Of course, this would be tedious 

and e rror prone if done manually, but is 
easily accomplished by u<lnslation. 

Test execution 
T his secti on describes diffe rent ways 
to use th e insu-umen tati o n in the 

appli cati on to make testing and fa ul t 

isola tion easie r. 

Initialization 

The insu-umen tation can be used to set 
the system to a known initial state. By 
creating and initializing class instances 
through the age nt, the state can be set 
direcuy by Ul e test ca~e. This makes test­
ing fro m hard-to-reach states easie r, 

l<lther than havi ng to apply a sequence 
of inpu ts to drive it to that state. The ini­
tial ization is made possible by se riali zing 
instan ce data across th e communica­
tions channel to ule agent, where ule 
new instance is created and initialized . 

A soft reset capabili ty would a ll ow 
the system to be cleared , re initia li zed 
with ano th e r ini tia l sta te, and run with 
ano th e r set of tes t cases. 

Stimulus 
Stimulus is applied to the system from 
Ule DVUl th rough ule instrumen ta tion 

age nt. Events can be ini tiated by the 
DVUI and delive red to a target instance 
through the insu-umenta tion agent and 
event queue. An encoding scheme for 
the event and the data must be derived. 

Also, wiUl some addi tional encoding, 
domain services can be invoked as sys­
tem stimuli as well. This mechanism is 

similar to ul e encoding of paramete rs 
that COREA and RPC use when calling 
fu nctions across processes. 

O ne of the more difficult problems in 

embedded systems tends to be repro­
ducibili ty of fail ures due to timing o r 
sequencing of events. By conn-oiling ule 
sequencing of event transmission 
th rough the even t queue, ordering of 
actions can be tested and I-eproduced. Of 

cou rse, the interface to ule event queue 
would need to al low the reordering of 
events, in adcti tion to viewing me events. 

Data collection 
T he data collection interface can be 
used to test pre- and post-cond itio ns of 
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test cases. T his is especially useful fo r 
de te rmining and validating th e final 

state o f the system as part of test result 
evaluati on . 

An oule r side benefit of instrumen­
tation is the ability to capture true tar­
get stimuli and replay it in the dynam ic 

verification environmen t. If some part 
of ule instll..lmen tation 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, 

Lhe interface at ule domain boundary 
must be well undel tood. The test cases 
ulat are defin ed fo r the domain will gen­
erally use this intel-face as me primary 
stimulus to the domain. The test cases 
and stimulus data are obviously applica­
tion-specific, bu t use the test harness 

already provided by the insOl..lmen L:"1tion. 
Figure 1 shows a test driver, eimer the 

DVUI or other program connected to 
the instrumentation agen t., emulating 
the domain 's target environment. The 
driver initializes ule class instances that 
are part of the test. The test dl;ver 

applies the test stimuli and captures the 
response. The test driver also emulates 
ule responses of oUler domains by trap­
ping the service calls and substitu ting the 
retum values. The calls are a form of out­
put fro m ule point of view of me domain 

under test, and Ule responses provided 
by ule test d l;ver provide more input to 
the domain under test. The test driver 
uses the test instrumentation in me 

domain under test to trap and substi tute 
messages. 

Single domain to system testing 

T his test approach is scaleable from one 
domain to ul e integration of multiple 
domai ns and in to system test (Figure 2). 
Single domains are fi rst tested in isola­
tion, u ing the tes t driver to emulate ule 

environmen t of ule domain under test. 
Domains can then be combined fo r test­
ing ul rough integration of domai n ser­
vices. Agai n, U1C test drive r emulates the 
environment of the domains under test. 
T he assumptio ns that one d omain 



makes about ano tJl er, in the form ofser­
vice caJ ls, can now be verified. The 
interface and now of data across the test 
boundary should be well understood. 

AI; confid ence is gai ned in lower 

leve l domains, the test support instru­
mentation can be disabled on those 
domains to reduce the number of 
checkpoints and increase throughput. 
If a problem i found, the test support 
an be re-enabled to coll ect more data 

on m e specific test case. 

Leveraging potential 
In trumentation added to th e imple­
mentation of UML models all ows me 

models to be leveraged in to tJl e te Ling 
phase of developmen t. Developers can 
write test cases, execute, and debug 
and the level of the models. Ideally, 
instrum ntation should provide a fu ll 
debug envi ro nment at the level of 
analys is. Full inte ractive manipulation 

of instances, even ts, and data should 

be available, as well as ways to actively 
stimula te the system, ratJler than just 
watch it. The instrum enta tion pro­

vides fu ll access to the system under 
test at th e level of UML modeling, 

a ll owing a glass box ap proach to inte­
gration testing with g rea ter observabil­
ity, controllability, and testabi li ty for 
embedded systems. Increased observ­
ability enabled by instrumentatio n 
also a ll ows detection of internal erro r 
states without having to propagate the 
error to the output. Th is results in 

as ie r test case development and short­
er debugging time, as th e error i iso­
lated much closer to the fault. 

Once the capability of the full inter­
active anaJysis debugger exists, there is 
an even greater potential for improved 

quaJity and productivity by adding a 
batch capabili ty to it. This batch capabil­
ity wouJd aJ low automated regression 
testing, automated data collection of fai l­
ure test cases, or application of r;mdom-

ized test inputs and event sequences to 
obtain more analysis coverage. es p 

Gregory Eakman is a 1Jrinci1Jle consultant 

with Pathfinder Solutions and is a PhD 

candidate at Boston University in the area 

of automated testing of model-based soft­

ware. H e has successfully a1J/)lied model­

based software engineering to a varity of 

applications. Contact him at 

grege@t)(lthjindersol.com. 

References 

1. Pathfinder Solutions, "MBSE Software 

Engineering Process," February 2000: 

www.pathfindersol.coml download.html. 

2. Pressman, Roger S. Software 

Engineering-A Practitioner's Approach, 

3rd Edition . New York: McGraw-Hili, 

1992. 

3. Object Management Group, "The 

Unified Modeling Language" 

Specfication, November 1999: 

www.omg.org. 

Free Onboard TCP/IP on this 
Feature-rich Embedded PC 

MICRO/SVS 
Glendale, CA 
(818) 244-4600 • Fax: (818) 244-4246 

Call or visit our 

website for the Netsock/l00 

data sheet or a FREE 

284-page Handbook 

CARD DUPER'" SUppGIts Compact 
flash, PCMCIA, Smart Media, MMe, 
MllIlOIY Stick, UIIIGI, SIAM, orr. 

ATA. and EpsOl1 4~n (SIAM, flash) 

Contact us today at www.cardduper.com. before you drive yourself crazy 
trying to program memory cards the old fashioned way. 

International Microsystems, Inc. 
Milpitas, CA • (408) 942-1001 

www.CardDuper.com 

Embedded Systems Programming OCTOBER 2000 147 



IAR Embedded Workbench'M 
A superior C cross compiler package 
ofl'ering advanced embedded C/C++ 
optimization techniques 

• Supports the fo llow ing MCUs: 
Atmel AVR, AT89 
Hitachi SH, H8S, H8/300H, H8/300 
Intel 8051, 80x96, 8025 1 
Microchip 
Mitsubishi 
Motorola 
National 
NEC 
Sharp 
T I 
Zilog 

PICmicro 16/17 and 18 
M 16C/60/20, MC80, 740 
68 1 I, 68 12, 68 16 
COP8, CRI6 
V850, 78KO, 78K4 
SM6000, SM8500 
MSP430 
Z80, Z l 80 

alld lI1ore ... for cOlllple!e Ii.n, check WWIV.;ar.COIII 

• Different Architectures, One Solution: 
The same user friendly environment 
applies for all targets. 

IAR visuaiSTATE® 
A UML-compliant graphical state 
machine tool generating micro-tight 
code for any embedded MCU. 

• Very small code footprint (A break­
through patented technology) 

• Table driven code (compact & fast) 
• Uniquely suited for low-end 8/16-bit 

MCUs 
• Generates MCU & Compi ler independ­

ent code (works for 8/ 16/32/64-bit 
MCUs) 

• 100% formal veri rication of state model 
(a second patent) 

• Allows state level debugging, breakpoint 
setting, variable/action watch and graphi ­
cal animation of mode l 

• Static & dynamic analysis with regres­
sion testing 

• Automatically generates comp lete 
design documentation in ' rtf ' format. 

For a free demo & more information, please contact IAR Systems. 
Email: info @iar.com, Tel: 1-800-427-8868 Or visit www.iar.com 

IAR SY.>/em" (US I-IQ & WeSI COl/st), aile Marilime Pla::;:/. Stll/ Francisco. CA 94111 Tel: 415-765-5500, Fax 415-765-5503 
IAR SY'lelll., (&/.\1 COll.ll) 2 MOl/III Royal, Marlhorollgh, MA . 01752, Tel: 508-485-2692. FlLr 508-485-9126 

IAR MakeApp'" 
The Device Driver Wizard. 
Automatically generates fully tested C 
initialization code for MCUs 

• Vi sual configuration of device drivers. 
• Supports the following targets 

Atmel AVR 
Hitachi SH , H8S/300H. H8/300 
Mitsubishi M 16C 
Toshiba TX RISC 

for IIp-lO-dOle IlIrge! SIIPpO/'l check II ' II ' II : ;W;COIII 

• Checks for illega l settings & resource 
connicts 

IAR App. Development Services 
• Contact JAR to speed your next embedded 
development projcct. 

IAR 
SYSTEMS 

From idea to target. 
www.iar.com 



Don Morgan 

Hijacked! 
Since I started thi s se ri es, quite a 

lo t o f ma il has come in with com­

m e nts a nd ques tions con ce rnin g 
motors, PID, motion contro l, fi e ld-o ri­

e n ted control, and pulse width modu­

la tio n (PWM). I've recieved enough 

questio ns, in fac t, th at I d ecided to 

review som e of th ese a reas befo re 

moving o n. I'm going to an swer some 

of the questi ons by prese nting th e 
data tha t we've cove red fro m a diffe r­

e nt pe rspective. I'll a lso provide addi­

ti onal illustra tions. 

Specifi cally, we' ll take an o th e r look 

at the physical aspects of controlling 
brush and brush less pe rm anen t mag­

ne t mo to rs. Our coverage will a lso 

include PWM and a littl e bit on phase 

curre n ts . Next month , I'll go into 

greate r de tail on the PID algorithms 

and coeffi cie nts . Following tha t, we 

will again continue witll algo.-ithms on 

resolve r and sinusoidal encode r con­

ve rsions, which was my initia l pl an. 

PWM 

Pulse width modula tion is a di g ita l 

technique fo r th e contro l o f DC sup­

pli e to provide vat·ying voltages into 

a load . I use th e word digital because 

with PWM th e full DC suppl y is 

e i th e r turne d o n to th e load o r 

turn d off. That is, power is supplied 

to th e load by means o f a se ri es of o n 

a nd off pulses. Th e o n-time is th e 

pe ri od during which the DC supply 

is placed o n th e load and th e off­

tim e is th e pe t-iod durin g whi ch that 

suppl y is re moved , o r cut o ff, fro m 

the load . 

In this manner, we can contro l th e 

ave rage vo ltage de live red to a load. 

Fo r exampl e , If we have a switch 

be tween a light bulb and a 9V ba ttery 

and we turn th e switch on and off at 
half-second inte rvals, th e bulb expe ri­

e nces an ave rage voltage of 4.5V. This 

process is illustrated in Figure l. To 

d escribe tllis situa tio n, we say tha t the 

duty cycle is 50% and th e frequency is 

1Hz. Most loads, inductive o r capaci ta­

tive, require a highe r frequency to 

achieve tighter contro l and resolution. 

en t windings as tll e rotor turns. This 

resul ts in two flux pa tte rns. One ge n­

e ra ted by th e pe rman ent magne ts in 

the stator ( fi e ld ) and th e otll et· ge ne r­

a ted by th e armature windings. 

Elecu-omagnetic to rque is created 

by the inte racti on of the fi eld flux and 

the armature flux. To mo to r, o r pro­

duce to rqu e, th e e lectrical a ng le 

between th e fie ld and armature is typ­

ically 90 degrees (about 45 m echani-

Reader questions prompt a more basic tl~eatmel1t 

of PWM and motor internals. 

Common frequencie fo r mo tio n con­

u·ol amplifi ers range from 4kHz to 

20kHz. Wha tever the frequency, a 9V 

supply with a 50% du ty cycle will 
always produce an average voltage of 

4.5V. 

Brush pennanent magnet motors 

Like brush less mo to rs, brush mo to rs 

have a ro tor (th e part th at ro tates) and 

a stato r (the sta tio na ry pa rt). Unlike 

brush less moto rs howeve r, th e mag­

ne ts (or fi e ld) a re mounted on the sta­

to r, whil e th e windings (armature) are 

located o n tll e ro to r. 

The armature of a brush mo to r has 

many windings, o r phases, with only 

one po rtion excited a t anyone tim e, 

dep e nding o n th e positio n o f th e 

ro tor re la tive to th e stator. Brushes, 
acting as switches, commu tate th e 

moto r by connectin g current to diffe r-

cal degree) . So o n a brush pe rman en t 

magne t mo to r, th e brushes a re 

arranged so th at current-flow in th e 

armature windings produces flux tha t 

leads the stato r flux by 90 degrees. So 
many phases a re possibl e in such an 
arrangeme nt th at each o ne represen ts 

o nly a few electrical degrees o f rota­

tion , making fo r mo tly ripple-free 

to rque . 

The rela ti onship be tween current 

and torque on a pe rman ent magne t 

machine is linea r. It's possibl e to cre­

a te a current source fo r such a mo to r, 

bu t most often th e contro l o utputs a 

vo ltage to th e motor windings. 

T his wo rks because th e loads we 

are dealing with in motion contro l are 

overwhe lmingly inductive. In an 

inductor, current begi ns to fl ow after 

vo ltage is appli ed , and, de pending 
upon the amount of inductan ce, that 

current will rise to a cer tain leve l in a 
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given pe ri od of tim e, Th e g reate r th e 

inductance, th e less to tal cUlTent will 

fl ow in a given pe ri od of time. 

Techniques Fo r vo ltage contro l 

abo und , but PWM is th e most fre­

quently used , PWM contro ls th e ave r­

age voltage to til e windings, as wi til the 
lamp in Figure 1, and, the re fo re, the 

ave rage clllTe nt to th e windings, In a 

brush perma ne n t magn e t mo to r, 
torque is a linear fun ction of CUlTenL 

In Figure 2, we see a typical brush 

perm anent magne t mo to r driver, !L's 

often called an H-bridge because of 
the a rrangem ent of til e switches and 
the mo to r, The four swi tches in th e 

diagram contro l both the direction of 
curre nt thro ugh th e mo to r, and , 

because th ey are pulse width modul at­

ed , th e ave rage voltage across th e 

motor, T he one impo rtan t thin g to 

remember is tll a t one neve r has an 

upper and lower switch closed in til e 

same leg a t th e sam e tim e, This would 

result in a ho rt circuit. 

Wh e n we use a brush pe rm anent 

magne t mo to r, we can contro l th e volt­
age across the mo to r (and tll e re fOl-e 

th e curren t through th e moto r and its 

to rque) with PWM., We control th e 

commu tati on with brushes, 

Brushless motors 

Brushl ess pe rm anent magne t mo to rs 
diffe r fro m brush mo tors in th a t th e 

windings a re located o n th e stato r 

and do not move , whil e th e magnets 
a re fo und o n th e roto r, The windings 

a re distributed in multipl e phases, 

usua lly three, Each phase is se pa ra ted 

by 120 e lectri cal d egrees, One elec t.ri­

ca l connecti on ex ists to each phase , 

Brush moto rs swi tch phases in and 

o ut mechanically, and because th e 
d evice features numerous phases, th e 

mo ti o n is re la tively sm ooth , A simila r 

tec hnique is poss ibl e on a brushl ess 

m otor, but because th e re a re only 

three phases, thi technique pro­

duces large torque pe rturba ti ons a t 

each t.ransitio n. 
Th erefo re , o n a brushless motor, 

th e commu tation is done e lectronical-



Iy. The drive, or power stage, monitors 
the position of the rotor, usua lly with 

an encoder, and excites the appropri­
ate winding to maintain a 90 degree 
commutation angle. 

Figure 3 shows a cross-secti on of a 

four-pole brush less motor. If you imag­
ine the rotor making a comple te 
mechanical revolution of 360 degrees, 
you wi ll notice that the flux from the 
magnets cycles twice, once for each 
north / south pair. In othe r words, 
there a re more e lecu;cal cycles than 
mechan ical cycles. In fact, th e number 

of electrical degrees is equal to one 
ha lf th e number of poles on the motor 
multiplied by the number of mechani­
cal degrees. Most bmshless perma­
nent magnet mo tors have more than 
two po les. 

Figure 4 is a d iagram of a typical 
power stage. It consists of 'ix witches 
configured much like th e H-bridge 
de picted previously but with an extra 

leg for th e third phase. H ere, we a lso 
use PWM to con trol the average volt­
age to each winding, and, therefore, 

the current through each phase. 
Again , o ne 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 th e ave rage 

voltage across each phase with PWM, 
as in the brush app licatio n. But how 
do we do the commutation? 

Commutating a brushless 
pennanent magnet motor 

Another techn ique exists that i more 
suitable for three-phase motors than 

the six-s tep method I described last 
mo nth (p. 179). It's called sinusoida l 
com mutatio n. Because a brush less 
motor can control current in multi­

p le phases independently, it move 
the wind ing flux in very small II1 cre­
m ents. 

To understand this, recall 
Kirchoff's law, whi ch states that the 
sum of all currents, voltages, and flux­
es in an e lectrical circuit must equal 

• SPECTRA 

zero. That rela tio nship is represented 
by the fo llowing form ul ae: for flux 

for current 

for voltage 

A simple way to understand this is 
to imagine a water hose. The water 
moving into the hose, which we' ll call 

+water, must be equal in amount to 
the water coming o ut of the hose, 
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whi ch we will call -waler. Therefore, if 

we add the +water to the -water, we'll 

get zero. No o ther waters are invo lved. 

If water goes in one end it will come 

out the o the r. A three-phase system is 

similar, excep t we have three bi-direc­

tional inpu ts. With a high frequency 
PWM we can make fin e adjustments to 

the amount and th e angle o f th e stator 

flux . 

If we examine th e moto r from the 

stator point of vi ew, we see three-phase 

current flux angles tha t change con­

stantl y. If, howeve r, we assume a fixed 

position on th e rotor, we can see tll a t 

two fluxes must be present in a motor 
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for it to move and produce torque, 

and that th ey wi ll be about 90 degrees 

from one another. On e is til e rotor 

flux, whi ch in a pe rmanent magne t 

motor, is fixed by the circular magnets 

on the rotor. The o th er, th e sta to r 

flux , is generated by the three-phase 

windings on the stator. These two flux­

es can be math ematically gene rated by 

two currents, 1" and I(r This separa tion 
of cun-ents is a mathematical o pe ra­

tion illustrated by the vector sum in 

Figure 5. The vector sum of tile flux 

ge ne ra ted by the magn e ts on th e 
a rmature and th e flux from the wind­
ings on th e stato r, result in a third vec­

tor often referred to as torquing flux . 

Recall th at we are imagining this 

picture from a fi xed position on the 

ro tor. H e re , the values of 1" and I" 
change very slowly. You will see from 

the vector diagram in Figure 5 that on 

a permanent magnet mo tor, it is on ly 

n ecessary to manipulate the winding 

flux to create acceleratio n, decelera­

tion , o r a profil e, because the flux 

from the pe rm anent magnets is fixed . 
This means that on a brushless perma­

nen t magne t motor, the f" may be 

zero. 

But to contro l th e stator flux , we 

need to ge ne ra te phase currents; or, 

you could say, we want to use our 

power bridge to produce an ave rage 

vo ltage across each phase that will ge n­

e rate the proper fllLx in the windings 

to cause tile motor to turn as we 

choose. It can be shown (please see 

tile bibliography) that I" and I" are a 
result of tile individua l phase curren ts 

and the position of the rotor as sh own 

he re: 

' " 2 eos(O) eos(O-y) eos(0- 2y) , [] [ 1'"1 '. ="3 -sin(O) -sin(O-y) -sin(0 - 2y ) , : 

(1) 

This formu la is th e product of two 

formu lae: 

eos(y) 
sin(y) 

eos( 2 y)lio ] 

. '. sll1(2 y) ic 

(2) 
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[id] = [ cos(O)sin(O) IiIL] 
iq - in(O)COS(O) i f! 

FIGURE 4 iThree-phase power bridge and Wye wound three-phase motor 

(3) ... Reference Points -------..... 

Ij 
Equation 2 transfonns three phase 

currents, ia> ib, and i", to a homopolar sys­
tem, but- with reference to the stator. 

This means the values itt and ifJ change 
rapidly with time. To get to the fixed 
position on the rotor where IdaJld Iq (cp(/ 

aJld CPq) aJ-e moving very slowly, we need 
to make one more change, and dlat is a 
simple rotation based on the position of 
dl e rotor relative to the stator. An 
encoder usually supplies dlis aJlgle. This 
traJlsfonnation is given in Equation 3. 

n 
=c ,.~ t 

~-----~------~~ 

+ 
Thus, we have one of th e most pop­

ula r and effective algorithm for con­
trolling permanent magne t motors. 

Induction motors 

We can view a n induction mo tor 

much like a brushless pe rm a ne n t 
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magn et m otor. The primal·y diffe r­

e nce is that th e induction mOlor has 

a wound armature instead of perma-

n e nt magnets. The armature i mag­

n etized by th e stator wind ings; this 

is the [ d component in Eq uation 1 

URIS Fluxes in a brushless permanent magnet motor . 

Winding Flux 

Id -------', 
" 

Magnet Flux 
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Torquing flux 

',-- - - · Iq 

that must now be supplied to the 
motor. As a resu lt , an induction 

motor requires approx imate ly one­
third more current to run than a 

comparable permane nt magnet 

motor. 

Next month, we dig more deeply into 

the PID algorithm and the meaning of 

the terms and coefficients. esp 
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suite's debugger works with a cycle­
accurate instm ction set simulato r. The 
suite is avai lable now, starting at $3,900. 

Tasking 

Dedham, MA 

(800) 458-8276 

www.taskingcom 

Th e DriveWay Lite family is a se ri es 
of too ls that auto mates th e d esign o f 
boa rd-suppo rt pac kages compri sed 
o f d evi ce drive rs, boo t cod e, a nd 
glue cod e. Products in th e DriveWay 
Lite lin e suppo rt th e simplifi e d 
ha rd wa re require me nts o f eva lua­
ti o n boards. Processo l--spec i fi c ver-

sio ns of D riveWay Lite a re available 
n ow fo r $7,500. 

Aisys 

Santa Clara, CA 

(408) 327-8820 

www.aisysinc.com 

Developmen software 
Dynamic C Premier is a development 
environment for the Rabbit 2000 micro­
processor. It features all th e ftmctionali­
ty of previous versions and now includes 
the MicroCI OS-Il real-time kem el, as 
well as Fas t-Fourier TransfOl'lll (FFT) 
and TCP l IP capabilities. FFT trans­
forms a wavefOl'lll in to its constituent 
frequencies. WiUl Dynamic C Premier, 
Rabbi t 2000 processors can include pat­
tem -recognition , filte ring, and interpo­
lation in applications for data analysis in 
areas ranging from earthquakes and 
oceanic waves to elecu-ical distribution. 
When using Dyn<unic C Premier, devel­
opers can monitor events in real time 
while uleir program runs in a con­
u-o ller. It's available now for $295. 

Z-World 

Davis, CA 

(530) 757-3737 

www.zwor/d.com 

DeSign documentation 
Imagix 4D is a reverse engineering tool 
that now features software documen ta­
ti on capabilities. Using inform ation 
located in its database and in the 
designer 's sourcecode, it documen ts 
each software compo nent. This 
includes all fil es, cia ses, fun ctions, and 
variables. Imagix 4D features a control 
fl ow analys is tool that analyzes the 
sequences and conditions of fun ction 
calls and variable usages in the code. 
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An entire community devoted to 

embedded computer design? I n a 

word, yes. It's an online community 

brought to you by Vertical Net, a company 

dedicated to helping people conduct 

business as easily as possible. You 'll 

have access to the latest industry 

news, extensive career opportunities, 

and a thriving marketplace where 

industry professionals buy and sell every 

product imaginable. To visit, simply 

go to www.embeddedtechnology.com. 

The resources are there for you . 

All you have to do is take advantage 

of them. 

( 
a Vertical Net community VerticolNef" 



New Products 

Developers also have control over the 
representation of the data, choosing 
where to insert cross-refe rences and 
chart graphic into the documentation. 

Imagix 

San Luis Obispo, CA 

(805) 781-6002 

www.imagix.xom 

Development software for 
non-programmers 
SoftWIRE v .. 2.0 is a tool creates pro­
grams using Visual Basic v .. 6.0. It fea­
tures database, TCP l IP, arithmetic, 
financial, and analysis ftmctions. Among 
the da tabase functio ns are a query 
builder, a database grid, and the abili ty to 
read and write from Access, Oracle, or 
SQL databases. Existing features of 
oftWIRE include a graphical interface 

for the oscillo cope, strip chart, and dig­
ital volt meter. Many of the new controls 
are purely graphical, which means that 
aLi propel1:ies and vaJ.;ables 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 

Analyzers 
Fire py400 combines an analyzer, a gen­
erator, a monitor, and a controller in a 
single unit. Together, these devices pro­
vide protocol analysis for IEEE1 384-
based systems at transaction level. In 
addition, FireSpy can analyze a device's 
registe rs and memory addresses. USB 
agent is a USB bus and protocol analyz­
er. It records all USB traffic non-intru­
sively at low or fuj i speed. They're both 
available now for $3,500 each. 

Hitex Development Tools 

Sunnyvale, CA 

(800) 454-4839 

www.hitex.com 

Development kit 
The DK900-HCll is a development kit 
for the design of 68HCll-based systems 
that require in- ystem programming 
during system operation (a process also 
called in-application programming, or 
lAP). Systems of this type include auto­
mo tive diagnostic systems, med ical 
monitoring systems, and remote indus­
o;al control systems. lAP requires two 
flash memory arrays so that boot code 
and fl ash algorithms can be executed at 
the sam e time that data is being erased 
or written into the system . The DK900-
HCll provides these arrays, as well as all 
the other hardware and software 
required to implement an lAP system. 
SpecifIcally, it includes a 68HC-ll-based 
development board, a FlashLINK pro­
grammer and cables, a nul l-modem ser­
ial cable, power supply, and a CD-ROM 
with PSDsoftExpress EDA tool and 
PSDload UART down load software. 
The CD-ROM also includes program­
ming examples and tutOI;alS on JTAG-

based in-system programming. The 
development board includes a PSD9XX 
programmable system device, a l 6-char­
acter LCD display, power switch, UART 
se rial POl-t, aJTAG programming port, a 
reset button, a DIP witch, two LEDs, 
and pads for addi tional RAM. The 
DK900-HCll development ki t is avai l­
able now for $99. 

Waferscale Integration 

Fremont, CA 

(510) 656-5400 

www.waferscale.com 

Chips 

High-end processor 
The 400MHz to 500MHz UltraSPARC 
64-bit processor is ta rgeted for e mbed­
ded ap plicati ons in the telecommuni­
cati o ns, network infraso-ucture, and 
ISP markets. It integra tes a 256KB 
Level 2 cache; a 32-bit, 66MHz PCI 
bus; an d an SRAM contro lle r and 

When putting together an 
Embedded System, remember ... 

A system is more than the sum of its parts. 

ADS GRAPHICS CLIENrM PLUS 
Application Ready Systems 

at your fingertips! 

A StrongARM 206 MHz 
6.1.> Embedded linux 

WinCE 3.0 
JavaNxWorks/OS-9 

ADS engineers complete embedded system 
solutions so that you can focus on what's 

most important Your Application 



Pr.ogrammers, 
C.Comeilers and 

nalllQ.[1J Boards 

New Products 

memory interface. Power consump­
tion is estimated to run a t a max imum 
of eight watts for a processo r running 
at 400MHz and 15Y. Maximum power 
consumption is 13 watts for a proces­
sor operating at 500MHz and 1.7V. 
Built-in power management fun ctio ns 
permit the chip approximately three 
watts maximum power usage in sleep 
mode. T he Ulu-aSPARC processor will 
be avai lable in November. It costs $230 
for the 400MHz version and $357 for 
the 500MHz version . 

Sun Microsystems 

Palo Alto, CA 

(650) 856-2114 

www.sun.com 

Floating-point DSP 
The TMS320C6712 DSP performs up to 
600 million floating-poi.n t operations per 
second. It operates at 100MHz with a 
core of 1.8V and an 1/0 supply 3.3y' In 
addition, it features an intemal memory 
architecture that can be used as a two­
level cache, a one-level cache with direct­
mapped memory, or a com bination of 
two-level cache and direct mapped mem­
ory. Also included is a pelipheral set that 
features 16-channel d irect memory 
access, 16-bit external memory interface, 
two multi-<:.hannel buffered selial ports, 
and two 32-bit timers for data I/O and 
design flexibili ty. The C6712 is sampling 
now, with volLUne production scheduled 
for the first quarte r of 200l. It will cost 
9.95 each in quantities of 100,00 units. 

Texas Instruments 

Santa Clara, CA 

(800) 477-8924, ext. 4500 

www.ti.com 

EEPROM family 
A family of standard sili con EEPROMs 
has been made sui t..:"1ble for use in 
space. The famil y o ffers units of a total 
dose hardness ranging from 50 to 250 
had, depending on the customer-spec­
ified orbit in which they will trave l. The 
products feature no Single Event 

158 oaOBER 2000 Embedded Systems Programming 

Latchup and a Len-year data retention 
rate. They are a ll capable of in-system 
electrical byte and page programma­
bili ty. The EEPROM feature data 
polling and a Ready/ Busy signal to 
indicate the comple ti on of e rase an d 
programming ope ra tions. Hardware 
protection is provided with a RES pin , 
in add itio n to no ise protection on the 
WE-signal. Software data protection is 
implemented using a J EDEC-opti onal 
standard algorithm. Uni ts in the fam ily 
are available now. One megabyte ver­
sions cost $750, 4MB versions cost 
$1,750, and 8MB versions cost $2,500. 

Space Electronics 

San Diego, CA 

(858) 279-5100 

www.maxwell.com 

Altera chip subs 
The CL3000A family of laser-processed 
logic devices can be used interchange­
ably in the same socket as Altera MAX 
3000A CPLDs. Their Im ulLlfacturer has 
developed a software technology that 
allows them to extract configuration 
infomlation and reproduce it on new, 
non-programmable chips. They also take 
up less space and use fewer lnU1sistors. If 
you send the company a MAX3000A 
programming file, they send you config­
ured sam ple chips within two weeks. 

Clear Logic 

San Jose, CA 

(888) 548-7788 

www.dear-Iogic.com 

Core embedded in FPGA 
The AT94K40 is a field programmable 
system level integration circuit. Rated aL 
30 MIPS at 40MH z, these devices are 
designed for use in low power, portable 
applications ror areas such as telecom­
munication , networking, instrumenta­
tion, and automotive. They combine 
the embedded AT40K FPGA core widl a 
high-performance version of the AVR S­
bit RISC microcontro ller, two UARTS, 
timer/ contro llel-s, interrupt contJ"o ller, 



New Products 

programmable I/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 ",ill be the first in a 
seJi es of simiJar devices. AT94K40 is 
sampling now and will stan at $50 per 
unit when it sh ips. 

Atmel 

San Jose, CA 

(408) 441-0311 

www.atmel.com 

OEMs 

Pentium SBC 
The VMICPCI-7710 is a Pentium III­
based single-board computer. The 
processor has a 32-bit addressing and 
54-bit data bus. Its superscalar archi­
tecture a ll ows three instructions to be 
executed per clock cycle. A dynamic 
branch p.-ediction 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 temperalLlre-based clock throt­
tling, BIOS support for USB legacy 
keyboard and mouse, an SVGA con­
troller with 2MB internal DRAM, 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 
5MBus routed to a CPCI bus J 3 con­
nector, hardware support for software 
power-off, remote Ethernet booting, 
passive heat sink, up to 384MB 

DRAM using two 144-pin SODIMM 
modules, on-board Fast Ethernet con­
troller supporting 10BaseT and 
100BaseT interfaces, Ultra-DMA-33 
hard drive and floppy d.-ive controll ers 
through CPCJ J3 connector, two high­
performance 15550-compatible serial 
ports, a parallel port supporting 
ECP I EPP modes , two USB ports, 
p 12-style keyboard and mouse port 

on front panel, and software-selectable 
watchdog tim er with reset. T he 
VMICPCI-7710 is available now for 
$3,100. 

VMIC 

Huntsville, AL 

(256) 880-0444 

www.vmic.com 

PowerPC single-board 
computer 
The EPIA-8240 is the latest member of 
the EmPower family of COTS VMEbus 
products, a series of communications­
o.-iented boards in 5U and PMC form 
[actor. The EPIA-8240 is based on the 
MPC8240 processOl: Software support 
[or the EPIA-8240's se.-iaJ communica­
tion channels includes tandard com­
munication protocol modules from 
Trilliull1 Digital systems. The modules 
have been ported to the EPIA-8240's 

hardware and provide a modular com­
munications stack that o[fers configura­
tion for adaptation to differentapplica­
ti ons. Modules currently avail able 
include HDLC, LAPB, and X.25 for syn­
chronous operation. The EPIA-8240' 
single channel, dual redundant MIl.r 
STD-] 553B interface is implemented by 
a DDC mini-ace. Other supported fea­
tures include a CompactFLASH site, 
54MB SDRAM, 9MB FLASH, 
1O/ I00BaseT Ethernet and two PMC 
sites. In addition to tlle onboard PMC 
sites, PCI sub-system expansion is possi­
ble for both air and conduction cooled 
applications, based on a range of pcr 
mezzanine cards, including MIL-STD-
1553, ATM, Serial, Graphics, 
Fiberchannel, and flash extensions. 

Radstone Technology 

Towcaster, Northants, England 

44 (132) 735-9444 

www.radstone.com 
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rnorkingEngines[*inc] 
Post-PC Era Talent Firm 

placement / consulting / alliances 

We strategically match, technically and 

culturally, highly skilled engineers with 

leading-edge companies who build 

smart devices and development tools. 

Our vxJobs Praclice focuses exclusively 
on positions requiring VxWorks expertise. 

303 - 628-5560 
www . working Engin es . com 
www vx Job s co m 

(Complimentary resum e III interview support. All fees employer paid.) 

'V)(Works Is a registered trademark of Wind River, Inc, 

DESIGN/DEVElOPMENT 

ENGINEERS: N~ 
OPPORTUNITIES IN: 

Wireless Communicalions (Dala, PCS, Cellular, Networks, SalCom), 
Digilal lmaging, Compulers, Software, Semiconduaors, Medical, 
CATV, Defense, Process (ontrol, Consumer Electronics 

SKillS IN ANY OF THE FOllOWING: 

Embedded SW, OOD/OOP, C, C++, WindowsNT/98, Soiaris/UNIX, 
JAVA, BIOS, VRTX, PSOS, DSP, MIPS, PCI, VME, Mixed Signal, 
ASIC/FPGA, VHDUVerilog, Device Drivers, Syslem Archileaure, 
LAN/WAN, IP, Wireless Design, COMA. GSM, Video Compression 

National Engineering Search., 
is the leading search fi rm placing 
Engineers nationwide. Contact us 
for immediate access to today's 
most exceptional engineering career 
opportuni ties! Our clie nts range 
from Blue Chips 10 loday's newest 
emerging technology companies. 

800/248-7020 
Fax: 800/838-8789 
esp@nesnet.com 

See many of our current 
opportunities on-line at: 

nesnet.com 
What are you worth? 

See our Online $alary Calculator! 

EDS is 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. 
More than 100,000 professionals are enjoying the benefits of an EDS caree r. We 
offer excellenr training, competi tive salal·ies, and above all, room to grow. We 
provide cutring-edge systems and insights to top clients worldwide. If you're looking 
for a dynamic environmenr wi th all the opportunities you can handle, send us 
your resume today. 

Senior Embedded Systems Software Engineers 
• Embedded programming for microconcrollers using C and A~sembly 

language including interrup t handlers and use of real-rime executives 

• Algori thm developmem, device d ri vers, Project Management, Formal 
Configuration Management, Bench development skills, J 1850 and CAN 

Embedded Systems Software Engineers 
or Assembler programming, Microprocessor Arcl1irecru re and Interfaci ng ex­

perience, real-time microprocesso r program development, Software 
Development Lifecycle, Requirements Analysis, Software Design, Coding, 
Unit and In tegration Testing, Bench Development skills. 

Windows CE Software Engineers 
• 1-2 years W indows development experience using MS Visual C++ 
• Experience in Windows CE preferred, but will provide training if necessary 

Engineering Associates 
• 4-year degree in ElecITical Engineering or Computer Engi.neeting or equivalent 

work experience required 

Positions available in North America. 

Please mail, fax or email yO Ul" reswne, indica ting position of imeresc, to: ED S 
Recruiting, Dept. 72-9722, Attn: Deborah Polvi, 700 Tower Drive, 5th Floor, 
Troy, MI 48098; Fax: (520) 833-9309; Email: deborah .polvi@eds.com. 

EDS i.":1 rt'gisn.!n.>d mark aud the EDS logo is a tradctn.II'k of Electronic f),If;! S),MCIIlS Corporation. EDS is an equal opporUlllit y 
employer 31ld v .• lul. ... the di versil) ofir.s I,,-'Ople. Cnpyriglu «noon Elcclmnic O:u .t Systc.:m~ C .. orpo r;uion. All ri !-:IHS reserved. 

-' 1"1 I II !Ii I 
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scientific.com 
Software and Hardware 

Pr6fessIOnai 

Free Resume Assistance 
All fees are employer paid 

Having 
problems 

landing 
qualified 

embedded 
designers? 

Advertise in 
Embedded Systems 

Programming's 
career section! 

East Co as t Sales 

Damon Graff 
781.839 . 1285 

Ca l ifornia Sa l e s 

Andres Diaz 
415.278.5274 

W e st Coa s t Sa l es 

Sam Louis 
415.278.5223 



SCENARIOS THAT WERE HERETOFORE FOUND ONLY IN THE BIG SCREENS ARE BECOMING REAL, WITH SUN'S CONSUMER AND 

EMBEDDED TECHNOLOGIES PLAYING A FEATURE ROLE IN MAKING THEM HAPPEN. SUN IS COMMITIED TO PROVIDING END·TO-END 

SOLUTIONS BASED ON OPEN STANDARDS THAT WILL MAKE CONSUMERS' LIVES MORE PRODUCTIVE AND ENJOYABLE. IF YOU WANT 

A STARRING ROLE, THIS IS YOUR TICKET! THE NETWORK SERVICE PROVIDER DIVISION GROUP IS SEEKING: * HW 
ENGINEERS, BOARD DESIGN * HW ENGINEERING MANAGER/PROJECT LEAD, BOARD DESIGN 
* SYSTEM EMBEDDED ENGINEERS. CHECK OUT WWW.SUN.COM/SPJOBS 
THE CONSUMER AND EMBEDDED DIVISION GROUP IS SEEKING: J2MpM CORE DEVELOPMENT: * VM AND 
COMPILER DESIGN ENGINEERS * J2ME SOFTWARE TESTERS * GUI DEVELOPERS * JAVACARD 
DEVELOPERS * J2ME API DEVELOPMENT: WIRELESS * JAVATV DEVELOPERS * CONTENT 
ENGINEERS * SR. PRODUCT MGR., EMBEDDED TECHNOLOGIES. SUN IS PROUD TO ENSURE THAT EQUAL 

TALENT ALWAYS GETS EQUAL OPPORTUNITY. DROP YOUR RESUME OFF WITH SUBJECT HEADING AESP100AB/CS AT 

WWW.JAVA.SUN.COM/JOBS. 

+ SUn. 
~ 

JAVA 

microsystems 

We're the dot in .com™ 
THE NETWORK IS THE COMPUTfR ©2000 SUN MICROSYSTEMS, INC. All RIGHTS RESERVED, SUN, SUN MICROSYSTEMS, THE SUN lOGO, THE JAVA COFfEE CUP lOGO, SUN ENTERPRISE, NEIRA, SOlARIS, JAVA, JINI, 
THE NETWORK IS THE COMPUTER, AND WE'RE THE OOT IN ,COM ARE TRADEMARKS OR REGISTERED TRADEMARKS OF SUN MICROSYSTEMS, INC. IN THE UNITED STATES AND OTHER COUNTRIES, 



SIEMENS 

The wheels of the wireless mobility market We have opportunities in the following 

are turning and there's a new competitor areas for COMA and TDMA Technology at 

leading the pack. Combining the agility and our San Diego Location: 

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

tia l. And at Siemens Mobile Phones, you've 

got the room to take your career as far as 

you can imagine. 

Siemens Mobile Phones 

www.icm.siemens.com 

• Embedded Software Engineers 

• HW/Baseband Engineers 

• MMI Software Engineers 

• Marketing Positions 

• Mechanical and PCB Layout Engineers 

• Product Managers 

• RF Engineers 

• Sohware Integration Engineers 

• Sohware 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: 

sdresumes@icp.siemens.com indicating 

code: 0291ESP. Siemens is an equal oppor­

tunity and diversity employer. 
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• Real-time trace 

• Serial, parallel, & 
LAN interface 

• C/C++ level 
Chameleon 

Debugger 

• Multi-core 
debugging 

800-838-8012 
805-523-9774 

Fax: 805-523-9776 
11992 Challenger Ct .• Moorpark, CA 93021 

M t" [111 C!C++programmable 
Low Cost, Standalone o 10 n 2140 DSP Motion Controller 

• Suitt-in firmware for PIO, profile, 
electronic gear 

• 4.rx3.8'. 
386EXJ186 
PMO MC2140 

• 2-or 4-axis servo 
motion control 

• Quad rature/AOC 
inputs, OAC/PWM 
outputs 

• RS-2321485, timers, 
watchdog, TIL liD, AOC 

We have 30+ Low Cost Controllers with AOC, OAC, 
solenoid drivers, relays, PCMCIA, LCD, OSP motion 
control, 10 UARTs, 3001/0s. Custom board design. 
Save time and moneyl 

in 
1724 Picasso Ave., Suit. A 
DaYis, CA 9S616 USA TERN T.~S30-7S8-0180· Fax: 130-718-0111 

INC. ~::~g=~~~;~~m _== 
Fast. Reliable. Affordable. 

Parallel port Parallel port 

~ ~~:v-~ .' ~. ' ~;~~.~. I.L..!siI /; L .... 
para:/./porl [ . 1'f:'-1;·/IlU·;· ',;. 
EMp·30 J PC based ' " "t' . 
S995.00 $139.95 "",.. F 

. .- -
DEVICE most 

cost-eHective way to read, program and verify 2716 - 8 meg 
EPROMS. Support lor Micros, Flash. EPROM, 16-bit, PLDs, Low 
Voltage and Mach (cal for support I~t for specif~ mod~s, or download 
demos from our aas or web site). Easy to use menu driven 
software leatures 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) 

II~WIIIIIII. ,···ft"' I·:"!.f~fllll 
NEEDHAM ELECTRONICS, INC. 
4630 Beloit Drive, #20, Sacramento, CA 95838 (~ 
FAX (916) 924-8065 ' BBS (916) 924-8094 ~ 

(Mon. - Fri. 8 am - 5 pm, PST) 
http://www.needhams.coml 

We can save vour valuable time! 
11I1ROOUCIliGIFuil Featured In-Circuit Emulator 

• Supports a wide range of micro-
processors & mjcro~controllers 

• Universal Architecture 

• Real Time Filtering Trace 
• 1 OOMHz Bus Speed Support 
• C/C++ Source Level Debugger 
• Easy to Usel 

Also ask about our Flash Programmerl 

• Hitachi 
H8/H8S 
SH1 /2/3/4 

eQualcomm 
MSM3000 
MSM3100 

·ARM 
ARM7/9 

"ETM support" 

·NEe 
V800N850 

• Motorola 
68KJPowerPC 

• Mltsublshl 
M16C/M32R 

• Fujitsu 
SPARClite 
FR30/FR40 

• Toshiba , Sharp, 
Panasonic. OKI 
& more " 

Yokogawa Digital Computer Corp 01 America 
Tel : (408) 244-1932 

YlOViOr".A\A/A • Fax: (408) 244-1881 
~ \,;lI"'\YY/"\ http://www.ydcusa_com 

email: info@ydcusa.com 

1 
EMUL 12~PC/BDM 

Real· Time Microprocessor 
Development Tools 

Call (408) 866-1 820 for a product brochure 
and a FREE Demo Disk. 

Information is also available via Fax, call our 
24-hour Fax Center at (408) 378-2912. 

Visit our web site- http://www.nohau .com 

See EEM '97- pages 01274-1282 

nOHau 
CORPORATION 

51 E. Campbell Avenue 
Campbell , CA 95008-2053 
Ema il: sales@nohau.com 

In-Circuit Emulators 

TomICE 
with Trace 

Th e Leader in Memory Emulalion 

• Trace to pinpoint startup problems 
and isolate real-lime bugs. 

• Code Coverage to verify execLltion 
and speed up QA. 

• Ultra- fast downloads via Ethernet, 
paralle l and serial ports for Unix, 
Windows 9SINT and DOS . 

[D Grammar Engine Inc. 
[]§I Call Toll Free: 

1-800-776-6423 
www.ei .com 

MICROPROCESSOR CORE 

DeSign your custom board 
around the Rabbit 2000™ 
core module. Easy and 
rapid development, plus 
you save production 
and componenl costs! 

• 40 110 pins ' 4 serial ports ' 7 timers 
• 8attery-backed timel date dock 
• 128K-512K SRAM • 256K Hash 

• Clock up to 2S.8MHz 

Dev_Kit ~ Z--WvI<LD 
Call toll-frfe 

888.362.3387 
or buy online at 

Only $169 
IncludtsRCM2020coremodult, 
PIOlolypingbolrd.Dyn'mic.C' 
JOftwlt, (not.lri.'vtnionl), 
iffl.lcableforrul·t1medtbu99klg. 
and docul'l\fntltion on CD·ROM www.zworld.com 

2900SpaffordSueeI.Davis.(A9S616 · TtfS10.7S7J737 • FaxS30.751SW 

Please email us or visit our website for 
our new US office contact and full-line catalog! 

~, ~~2,~~~ rWm1J~lif§Jjj} 
Tel: 886-2-8512-16 16 
Fax: 886-2-8512-2282 
webmaster@acrosser.com 

Embedded PC 

PCI I04 M odule 
386 1486 I 586 

Total 
Embedded 

Solution 
Embedded OS 

Embedded NT 
LinLL' (Fully Support) 

Embedded Storage 

lators ,md soflware pre­
scn'c your invcstment in 
time and capi~1i . Migrate to 
any of 300+ delices 'lith a simple 
swap of tlle pod or a sortware selUp. 
And re~1in the smile user imenace 

AR-B1550 
Firewall CPU Card 

...:J1't"DonDT FOR 
1/12/ 16 

68K, 683XX, MCORf, 
MPC, 8011 , 80X86, 

CSOO, 180/ 180, CRI6, 
PIC AND MANY MORE. 

witll win lDM TM , our integrated developmem em;rollmem. 
Adaptable, powenll l, and easy to use--tllal'S great value. 

Call for your free demo CD 
I 888 543-5300 

usa@isyslem.com 
www.isyslem.(om 
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-Simulators 
-cCom~ 

-Macro aa.nblers 
-Source Level Debugger 

HegraIed Development EnWorrrient 

ueIlUIIII.,+Programmer 

................. 
All tools qualified by 
Scenix Semiconductor SI-ISD 

• Supports SX18/20/28/48/s2 • In-circuit run­
time debugging . Real-time code execution 

• Source level debugging . Built-in programmer 
• Real-time breakpoint . Conditional animation 

break . External break input . Frequency 
synthesizer . Se lectab le internal frequency 

• External oscillator support . Software trace 
• Unlimited watch variables . Parallel Port 

Interlace . Runs under Win 9s/98/NT 
• Comes wi th SASM Assembler 

Single. Gang PrograllHDers and SMT adapters 
are also available 

.. . I,{\,l1·M(j 
CORPOIIA-IION 

001105. Texas 
TeI972.980.2960 www.adv-transdata.com 
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Programs over 1200 devices 
IE I EI PROM. Flash. Seri al. PALCE. GAL. 8 7 5x/89 5x. 
93Cxx, 17 xx, PIC 16xxl 
Fast parallel link to any PC, even laptops 
40-pin universal p in driver and cu rrent limit 
On-board processor and bUilt-in power supply 
Unbeata ble programmIng speed 
Checks for incorrect device insert ion 
Automatic EPROM 10 search 
Suppo rts WIN95/98INT 
N O fan s & m odu les a re required in circuit 
Made in USA, Lifetime free softwa re 
Visit web si re for demo softwa re 

EE@jOOLS 
Sunnyvale, California, USA 
Te l : 408 · 734 · 8 184 
Fax : 408 · 734 · 8185 
www . eerools . com 

.esta Technology, Inc. 
V-~IIMrdCOftlllU'lllnfor")'.CWdury 

PIC-ICD 
= Debugger + Programmer + DemoBoanl 
• Designed for 16F87X • Can also support 

most 16C6X/7X • In-circuit run -time debugging 
• Real-time code execution . 2.5-6V operaling 

voltage . Source level debugging . Built-in 
programmer . Real-time breakpoint 

• Conditional animation break . 2 External 
brea k inputs . Selectable internal frequency 
• Software trace . Unlimited watch variables 
• Parallel Port Interlace . Runs under PIClCD 

IDE (Win9s/98/ NT) or MPLAB (Win9s/ 98) 

CORPORATION 

Dallas. Texas 
Tel 972.980.2960 www.adv-transdata.com 

TargetFFS™ 
Flash Fi Ie System 

• Re-entrant Embedded File System 

- POSIX and Sta ndard C API 

- G uaranteed Integrity Acros Resets 

• Complete Wear Leve ling 

- "T hin " Driver Layer 

- 100% ANSI C Source Code 

• Roya lty Free 

m B L U N K . V M icrosystems 

( 408 ) 32 3 - 175 8 
www.blunkmicro.com 

16/11 Emulator 

• For PIC12/ 16/1 7 • 3-Svolt emulation . 64K 
program memory . 32K real-time trace 
• 12-clip external probe . Source level 

debugging . External break input . Trigger and 
break output . Real -time breakpoint 

• Unlimited software break and trigger points 
• Selectable internal frequency . Unlimited 

watch variables . Parallel Port Interlace . Runs 
under Win9s/98/NT 

Probes for 16F87x and 16C77x by Jan 2000 
With data break support ... 

COIlPORAllON 

Dallas. Texas 
TeI972.980.2960 www.adv-transdata.com 



JUM 
on the 
NET! 
The p FlashTCP g ives you IOBAS E-T 
Ethernet connecti vit y, a fu ll -functi on 
TCP/I P stack and 2 seri al ports in a pack­
age 30% small er th an PC/J04 solutions. 

Fie ld-proven TCP/I P stack, DOS and PC­
compatib le BIOS make deve lopment qui ck 
and easy. Prices Sla rt at $169 qly 100. 

Development kits a re ava il able. 

Call 530-297-6073 Fax 530-297-6074 
See us at the Emb Sys Conf San Jose #5028 

www.jkmicro.com/uflash 

JK microsystems 

From the Author 
of WATTCP 

DOS 
Realtime 

Kernel with 
TCP/IP Support 

• Preemptive & Cooperative threads 
• Critical Section Protection 
• Interthread Messaging 
• Complete Re-entrant TCPIIP 
• Web, CGI, FTP, Email, Telnet 
• Web Graphics 
• Interrupt-driven Serial Support 

www.ertOS .com 

Call 530-297-6073 Fax 530-297-6074 

JK microsystems 

Complete PICmicro ® 

Development System 

Get the TOTAL Package for only 

$699 
PICmicro® In-Circuit Emulator 
PICmicro® Assembler 
PICmicro® Debugger 

Windows® IDE 

TOE provides Integrated source-level 
debugging lor ALL popular PIC 
Compilers and Assemblers. 

Clea,.Vicw™ Mathias is a full-featured In­
Circuit Emulator with a highly productive 
Development and Debugging environment for 
the PICmicro. 

Fully emulates the selected PICmicro, 
including program memory, register 
memory, EEPROM, I/O activity, SLEEP 
mode and all peripherals. 

Intuitive, Easy to Learn full-featured 
environment w~h integrated ClearView 
Debugger. 

See why Engineers choose TechT 
Visit our website and request your FREE COROMI 

GAdvin 

Production and Engineel"ing Programmers 
Extensive support for 

Microchip PIes 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 

Advin is your best choice. 
- Accept trade-illS of ollt-dated Data 110 models­

www.advin.com 
1-888-GO-ADVIN 408-243-7000 

SB-56K Multi-DSP Emulator 

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 
(benchmark ing), small size (1 "x2 .5"x4"), high speed 
RS-232 interface. the S8-56K 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. )P 1700 Alma Or.,#495,Ptano, TX 75075 
, OMAIN Tel. :(972) 578-1121.' Fax: (972). 578.1086 

CHNOlOGlES,liC. ':~~~~~::~::~:~~~ 
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GALEP-III 
Pocket; 

~ ~ 
• Prol rams a-bit and' 60bft 
EPROM s, EEPROM s, Zero 
Power RAM s, Flash, serial 
EEPROMs . GAL, PAl U, 
A Tf • 87xx)(, 89)(1U, 
PIC l211 6/ r lux . All OI L 
dtVIcH without adapcor. LI. hlhlnl r~.H 
parallel datJ transfer (1.'.1. 27CS 12 read/compa re 2 sec l) • Power 
su pply Independent due to rt<h.lrliltilble billtu~ry • USt's PC prinu~r 
port + Hex, JEDEC, and binary file formau + Hex Jnd fusemap 
buffer edllor + Split &. shurne for S-blt, Ib -brt and 32-blt u raeu • 
Runs under WlnJ. I , 95, 98 , NT . ' Remote control' by DOE sc rlpu . 
Desllned for the future due to ntKlble pin driver tK h nolo BY • new 
devices will be added every month + Devke lin, demo software Jnd 
IIfeclme free Upd.UIU fro m our website www .co nlux:.coml 

CALEp·1II Set with Qble, banet)', recharger ... $333.00 
Pl CCAdapcor ror 8-b1 tEPttOMsJ 16·/'Ilt ( PROMI/ GAu ... e~ch $149.00 

~ CONITEC ~:::II'·lt;IA;O·2_~·~~~;t:~~'!~:~~~.:~~O~ 

UniSTAC is 
a lull· featured, 
high-end development 
system for Strong ARM' 
SA· I 11 0 designs. 
Powerfu l In-circu it Emulator 
featuring: 8 Mbytes emulation 
memory, non-intrusive 
Real-time trace capture and 
display, support for hardware 
breakpoints. 

Al so Supported : 
Power P(,ARM7/9,186/386/486, 
Penlium;680xO, SuperH, 
V800/850E,R3000/4000, 
Ml6C,M32R 

_ Sophia Interface with target 
• Sophia original connectOf-wilhoul 
removing large' CPU 

• Adapters also available lor BGA256. 

_Advanced GUI source level 
debugger Watchpolnt' 
Sophia's powerful high.\evellanguage 
debugger hosted on Wlndows" 95198, 
WindowsNT· 

Sonhia 
rsystems~ 

408-467-9911 

www.sophia.com 

8051 and derivatives 
Intel 80196 / 80296 

This remarkable tool utilizes 
ActiveX technology to 
provide fast, cycle·accurate 
simulation of CPU, interrupts, 
and on·chlp peripherals. 

Add your own ActlveX cantral l to 
simulate off-chip peripherals , 
ASICs, and even entire systems I 

Attach to HTML ActlveX controls to 
mock-up and test your Interfacel 

Interface to your HDL simulator for 
hardware/software co-verification I 

Download a 
JO·Day Trial Today! 

www.chiptools.com 

CHIPToOLS 
905·274-6244 FAX:905-891·2715 
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A Real x86 PC Based Embedded Solution 

It's a System on a Chip 

• Wide ranges of 386 and 5x86 available 
emhedded@nucleusl.com 

• Low power consumption and extended temperature ranges 

• Guaranteed low cost and long·term supply 

• ISA bus, PCII 04. 3.5" or custom sizes available 

• Custom design or De-population available 

Toll Free 1(800) 683-7335 

www.nuclous1.com 

NUCLEUS Electronic Corp_ 
Tel: (909) 468-5700 Fax: (909) 468-5704 

Touch Screen 6" 

F'REf D , Visual Basic 
£. Visu(1i C++ 

Embedded Tools Microso!t® 
100% Ready to program using the 
latest Microsoft 32-Bit Embedded tools. 
Built-in Remote Debug and Touch 
Screen makes tit is complete package 
easy to use. For More Information and 
Pricing Visit Our Web Site. 

WWW.RLC.com 
Enterprises, Inc. 
Toll Free I-888-RLC-TECH 

114 VGA 

• Elal/ SC-400 (486 100 Mhz) 
• Solid State Disk 
• Serial Ports ( 3 ) 
• Prillter Port 
• Digital 110 ( 16 ) 
• A I/alog II/puts (6 ), 12 Bit 
• PCMCIA Card lllter/ace 



Embedded Systems 
Programming 

Marketplace 
E as t C oas t Sa l es 

Damon Graff 
781 . 839.1285 

C a l i f or n ia S a l es 

Andres Diaz 
415 . 278 . 5274 

W es t Coas t S a l es 

Sam Louis 
415 . 278 . 5223 

QuickTool Finder 

~ 

x.:J 

Select Chip 
... .. 
MPC5xx 
MPC6xx 
PPC4xx 
66K Families 
660xO 
663xx 

~:~~.....r!I~!:'!1 Motorola 6/16 Bit 66HC05/06 
66HCl l 
68HC 12 
68HC16 
Cold Fire 
6801/03 
8051 All Derivatives 
80C320/520 
8xC75 1/2 
C500 
D55000 
8080/85 
8051XA 
60166 
60196xx 
6086/88 
x66 Intel/AM D 
60386EX 
60186/188xx 
ConexanVWDC 
6502165816 
Cl8119/29 
Z 180/641 80/Z80 
Z8/Z80001Zx80 
Microchip PIC 
V20/30/S0 
320C20 
TLC5-90 

"The best emulator 

hitex_ 
DEVELOPMENT TOOLS 

I ever used!" 

• more than 500 
derivatives supported 

· small emulation probes 
• real-time access to internal bus 
· can trigger on internal bus events 
• cascading triggers 
· trace with timestamps 
· dual-ported emulation memory 
· external trace and triggers 
· excellent Hll support 
· code coverage 
· performance analysis 

1·800·45·hitex www.hitex.com 
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Advertiser 

Abt'axas Software 

Accelent Syst ems 

Accelerated Technology 

Acrosser Technology Co. 

Advanced Transdata Corp. 

Advin Syst ems 

Agilent Technologies 

Agilent Technologies 

American At'ium 

American Raisonance 

American Raisonance 

Applied Data Syst ems 

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 Syst ems, 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 Syst ems, Inc. 

esmertec ag 

Espial Group 

Express Logic 

Express Logic 

General Software 

Grammar Engine Inc 

Green Hills Software Inc 

Green Hills Software In_c 

Hitachi Semiconductor 

HI -TECH Software 

HI -TECH Software 

Hitex Development Tools 

Hitex Development Tools 

Hiware 

IAR Syst ems 

I -Logix 

Intel Ceg 

InterNiche Technologies 

Int' l Micl'Osyst ems, Inc 

Introl 

iSYSTEM USA, Llc 

JK Microsystems, Inc. 

JI( Microsystems, Inc. 

I(adak Products 

Keil Software 

Lantronix 

Lauterbach 

URL 

www.abxsoft.com 

www.accelent.com 

www.atinucleus.com 

www.acrosser.com 

www.adv-transdata.com 

www.advin.colll 

www.agilent.com 

www.agilent.com 

www.arium.com 

www.americanraisonance.col11 
www.americanraisonance.com 

www.flatpanels.com 

www.at·ccores.com 

www.at·comcontrols.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/careet·s 

www.eetools.com 

www.emacinc.com 

www.embeddedpower.com 

www.embeddedtechnology.com 

www.emware.col11 
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.isyst em.com 

www.jkmicro.com 

www.jkmicro.com/uflash 

www.kadak.com 

www.keil.com 

www.lantronix.com 

www.lauterbach.com 
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P.O. 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. 

1 Do you wish to receive/continue to receive 
.EMBEDDED SYSTEMS PROGRAMMING? 

D YES 0 No 

Signature (required) X ___________________ _ 

Name (please print) 

Date 

Job Title _______________________ _ 

Company Name ________ ___ _________ _ 

Address _______ ___ ________ O Work O Home 

Mail Stop _______________________ _ 

City __________ State ______ Zip ______ _ 

Phone ( 

Fax: ( 

E-Mail :: _______________________ ---: 
If you do not wish to receive future communications from CMP/Milfef FreIman, Inc. VII a-mall please check here O 

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 0 Architecture Selection/ Specification 
02 0 Writing Software for Embedded Systems 
03 0 Writing/Embedding Real-Time Operating System/Kernel 
04 0 Debugging Software 
05 0 Debugging Hardware 
06 0 Hardware/Software Integration 
07 0 Hardware/Software Co-Design 
08 0 Device Programming 
09 0 Project Management 
11 0 Software Design/Analysis 
12 0 Prototype Testing 
13 0 Designing Hardware for Embedded Systems 
14 0 Board Layout/Design 
17 0 Hardware/Software Co-Verification 
18 0 Hardware/Software Partitioning 
19 0 Software Testing 
20 0 SOC (System-on-Chip) Design 
21 0 Internet Appliance Design 
15 0 Other (please specify) ....,...;...,-,-..,.-,---,-_________ _ 

16 0 I'm not involved in Embedded Development in any way. 

www.espmag.com 
BOlO 

3 What is your principal job function? 
• (Please check only one) 

Engineering/Computer Management 
01 0 Executive Management (i.e., President, VP, Owner, Chairman, Partner) 
02 0 Engineering Management (i.e., Technical Director, Chief Engineer, 

Department Manager, Group Manager) 
03 0 Software Engineering/ ProgramminglDevelopment Management 

(i.e., Sr Software Engineer, Principal Software Progran1mer) 
04 0 Systems Engineering/ Development Management 

(i.e., Sr Design, Hardware, or Test Engineer) 
05 0 Other Management (please specify), __________ _ 
Engineering/Programming Personnel 
06 0 Software Engineering/ ProgramminglDevelopment 
07 0 Systems Engineering/ Development (i.e., Design, Hardware, or Test Engineer) 
08 0 Engineering Support (Technician, Programming StarO 
09 0 Scientific/R&D/Education 
10 0 Other staff (please specify)' _____________ _ 

4 Please check all products which hOU specify, recommend, 
• authorize, or purchase. (Please c eck all that apply) 

ICs and Semiconductors Software 
01 0 Microcontrollers/ 36 0 Real -Time Operating Systems/ 

Microprocessors Kernels 
02 0 4/8-bit ~Clf!P 37 0 Compilers/Cross Compilers 
03 0 16-bit ~CI~P 38 0 Assemblers/ Cross Assemblers 
04 0 32-bit I'ClI'P 39 0 Software Debuggers 
05 0 64-bit ~Clf!P 40 0 Object-Oriented DeSign Tools 
06 0 X-86/Pentium 41 0 Simulators/Modeling Tools 
07 0 Digital Signal Processors 42 0 Version/Change Control Software 
08 0 EPROM / EEPROM 43 0 Communications Software/ 
09 0 Rash Protocols 
10 0 DRAM/SRAM 44 0 ROMabie DOS Tools 
11 0 Communication ICs 45 0 Device Driver Tools 
12 0 Media Processors 46 0 Embedded Databases 
13 0 CPLDs/FPGAs 47 0 Embedded Webllnternet Tools 
14 0 System-on-Chip (Soq 48 0 GUl Development Tools 
15 0 MCU Peripheral Chips 49 0 Open Source Tools 
16 0 Hardware lP/Cores 50 0 Java Tools 
System Boards 51 0 Software Testing Tools 
20 0 Single Board Computers 52 0 Integrated Development 
21 0 VME Boards Environments (IDEs) 
22 0 Embedded PCS 53 0 Windows CE Tools 
23 0 PC! Boards De~ ToolsiTest Equipment 
24 0 cPC! Boards 56 In-Circuit Emulators 
25 0 DSP Boards 57 0 Logic Analyzers 
Cod uter Systems 58 0 Oscilloscopes 
29 PCs 59 0 Data Acquisition Equipment 
30 0 NT Workstations 60 0 Device Programmers 
31 0 Unix Workstations 61 0 Hardware/Software Co-Design 
32 0 Li nux Workstations Tools 

62 0 Hardware/Software 
Co-Verification Tools 

63 o None of the above 

5 What is the primary end product or service performed at 
• your location? (Please check only one) 

01 0 ComputerslPeripherals/Office Automation 
02 0 CommunicationsfTelecommunications/Networking 
03 0 Consumer Electronics/Entertainment/Multimedia 
04 0 Automotive Transportation Systems and Equipment 
05 0 Government/Military Electronics 
06 0 Aerospace/Space Electronics 
07 0 Industrial Controls 
08 0 Electronic Instruments/ATE/Design & Test Equipment 
09 0 Medical Electronic Equipment 
10 0 Other: (please specify) _____________ _ 

6 What is your engineering/development responsibility? 
• (Please check only one) 

01 0 I manage an engineering or software development department 
02 0 I manage a project team 
03 0 I manage a project 
04 0 I am a member of a project team 
05 0 Other (please specify), ______________ _ 

MORE QUESTIONS ON BACK ---.. 

• 
cMP 



, 

7. Do you specify or buy through distributors? 
01 0 Yes 

11 Please list the names of others at your location 
• who may be interested in a free subscription to 

EMBEDDED SYSTEMS PROGRAMMING 
02 0 No 

8. How many employees are there at your company? 
01 0 1000 or more 
02 0 500-999 
03 0 250-499 
04 0 100-249 
05 0 50-99 
06 0 1-49 

9 Please check the publications below that you receive 
• personally addressed to you by mail. 

(Please check all that apply) 
02 0 ED 
03 0 EETimes 
04 0 Electronic Design 
06 0 Penton's Embedded Systems Development 
05 0 None of the above 

1 0 How many other people read your coPy of 
• EMBEDDED SYSTEMS PROGRAMMING'? 

m O l ~ 0 5 
~ 0 2 ~ 0 6 
ro 0 3 ~ 0 7 

Name Title 

Company name 

Company address 

City State Zip 

04 0 4 08 0 None PUBLISHER RESERVES THE RIGHT TO SERVE ONLY 
THOSE INDIVIDUALS WHO QUALIFY. 

www.espmag.com 

FOR FASTER SERVICE FAX BOTH SIDES TO: (847) 291-4816 
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attention signal processing 
engineers and programmersl 
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 I(SPAT, 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: 
• 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 



Analog spoken here. 
In this digital world, analog engineers 

often tell us they feel misunderstood. 

When the talk around the ta ble is in ones 

nology. A place where you can get the 

latest news, in -depth technica l coverage 

and product data. Plus articles contributed 

and zeros, they're thinking in terms of from some of the finest technologists in 

currents and voltages. They say it's almost the world . And in coming months, we' ll 

as though if yo u're doing analog, yo u' re 

living in a different p lace. And speak ing a 

different language. 

If this is your world, we've got some 

good news: now yo u have a p lace you 

ca n fee l right at home. We call it Planet 

Analog. And it's built just for yo u. 

Planet Analog is a place on the 

Web devoted entirely to ana log tech-

EDTN NETWORK PARTNERS 

add seminars, chats, polls, conference 

registra tion and a lot more. All under the 

leaders hi p of Steve O hr, regarded by 

many as the leadi ng analog advocate in 

the world today. 

So if yo u're an analog engineer, come 

to www.p lanetanalog.com for a p lace to 

call yo ur own. You' ll find we speak your 

language. 

EBN, ill, SBN, Embedded.com, ISO 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. HOI , PC Fab, Printed Circuit Design 

SPONSORED BY: 

~TEXAS 
INSTRUMENTS 

.....ANALOG 
WOEVICES 

~ N at i ona l P Semiconductor 

www.edtn.com 

EDTN 
network 

It's all right here. 



Jack G. Ganssle 

Momisms 
Momism ( mo m iz' em) n . l. 

A brief statement of a principle passed 

maternally. 2. A tersely warded statement of 

an observation of truth: APHORlSM. 

The image of mom ge ntly guiding 
her young ones down paths of .-igh t­
eousness, teaching tll em th e basic e le­
men ts o f being civilized, he lping witll 
school work, is powe rful indeed . Ye t we 
still leave home ill-equipped fo r real 
life; coll ege itself does but a pOOl-j ob in 
preparing us for careers and adult­

hood. Pe rh aps mo m sho uld have 
taught us some more lessons. H ere a re 
a few th o ughts. 

Interrupts 

Keep lSRs Sh OTt. Debugging inte rrupt 
service routines is tough and, in some 
cases, almost impossible. Too often 
tll ose expensive tools wOI-k poorly o r 

no t a t a IL inside an ISR. Breakpoints 
fail because tll ey opera te at human 
peeds, while th e inte rrupts come 

much fas te r. Single stepping, th e o ld 
standby of many developers, just wo n 't 
wo rk whe re inte rrupts a rrive at any 
sort of reasonable ra te. Single tep in a 
se tion of code where inte rrupts are 
reenabled , and you ' ll like ly debug di f­
fe ren t instantiations of the ISR with 

each step. An emulator with trace will 
cap ture the servi ce routine's execu­
ti o n, but even the largest trace buffe rs 
fill quickly from loops and recursion . 

A very wise fr-iend 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 JSRs to a 

dozen o r so lines. Worst case, keep them 
shorter than a page. If the ISR really 

must do a lo t of work, why no t spawn a 

task that handles the complexity? 

Avoid NMi. No n-maskable inte rrupt, 
also kn own as Trap, level 7, o r any of a 
number of monikers, can 't be shut off, 
ever. Other intermpt inpu ts succumb 
to tlle "disable" instruction, and gener­
ally turn off automatically when a hard­
ware-initiated inte rmpt occurs. Until 
you explicitly turn the intelTupt back 

Wh y wo uld spurious inte rrupts 
occur? Maybe th e hardware is defec­
tive o r glitchy-it's a prototype during 
developme nt, isn 't it? Perhaps you 've 

misprogrammed one of the hundreds 
of registe rs inside of today's too com­
plex pe riph era ls. 

Be tte r to fill all unused vecto rs Witll 

a po inte r to a debug routine that 
either logs the e rroneous inte rrupt o r 
reaches a lurking breakpoint. 

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. 

o n , the un avoidable no n-reen tran t 

parts of the ISR a re safe. An NMJ han­
dle.-, however, is never safe. Non-reen­
trant code will be destroyed if the inter­
rupt recurs. Many CPUs use an edge­
sensitive input for this beast, 0 the 
sligh test bit of noise can create multiple 
false NMls over the course of a few 
microseconds. And debugging tools, 
like emulato rs, often couple small bi ts 

of spu.-ious noise into the target system. 
Reserve NMI fo r one-time events like 
power fai lure o r tlle apocalypse. 

Fill -un -used vectors. Tho ugh a CPU 
might support hundreds of inte rrupt 
sources, each one defin ed by an en try 
in the dispatch table , we ra re ly use 
mo re than a handful. If you leave 
th ose unused dispa tch table entri es 

blank, any weird vec to ring will crash 
th e application horribly, leaving no 
trail of evidence to th e roo t cause. 

Listen-don't intermt)t others. You ' ll 
leanl fa r more listening than talking, 
and th e listene r never puts his foot in 

his mouth . 

Bugs 

Inspect rather than deb-ug. Bo ttom line: 

code inspecti ons find bugs some 20 
times more effi ciently than debugging 
by test. Inspect th e code, design , specs, 
and all re levant design documents to 
find problems before writing/ debug­

ging/ tes tin g and then chucking a lot 
o f expe nsive firmware. Inspecti o ns 
won 't find all o f th e problems, but a 
we ll-implemented inspectio n process 

wrings out 70% to 80% of the defects 
fo r a frac tion of the cost. 

Studies indicate tll at in man y sys­

tems 50% of the code never gets test­
ed . It's difficult a t best to devise test 
conditi o ns fo r eve ry e rro r condi-
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ti on / exception handl e r, and for IFs 

nested five deep. Since post-compile 

e rro r rates run around 5%1 (five bugs 

per 100 li nes of code), eve n a small sys­

tem with 10,000 lines of code might 

have 250 lurking bugs after it's com­

pletely "tested. " T hough devis ing be t­

ler tests is surely a good idea, inspec­

tions wi ll bring most of these hidden 

problems lO ligh t. 

fnslJecl approximately 100 10 200 lines 

of code per hour. There's a sweet-s pot 

al 150 lin es o f cod e pe r h o ur wh e re 
inspectio ns proceed ve ry effi cie ntly 

yel unve il m ost o[ the d efects. 2 

Monitor th e inspectio n rate. T h ese 

numbers, wh ich come from d a la I've 

been acc umulating for a number of 

yea rs, suggest that inspectio ns cost 
(ass umin g t h e re's n o benefit!) 

a pprox imate ly $2 per lin e of code, 

or 10% of th e usua l $15 to $30 per 

lin e cost for most co mm e rc ial 

firmware . 

Track debugging lime. It sure i fun to 

crank code. But in many organi zations 

a large portion of a project's ti me gets 

co nsumed in the deb ugging phase. 

Th is is a certain sign of dysfunctional 

developmen t. It indicates that the 

deve lopers e ither wrile the code care­

lessly or spend too li ttle time o n speci­

fication and design. 

Measure b-ugmles. A few ['unctions or mod­

ules typically exhibit most of the prod­

uct's defects. We've al l been there. We've 

al l worked on a f"tmction so complex, so 
poorly understood, and so badly coded 

tllat we ' re terrified of opening it in the 

editor. Change a single character in a 

comment and the code stops working. 

Ban), Boehm, the software estimation 

gum , has shown thal these elTor-prone 

ftJJ1ctions, which typical ly represent a 

smal l percentage of tile total code base, 

contain 60% to 80% ofthe elTors. More 

compellingly, his data indicate these 

problem-[unctions eat up four times 

BREAK POINTS 

more e ffort than ule ir 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 wi ll be far 

from perfect. Plan fo r bugs and inStiLl­

ment your code to find them qu ickly. 

Does your RTOS include a stack-ove r­

fl ow checke r? Leave it enabled whilst 

debugging. Or seed ul e stack with a 

pa lte rn , then stop the debugge r from 

time to tim e to see if stacks are too big 
or too small. 

Why not fi ll unused ROM/ fl ash 

with nasly instructions, like software 

inlerrupts, that vector off to a debug 

routine? When code crashes il ofte n 

just wanders off, perhaps in to your 

carefu lly seeded ROM area. T he soft­

ware interrupts and associated han­

d ier wi ll capture ule crash qui ckly, and 

in safe ty-crilical systems can bring th e 

system to a kn own ha rml ess state. 

Dinkumwace, Ltd. Custom C++ Code 
Compliance Analysis since 1984! 

Genuine 5 rftware 
www.dinkumware.com 

Dinkum C++ for 
GCC/Linux 

Dinkum C++ for 
Includes the GCC / Solaris 
Dinkum C99 Library 

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/ lEC 9899:1999 Standard C Library. 
The Dinkum C99 Library has rich 

the extensive additions required . 
math and locale support, and has ~'" 

to conform to the C++ Standard. 9,9 

*DinkulTlware & Dinkum are Registered Trademarks o f Dinkumware, Ltd. 
Solaris & SPARe are Registered Trademarks o f Sun Micorsystems , Jnc. 

CODEFIX® 
Version 2.0 

C++ CODE MAPPING 
CODEFIX Version 2.0 is a pro· 
grammable tool for modifying aI/ 
C and C++ source code on a file 
or project basis. 
• Obfuscation and shrouding for C++ 

programs. 
• I nsertion of code for dynamic 

runtime testing. 
• Database generation from C++ 

source code. 

PCYACC® 
Version 9.0 

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. 
• Maintainability - CODECHECK 

identifies and measures complex, 
sloppy, and hard to maintain code. 

• Compliance - CodeCheck allows 
your corporate coding and project 
specification standards 10 be com· 
pletely automated for compliance 
validation. 

30 day Money back guarantee! 
Free AIR Shipping anywhere 
in the world! 

www.abxsoft.com 

PROFESSIONAL LANGUAGE 
DEVELOPMENT TOOLKIT 
Includes "Drop In " Language 
Engines for SOL, dBASE, 
POSTSCRIPT, HYPERTALK, 
SMALLTALK-80, C++, C, 
PASCAL, PROLOG, FORTRAN, 
COBOL, BASIC, SGML, ASN, 
RPG, REXX, PL 1, SNA, RTF, 
VISUAL BASIC, SOL2, DB2, 
VHDL, HTML, VMRL, JAVA, 
ODMG·ODL/OOL, SOL3, 
MODULA·3, DELPHI, VBS, 

~
ABRAXAS ' · 
Software,Inc. 
4726 S.E. Division SI. 
Portland, OR 97206 

and ADA. 
• Portable Object Orienled Classes 

for C++ and JAVA - Error, Symbol 
Table, Syntax Tree, Yacc, and Lex. 

TEL (503) 232·0540 
FAX (503) 232·0543 
E·Mail: sales @abxsofl.com 

To Order Call 
1-800-347-5214 

DOS $495, MAC $495, LlNUX $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 a ll the la test design a utomation news 

a nd product informati on is just a click or two 

away. It's www.eedes ign.com. And it draws 

on the resources o f the leading info rmation 

providers, ana lysts and manufacturers in the 

business. 

At EEdesign, you' ll have instant access 

to the latest news coverage from EE Times' 

Richard Goering, Michael Sa ntarini and Peter 

Cla rke. Yo u'll get the inside story on solving 

rea l-wo rld design problems from the peer 

experts in Integrated System Design. 

And speaking of engineer ing experts, 

you' ll a lso have an exclusive direct connectio n 

to John Cooley's DeepChip.com site, home of 

the fi erce ly independent ESNUG email 

newsletter. That's something no other EDA 

po rta l site ca n o ffer! 

Plus we're fea turing Toolwire, crea tor 

o f the Design Cha in Ma nagement Netwo rk, 

as our partner fo r web-based elect ronics 

design. 

Yo u' ll also ha ve access to an industry­

wide interactive design tools product directory. 

What's more, in coming months we' ll add 

seminars, bulletin boa rds, polls and a lot 

more. All under the directi on o f Tets M aniwa, 

regarded by ma ny as the leading EDA 

advocate in the wo rld today. 

So if you' re looking for EDA tools and 

informati on and wa nt it right now, log on to 

www.eedesign.com. It just might be the most 

producti ve design decision yo u've ever made! 

vvvvvv.eedes i 9 n .CO In 
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~, EE Times, ~, Embedded.com, 

ISO Magazine, Power pesigners, 

Home Toys, PCN Alert, ChipCenter, 

Communications System Design, 

Design & Reuse, Circuits Assembly, 

HOI , PC Fab, Printed Circuit Design, 

Toolwire, DeeDChiD, EDA Connect, 

~ (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 pe rh aps harml ess, 
these odd behaviors indicate lurking 

software problems. Consider setting up 
unused/ extra chip selects to nigger on 
any errant memory access, or expand 
your PLD decode logic to signal such 
problems by means of an extra output. 
Code that behaves un expected ly is 
flawed, even when the symptoms seem 
benign. 

Clean yoltr room. Bugs thrive in messy 
p laces. 

Performance and size 

Sometimes engineering costs lnoTe than 

f aster hardware. If you ' re bui ld ing a mil­

li on of something, production costs 
overwhelm development costs. That's 

much less true fo r small p.-oduction 
runs. 

Never forget that one of th e "pro­
du ction " costs is th a t of th e amortized 

engineering. If a design decision adds 
a month to th e proj ect, a t perh aps a 
cost of $20,000, tll en tll e product' 
price must include this additi ona l 

cost: $20,000 d ivided by the number of 
uni ts made. Does an 8051 really make 
sense for your low-run application? 
Wo u ld a bi gge r CPU d ramati cally 
reduce development costs? Will shoe­
horning bytes into an undersized code 

space eat weeks of expensive develop­
e rs' tim e? 

A tin y CPU is, withou t question , the 
perfect choice fo r a huge range of 
appl icati ons. You just can 't beat them 
for minimizing PCB real esta te, recur­
ring costs, and power consumption. 
And I've long been a propo nent of dis­

tributing small CPUs around a board 
to handle sma ll chores li ke lIO pro-

• BREAK POINTS 

cessing. Bu t do understand the very 
rea.1 costs of working in a confined 

address space with perh aps under­
powered tools and lan guages. Make 
CPU tradeoffs tha t minimi ze total sys­

tem cost, from engi neering tllrough 
prod uction . 

Overload a CPU at your IJeril. A 90% 
load ed processo r d oubles deve lo p­
ment tim e. At 95%, figure on tripling 
tll e effort. This is ha rd ly surprising to 
o ur intuitive understandin g of pro­
gramming. At one point or ano the r, 

we've all battled a performance-bound 
system by tuning every bit of code it 
contains, instead of We 20% tha t is 
typically responsible fo r most of tll e 

real-tim e problems. Margins minimi ze 
enginee ring costs by allowing us to be 
a little sloppy. They le t us de live r a 
product which is no t quite tuned to 
pe rfec ti on, avoiding the extreme costs 
tha t entails. 

Can CMX Really Put TCP/IP 
On My Little Ole .• Chip? 

ERTFS - EMBEDDED REAL TIME FILE SYSTEM 

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 

Contiguous File Support 

Realtime Extensions 

Includes Support for IDE, Floppy, ROM/RAM Disk, 
PCMClA, Compact Flash 

CDROM Support Available 

100% 'C' Source Code· Royalty Free 

'Oa<z-~<.\e d SY,s',. 
$ "'~ 

4.; <I> 

J'oftwa~<Z-

Only $450000 

Visit Our Web Site at: 

www.ertfs.com 
TOLL FREE I 800 428-9340 

Outside U.S. Call 9784489340 

email: sales@ertfs.com 

Yes, Ma'am, 
CMX has been doing 
amazing th ings with 

. RTOSes and TCP/IP 
stacks for many years 
now. If you haven 't 
visited us in a while, 
you are missing a 
lot of coo l, new 
technology that is 
economical , royalty 
free, and comes with 

680 Worcester Road 
Framingham MA 01702 
Ph: (508) 872-7675 
Fax: (508) 620-6828 
email: cmx@cmx.com 
WWW: www.cmx.com 
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BREAK POINTS . 

Crea.te a dynamic model oj code size. Few 

of us really create a meaningful es ti­

mate of ROM/ flash needs. Instead , we 

tend to ask for as much ROM as possi­

ble, or pe rhaps double the am o unt 

used on the previous proj ect. It's 

tough to estima te 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 hal-dware design is cast in 

PCBs-that we need more ROM is a 

sure pa th to career stagna tion. 

It's a simple ma tte r to build a 

spreadshee t that lists all of the mod­

ul es th e system will contain with esti­

mates of the ir size (in lines o f code, 

function points, o r any o the r reason­

able measure). Edit in the real source 

line and object size of each modul e as 

it's comple ted. Over time you ' ll find a 

reason a bl e approximation to th e 

number of bytes of code pe r line of C; 

have th e mode l apply this to th e as-ye t­

un completed po rti ons of th e code to 

predict fin al system size . Odds are 

you ' ll spo t ROM shortages early o n, 

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 ru les of thumb: Befo re yo u 

ca n develop cod e for re use yo u must 
h ave d eve lo p ed it at leas t three 

times. Befo re yo u can reap th e be n­
e fits of re use yo u mu t have re used 
it three times. One pro posa l for 

Reagan 's version of th e Star Wa rs 
m iss il e d efense sys tem , which was 
p egged at 100 milli o n lines of code, 

was that eve ry modul e h ad to h ave 

been used three times befo re be ing 

in cluded in th e sys te m. Not a bad 

idea, es pec ially for a sys tem so diffi­

cult to test. 

Avoid dejJendencies. Global variabl es a re 

respo nsible for most of the evil in th e 

world. A program infested with globals 

becom es no n-maintainable, buggy, 

and a nightmare for all team mem­

bers. Globals also make reuse all but 

impossible. 

Embedded sys tems suffer fro m 

another de pendency problem: code 

that ta lks to hardware . Encapsu late all 

I/O operations. 

Self documenting code does not exist. Long 

vari able names do no t self documen t­

ing code make. judiciou name se lec­

tion is just a part of good coding. 

Comment aggressively. Any idiot can 

write code. Even teenaged hackers 

man age to crank o ut working soft­
ware. Professionals create beautiful 

code tha t is crystal clear and a j oy to 

mainta in . Accurate, lucid comments 

are an important ingredi ent of well­

written firmware. Code is nothing 

mo re than th e compute rese descrip­

tio n of what's going on ; commen ts are 

the human descripti on. 

Use active vo ice . Capitalize u sin g 

standard Engli sh rul es. Ch eck yo ur 

sp e llin g. D esc rib e concise ly th e 

goes-intas and goes-outtas, as we ll as 

what happe n s an d why. Some 

e nli ghte ned progra mm e rs write a ll 

of the comm e nts first, and th e n fill 

in the C a t their le isure . Th e ha rd 

pa rt, after a ll , is crea tin g an accu­
ra te, documented d es ign. The cod e 
is nothin g mo re than a simple trans­

latio n o f a good d esign in to comput­

er-lingo. 

Keep comlJiles clean. Don 't come to the 

dinn er table with dirty hands, and 

don't deliver code reeking of unpl eas­

ant warnings. 

Why do we tolerate warn ing messages 
from our compiler? Firmware lives forev­

er. When someone else opens your code 

five years ii-om now for an upgrade and 

finds hundreds of war'nings scrolling off 

the screen, he' ll have no idea if the mes­

sages are expected or are an effect of tlle 

way he 's reinstall ed the tools. 

Maintenance is an unavoidable aspect of 

the software development process; he 

who programs WitJlout maintenance in 

mind is an amateur. 

Keep th e code strictly ANSI com­

pliant to minimize warn ings and max­
imize portability. Segment unavoid­

able devia tions from the standard to 

separate modul es wh ich d ocum ent 

ex pected unusua l compil e r behavi ors. 

EncalJSulate. T he OOP fo lks chant 

"encapsul a tio n , po lymo rphi sm and 

inhe ritance ." Of those three, encapsu­

la tion is th e easiest and most powerful 

tool for building well-written, easy-to­

unde rstand code. It's equally effective 

in assembly, C, o r C++. Bind "meth­

ods" (code that accesses a d evice or 
data structure) with the data itself. 

Floss. Yo u ' ll miss your teeth wh en 

they' re go ne. esp 

Jack G. Ganssle is a lecturer and consul­

tant on embedded development issues. H e 

conducts seminaTS on embedded systems 

and helps companies with theiT embedded 

challenges. H e Jounded two coml)(tnies spe­

cializing in embedded systems. Contact him 

at jach@ganssle.com. 
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It's hard to compete 
without the right tools. 

Let's uppose 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 
tho e dusty old, general purpose tools 
you've got itting around. 

You need a proven development system 

W· 

and the tech upport 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 I year 

We've got the tools you're going to need 
so why wait-call us today. 

american 1481 1 Myford Rd. , Tustin , CA 92780 

ar.-um Ph: 877-508-3970 Fax: 714-73 1-6344 
E-mail: info@arium.com 

For more information on any of our in-circuit emulators , visit ... . 
www.anum.com 
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MPC5xx 
MPC8xx 
PPC4xx 
68K Families 
680xO 
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 IntellAMD 
80386EX 
80186/188xx 
Conexant/WDC 
6502/65816 
C 18/19/29 
Z 180/64180lZ80 
Z8/Z8000lZx80 
Microchip PIC 
V20/30/40/50 
320C20 
TLCS-90 
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