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“If only | had spent less time on debug...”

| remember when | budgeted for my project. | refused to spend
money on debug tools. | didn’t think | would need them.

The money | saved would make me a hero.

Now, my project is one month, two months ...
six months overdue. Nobody thinks I'm a hero.
What would | give to get some of that time back?

Microtek debug tools can make time. They speed up
development and testing, saving you precious time
at the end of the project, where you need it most!

Microtek emulators offer the debug features you need
to track down and correct software, hardware, and
system integration issues. They can find the errors
software debuggers cannot see.

Finally, if there is a subtle issue during the integration of hardware,
Microtek EA emulators are capable of providing a clock-cycle-by-

clock-cycle trace that allows you to view each signal and determine
whether it was in the correct state. Microtek’s tools are clearly

URGENT!

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

please take a moment to speak

with our staff. They will insure your
design is on track, and tool friendly
if debug is needed in the future.

First, emulators can debug before the operating system is functioning. If an

unexpected issue is affecting boot up, an emulator can find it. They are also
operational after a hard crash. This is significant, because software
debuggers lose debug information. Microtek emulators keep track of the last
128 KB of bus cycles, allowing you to sift through and find the problem.

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

superior to software debug solutions.

There has never been a project that couldn’t use
more time when it’s critical ... like in final testing
when everything has come together ... or in final
debug, when everything is going down in flames.

Wouldn’t it be great to deliver your next project
on time? Next time, be sure to put a Microtek
emulator 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!
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Lindsey Vereen

Commie Penguins?

They must be a bunch of communists,”
my wife Jan said one morning over
breakfast as I vainly tried to explain the
open source movement and the people
who were embracing it as a business
model. “How much capital does it take
to start a company if you're going to give
away your product?” she asked, not
unreasonably. So I went to Jim Ready,
the developer of the VRTX RTOS and
now the president of MontaVista
Software, which claims to be “dedicated
to delivering open source software solu-
tions for the worldwide embedded soft-
ware market.”

He pointed out that open source
means available, not free.

The open source movement owes
much to Unix. Born in Bell Labs, Unix
became available to universities during
the 1970s, and graduating computer sci-
ence majors went forth into the world
spreading the Unix gospel. Early Unix
ran on DEC computers—principally
PDP-11s—but versions were soon ported
to the Motorola 68000 family, the Zilog
728000, and the Intel x386. Unique
among operating systems of the time,
Unix was written in C and was portable to
any target for which there was a C com-
piler. Moreover, it benefited from com-
munity development and grassroots dis-
tribution.

With everyone hacking it, Unix was

not a static entity. Several variants of

Unix popped up, ranging from AIX
(from IBM) to Xenix (from Microsoft).
Squabbles arose over what constituted
the One True Unix. Initially, the battles
were between proponents of the
Berkeley Software Distribution (BSD)
and AT&T’s System 5, from which BSD
Unix had begun to diverge. They con-
verged again in System 5, Release 4
(SVR4). When that happened, commer-
cial interests lined up against each other
(AT&T and Sun on one side, and

Apollo, DEC, HP, and IBM on the other)
to hinder a single Unix from prevailing.
Politicization  eventually
Richard Stallman at MIT to found the
Free Software Foundation, which led to

inspired

the GNU tools and eventually to Linux.

In the embedded space, as elsewhere,
Linux and open source are attractive to
developers, and perhaps for that reason
are rapidly turning into marketing con-
cepts, about which everyone seems to be
taking a position. Some vendors are
generating fear, uncertainty, and doubt
by saying mixing proprietary and open
code could force you to have to offer
your proprietary code to everyone.
Other vendors are playing the wait-and-
see game, and still others are already
making engineering commitments.

Even if suppliers embrace Linux, they
all have their eye clearly on their own
intellectual property. That (along with
service) is where their revenue is likely
to come from, not from freely distrib-
uted source code. More than one effort
is underway to add real-time capabilities
to Linux. Other efforts are aimed at
pruning it to fit in an embedded system.

Ironically, because it is open, Linux
could diverge, especially embedded and
real-time flavors, which could result in sev-
eral incompatible versions. For Linux to
fulfill its potential in the embedded mar-
ketplace, vendors must avoid Unix-like bat-
tles and must execute the enhancements
with an eye toward compatibility. How will-
ing they are to do that is questionable. After
all, Linux vendors aren’t communists.

i
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Parity Bit

Readers make some noise

n reference to Don Morgan’s “Pink

Noise” column (March 2000, p.
135), generating white noise electroni-
cally is one of my many hobbies. I
thought readers might be interested to
know that one of the methods Mr.
Morgan describes (using long shift reg-
isters and XORing certain bits) was
used by Atari to generate white noise
in their arcade games and the 2600
VCS. The arcade game “Asteroids” uses
this method to generate the rumble
heard during engine thrust and also
for explosions, but it was done with
individual TTL chips.

While playing with circuits such as
these, I've noticed that many of them
that
XOR’ing bits in long shift registers is a

sound similar, telling me
common technique with home video
games to generate such sounds. The
Atari 2600 VCS didn’t have much
hardware to begin with, so all sounds
had to be generated through software.
In breadboarding TTL-equivalent cir-
cuits, my ears tell me which sounds
correspond to shift registers of a par-
ticular length.

Don Lancaster discussed this very
topic in the February 1989 issue of
Radio-Electronics. He showed how you
could get white noise out of an Apple II
computer. His assembly-language pro-
gram was only 40 bytes long, but it
worked beautifully. I used it as a trou-
bleshooting tool for Apple Ile and Ilc
motherboards as I repaired them for a
service depot. I burned that program
into an EPROM to help me ascertain
how much of the motherboard was
working. If the computer instantly gave
me a frying noise from the speaker
upon power-up, that told me that the
microprocessor and associated circuitry
was working (it didn’t access the RAM at
all). If I didn’t hear that sound, it helped
me zero in on the problem.

William Barden, Jr. explained how
to generate sounds on Radio Shack’s
CoCo book TRS-80 Color
Computer Assembly

in his
Language
Programming. He, too, used bit-shifting
methods and the sounds were exactly
like those from the Atari 2600.

Paia Electronics did not use this tech-
nique in the 1970s for their electronic
music Kits, preferring to use reverse-
biased transistors to generate white
noise. They practically always used the
2N2712. I've found that for this applica-
tion, a generic equivalent just won’t cut
it; I get only one volt output on an NTE
cross, whereas on a genuine 2N2712, 1
get eight volts of white noise out, peak to
peak, for a particular circuit.

Matt J. McCullar
ARLINGTON, TX

Random concerns

n his column “A Paean to Noise”

(Feb. 2000, p. 95), Don Morgan
describes the difficulty in creating a truly
random random-number generator for
the purpose of generating a white noise
source. The repeatability and seeding
problems are well known issues in such
an algorithm. However, for the purposes
of spectra, a white noise source usually
need not address these concerns. White
noise is defined as any process where
there is no correlation between a sample
and any other in the sequence and is
defined only in terms of its second-order
moment (variance). The distribution of
the sample itself (Gaussian, uniform,
and so on) is of no interest spectrally.
The negative impact of repeatability and
seeding on the randomness of the
sequence therefore is also of no interest.

Repeatability will introduce correla-
tion, and the seeding may cause two
separate sequences to become corre-
lated. An example of where the second

of these issues may become of some
importance is when two white noise
sources are used in an acoustic appli-
cation. The sum of the two sequences
will not necessarily have the same spec-
tral power as the sum of the powers of
the two constituents because they are
not uncorrelated random variables.

It appears to me that the issues Mr.
Morgan cites would normally be of
in a simulation or

more interest

Monte Carlo analysis.

Mike Henderson
WHITE INSTRUMENTS

Off-the-shelf security

n the article “Protecting Binary

Executables” (Feb. 2000, p. 24), Mr
Fisher omits mention of several readi-
ly available methods of hiding exe-
cutable code.

The one I am most familiar with is
one for the 8051 microprocessor sold
by Dallas Semiconductor. The Dallas
Semi product comes in two levels of
security. The lowest level uses a simple
40-bit encryption of the stored code
and addresses, with the key hidden in
the processor chip. The higher securi-
ty level product uses a fancier 64-bit
encryption with the key chosen by the
CPU, not known to the user, and with
stronger defenses against hardware
attacks such as probing.

A number of embedded microcon-
trollers, from Motorola among oth-
ers, offer EPROM or flash program
memory on chip with an option to
lock out external access. You don’t
have to take Mr. Fisher’s suggestion of
using a custom microprocessor with
an unpublished instruction set. Many
off-the-shelf security solutions are
available.

Byron Blanchard
RaTio METRICS INC.
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There’s a new force sweeping across the landscape, ushering in a new era of embedded capability.
An era of operating systems and development tools that are balanced, strong and consistent, like
nature itself. What's behind this? The merger of Wind River Systems and Integrated Systems, Inc.,
including DIAB SDS, Doctor Design and TakeFive Software. Separately, these companies were
leading the way in software for smart devices. Together, they will offer unprecedented expertise,
drawing from a vast pool of resources to craft targeted solutions for their clients. So behold the
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News Vectors

QNX announces
likely IPO and open
systems strategy

QNX Software Systems Ltd. of Kanata, Ontario, intends to go public
in "about eight months," according to Dan Dodge, QNX founder and
chief technical officer. In conjunction with that move, the company is
seeking a new president to help with the transition. "We probably
should have done this a year ago, but staying private has helped us
work on our long-term plans," Dodge said.

Those plans include an open systems strategy to target the "e-
device" market and to provide support for the Linux operating sys-
tem. Developers will be able to download the QNX real-time platform
free for non-commercial use, and the company will release source
code for many QNX applications, drivers, and libraries. In addition,
QNX Software has integrated a high level of Linux compatibility into
its new platform, which, according to Dodge, means binary compati-
bility with Linux. Developers can pre-register for their copy of the
QNX real-time platform at http://get.gnx.com. It will be available
midsummer.

The QNX real-time operating system is the fifth ranked RTOS used
by Embedded Systems Programming readers for 16- or 32-bit devel-
opment, according to a recent survey.

Aichemy Semi enters
e-tdevice market

Alchemy Semiconductor Inc., an Austin, TX-based fabless semicon-
ductor company targeting the Internet device market, recently
announced a $15 million first round of venture capital financing from
US Venture Partners, Austin Ventures, and Telos Ventures.

Alchemy Semiconductor will use the money to complete develop-
ment and marketing of its first product and to create a corporate
infrastructure as the company spins off from Cadence Design
Systems, according to a press release. Cadence provided seed money
for the microprocessor design firm in 1999 when Alchemy was found-
ed by several members of the former StrongARM design team.
Alchemy plans to make its first product announcement at the
Embedded Processor Forum in San Jose, CA, June 12-16. Alchemy
will continue to utilize Cadence's EDA software tools. Cadence will
remain an Alchemy shareholder after the spin off.

The company has also named Eric Broockman president and CEO.

THE NUMBERS GAME

BP MICROSYSTEMS INC. announced first quarter revenue of $10.5 mil-
lion, an increase of 48% over last year's numbers. @
STMICROELECTRONICS reported first quarter net revenues of $1.7 bil-
lion, a 15.2% increase over year-ago numbers. @ MICROCHIP
TECHNOLOGY INC. expects net sales and earnings for the fourth quar-
ter ended March 31 to be stronger than previously expected. Record net
sales are expected to be in excess of $140 million, 36% higher than year-
ago figures. @ AMD has reported record sales of $1.09 billion and record
net income of $189 million for the quarter ended April 2. € CYPRESS
SEMICONDUCTOR CORP. announced revenue of $2079 million for the
fourth quarter of fiscal year 1999. @ RADISYS CORP. has reported rev-
enues of $72.9 million for the quarter ended Dec. 31,1999, a 52% jump
from last year's numbers. @ I-LOGIX INC. has received $10.5 million in
a mezzanine round of venture financing. @ LINEO INC. has announced
the receipt of $37 million in investment money, mostly from strategic in-

vestors.

Briefly Noted...

Green Hills Software’s MULTI
2000 Integrated Development
Environment is available for the
StarCore SC100 generation of dig-
ital signal processors. % The Linux
operating system has been ported to
NEC’s standard evaluation plat-
forms for its VR4121, VR5432, and
VR5000 64-bit MIPS RISC micro-
Processors. ¥ Lineo Inc. has an-
nounced that it will offer embed-
ded Linux support for the MIPS ar-
chitecture. % Applied
Microsystems and MontaVista
Software Inc. have partnered to
integrate Applied Microsystems’
CodeTEST development tool and
MontaVista’s HardHat Linux. ¥
The Ada Resource Association
(ARA) has announced that Ada is
the first language to standardize a
process for testing compilers’ im-
plementations. ¥CPU Tech won
a development and production
program to modernize a critical
radar processing system on F-16

fighter planes. 3 Traquair Data

Systems Inc. and Strategic
Partner Hunt Engineering Ltd.
now support Linux with their
HERON and TIM-40 multiple-pro-
cessor DSP boards. % BOPS Inc.’s
Technology Evaluation License pro-
gram was designed to help cus-
tomers evaluate BOPS’ DSP cores
for high-volume system-on-chip ap-
plications. ¥ The USNET
Embedded TCP/IP Protocol Suite,
from U S Software, has been port-
ed to Express Logic Inc.’s
ThreadX real-time operating sys-
tem. ¥ Invensys Network
Systems and emWare Inc. have
agreed to jointly develop and mar-
keta ControlServer which will con-
trol devices from user interfaces in
a home or business and from out-
side locations via the Internet.
Lineo Inc. has announced strategic
relationships with the following
Taiwanese embedded systems man-
ufacturers: Arima Computer
Corp., Compal Electronics Inc.,
First International Computer
Inc., Micro-Star International,

Embedded Systems Programming June 2000 11



News Vectors

Microsoft reorganizes
embedded group

Microsoft Corp. recently announced a structural reorganization involving its embedded sys-
tems group. The company also announced that it will focus efforts on Windows CE v. 3.0,
scheduled to ship in June.

Bill Veghte, vice president of the new embedded and appliance platform group, is spear-
heading both the Windows CE and the Embedded Windows design groups. Windows CE 3.0 will
boast improved real-time features, an Internet Explorer 4.0 browser, and will support 256 pri-
ority levels and nested interrupts. Veghte's goal is to offer embedded platforms that can be tai-
lored to any customer configuration or level of integration.

Metrowerks joins Embedded
Linux Consortium

Metrowerks has announced that it is a founding member of the Embedded Linux Consortium.
The Consortium, formed at the recent Embedded Systems Conference in Chicago, is a coali-
tion of embedded software companies and engineers to promote and implement the Linux
operating system in embedded applications.

Metrowerks will join IBM, Hewlett-Packard, Motorola, 3Com, RedHat, and others to help
define the charter of the group and collaborate with other members on efforts to expand the
acceptance of embedded Linux, according to a news release.

Information about the Embedded Linux Consortium can be found at www.embedded-linux.org.

Viewlogic and Summit
Design are now Innoveda

Viewlogic Systems Inc. and Summit Design Inc. announced completion of their merger and
are now Innoveda Inc. The new company will market software and services targeting engi-
neers developing electronic systems for telecommunications, transportation, computers, and
consumer electronics. Innoveda trades under the Nasdag symbol INOV.

The merger was approved on March 20 by shareholders of both companies. It was struc-
tured as the acquisition of Viewlogic by Summit. Approximately 16.2 million Innoveda
shares were issued in exchange for all outstanding shares of Viewlogic. Innoveda also
assumed Viewlogic stock options, exercisable for up to approximately 2.0 million Innoveda
shares.

NAMES IN THE NEWS

FARZAD ZARRINFAR has joined Altera Corp. as vice president of product marketing. @ NETsilicon
Inc. has named ERIC A. KRAIESKI vice president of product marketing and STEPHEN E. MARTIN
director of marketing communications. @ PAUL H.F. VROOMEN has been appointed president and
€00 of SandCraft Inc. @ Linux NetworX Inc. has named STEPHEN HILL vice president of busi-
ness development.

12 june 2000 Embedded Systems Programming

Briefly Noted (cont.)...

MITAC International Corp., and Wisecom.

% Motorola Inc. willacquire C-Port Corp.,
a network processor developer, for approxi-
mately $430 million. 3 Extended Systems
has licensed its Bluetooth software technology
to 3Com Corp. for use in Palm Inc. products.
% Lineo Inc. will acquire Rt-Control Inc.,
makers of the uClinux operating system for mi-
crocontrollers. % Ultima Communication
and Silicon Wave have announced a cross-li-
cense agreement for protocol software for the
implementation of Bluetooth wireless technol-
ogy. ¥ ParaSoft has made its error-preven-
tion and error-detection tools available for em-
bedded systems development. % Applied
Microsystems Corp. has signed an agree-
ment with STMicroelectronics to license
Applied’s CodeTEST-Software-in-Circuit soft-
ware verification tools. ¥ Centura Software
Corp. recently went live with its first open source
data management solution for information ap-
pliances. Centura’s db.linux is available at
www.openavenue.com/db. linux. ¥ Lineo Inc.
has partnered with MIPS Technologies to
provide embedded Linux support for the MIPS
architecture. % MIPS Technologies and
Microware Systems Corp. have partnered to
provide the OS-9 real-time operating system for
32-and 64-bit MIPS processors. % Lynx Real-
Time Systems Inc. announced the delivery
of Hewlett-Packard's ChaiVM embedded vir-
tual-machine technology on the Lynx BlueCat
Linux operating system. % Telelogic AB will
acquire the COOL:Jex business from Sterling
Software. % Mentor Graphics Corp. and
Telelogic announced the release of an inte-
grated hardware/software solution linking
Mentor's Seamless Co-Verification Environment
(CVE) and the Telelogic Tau SDL Suite. % Arca
Technologies has announced its new
WaveCatcher protocol analyzer for Bluetooth.
Wind River Systems will acquire Calgary,
Alberta-based AudeSi Technologies Inc., a
supplier of embedded Java-based tools, for 1.075
million shares of Wind River stock. % OpenTV
and Spyglass Inc. have announced that they
will merge. The transaction is valued at ap-
proximately $2.5 billion. ¥ DDC-I has intro-
duced its SCORE (Safety Critical, Object-ori-
ented, Real-time Embedded) integrated devel-

opment environment.
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Dan Saks

Is an Array Really Just a

Pointer?

Without a doubt, arrays are

among the most confusing aspects of

C. Arrays in C++ are essentially the
same as they are in C, and C++ pro-
grammers seem to misunderstand
arrays at least as often as C program-
mers do. Maybe even more.

Now, I'm not suggesting that C and
C++ programmers don’t know how to
use arrays. Most do, at least in com-
mon, everyday applications involving
arrays with a single dimension.
Unfortunately, too many program-
mers cope with unusual situations by
resorting to trial and error. At some
time or another, nearly all of us have
dealt with a compiler error message by
using what I call the “Oh, what the
heck” approach: you throw a star or
parentheses somewhere into the code
and hope it will compile.

Most of us learn to program by
mapping the constructs we see in the
source code into a conceptual model
of what’s going on in the compiler and
the runtime system. Often we start
with a model that’s too simple and we
have to refine it as we learn more
about computing. As professional pro-
grammers, our model ought to
become pretty accurate after a while.
Unfortunately, there’s something
about arrays in C and C++ that lets
even competent programmers cling to
inaccurate programming models for a
remarkably long time.

“So what?” you ask. After all, if your
programming model holds up for all
the common applications of arrays,

what difference does it make if you

have to resort to “Oh, what the heck”
once in a while? As much as it pains
me to admit, the “Oh, what the heck
approach” often works pretty well.
However, when it fails, it fails big time.
The code compiles and links all right,
but then it produces extremely subtle
run-time bugs.

grammers learn about arrays before
they learn about pointers, so they get
to use arrays for a little while before
realizing they don’t understand them.
Real confusion usually doesn’t set in
until they learn about pointers and see
just how blurry the line is between
arrays and pointers.

Any C/C++ compiler will allow you to interchange

arrays and pointers in your programs. Underneath

it all, though, they are indeed different entities.

Misunderstanding arrays and
pointers is probably more of an issue
for C++ programmers than for C pro-
grammers. C++ supports function
name overloading, operator overload-

ing, and templates, all of which rely on

elaborate compile-time analysis of

data types. These features, and the
compiler error messages that go with
them, often force programmers to
confront what they don’t quite under-
stand about the nature of arrays and
pointers.

This month, I'll take a stab at clear-
ing up some of what I've found to be
common misunderstandings about

’d[’l"dyS.
Source of the confusion

By themselves, arrays in C aren’t any
more mystifying than they are in other
programming languages. Most C pro-

For example,
T x[NJ1;

declares x as an array with N elements
of type T, where N is some previously
declared integer constant and T is
some previously declared type. The
elements in the array have subscripts
or indices from 0 to N—=1, inclusive. You
can refer to the Oth element of x by
using the subscripting or indexing
expression x[0l. For any integer
expression 1, you can refer to the ith
element of xas x[il

On the other hand, you can also
treat x as a pointer and refer to the Oth
element of x as *x, which is a pointer
indirection or dereferencing expres-
sion. For any integer expression i, you
can refer to the ith element of x as
*(x+1), which combines pointer arith-
metic with indirection.
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In addition,
T *p = Xx;

defines p as a pointer to type T, whose
initial value is the address of the Oth
element of x. You can then refer to the
elements of xas the “elements pointed

to by p” using expressions of the form
*(p+i). You can even refer to the ele-
ments of array x as if they were the ele-
ments of array p by using expressions
of the form pLil

In short, since there are so many
ways that you can use an array as if it
were a pointer, does that mean an
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array is really just a pointer? Or is it
something else?

A short quiz

Before I give you the answer to those
questions, let me rephrase them a lit-
tle more precisely.

Suppose you're developing or
maintaining a C or C++ compiler. You
feed source code to the compiler con-
taining the declaration:

int 1z

Using the debugger, you stop the com-
piler just after it reads past the end of
the declaration. You look in the com-
piler’s symbol table to see how the
compiler recorded the declaration.
You should expect to see information
in the table that describes i as an
object of type int.

Now suppose you feed the declara-
tion:

int *p;

to the compiler. Again, you use the
debugger to look in the symbol table
just after the compiler reads past the
declaration. What should you expect
to see recorded as the description of
p? You should expect to see that pis an
object whose type is “pointer to int.”

Okay, now here’s the question for
you. You might want to cover the next
two paragraphs so you don’t see the
answer until you've thought about it
for a moment.

What does the compiler record for
the following declaration?

T x[NJ;

Yes, I know we say that xis an “array of
N elements of type T,” but what type
does the compiler actually store in the
symbol table as the type of x? Is x real-
ly an array, or is it just a pointer?

The answer is...

x really is an “array with N elements

of type T.”



Arrays really are arrays

The fact is, there really are objects
with array types in C and C++. When
you declare x as:

T x[NJ;

it really is an array. It’s not a pointer.
Not in the sense that p declared as:

T *p;

really is a pointer.
How, then, does an assignment
such as:

p = x;

compile? When it evaluates the expres-
sion, the compiler treats x as if it were
a “pointer to T’ whose value is the
address of the Oth array element.
However, the compiler treats x as a
pointer only for a moment, just long
enough to assign the pointer value of
x to p. All the while, the compiler’s
symbol table says that x is an array.
Momentary conversions such as
this occur frequently during expres-
sion evaluation. For example, given:

double d;
int i;

we often say that the expression d + i
“converts i to double” before adding d
and i. However, the program doesn’t
really change 1iinto a double. Rather, it
creates a temporary double object
(possibly in a register) initialized with
the value of 1, and then adds dand the
temporary. The temporary vanishes
soon thereafter. Object i remains an
int.

Subscripting expressions such as
alilalso treat arrays as pointers. Both
C and C++ expect a to be an expres-
sion of some pointer type. If a is a
pointer, it remains as such. If a is an
array, the compiler converts x to a
pointer before compiling the rest of
the expression. Once again, the com-

@® PROGRAMMING POINTERS

piler doesn’t actually change a into a
pointer; it creates a temporary pointer
object whose value is the address of
the initial element in a.

If the compiler treats the array as a
pointer every time you use an array in
an expression, how can you ever tell
that it is an array? There is at least one
context where the array-to-pointer
conversion does not occur—in a
sizeof expression. For example,
given:

int v[10];

then sizeof(v) yields sizeof(int) *
10, not sizeof(int *).

Another context in which the array-
to-pointer conversion does not occur
is when an array is the operand of the
unary & (address-of) operator. For
example, given:

T x[NJ;

the expression &xyields a result of type
“pointer to array with N elements of
type T,” not “pointer to pointer to T.”
You can tell because:
T (xp)IN] = &x; /% yes %/
compiles without error. On the other,
if it doesn’t generate an error, then:
T *%q = &x; /% no */
generates at least a warning that this
involves a questionable pointer con-
version.

Arrays and pointers blur together
in other ways. I'll try to clear them up
in the coming months. esp

Dan Saks is the president of Saks &
Associates, a C/C++ training and consull-

ing company. He is also a consulting editor
Jor the C/C++ Users Journal. He served
Jfor many years as secretary of the C++ stan-
dards commillee and remains an active
member. With Thomas Plum, he wrote C++
Programming Guidelines. You  can
write o him at dsaks@uwittenberg.edu.
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Deadline

Monotonic
Analysis

This article presents a technique for analyzing the worst-case

response time

ks in a system and shows how the results of this

of 1

analysis can be used to ensure the proper timing behavior of a system.

common misconception is that “hard real-

time” means “very fast.” This might explain

why Microsoft claims that their upcoming v.

3.0 release of Windows CE will be a hard

real-time OS. (CE v. 3.0 will reportedly

allow nested interrupts and, hence, achieve

sub-millisecond interrupt latencies.) However, hard real-

time is better described as “when it absolutely, positively has

to be done on-time.” Or, put another way, “a late result is a
wrong result.”

Another misconception is that “hard real-time” means

“safety critical” and that because a system cannot kill some-

one there’s no need to worry much about meeting dead-
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lines. However, a hard real-time system is one where the
consequences of missing a deadline are serious. To be sure,
if injury or death can result from a missed deadline then
this is serious and we have a hard real-time system. But lots
of systems exist where the consequences of missing a dead-
line even occasionally are economically unacceptable.

In high-volume industries it’s important that systems
operate correctly because the costs of even trivial failures are
high. For example, in an automobile, the instrument panel
computer might apply a timeout to a regular RPM message
from the engine management system. If the message doesn’t
turn up on time, the instrument panel assumes a failure and
lights a “check engine” lamp. It is important to do this



because if the engine management sys-
tem isn’t talking properly on the net-
work then there might be some serious
faults, and the driver should take the
automobile to a workshop to check for
a wiring fault. But if the vehicle systems
haven’t been designed to meet hard
deadlines, and occasionally the RPM
message turns up a little late, the time-
out will trigger and the garage
mechanics will find no actual fault. If
this kind of overrun occurs even once
in a million hours then, with the mil-
lions of hours of operation of a partic-
ular vehicle type every day, there will
be thousands of “no fault found” war-
ranty claims each year. This could cost
millions of dollars, not to mention the
damage to a corporation’s reputation
for reliability. Clearly, the economic
consequences of missing deadlines can
be severe.

It’s clear that if we want to build a
hard real-time system then we have to
be able to determine, before the sys-
tem is deployed, whether deadlines
could be missed or not. One common
way to try to find out the worst-case
timing behavior of a system is via test-
ing. But this is a poor technique, as
Figure 1 shows.

The graph shows the probability
distribution of response times. The
probability of a very short response
time is zero for times below a certain
point. This point corresponds to the
best-case response time. Similarly, the
probability again becomes zero above
a certain response time: the worst-case
response time. In testing, the longest
observed response time generally is
less than the worst-case response time.
This means that a deadline might be
deemed “always met” but, in fact,
could be missed after the system is
deployed. A high-profile case of this is
when the NASA JPL Pathfinder probe
first reached Mars: although the con-

1 It's clear that if we want to build a hard real-time system then we

have to be able to determine, before the system is deployed, whether

trol software passed its testing on
Earth, a deadline was missed on Mars
and the control system crashed. We’ll
look at this case in more detail later.

Static scheduling
techniques

We can see how important it is to meet
hard real-time deadlines. Historically
this has been done by static schedul-
ing techniques. Figure 2 shows a sys-
tem scheduled off-line.

In Figure 2 there are five things to
do, each at its own rate. In the exam-
ple system there is a requirement that
each activity (or “task”) is completed
before it is due to run again. The sys-
tem is scheduled by building a 4ms
schedule composed of four Ims time
slots. As Figure 2 shows, the highest
rate task (with a period of lms)
appears in each slot. Lower rate tasks
appear in just one or two of the slots.
The schedule allows for time due to
handling interrupts by calculating the
largest number of interrupts from
each source that could occur in any
Ims interval, and then allowing for
this time in all the slots.

This kind of static cyclic scheduling
provides superb real-time predictabili-
ty, and doesn’t need any kind of real-
time operating system (RTOS) to be
implemented. The following code
implements the schedule shown in
Figure 2:

main()
{
do=iniit ).

fopG=a) el
busy_wait();
1102
t20);
busy_wait();
L)
£30):>

deadlines could be missed or not.

56"
busy_wait();
1)
200
busy_wait();
t10);
t4Q);

This pre-scheduled approach has
some major problems. One problem is
inefficiency: the system does not maxi-
mize the use of the processor. One rea-
son is that urgent but infrequent
events are handled very poorly. An
event needs to be polled because it’s
never sure in which sub-schedule an
event will occur, and so the schedule
needs to poll frequently for each
urgent event to be sure of responding
on time. This means that a lot of pro-
cessing time must be reserved for han-
dling an event, even though in reality
that time is hardly ever used for hard
real-time processing. The situation
with interrupts is similar: in every slot
we have to reserve time for handling
interrupts even though those inter-
rupts rarely occur.

The static approach is also ineffi-
cient because of the way task periods
have to fit neatly together to keep the
schedule cycle time short. In the
schedule shown in Figure 2, we have
periods of 1ms, 2ms, and 4ms. If we
wanted to add a new task with a period
of bms we would either have to
increase the overall schedule cycle
time from 4ms to 20ms or else we
would have to change the task period
to 4ms. Since the schedule cycle time
is the least common multiple of the
periods of the tasks, the schedule soon
grows out of control.

Task periods are usually shortened
to neat values that fit a short schedule.
Shortening a task’s period means that
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[With static scheduling], a lot of processing time must be reserved for
handling an event, even though in reality that time is hardly ever used

for hard real-time processing.
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the processor load due to the task is
increased. For example, if a task has
an execution time of 500ps and its
period is shortened from 5ms to 4ms,
then the processor load due to the
task is raised from 10% to 12.5%, a
waste of 2.5% of the processing
resources. The overall wastage can be
high, but this is often not noticed
because the implementation tech-
nique is assumed right back when the
system is first specified and the task
periods are set as neat periods.

A major problem with the static
approach is the difficulty of writing
and maintaining application code.
Figure 2 shows how the spare time is
allocated between the time slots. The
problem is that, although there might
be quite a lot of spare time across the
schedule, there’s not enough spare
time in any one place; a task has to fit
within the spare time in a single time
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slot. When a task executes for longer
than the spare time in any slot, there
must be a restructuring of the task
source code. The code must be bro-
ken down into two or more sub-tasks.
These must be called from different
time slots to use the available spare
time. Unfortunately, it’s usually not
trivial to split a piece of code so that
the execution time of each piece is
neatly balanced. In any case, addition-
al code is usually needed to save the
internal state at the end of one sub-
task into global variables and re-load
the state from these global variables in
the subsequent sub-task. This wastes
valuable RAM, ROM, and processing
time.

Later in the development or main-
tenance phase a sub-task might itself
need to be broken down into sub-tasks
to re-allocate processing time between
time slots. As the development pro-

gresses, the logical structure of the
application tends to become corrupt-
ed, and it becomes harder and harder
to maintain the code. As well as
increasing software life-cycle costs, this
poor management of complexity can
have a severe effect on the ability to
develop quality software within time-
to-market targets.

Priority-based scheduling
There is a better way of constructing a
hard real-time system: the use of mul-
titasking under an OS scheduling tasks
by priorities.

This kind of system has several
tasks, each an independent thread of
control and each assigned a priority.
The OS ensures that at any given time
the highest priority task that’s ready is
actually running. If a task becomes
ready to run and this task is of higher
priority than the current task, the OS
suspends the current task and starts
running the new task. If a task is run-
ning and suspends itself (waiting for
an event or for an interval of time, for
example) then the task is no longer
ready to run and the OS resumes exe-
cuting the next highest priority task.

Priority-based scheduling is poten-
tially more efficient than static sched-
uling techniques for two reasons. First,
selecting task periods based on har-
monic values is unnecessary. So if the
application requires 5ms, 12ms, and
7ms periods then the OS can run
these tasks at those rates and avoid
running tasks at higher rates. Of
course, this benefit is often over-
looked because in many systems, the
specification assumes that the imple-
mentation will use static scheduling
and harmonic periods are specified. A
second benefit is that each urgent
event is handled by a high priority task
that is made ready only when the event
occurs. This gives a short response
time to the event and uses the proces-
sor only when necessary.

Fortunately, priority-based schedul-
ing is a popular implementation tech-
nique. In a survey by Real-Time
Magazine (issue 97-3), 41 of the more
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Notation for analysis
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than 50 RTOSes listed supported fixed
priority scheduling.

Analysis of priority-based
systems

Although the system can be construct-
ed and maintained more easily than a
static approach, and although the
processor can be used more efficient-
ly, there is a drawback: the worst-case
response times of each task and inter-
rupt handler are not immediately
obvious. If we don’t know what the
worst-case behavior is, we cannot sen-
sibly use priority-based scheduling for
hard real-time systems. This is where
so-called schedulability analysis comes
in. Scheduling mathematics called
deadline monotonic analysis (DMA)
can analyze how tasks scheduled by
priorities interact and determine the
worst-case response time of each task
and interrupt handler.

Before we can go through the basic
analysis we need to make some
assumptions about how the system
behaves and define some basic nota-
tion. Following are several assump-
tions that the analysis makes about
how the application and OS behave:

® There is a fixed set of tasks with a
fixed and known priority ordering

® Any task can become ready to run
at any point in time, but the task
cannot become ready again until
some minimum time has elapsed

® FEach time a task becomes ready to
run it will run for only a bounded
amount of processor time

® A task may not voluntarily suspend
itself during its execution (so wait-
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ing for an arbitrary event half-
way through executing is not
permitted)

® No task deadline can be longer
than the task period. This means
that the task must finish before it
can be due to run again

® Fach task must have a unique
priority

® A given task is never delayed by a
lower priority task. As soon as a task
becomes ready to run, the OS
switches to running that task.
During execution the task is never
delayed waiting for a lower priority
task to execute. This rules out dis-
abling interrupts and sharing data
via semaphores

® The OS performs scheduling and
task switching in zero time

The last two assumptions are clear-
ly unrealistic but we’ll come back to
these shortly and extend the analysis
to remove them. The basic analysis
can be extended to remove or modify
most of the remaining assumptions,
and some of these extensions are dis-
cussed later. Figure 3 is an annotated
time diagram defining the notation
used in the analysis.

The term 7; is the so-called “peri-
od” of a task i. The period is the mini-
mum time between a task being made
ready to run and being made ready
again. This model supports both spo-
radic and strictly periodic tasks.

Each time the task ¢ is made ready
it may execute for up to C; processor
time. This is known as the worst-case
execution time of task i. Note that this
time does not include the time for

which other tasks and interrupt han-
dlers use the processor; it is the
processor time required only by task 4.

Before we go on it is worth men-
tioning a useful technique for finding
task execution times. This is to mea-
sure execution time for tests that exer-
cise all feasible paths, with the OS pro-
viding a logical stopwatch for each
task. When the task is made ready, the
stopwatch is zeroed. Whenever the
task runs, the stopwatch counts.
Whenever another task or interrupt
handler
stopped. The “high-water mark” of the

runs, the stopwatch is
stopwatch after the tests gives the
worst-case execution time.

The worst-case response time of a
task i is measured from the time the
task is made ready to the time the task
completes its worst-case execution
time C,. This worst-case response time
is denoted R,. The deadline of a task ¢
is denoted D; and a task will always
meet its deadline if R; < D,

The basic idea of DMA is to find an
equation that will calculate R, R; is
made up of two times: the time a task
takes to execute its own code, and the
time it takes for higher priority tasks to
execute and finish with the processor.
The following equation represents this
relationship:

R =C +]

The term /; is the pre-emption time
from higher priority tasks and inter-
rupt handlers. It’s called the “interfer-
ence.” The problem now becomes
finding the interference time.

Figure 4 shows a task being pre-
empted by a higher priority task. It
turns out that the maximum interfer-
ence from a higher priority task k
occurs when the lower priority task
and task k are made ready at the same
time. Figure 4 shows how task £ initial-
ly pre-empts the task then pre-empts
again when it is made ready for a sec-
ond time. When task k comes back for
a third try the lower priority task has
already finished, and this time there is
no interference.
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Calculation of worst-
case Task 3 response time

The number of times that a given
task k can pre-empt a task ¢ while task
iis ready is given by:

The symbol [ Tis the ceiling function,
and is a round-up function. So, for
example:

Mn2l=2
[2.01]=3
[2.07=2

The total time taken by a higher
priority task k when it pre-empts and
executes is simply given by:
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So for the total interference term,
we simply add this up for all the high-
er priority tasks in the system and get
the following:

x5k

Vkehp,

The term Ap; is the set of all tasks of
higher priority than task 7 The effects
of interrupt handling can be included
by ensuring that each interrupt source
has a C and T value and including
them in the set Zp,.

Now that we have a term for the
interference we can present the basic
DMA response time equation:

ﬁ]ck
T,

R=G+ 3 [
Vkehp; (1)
Because R;appears on both the left-
and right-hand sides of the equation it
would appear that we can only find the
worst-case response time if it is already
known. Fortunately, this equation can
be solved by forming a recurrence
relation:

: R’
r=c+ 3 [

Vkehp,; k

An initial value of zero for R, is suf-
ficient and the sequence will converge
to the smallest value of R, that satisfies
Equation 1.

Before we eliminate some of the
assumptions we made earlier, it’s
worth discussing how priorities are

chosen in the first place. The term
“deadline monotonic” refers to the
priority allocation algorithm: assign-
ing priorities monotonically with
deadline. Thus the task with the short-
est deadline (the smallest value of D)
is assigned the highest priority. Ties
are broken arbitrarily. There are
proofs that this is the optimal priority
assignment algorithm under the
assumption that 7°< D for all tasks.

Let’s try an example. Table 1
describes a set of tasks. The table is in
deadline monotonic priority order,
with task 1 being the highest priority
and task 4 the lowest priority. Notice
how we don’t care if the tasks are peri-
odic or sporadic: we just need to know
the minimum inter-arrival time.

Let’s
response time of task 3. We start with

calculate the worst-case
an initial R estimate of 0. Table 2
shows the steps in the calculation. The
equation converges at 38ms. So the
worst-case response time of task 3 is
38ms. This is less than the deadline of
50ms and proves that task 3 will always
meet its deadline in all situations.

Priority inversion, priority
inheritance, and the priority
ceiling protocol

One assumption we have made so far is
that a task will never be delayed by a
lower priority one. This means that no
lower priority task is allowed to disable
interrupts or even share a semaphore
with a higher priority task. Clearly this
assumption is unrealistic and we need to
do something about it. The way we deal
with this is to allow for so-called “block-
ing time.” Denoted B, blocking time is
equal to the time for which the execu-
tion of lower priority tasks can delay a
given task i The equation for the worst-
case response time can be updated to
take blocking time into account:

R=B+C+ Y, [ﬂc (2)

Vkehp,

We need to work out this blocking
time. Easier said than done, of course.
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Priority inversion

Lock $1

Priority inheritance

Lock $1 Unlock $1

Lock S1

To see why this can be difficult it’s
worth taking the time to discuss a com-
mon problem known as priority inver-
sion. Priority inversion occurs when
tasks use regular semaphores to guard
access to shared data, and cause the
response time of a task to become
much longer than normal. This often
leads to the system missing deadlines
intermittently. Figure 5 shows how the
problem can occur.

The diagram is a timeline showing
the execution trace of three tasks
scheduled by priorities, with the high-
est priority task at the top and the low-
est priority task at the bottom. Two
tasks, “L.” with a low priority and “H”
with a high priority, share a data buffer
and need to ensure exclusive access to
the data. This is done via a semaphore
(“S17). In Figure 5, L is running and
wants to get access to the data. It locks
S1 and starts using the data. While
accessing the data, a medium priority
task (“M”) becomes ready. The sched-
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uler suspends L and starts running M.
Shortly afterwards, H is made ready,
and the scheduler suspends M and
starts running H. Then H wants to
access the data and tries to lock SI.
Unfortunately, S1 is already locked, so
H is blocked awaiting the semaphore.
The next highest priority task is M, so
the scheduler resumes executing M,
which runs for some time and eventu-
ally finishes, and the scheduler
resumes executing L. Then L finishes
with the shared data and unlocks SI.
Task H is waiting for S1 and so is made
ready to run. The scheduler resumes
executing H, which then accesses the
data, unlocks S1, and finishes.

You can see from Figure 5 how the
response time of H is quite long—
longer than M in any case—which isn’t
the right behavior because H should
have a shorter response time. H is
assigned a high priority because it’s
urgent and shouldn’t end up being
delayed for a longer time than M. The

problem is called “priority inversion”
because task M is delaying task H and,
in effect, executing at a higher priority.

One of the problems with priority
inversion is that it can be “hidden”—
there can be implicit resource con-
tention that’s resolved using regular
semaphore locks. For example, it is
common for an RTOS to provide a
threaded C library where calls are pro-
tected against concurrent access. For
example, the malloc() and free()
calls typically lock an internal sema-
phore to guard access to their heap
management data. When two tasks
both make malloc() and free() calls,
they are implicitly sharing data and
making semaphore locks. A low prior-
ity task might be making a malloc()
call when a high priority task also
makes a malloc() call. The high prior-
ity task is blocked and medium priori-
ty tasks get to run. Priority inversion
again! Worse yet, the programmer
might not even make malloc()
and free() calls: they might be
invoked automatically by a C++ com-
piler’s code for constructors and
destructors.

Priority inversion also causes a lot
of trouble because it is intermittent: in
testing, the scenario shown in Figure 5
might not occur—response time of H
will be short. Yet after deployment the
tasks might become phased as shown
in Figure 5, increasing the response
time of H, and causing the system to
fail. This is exactly what happened to
the “Pathfinder” probe to Mars in July
1997.

The spacecraft was controlled by a
single processor on a VME bus that
also contained interface cards for the
radio, a camera, and an interface to an
on-board MIL-STD-1553 bus. The bus
connected two parts of the spacecraft
together, with the VME system con-
taining interfaces to, among other
things, the ASI/MET meteorological
science instrument.

In the first few hours of operation
on Mars, the spacecraft began experi-
encing resets. A reset re-initialized all
hardware and software and terminat-
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Priority inheritance and deadlock
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ed the ground command activities and
the remaining activities were post-
poned until the next day.

The resets were due to priority
inversion. The JPL engineers used a
conventional RTOS to implement the
bus control functions in the main
processor. A task with a 125ms period,
but a short deadline—and so a high
priority—was driving the on-board bus
and handing data from the instru-
ments to a low priority task. The two
tasks communicated via a “pipe” con-
struct. The internal OS implementa-
tion of the pipe used a semaphore to
guard internal OS data.

On Earth extensive testing was
done but the problem only manifest-
ed itself when the ASI/MET data was
being collected at the same time as a
high load due to medium priority
tasks. Although one reset was seen in
testing, the problem was not repeat-
able and could not be isolated.
Because the problem was rare the sys-
tem was deemed sufficiently reliable
(the space business is inherently risky
and there’s no point engineering a
limited-life space vehicle to a much
higher reliability than the launch
technology).

On Mars the task execution pat-
terns were different and priority inver-
sion occurred frequently. Medium pri-
ority tasks stopped the low priority
instrument task from running, which
stopped the high priority bus task
from running. When the bus task
deadline the
assumed a fault and resets itself.

missed its system
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However, since the fault was a design
fault—using conventional semaphores
in a real-time system—restarting the
system just triggered the fault again.

Space systems are usually carefully
designed to let Earth-based control
gain access and upload new software,
so the JPL engineers were able to
patch over the problem by uploading
new software that instructed the OS to
use a different algorithm to lock the
internal semaphores used in the pipe
functions. The new algorithm was pri-
ority inheritance.

Priority inheritance is a simple con-
cept: a lower priority task L. delaying a
higher priority task H inherits the pri-
ority of H while it’s causing a delay.
Once L unlocks the semaphore, the
priority of L falls back. Figure 6 shows
this.

Task L locks S1 as before and is pre-
empted by M and then H. When H
tries to lock the semaphore, the prior-
ity of L is raised to high and so L
resumes execution. When L releases
the semaphore, its priority is restored
to low. Now that the semaphore is free,
task H resumes execution and finish-
es. Then M is resumed, and finally L
completes. The high priority task has a
shorter response time and in the case
of the Pathfinder probe, this was suffi-
cient to obtain correct operation. The
rest of the Pathfinder mission was a
success (the mission returned 2.6 bil-
lion bits of information, including
more than 16,000 images).

Unfortunately, priority inheritance
doesn’t solve the problem of unpre-

dictable response times. We wanted to
be able to work out B; but priority
inheritance doesn’t help. For exam-
ple, it’s possible for a system to suffer
from “circular blocking,” where task A
is blocked by task B, which is blocked
by task A. This is more familiarly
known as “deadlock” and effectively
gives infinite blocking times. Figure 7
shows how two tasks can deadlock with
priority inheritance.

In Figure 7, tasks L and H share two
data buffers, guarded by semaphores
S1 and S2. Task L locks semaphore S1,
but before it manages to lock S2, a
switch to a higher priority task occurs.
Task H locks S2, then tries to lock S1.
Through the rules of priority inheri-
tance, task L inherits a high priority
and resumes execution. L tries to lock
S2, but unfortunately S2 is already
locked. Neither H nor L can run, so
task M resumes execution. H and L
never resume execution; they are
deadlocked.

For the Mars Pathfinder, priority
inheritance was sufficient in its specif-
ic use of semaphores in the OS. But as
a general algorithm, priority inheri-
tance is not effective. In general it’s
not possible to show a system is free of
deadlock and it’s impossible to deter-
mine B, for each task 7in the system.

Fortunately, there is a solution to
this problem: the Priority Ceiling
Protocol. This protocol provides a key
property, in which a high priority task
is blocked once at most by all lower
priority tasks. This allows the blocking
times to be calculated, and hence for
DMA to be used to verify timing per-
formance. Although the original algo-
rithm as specified in 1987 is more
complex than priority inheritance,
there is a low-cost variant called
Instant Inheritance that has identical
worst-case behavior (and so the same
blocking times apply) but can be
implemented very efficiently.

The Priority Ceiling Protocol intro-
duces the notion of “ceilings.” Each
semaphore has a ceiling priority: this
is the priority of the highest priority
task that can lock the semaphore. A
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Instant inheritance variant of the priority ceiling protocol

Unlock S$1 Lock S1

Priority ceiling protocol avoids deadlock

Lock $1

Unlock $1
Unlock S2

i

Unlock 521 Unlock $1

task can hold several semaphores at
once, but only if they are locked in a
nested pattern (for example, lock S1 ..
lock S2 .. unlock S2 .. unlock S1). The
Instant Inheritance algorithm is very
simple: when a semaphore is locked,
the locking task raises its priority to
the ceiling priority of the semaphore.
When the semaphore is unlocked the
task’s priority is restored. Figure 8
shows this.

The scenario in Figure 8 is the
same as in Figure 3. Task L locks sem-
aphore S1. Because both L. and H
share S1, the ceiling priority of SI is
high. When the lock call takes place
the priority of L is raised to high.
When M is made ready to run, no
switch occurs because task L is run-
ning with a higher priority. Similarly,
no switch occurs when H is made
ready to run. Then when L unlocks S1
its priority is restored to low, and a
switch to H occurs. After H has fin-
ished, task M executes. Finally, task L
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is resumed and completes. You can see
that the response time of H is short,
which is just what’s wanted.

Figure 8 shows why the Immediate
Inheritance variant is so easy to imple-
ment. The “lock” call always succeeds
(see how when L and H lock S1, nei-
ther is blocked). The reason the call
always succeeds is that no other task
can have the semaphore locked,
because such a task would have the
ceiling priority of the semaphore and
would be running already, and the
current task would not be running. So
the lock call always succeeds. This
means that implementing semaphores
merely requires a “change the current
priority” operation. There is no need
to queue the task in a per-semaphore
queue or even test to see if the sema-
phore is locked.

Most importantly, the blocking
times of tasks can be worked out. A
given task i is blocked at most once by
a lower priority task. In fact, the block-

ing time of a task i is the longest time
any lower priority task k holds a sema-
phore with ceiling priority greater
than or equal to the priority of task i.
Because the blocking times are bound-
ed there is no chance of deadlock.
Figure 9 shows this. The scenario is
the same as in Figure 7 but this time
deadlock is avoided.

In Figure 9 the ceiling priority of
semaphores S1 and S2 is high because
both L and H lock these semaphores.
As soon as L locks S1, the priority of L
becomes high. This prevents both H
and M from running. Locking S2 has
no effect because L is already running
at high priority. When L unlocks S1, its
priority falls back to low, and task H
gets to run, lock both semaphores,
and finish.

We can more formally define the
blocking time for a given task i by
defining the following terms:

® Let /p; be the set of tasks with prior-
ities lower than task i

® Let locks,; be the set of semaphores
locked by a task k, where the sema-
phores have a ceiling priority high-
er than the priority of task 7

® Let t, be the time for which a task
k holds a semaphore s

® The blocking time B; is defined as
follows:

B = o (1) (3)
Vselocks ;

Figure 10 shows how this works for
task M in the simple system shown ear-
lier in Figure 5.

The observant reader might notice
that the Immediate Inheritance varia-
tion of the Priority Ceiling Protocol is
much like the approach of raising the
processor interrupt priority level to
hold out interrupt handlers of a cer-
tain priority so that data shared with
those handlers isn’t corrupted. In
effect the protocol has re-invented,
albeit in a more systematic way, what
was first done in the 1960s. Because
there is a contiguous range of priori-
ties, from software tasks to hardware
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interrupt priorities, the disabling of
interrupts using the mechanism
described can be modeled by DMA.
Disabling interrupts to a particular
level is just like locking a semaphore
with a ceiling equal to that level.

0S overheads: scheduling
and switching

The second major assumption we
made earlier in DMA was that the OS
performed scheduling and task switch-
ing in zero time. Clearly this is not fea-
sible, and we must do something
about it.

We first look at bounding the costs
of the scheduler. The scheduler is the
part of the OS that decides when to
apply delays and timeouts, so that tasks
are ready when due. A common imple-
mentation is a so-called “tick sched-
uler.” A periodic timer interrupt calls
the OS scheduler that processes a
time-ordered delay queue. The sched-
uler takes due tasks from the time
queue and inserts them into a priority-
ordered “ready” queue. At the end of
the tick the OS calls the dispatcher if a
task switch is necessary. The schedul-
ing approach requires that tasks han-
dled by the tick scheduler have peri-
ods that are integer multiples of the
tick period and at least as large. So if
the tick period is 10ms then a task
could have a period of 10ms, 20ms,
but
Similarly, none of these tasks can have

30ms and so on, not 25ms.
a period shorter than 10ms.

The overheads of the scheduler
would normally be modeled by includ-
ing the timer interrupt as a task (as we
would for all other interrupt sources).
The worst-case execution time of the
interrupt handler is the interrupt
overheads plus the longest execution
time of the scheduler. This latter time
may not be not bounded easily
because typically, the queue process-
ing depends on how many tasks are in
the system: the more tasks, the longer
the scheduler takes to run.

The following equation is a bound
on the scheduler overheads in an
interval of duration &

An example of blocking time

Lock $1

Unlock $1

é;v

Lock $1 1 Unlock $1

Switching costs and the execution of a task

Scheduler Runs

Begin Context Switch

Run Task

Re-queue Task and Switch

where T}, is the tick period and C,,; is
the worst-case execution time of the
tick scheduler.

Although this is sufficient, the over-
heads bound turns out to be quite pes-
simistic. This is because it assumes that
for each tick all tasks are in the delay
queue and that the whole queue is
processed in the same tick. Although
this can happen, it’s rare. We can get
more realistic bounds by realizing that
the tick scheduler processes any given
task ¢ at most once every T} In effect,
there is a pseudo-task for each task 7,
with a worst-case execution time equal
to the per-task cost of the tick sched-
uler and a period equal to 7

The following equation is a more
accurate bound on the scheduler over-
heads in an interval of duration

t t
— G+ 2, IV—]C, 1
|>7;irk “ Vketicktasks 7;

where C,,, is the execution time of the
tick scheduler when the tick processes
zero tasks, G, is the additional per-
task cost of the tick, and ticktasks is the
set of all tasks that are scheduled by
the tick scheduler. Note that C, is
often not a simple constant but rather
a function of how many tasks are in
the system.

From this we can derive an equa-
tion that bounds the time a given task
i is delayed by the execution of the
scheduler:

R R
S, = ‘V_,—Ichm i Z ’V_'“Cmm (4)
T:irk Vketicktasks TL

We can now update Equation 2 to
include the scheduling costs:
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R=S+B+C+ Y {ﬁk_
Vkehp(i)| Lk (5)

Now we can look at the task switch-
ing costs. The OS dispatcher performs
task switching and is called whenever a
task switch is necessary. For example,

the scheduler may call the dispatcher
if it makes a new task ready that is of
higher priority than the current task.
OS calls themselves may also call the
dispatcher. For example, a semaphore
“unlock” call may necessitate a task
switch, triggering a call to the dis-
patcher. Whenever the dispatcher is
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called, it does a simple job: it saves the
context of the current task (that is,
processor registers), restores the con-
text for the new task, and resumes the
execution of this new task. Later, when
the new task finishes, the dispatcher is
again called and saves the context,
places the task in a non-ready state,
chooses which task to run next, and
then restores the context of the next
task.

The “switch-in” cost to start a new
task usually has a simple bound, but
the “switch-out” cost is often more
complex, because placing the task in
a non-ready state can entail searching
a time-ordered queue of timeouts to
insert the task in the right place. So
the “switch-out” cost is usually depen-
dent on the number of tasks in the
system.

The switching costs of the OS can be
modeled by adding the “switch-in” and
“switch-out” costs to the worst-case exe-
cution time of each task. Figure 11
shows this. Note that C,, is often not a
simple constant and is typically a func-
tion of how many tasks are in the system.

The total switching costs for a sin-
gle switch are, of course:

G = CritilCon (6)

Using this definition, we can update
Equation 5:

R=S+B+C +C+ Y M(C +G,)

vkehp, | Lk

Where:

® ( is the worst-case execution time
of a given task i

® 7, is the minimum time between a
given task k being made ready and
being made ready again

® (,,is costs of switching to and back
from a pre-empting task and is
defined by Equation 6

® B, is the blocking time of a given
task ¢ and defined by Equation 3

® S, is the scheduler overheads for a
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given task i and is defined by
Equation 4

® hp,is the set of tasks of higher pri-
ority than a given task i

Discussion
With Equation 7 and the right OS and
application behavior, we calculate the

worst-case response time for every task
in a system. This is useful because it
means we can verify the timing behav-
ior of complex real-time systems
before deployment. But the analysis
can be applied to more than just
processor scheduling.

Controller area network (CAN) is
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an embedded networking bus that
arbitrates between messages on the
bus by using priorities. Each message
is tagged with a unique priority which
serves to identify the message. Because
the bus is scheduled by priorities the
basic DMA is a natural fit and has been
developed to calculate worst-case
latencies for messages sent on a CAN
bus. The Volvo Car Corp. used this
analysis as the foundation of the net-
working system for the Volvo S80
sedan. The analysis was used as part of
an optimizing toolchain to configure
the network so that the lowest bus
speeds could be used (minimizing
wiring costs), yet with all timing
requirements met. This vehicle has
two CAN buses, and the complete tim-
ing behavior of the network was veri-
fied using the analysis before the vehi-
cle went into series production.

DMA has also been applied to the
problem of scheduling a hard disk
drive to fetch and store data for con-
current multimedia streams. Each
data stream requires a bounded num-
ber of disk blocks every so often. This
is analogous to each task requiring a
bounded computation time every peri-
od. The time taken to move the disk
head between the disk areas for differ-
ent data streams is analogous to task
switch times. DMA for disk drive
scheduling allows a playback video
server to apply the analysis each time
an “open” request is made and to
accept the request only when the
analysis can guarantee that the data
will be fetched in time.

There have been a number of
extensions to the basic analysis that
remove some of the assumptions listed
earlier or else improve the flexibility
of the analysis. Examples of these
extensions are:

® D> T. Allowing the deadline (and
hence response time) to be longer
than the period turns out to be par-
ticularly useful for analyzing wide-
area networks carrying multimedia
data. For example, a source for a
10Hz video stream may send frame
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data every 100ms, yet the worst-case
latency through the network for a
single video frame might be two
seconds. The analysis has been
extended to take into account how
previous invocations of a task can
impact later ones

Shared priorities. It’s quite com-
mon for an implementation to
limit the total number of priority
levels for efficiency reasons. The
analysis has been extended to take
account of the behavior of the sys-
tem when two tasks can have the
same priority

Task phasing. The basic analysis
assumes that there is no fixed
phase relationship between tasks.
But if one task is always made ready
some fixed time after another then
the basic analysis becomes pes-
simistic. The analysis has been
extended to take account of phase
relationships between given sets of
tasks

Of course, underlying all this analy-
sis is the assumption that the system is
predictable. As we have seen already,
the OS must provide the right kind of
semaphore locking to the user (the
Priority Ceiling Protocol) and also
provide a characterization of the
scheduling and switching overheads of
the OS. The OS must also be carefully
designed to avoid internal priority

inversion. esp

Ken Tindell is a professor of embedded sys-

tems at Jonkoping University in Sweden
and the chief technology officer of Realogy,
a company that provides an RTOS and
analysts tools based on extended DMA. He
recetved his PhD in real-time systems from
the University of York in England. Since
1995, he has worked in industry, applying
real-time techniques to communication and
computing. He can be reached at kiin-

dell@realogy.com.

Further reading
You can find out more about hard real-
time systems anc hat support DMA

at www.realog
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Any book on TCP/IP will tell you
that each network-connected device
has a globally unique hardware
address. But where, exactly, do these
addresses come from? And why is it
that the authors of books on TCP/IP
never bother to answer this or any
other practical implementation
question?

Plenty of good books are available
about TCP/IP and I have no desire to
rehash the material covered there.
(See the Resources sidebar near the
end of this month’s column for an
annotated list of my favorites.) Rather,
I hope to supplement the discussion
found in those books with the practi-
cal information embedded developers
need most. I begin by tackling some of
the oft-ignored practicalities in and
around embedded networking.

Turtles all the way down

Before we go on, I want to make sure
you have a solid picture in your head.
That picture is the one in Figure 1,
which shows how the TCP/UDP/IP
stack fits in between your application
code and the network interface. What
I want you to understand from this fig-
ure is the black box nature of the
stack. From the application program-
mer’s point of view, a TCP/UDP/IP
stack is nothing but an API to be
called. In other words, data is sent and
received over the network via a set of
well-defined function calls. Typically,
the so-called “sockets” API is used.
Figure 1 also shows the black box
nature of the network interface. In an
ideal world, the device driver interface
would remove the stack developer

Michael Barr

from any knowledge of the actual
interface type. In such a case, the same
stack could communicate unchanged
over an Ethernet or Token Ring net-
work or via a serial or modem link,
through the same set of device driver
calls. In practice, however, this is diffi-
cult to achieve.

You’'ll see as we go along that the
implementation of the lowest layers of
the TCP/UDP/IP stack is inextricably
linked with the device driver and par-
ticulars of the hardware below. This is
one of those practical realities rarely
dealt with in books.

The convenient end

Another practicality that must be dealt
with in a TCP/UDP/IP stack imple-
mentation is the issue of endianness.
By definition, any computer system
must be either:

® )ig endian—it stores the most signif-
icant byte of any multi-byte data
field at the lowest memory address,
which is also the address of the
entire field

® [ittle endian—it stores the least sig-
nificant byte of any multi-byte data
field at the lowest memory address,
which is also the address of the
entire field

The 68k and PowerPC are big endi-
an processors, while the x86 and
Alpha are little endian. The endian-
ness difference can cause problems if
a computer is, unknowingly, trying to
read binary data written in the oppo-
site format from a shared memory
location or a file. To see what I mean,
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But what if you want your stack to be portable so it will run on processors of
both types? Well, then, you'll have to decide whether to do this reordering or

The big picture

Little endian memory

take a look at an x86 memory dump
with a 16- or 32-bit integer stored
inside. (If you don’t have such a mem-
ory dump handy, take a look at Figure
2.) An x86 processor stores data in
memory with its least significant byte

first. However, your mind tends to
expect the data to read from the most
significant byte to the least.!
Unfortunately, it’s not just proces-
sors that have this property.
Communication protocols, file for-
mats, and all sorts of other computer-
related specifications require an endi-
anness of their own. As it turns out, all
of the protocol layers in the TCP/IP
suite are defined to be big endian. In
other words, any 16- or 32-bit value
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not, either on the fly or at compile time.

within the various layer headers (for
example, an IP address, a packet
length, or a checksum) must be sent
and received with its most significant
byte first.2

This, of course, leads to an annoy-
ing little implementation detail. If
your TCP/UDP/IP stack will run on a
little endian processor, you’ll have to
reorder—at run time—the bytes of
every multi-byte data field within the
various layer’s headers. If your stack
will run on a big endian processor,
then you have nothing to worry about.
But what if you want your stack to be
portable so it will run on processors of
both types? Well, then, you’ll have to
decide whether to do this reordering
or not, either on the fly or at compile
time.

The typical solution to the endian-
ness problem is to define a set of four
preprocessor  macros: htons (),
htonl(), ntohs(), and ntohl(), as
shown in Listing 1. These macros
make the following conversions:

® htons()—reorder the bytes of a 16-
bit value from processor order to
network order. The macro name
can be read “host to network short”

@ htonl(O—reorder the bytes of a 32-

bit value from processor order to
network order. The macro name
can be read “host to network long”
® ntohs()—reorder the bytes of a 16-
bit value from network order to
processor order. The macro name
can be read “network to host short”
® ntohl()—reorder the bytes of a 32-
bit value from network order to
processor order. The macro name
can be read “network to host long”

If the processor on which the
TCP/UDP/IP stack is to be run is itself
big endian, each of the four macros
will be defined to do nothing and
there will be no run-time performance
impact. If, however, the processor is lit-
tle endian, the macros will reorder the
bytes appropriately. As we get into the
details of the IP and UDP layer imple-
mentations, you’ll see that these
macros are routinely called when
building and parsing network packets.
Only when we see how frequently they
are called will we be able to assess the
true cost of implementing a big endi-
an protocol stack on a little endian
Processor.

Hidden assumptions

If you read Christopher Leidigh’s
recent article (“Configuring TCP/IP
Hosts,” April 2000, p. 71), you’re prob-
ably aware that simply adding a proto-
col stack and network interface to
your software doesn’t make your sys-
tem TCP/IP-ready. Among other
things, each system requires an IP
address to communicate over the net-
work. Leidigh’s article did a great job
of showing us how to bootstrap a sys-
tem, determining the IP address in the
process. But did you notice the way he
assumed (like everyone else) that your
system already had a unique hardware
address?

“Upon receipt [of the broadcast
packet], a RARP server will look up
the client’s hardware address in its
tables [and return the IP address allo-
cated to the client]” (p. 75).

Where does the “client’s hardware
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Every company that wants to produce Ethernet-capable products must first
register with the IEEE. You start by filling out some paperwork and sending

Byte reordering m

address” (also called the MAC
address®) come from? Unlike the IP
address, this is not something you can
request from a local server. In fact, the
RARP server referred to in the above
quote can only respond to your sys-
tem by using the hardware address it
sent within the IP address request.
The hardware address must be built
into your system at manufacturing
time.

This leads, of course, to two ques-
tions. One is: what value should you
use for the hardware address? The
other is: how do you have that value
“built into your system”? I'll answer
the second, and easier, question first.

Every system on a physical network
like Ethernet or Token Ring includes a

44 une 2000 Embedded Systems Programming

them a check for $1,250.

peripheral called a network controller.
This chip is the processor’s interface
to the physical communications medi-
um. As part of its initialization, the
network controller must be fed a
unique hardware address. In the case
of Ethernet, the hardware address is a
48-bit value. In all but the rarest of cir-
cumstances, the hardware address will
reside in an on-board non-volatile
memory device.

Since the hardware address is
unique for each board that rolls off
the assembly line, it’s typically not
placed in the same ROM as the
firmware. That way, identical copies of
the firmware can be mass produced at
a lower average cost per chip, while
the unique hardware address can be

placed in a very small EEPROM (along
with other board-specific parameters,
if any) when the board is assembled.
The contents of this EEPROM might
be determined by the board’s serial
number and created as part of the
manufacturing process.*

Now onto the remaining question.

0UL, oui!

Okay, so you know what the hardware
address is and what to do with it once
you've got it. But where does this glob-
ally unique 48-bit identifier come
from? Clearly 248 is an incredibly large
number of unique addresses, but no
set of numbers is itself large enough to
guarantee global uniqueness on its
own. In the case of Ethernet, the
upper three bytes of the 48-bit MAC
address are carefully controlled by the
IEEE. The scheme for guaranteeing
uniqueness of the lower three bytes is
individually up to the companies that
make Ethernet-capable devices. All of
us must work together with the IEEE
to guarantee global uniqueness of our
MAC addresses.

Every company that wants to pro-
duce Ethernet-capable products must
first register with the IEEE (stan-
dards.ieee.org/regauth/oui/) . You start by
filling out some paperwork and send-
ing them a check for $1,250. In return,
your organization becomes the proud
owner of a 24-bit Organizationally
Unique Identifier (OUI) and the
16,777,216 unique hardware addresses
it is capable of identifying.>

What I've found usually works best
for internal management of the lower
24 bits of the address is to break those
bits into two fields. For example, you
might break up your approximately
16.8 million unique addresses into 256
blocks of 65,5636 addresses. That way,
you could allocate the blocks one at a
time to particular manufacturing
groups, on an as-needed basis. The
lowest 16 bits of the MAC address
could then match up with the lowest
16 bits of the device’s serial number
for ease of manufacturing. Following
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this scheme, the 255th board manu-
factured within block two would be
given the MAC address
“OUIL:02:00:FF,” where OUI is the
three-byte hexadecimal value assigned
to your company by the IEEE.

What else?

This month in the Internet Appliance
Design section, we’ve got a very timely
set of articles for you. The first, by
Greg Wickham, tells us about one
company’s early experiences with the
Java programming language. In this
case, the company is Alcatel and the
Java code is compiled to native code as
part of the development process. In
other words, they're using Java with-
out a Java Virtual Machine. Stay tuned
folks, I believe ahead-of-time compila-
tion like this has the potential to revo-
lutionize high-end embedded systems
development within just a few years.

On the subject of wireless commu-
nications, we've got an article about
IrDA, by Charles Knutson. This article
drills right down into the IrDA proto-
col stack, showing what you need to
implement to support infrared com-
munications with PCs, printers, and
other systems. The author focuses on
the use of IrDA in resource-con-
strained embedded systems by show-
ing us what can be left out.

Next month I’ll tell you everything
you ever wanted to know about the
mappings between IP addresses and
Ethernet addresses and the corre-

sponding  Address Resolution
Protocol (ARP). In the meantime,
stay connected... esp

Michael Barr is the technical editor of
Embedded Systems Programming. He
holds BS and MS degrees in electrical engi-
neering from the University of Maryland.
Prior to joining the magazine, Michael
spent half a decade developing embedded
software and device drivers. He is also the
author of the book Programming
Embedded Systems in C and C++
(O’Reilly & Associates). Michael can be
reached via e-mail at mbarr@cmp.com.
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References

1. Frankly, I can never remember which is
which: big endian or little endian. So |
tend to use the terms “human read-
able” and “not human readable” on a
day-to-day basis, especially when I'm
troubleshéooting problems alongside
other engineers who may be even less
versed in the formal terminology.

2. Of course, a convention must also be
agreed upon for the application-level
data payload being transmitted over the
network. However, in this case it is up
to the designer(s) of the application to
choose the endianness. They'll usually
tend to make the choice that minimizes
byte reordering.

3. MAC is short for media access control.

4. It should be clear that there is nothing
to preclude your storing the hardware
address in any nonvolatile memory
device, including the ROM or Flash that
contains the firmware. This is a decision,
however, that should be made with
manufacturing concerns, and costs, in
mind.

5. | was shocked to learn recently that
Cisco owns 60 such sets, for a grand
total of over 1 billion addresses!

Resources

If you're working with TCP/IP, there are

two series of books that you should know
about. The first is a series of four books
by Douglas Comer. In theory, you only
need to buy three of these, since there
are two versions of Volume 3, but some
cross-platform developers may want to
get all four. The first volume of the book
gives you the big picture of TCP/IP net-
work architecture and the relationships
among and between the various proto-
cols. Volume 2 is an implementer’s guide,
with the most recent edition geared
toward ANSI C. The third volume focuses
on application-level programming, where
you're using the TCP/IP protocols
through either the UNIX or Windows
sockets API.

Comer, Douglas E. Internetworking with
TCP/IP—Volume 1: Principles,
Protocols, and Architecture, 4th ed.

Englewood Cliffs, NJ: Prentice Hall,
2000.

Comer, Douglas E. and David L. Stevens.
Internetworking with TCP/IP—Volume
2, ANSI C Version: Design,
Implementation, and Internals, 3rd ed.
Englewood Cliffs, NJ: Prentice Hall,
1998.

Comer, Douglas E. and David L. Stevens.
Internetworking with TCP/IP—Volume
3, Windows Socket Version: Client-
Server Programming and Applications,
st ed. Englewood Cliffs, NJ: Prentice
Hall, 1997.

Comer, Douglas E. and David L. Stevens.
Internetworking with TCP/IP—Volume
3, BSD Socket Version: Client-Server
Programming and Applications, 2nd ed.
Englewood Cliffs, NJ: Prentice Hall,
1996.

The second series of books is by W. Richard
Stevens (no relation to David L.). The first
two volumes of these are my personal
favorites, despite the fact that | originally
cut my teeth on TCP/IP at a time when only
Comer's first edition books were available.
This three-volume set follows a similar flow
to the Comer books. However, | haven't
found as much use for Stevens' Volume 3 as
| have for Comer’s.

Stevens, W. Richard. TCP/IP Illustrated—
Volume 1: The Protocols. Reading, MA:
Addison-Wesley, 1994.

Wright, Gary R. and W. Richard Stevens.
TCP/IP Illustrated—Volume 2: The
Implementation. Reading, MA:
Addison-Wesley, 1995.

Stevens, W. Richard. TCP/IP Illustrated—
Volume 3: TCP for Transactions, HTTP,
NNTF, and the Unix Domain Protocols.
Reading, MA: Addison-Wesley, 1996.

In addition to acquiring at least the first two
volumes of one of these series of books,
embedded programmers who are new to
the world of TCP/IP should also familiarize
themselves with the online RFCs. The
Internet protocols have always been
defined and redefined through written
Request for Comments (RFCs). To search
the database of RFCs, try
www.fags.org/rfcs/.
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ALEXANDER WOLFE

Alliances Drive
Embedded Linux
Toward Prime Time

\ plethora of products is due to hit the market soon, even though the Unix-like
U})(,‘l’uil“( ) system still has to prove its mettle in the world of Internet appliances.

ne of the more interesting Internet appliances I've heard of—a
standalone Internet radio which connects via 56k modem—will
make its appearance sometime this summer.

While the ability to listen to baseball games—or even country
music—far from its broadcast source is useful, perhaps even more

: salient is the fact that Kerbango Corp.’s appliance is implement-
ed using embedded Linux. “Development was a lot harder when we started a year
ago than if we’d started today,” said Curt Hewitt, chief technology officer at the
Cupertino, CA startup.

Kerbango’s stab at applying a downsized version of the traditionally hefty
Linux OS to the world of embedded appliances may be an early indicator of
what’s being replicated at dozens of software developers. That’s because purvey-
ors of operating systems and tools are just beginning to roll out a rash of prod-
ucts billed as either “embedded” or “real-time” Linux. According to Kerbango’s
Hewitt, that wasn’t the case a scant 12 months ago, when work on embedded
Linux platforms was at a far earlier stage industrywide.

Essentially a clean-room version of Unix, Linux was conceived by then-
University of Helsinki computer science student Linus Torvalds. (Today, he’s an
employee of Silicon Valley startup Transmeta Corp.; see “The Software Side of
Crusoe,” April 2000, pg. 85.) Like Java, Linux initially made its appearance in the
bloated world of Enterprise computing. Lately, however, a plethora of embedded
Linux implementations and toolsets are beginning to make their way to market.

“I think Linux is in a footrace,” said Michael Tiemann, chief technology offi-
cer of RedHat Inc. He pointed to VxWorks from Wind River, Windows CE from
Microsoft, and the BeOS from Be Inc. as some of the contenders.
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Indeed, most industry experts agree that the next year will be a
telling one for Linux in the embedded arena.

Outside operating systems apart, at
least five and perhaps as many as 10
vendors within the Linux community
itself (in this often secretive corner of
the software world, no one is quite
sure of the exact number) are going
embedded systems code one better
and attempting to roll real-time ver-
sions of the OS—even though the
basic kernel was not designed to sup-
(Included
among that number are Lynx Real-
Time Systems Inc., Lineo Corp.,
MontaVista Software Inc., QNX
Software Systems Ltd., and others who
either haven’t fully disclosed their
real-time plans or could not be

port such operation.

reached at press time.)

“You have to understand that this is
an open source piece of software and
people each have their own enhance-
ments,” said David Ditzel, president
and CEO of Transmeta.

And because Linux is
source”—a concept pioneered by the
Cambridge, MA-based Free Software
Foundation—which is famous for its
GNU compilation and editing tools,
any Linux updates become (theoreti-

“open

cally, anyway) available to the entire
software community.

In many ways, today’s rush toward
Linux by a herd of companies is remi-
niscent of Java two years ago. That is,
technical efforts are taking center
stage while business models—how to
make money—seem to be something
of an afterthought.

“It’s so early,” said James Ready,
president and CEO of MontaVista
Software Inc. “The wheat will eventu-
ally get separated from the chaff both
in terms of real technical capability,
both in the product itself and in engi-
neering services. In other words, does
the company have an understanding
of Unix and real-time issues.”

Another big differentiator is that
Java had a major corporation behind it
(albeit one that was largely pushing an
Enterprise version of that platform).
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Linux’s biggest corporate support
comes from IBM Corp., which has
pledged to support the OS in every-
thing from full-blown mainframes all
the way down to Internet appliances.
To help the company deliver on that
promise, IBM recently formed an
internal Linux group.

However, most of the names heard
on the Linux battlefield are either new
companies or the traditional purvey-
ors of RTOSes. And even there, many
of the old-time RTOS players are tak-
ing a careful wait-and-see attitude
before they divert resources from their
primary, proprietary OSes and jump
full-tilt into the Linux fray.

Indeed, most industry experts
agree that the next year will be a
telling one for Linux in the embedded
arena.

“We are
groundswell in terms of using Linux in

seeing a  serious
embedded systems,” said Doug Locke,
president of TimeSys. “I'm talking
about a wide range of applications,
stretching from very small things one
might find in an automobile to much
larger military-control apps.”

There’s just one major stumbling
block on the road to a Linux that’s
useful for developers of all stripes.
Namely, Linux can clearly be better
downsized to fit the bill for tight-foot-
print embedded
However, whether its kernel can be

applications.

extended to deliver real-time deter-
ministic performance is another ques-
tion entirely.

At issue: the native Linux kernel is
designed for coarse-grained synchro-
nization and system tasks can’t be
preempted.

Kernel characterization

Still, several companies are laying
down bets that they can deliver real-
time versions of Linux. Such an OS
would obviously have a jump on an
embedded-only offering, which would
at best support “soft” real time or, if

not that, then “human” time opera-
tion such as might be required in an
automotive entertainment system.

Two of the more notable partici-
pants in this rapid rush to real time
are newcomers Transmeta Corp. and
MontaVista Software Inc.

In that regard, a question had sur-
rounded Transmeta Corp., which ear-
lier this year released two embedded
processors powered by a downsized
version of Linux. At the time, it wasn’t
clear whether the company would
open up its “mobile Linux.”

Ditzel of Transmeta intends to put
those questions to rest. “Our mobile
Linux will absolutely be open source,”
he said. “What we’re doing is, number
one, adding power management and
number two, adding a compressed file
system called CRAMFS (for ‘cram’ file
system).”

This enables programmers to shoe-
horn files into about half the space
they would normally require. “In an
[Internet] appliance, where you might
want to store your program in a flash
ROM, rather than using a hard disk,
you’ll need only half as much flash
ROM—and that’s a big deal,” he said.

Contenders abound in what may be
an early sign of polarization in the
Linux marketplace. But one of the big
questions is just exactly what the mem-
ory footprint must be, at minimum, to
meet bare embedded
requirements. Tiemann of RedHat

minumim

floats a figure of 4K as his low-end tar-
get. However, such a setup offers very
limited funtionality—basically a ker-
nel with no file system, no networking
support, no user interface (which
must be tacked on separately), and
only bare-bones I/0.

Indeed, others disagree that a 4K
profile is capable of providing what
will be required for a total solution.
(Even Tiemann’s breakout of the user
interface as a separate number would
seem to validate such a conclusion.)

More than anything else, Linux’s
legendary size—it has hundreds of ser-
vices and calls—has made it a bear to
wrestle to real-time ground.
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Lynx Real
to deliver hard

I-time Linux suppo

“To do anything really useful
including a kernel and reasonable
functionality, you have to go to at least
half a megabyte,” said Ready of
MontaVista. “Much smaller than that
is not going to be interesting.”
However, he notes that more complex
systems, such as those that run multi-
ple applications, will have to have even
bigger footprints. For example,
adding a sophisticated file system
could boost things to the 4MB range.

Kerbango, which has used
MontaVista’s HardHat Linux in its
Internet radio, says the Kkernel,

TCP/IP stack, and support for virtual
memory mapping require about 600K.
The user interface and software codec
that enable the radio to play MP3
audio files aren’t included in that
count.

Real-time or just
embedded?

“Our unique positioning is that we’re
doing 100% pure embedded Linux,”
said MontaVista’s Ready. “Here, I use
embedded as the highest level of char-
acterization; embedded requirements
are many things including real time.”
One result, Ready said, is that his com-
pany has been able to reduce inter-
rupts-off times in the kernel.
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ime Systems will use its “Blue Cat

MontaVista is now shipping that fea-
ture and also has folded it back into
the open-source version of Linux.

Indeed, the most serious function-
ality requirement that separates the
“hard” kernels from their pokier
embedded cousins is true real-time.
That’s been a subject of much debate
in the Linux community and it’s not a
subject likely to be resolved anytime
soon.

“To make it real-time, what you
have to do, fundamentally, is deal with
memory, CPU, and I/O resources in
such a way that when you ‘speak’ with
them for parts of the system that have
to share those resources, they can
actually meet their time contraints,”
said Locke of TimeSys. “Linux as it
exists doesn’t really do that.”

Another route to hard real time is
coming from Lineo Corp., which
acquired Zentropix Computing earli-
er this year. The latter’s real-time
application interface (RTAI) will be
used by Lineo to bring determinism to
the Linux kernel.

Competing flavors

Despite the fact that numerous soft-
ware distributions will carry the Linux
name, peel back the onion skin and
there will be some major differences

between the implementations making
their way to market.

Unlike Java, Linux is not driven by
a group of developers intent on forg-
ing a firm standard—despite the fact
that it sometimes seems that way.
Strictly speaking, Linux is open-source
code. Perhaps that’s why there seems
to be reasonably cooperative competi-
ton in the Linux community. That
stands in marked contrast to Java,
where Sun Microsystems holds all the
cards. (Of course, competition could
get far more intense once products
start to hit the market in force.)

“I think the Linux community is
much more diverse than anybody real-
izes,” said Tiemann of RedHat. “And
there are people connected with
Linux who are real embedded gear-
heads.”

Regardless, sometimes standards
are in the eye of the beholder.

“Using the word ‘standard’ feels
funny, because it connotes something
that is not the way Linux works,” said
Ditzel of Transmeta.

“Some people would like to have
their particular ideas as a standard
because then they have other products
surrounding that, which will fit nicely,”
said Paul Zorfass, analyst at First Data
Inc.

For one, RedHat Inc. is pushing
ahead in its bid to nail down its home-
grown Linux application program-
ming  interfaces  (APIs)—called
EL/IX—which it hopes will come to
become dominant.

Tiemann of RedHat doesn’t see
anything nefarious in that. “The
underlying principle that [Linux cre-
ator] Linus Torvalds preaches is that
the best code wins,” Tiemann said.

EL/IX, he explained, is an attempt
to pare down Linux so that it’s man-
ageable for embedded apps. “We took
the APIs that Linux programmers use
on a daily basis—for example, printf is
from the C library, sleep is from the
kernel—and we looked at the Posix
1003 standard and we looked at how
that standard defines bundles of func-
tionality and how it defines applica-
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As with the Java world, the big question remains of how the Linux
players plan to make money selling a product that typically ships for

tion and operating system profiles,”
Tiemann said.

“We created a definitive list of ways
that you can slice and dice all the entry
points in these various APIs,” Tiemann
said. “So that you could, from a top
down perspective, define a set of func-
tionality that was consistent between
two different people working from two
different source [distributions].”

RedHat’s EL/IX draft is available
on their Web site. Their EL/IX distri-
bution will be available by mid-fall,
Tiemann said.

Separately, Ready of MontaVista
noted that he
approach, by helping to found the
Embedded Linux Consortium. What'’s
the purpose of that group? Linux pro-

took a different

motion, pure and simple, he says.

under $100.

For real-time developers keeping
their eyes focused on the open source
distribution, the Web site of choice
remains www.rtlinux.org. The central
repository for Linux remains the ker-
nel.org site.

Making a dime

The final question for developers—
though perhaps the first one for mar-
keters—is just how Linux’s purveyors
are going to make a profit. As with the
Java world, the big question remains of
how the Linux players plan to make
money selling a product that typically
ships for under $100.

“It’s not on the operating system,”
said Darrin Skewchuk, an executive at
QNX.
services.”

“It’s on the support and
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Indeed, some stalwarts of the RTOS
world are waiting to see whether
Linux will make as big a splash as some
expect. “Right now, Wind River is gen-
uinely trying to determine the appro-
priateness of Linux for the embedded
space,”said Curt Schacker, a vice presi-
dent at the company.

“Embedded is a lot of things,” said
Schacker. “It’s very broad, there are
many different applications, and I
think that Linux has gotten attention
in some of those spaces—most partic-
ularly in the Internet appliance space
where people are interested in using
the Intel x86 architecture.”

Ready of MontaVista believes
Linux could prove complementary to
Java. “We’re finding that Linux is
becoming a very strong platform to
host Java,” he said. “That is, you don’t
want to run Java on a bare machine,
so you have to run it on something.
And we’re finding extreme interest in
Linux being the engine for Java.
We’re working with three or four Java
implementations right now—that’s a
huge trend.”

For now, however, Schacker of
Wind River plans to keep taking reali-
ty checks on the software flavor-of-the-
month. “I think a very important ques-
tion is, will Linux find acceptance in
the broader embedded space. Is it
going to move into networking, indus-
trial control, and military/aerospace,”
he said. “I don’t think there are
answers to those questions yet. So what
we’re trying to do is study the trends
and understand where Linux is going
to go.” esp
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GREG WICKHAM

Compiled Java
Experiences

Embedded software developers who want to use the Java language have several options, the best known of
which is the Java virtual machine. However, over the past few years several compiler vendors have made good
progress in developing cross compilers for Java. This article looks at the advantages of compiled Java and offers
advice to embedded programmers new to the Java language.

t’s been reported that Java is 10 to 20 times slow-

er than C, on average. Accurate or not, those fig-

ures are attempting to describe “interpreted

Java.” In other words, if you employ a Java virtual

machine in your system to interpret Java bytecode

on the fly (instruction by instruction), you will
pay a serious run-time performance penalty. Such a large per-
formance penalty, combined with the ROM and RAM
requirements of the embeddable JVMs available today, is like-
ly an insurmountable obstacle to using Java in the majority of
embedded systems.

However, I have recently tried using Java in another way.
Using a traditional embedded software development model
and a Java cross compiler (sometimes called an ahead-of-
time, or AOT, compiler), I have been developing part of my
embedded software in Java. Following this scenario, my
embedded system has no JVM at all, and the execution
speed of programs written in Java compares favorably with

those written in C++.

Development tools
If you're contemplating bringing Java into a development
shop dominated by Solaris, you should know about one of

Java’s supreme ironies: most of its developers are Windows-
hosted. This means that virtually all of the major IDE ven-
dors produce a Windows version of their latest release first,
with the Solaris port trailing behind by six months or more.
The same principle applies to vendors of other Java prod-
ucts, like performance analysis, testing, and CASE tools.

In general, Java development tools targeting the embed-
ded market are not as mature as those targeting desktop
developers. Most embedded tool vendors are building on
top of C-based legacy technology, and they often have less
experience with Java than comparable vendors of develop-
ment tools for the desktop. I've found it useful to compare
embedded Java tools side-by-side with their desktop counter-
parts. By knowing what’s available in the top-of-the-line tools,
you can more wisely choose the features that really matter to
you and make sure your embedded tools have them.

Because Java is designed for portability, it’s often possible
to develop, test, and debug significant portions of an
embedded application in a feature-rich desktop environ-
ment. I do this by putting “interface objects” at the bound-
aries of my Java code. These interface objects are responsi-
ble for services like timing and low-level I/O. On startup,
the system installs only the set of interfaces that is appropri-
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In a conventional (JVM-based) Java runtime environment, classes in
the base libraries are written in Java, just like all the other classes.

ate to the environment in which it
finds itself, rather like plug-and-play
device drivers. Our current system
uses four such configurations—one
each for development, simulation,
emulation target hardware, and “real”
target hardware. The configuration
can also be fixed at compile time by
using compiler conditionals or simple
changes to the source.

Java libraries

In a conventional (JVM-based) Java
runtime environment, classes in the
base libraries are written in Java, just
like all the other classes. The develop-
er has access to the base class source
code, and can modify or enhance it as
needed.

Statically linked Java doesn’t neces-
sarily work that way. The base class
libraries that come with an AOT com-
piler might be written in a lower-level,
higher-performance language. They
might not be the least bit object ori-
ented on the inside. But the base class-
es only need to look object oriented
from the outside. What goes on
behind those method entry points is
really none of the Java programmer’s
business anyway, so long as the classes
work as advertised.

Some Java libraries like java.io
and java.net make extensive use of
platform services
methods (calls to functions written in
C or assembly). It’s possible to port a
base class to a new platform by simply

through native

implementing each of its native meth-
ods on the target platform, and using
an AOT compiler on the Java code.
But this may not be the best approach,
for at least two reasons:

® Base libraries made from compiled
Java code probably won’t be as fast
as they could be. These libraries
may have been written with porta-
bility as the primary requirement

® Vendors that use Sun’s Java code to
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make their base libraries will have
to pay license fees to Sun. It proba-
bly makes more business sense for
them to develop their own (“clean-
room”) libraries

Libraries built from Java code will
probably be the most flexible. What's
going to happen to those optimized
clean-room libraries when Sun comes
out with the next version of the JDK
and it has changes in the base classes?
Is the compiler vendor going to update
that hand-hewn code to reflect the
changes? How soon? Will a project get
stuck using an older version of Java—
including older language constructs—
just because the new Java libraries
haven’t been ported yet? For projects
that only want to use the core features
of Java, it probably isn’t as important to
keep up with the latest JDK version. So
this may be less of an issue for devel-
opers using AOT compilers.

The structure of base libraries is
also a factor when eliminating dead
code in order to minimize footprint
for application deployment. Base
classes built from compiled Java can
be recompiled to exclude classes and
methods that are not used by a given
application. Clean-room libraries
should also provide some means of
excluding code that an application
doesn’t need.

Build process
In my organization we use RCS for
revision control of our C code. The
source files to build any given C-based
system all reside in a single directory,
and our staff have developed a rich set
of scripts and utilities for managing
the source within this environment.
The package-structured nature of
Java code is fundamentally incompati-
ble with this system. To permit reuse of
packages as components, Java source
code needs to be organized into a
directory tree whose structure paral-

lels the package hierarchy of the code.
The make process must be able to
select components from the source
tree that are to be included in a given
build. For my group this means that
the staff have had to develop new
scripts and processes in order to incor-
porate Java into our traditional build
processes.

The AOT compiler we are current-
ly using comes with a “driver” program
that can essentially manage the entire
build process, at least for wholly Java
applications. One or more of the class-
es in the source code tree need to have
static main() methods, just as if we
were building a standalone Java appli-
cation targeting a JRE.

The compiler’s “driver” program
compiles the root source file first. Any
references to symbols outside a class’s
own package must be resolved at com-
pile time through importstatements in
the code. The driver works its way
through the transitive closure of
method calls from main() in the root
class, compiling each module and stat-
ically linking them all together into a
single object module.

This
procedure is a simple way to get a

one-step compile-and-link

wholly Java application up and run-
ning, but it doesn’t provide the flexi-
bility needed to build real-world
embedded systems. Specifying differ-
ent compilation options for different
files is likely to require the use of a tra-
ditional makefile, especially for sys-
tems that also include code written in
other languages.

Note that static linking precludes
some of the really fancy things that can
otherwise be done with Java’s reflective
capabilities. For example, it is not pos-
sible to construct the name of a class at
runtime and then “load” the class.
Depending on the way a given compil-
er handles class metadata, certain por-
tions of the java.lang.reflect API
may not be available.

RTOS integration
The next step is to link the object
module generated by the Java compil-
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Systems that don't use a garbage collector can eliminate the collector
itself, thereby reducing the memory footprint.

er into an image that can be run on a
given target platform. This is where,
for example, the creation of a thread-
ed object:
class AuditDaemon implements
Runnable
A

public void run()

{

//System audits go here

public AuditDaemon auditor = new
AuditDaemon() ;

is mapped to the creation and sched-
uling of an OS task. To improve porta-
bility, some Java compilers target a
standard threading API like POSIX
pthread.

The most common way of accessing
low-level resources from Java is the use
of native method. These look like any
other method to their clients in the
Java world, but they are implemented
in a language other than Java—usually
C or assembler.
method, your code is not subject to

Inside a native

any of Java’s security restrictions or
runtime error checking, so you have
unrestricted access to platform
resources.

A Java toolset for embedded devel-
opment might also come with libraries
that give the developer access to
machine resources in a convenient
way. For example, at least one comes
with a set of classes that provide sim-
ple, object-oriented access to regions
of target memory.

Garbage collection

Most desktop Java systems use a
blocking garbage collector (GC),
which means that when the garbage
collector runs, all Java threads stop
until it’s finished compacting the
heap. For applications that can toler-
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ate this behavior, a blocking collector
probably offers the best average per-
formance.! However, for many
embedded applications that have
even soft real-time requirements,
blocking garbage collection is just
not acceptable.

One alternative is to not use a
garbage collector at all. Some special-
ized Java libraries support an opera-
tion similar to free(), which allows the
programmer to deallocate an object’s
memory in the conventional C/C++
programming style. Even if your tools
don’t support this, it may be possible
to preallocate all of the memory that
will be used by an application, making
the garbage collector unnecessary.
This could mean designing the system
to use only permanent objects, or
reusing unneeded objects by return-
ing them to pools for reallocation.
Systems that don’t use a garbage col-
lector can eliminate the collector
itself, thereby reducing the memory
footprint.

Is it possible to have both the con-
venience and safety of a garbage col-
lector and some measure of runtime
determinism? Yes, certain things can
be done, but remember that deter-
minism will cost you something.

Maybe the garbage-collected por-
tion of an application’s memory is
small enough that the GC can com-
pact the entire heap in less than the
desired response time. A blocking GC
might be just fine for an application
like this. Some garbage collectors
allow certain objects to be designated
as permanent, meaning that they
don’t have to be scanned by the col-
lector when it runs. If an application’s
memory can be partitioned such that
only a small portion of it needs to be
scanned, the worst-case execution
time of the GC can be reduced. It’s
also possible to invoke Java’s GC
explicitly, using System.gc(). If an
application knows that it definitely

won'’t need to respond to an event for
a given period of time, perhaps it can
seize that opportunity to compact the
heap.

Some Java tool vendors offer an
incremental garbage collector as an
option. With this feature it’s possible
to bound response latencies by telling
the collector to never run uninter-
rupted for longer than the applica-
tion’s desired response time. Many
incremental collectors are also pre-
emptible, meaning that they can be
interrupted at will.

That may be well and good, but
what happens if a system gets so busy
processing interrupts or other events
that the GC never gets to run at all?
Eventually the application will be
unable to allocate more memory, and
it will have to let the collector run at
least until it can fulfill the current allo-
cation request. To keep this from hap-
pening one can increase the priority
of the thread or task running the GC,
but this is done at the expense of
application code. Also, because an
incremental collector has to maintain
extra state information and do extra
work, it will have lower average
throughput than a blocking collector.
Depending on its implementation, an
incremental collector might add a
small amount of memory overhead to
every object in the garbage-collected
heap.

NewMonics’ PERC system adds
another tool for making Java code
deterministic. PERC is based on a run-
time executive whose job is to sched-
ule Java tasks. Each task is required to
supply about  the
resources that it will need in the worst

information

case, including memory and execu-
tion time. Before scheduling a new
task, the PERC executive examines its
current workload and decides whether
the proposed task can be accommo-
dated while still meeting all previously
promised task completion times. If the
new task cannot be accommodated,
the executive refuses to accept it for
scheduling. Of course the executive
adds overhead at runtime, but it does
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Getting the most out of object-oriented development means a highly
interactive, fast-paced cycle of design-code-compile-link-test.

62 une 2000 Embedded Systems Programming

permit the development of reusable
software components with specified
real-time characteristics—quite an
intriguing notion.

Although garbage collection takes
most of the heat for Java’s lack of run-
time determinism, it isn’t the only fac-
tor limiting Java’s suitability for real-
time programming. The Java language
spec defines the synchronized modifi-
er in such a way that it is not generally
possible to predict how long a blocked
thread will wait to obtain a lock. An
experts group has been chartered
under the Java Community Process to
define a specification for real-time
Java.2

Debugging

Getting the most out of object-orient-
ed development means a highly inter-
active, fast-paced cycle of design-
code-compile-link-test. ~ Such  a
process demands a remote source-
level debugger that’s well integrated
with the Java compiler. Many of the
available Java debuggers for embed-
ded development started out as C
tools and have only recently been
extended to handle Java as well.
That’s fine, but it’s also one of those
opportunities to carefully compare a
remote target debugger with the one
in a state-of-the-art desktop Java IDE.
Make sure your host-based target
debugger has the features that are
important to you.

Here’s an example. While evaluat-
ing one debugger we found that it
would always display the structure of
objects on the execution stack accord-
ing to their type as declared in a given
stack frame. That may be exactly what
you need for looking at C structs, but
it’s not sufficient for inspecting Java
objects whose actual type may be
something completely different than
their role in the current frame. This
was one case where side-by-side tool
comparison was useful. Without being
accustomed to the debugger in my
luxurious desktop IDE, I may not have
noticed this missing feature until it
was too late.
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Orgnization of some embedded systems

User Interface

Device Driver

Possible r-e‘q'u

Most embedded systems that use

Java will probably include some C or
C++ code as well. Such mixed-lan-
guage systems require a debugger that
works smbothly with all the languages
they employ—usually C, assembler,
and Java. In this area, their C legacy
may actually give embedded tool ven-
dors a leg up on the desktop world.

High-performance Java
I always try to follow Kent Beck’s
advice about the optimization process:

® Make it work
® Make it right
® Make it fast

Once you have a properly factored sys-
tem that meets the bulk of its require-
ments, you are ready to accurately ana-
lyze performance and make improve-
ments that won’t wreck your design.

Before torturing your beautiful OO
designs in an effort to wring every last
instruction cycle out of your Java code,
make sure you understand why you're
using Java in the first place.
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Application Logic

Device Control

Device Driver

Object-oriented techniques offer
programmers some powerful tools for
managing complexity in problem
domains that are inherently complex.
Elegant and well-abstracted designs
are particularly important for systems
that need to be quickly grasped by
many people, that are constantly
being revised and extended, or that
need to be reused in other contexts—
other devices in the same product
family, for example. But this isn’t real-
ly the case for a lot of embedded code,
especially code that’s “close to the
metal.” So think twice before deciding
to give up speed and space to gain
flexibility that you don’t really need.

The embedded systems I've
worked on tend to be organized as
shown in Figure 1. Requirements for
the various subsystems look some-
thing like Table 1.

The upshot of this model is that it
generally becomes more tempting to use
OO techniques as you get higher up in
the architectural layers. I think the case
for OO is strongest in modeling applica-
tion logic, for the following reasons:

® The user requirements for applica-
tion logic tend to be the most com-
plex. Anything that improves com-
munication between marketers and
developers—like OO modeling—
can pay off big

® Application logic is frequently at
the heart of the value added by an
embedded device vendor. As such,
it is likely to be valuable intellectu-
al property that should be made as
reusable as possible

® The very act of building a cross-
product enterprise data model—
particularly one that is accessible to
marketers—can suggest new direc-
tions for product evolution

Memory management. Just because you
have a GC doesn’t mean you should
completely forget about memory man-
agement. Thanks to that garbage col-
lector, you no longer have to track ref-
erences to a data record across multi-
ple threads. You never again need to
worry about crashing the whole system
just by freeing an object too early. For
all the things it does for you, doesn’t
the GC deserve just a little bit of con-
sideration in return?

Try to be aware of the kind of
garbage being generated by your
code, including Java code that you use
but that you didn’t write. Some very
well designed OO code creates and
immediately discards a lot of small,
transient objects.

Know the characteristics of your
GC and make sure it matches the
needs of the application:

® Blocking collectors run when avail-
able memory dips below a config-
ured threshold. When a blocking
collector is running, no other Java
thread can use the heap until it is
finished

® Incremental collectors spread their
activity over time so they never get
very far behind

® A preemptible collector doesn’t
need to run to completion each
time it is started

® Defragmenting collectors rearrange



Microware customers have more than 250,000
deployed JAVA"™ units running on OS-9° today.

We can help you do the same.

A MICROWARE"

Successful
Products

If you're about to jump into the market with a new
product, make sure you’ve got a Java-branded embedded
solution that goes the distance. Our customer success
rate is more than double the industry average — because
our customers use our powerful development tools,
proven software components like the OS-9 RTOS,

and experienced consultants who help them succeed.
Microware’s Java implementation is tightly integrated
with graphics, networking, plug-in support, non-intrusive
garbage collection, memory protection, and development

tools for Internet solutions.

Microware’s record of success in helping OEMs
get their designs to market quickly is legendary.
Microware solutions power successful designs for
world leaders like Hitachi, Intel, ARM Ltd., MIPS
Technologies, Motorola, STMicroelectronics, and
Toshiba. That’s why embedded systems developers
on six continents have turned to Microware for

more than 20 years.

Call 888-642-7609 today or visit our web site

at www.microware.com.

Visit us at JavaOne*" and register ]/\V/\
to win a PageWriter™ worth $400 |- o

©2000 Microware Systems Corporation. Al rights reserved. 0S-9is a reg of Mi . All ather are property of their respective owners.




eael papdiod

Java’'s innocent-looking String concatenation operator (the plus sign)
allows programmers to write code that looks reasonably efficient

the heap to maximize the size of
free blocks

® Generational collectors partition
their heap space into differently
managed areas according to object
lifecycle information gathered at
runtime. Many generational GCs
allow the user to configure initial
sizes and management policies for
their partitions

Exceptions. Java’s simple but powerful
exception-handling capabilities allow
the developer to more precisely speci-
fy the external behavior of software
building blocks. In my first experience
with compiling and embedding Java I
got carried away with this idea, throw-
ing exceptions to indicate conditions
such as “I found the database location
but it’s empty. Shall I put a new record
there?” The performance looked
great running on my 333MHz PC sys-
tem during development, but on a
25MHz target hardware it was a dog.
The profiler showed that about 40%
of the time, my too-slow code was per-
forming exception handling. In this
case I was able to speed the code way
up by using special “undefined” place-
holder objects instead of throwing
exceptions. Nowadays, I limit my use
of exceptions to occurrences that truly
are uncommon.

Strings. Java’s innocent-looking String
(the plus
sign) allows programmers to write

concatenation operator

code that looks reasonably efficient
but is not. This operator allocates a
new String whose combined length is
the sum of the lengths of the two
operands, and copies the contents of
the two operands into the result. The
operands then become garbage unless
other objects still refer to them. All
this is not so bad until we write an
expression like:

string1 + string2 + string3 +
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but is not.

string4 +

An optimizing compiler can do a fine
job with this if all the operands are avail-
able at compile time. If not, however,
this expression is going to be evaluated
at runtime. It will generate n—1 throw-
away Strings—where 7 is the number
of concatenations—and the GC will be
working overtime to keep up.

A more subtle form of the same
problem can occur when concatenat-
ing Strings as part of a recursive algo-
rithm. The program may only do one
concatenation per recursion, but if
the recursion gets deep the garbage
can really pile up.

The solution in either case is to use

the StringBuffer class for multiple
concatenations. Create a single new
StringBuffer(initialSize) whose ini-
tial size is large enough to contain the
final result, and append(eachOperand)
to the buffer. When finished append-
ing, the buffer’s toString() method
can efficiently copy its contents into a
new String.
Device  control. High-performance
embedded Java code doesn’t just have
to run fast—it also needs to provide
interfaces to code in other languages.
If the other code is responsible for
device control or synchronous proto-
cols, it probably has more strict timing
requirements than the Java code, and
its performance had better not be lim-
ited by the speed of Java.

This problem came to light in one
system where we built a configuration
management system in Java, with a
device control layer below using the
managed database to determine its
reactions to real-time stimuli. The
shared database is a containment tree
of addressable managed objects that
can be navigated and queried for the
values of their parameters. In our first
implementation, the objects stored
their parameters, which are typically

simple data types, in Java data structures
like Vectors and Hashtables. Client
code written in C would gain access to
the parameter values by invoking meth-
ods on the managed objects such as
parameterNamed(aString) or
parameterNumber(anInt). While this is
a fine example of encapsulation and
data hiding, it forces timing-sensitive C
code to wait for Java methods that look
up their result using elegant high-level
data structures. Not such a great idea.

The solution in this case was to use a
different representation for the para-
meter data, in which parameter values
were stored directly in named fields of
the managed objects. Any encoding
and decoding necessary for interfacing
to the higherlevel configuration man-
agement code is now done in simple
accessor (get and set) methods for the
fields of interest. A utility such as javah
can be used to generate a C header file
showing the layout of the managed
object as a struct; C code with access to
this struct definition can then read the
parameter fields directly in their native
format.

As embedded devices become more
complex and more networked, object-
oriented development and Java will
continue to become more appealing
for the developers who must use and
maintain them. However, efficient use
of machine resources will continue to
be a critical success factor for most
embedded software project. Ahead-of-
time compilation is one of several tech-
niques that will permit some of us to
have the best of both worlds. esp
Greg Wickham is a software engineer at
Calix Networks. He has been developing
both object-oriented and embedded applica-
tions for the past 10 years. Greg holds a BS
in engineering physics from the University
of Colorado at Boulder. He can be reached
at greg.wickham@calix-networks.com.
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Communications
with IrDA

The IrDA data communication sta
one another and cooperate. Key features m

required and optional protoce

ows embedded systems to "speak” to
seration simple. This article explores the
s and possible implementation strategies.

ince infrared data communications, based on standards from the

Infrared Data Association (IrDA), are widely available on personal

computers and peripherals, it makes sense to add the same sort of

short-range wireless communications to certain types of embedded

systems. The IrDA standards were developed rapidly (compared to

most standards organizations), and information on the IrDA proto-
cols has not yet reached every corner of the embedded systems universe. This
article gives an overview of the IrDA protocols with specific comments on their
use in embedded environments.

The Infrared Data Association is an industry-based group of over 160 compa-
nies that have developed communication standards especially suited for low-cost,
short-range, cross-platform, point-to-point communications at a wide range of
speeds. These standards have been implemented on various computer platforms
and, more recently, have become available for many embedded applications.

The protocol stack

Communications protocols deal with many issues, and so are generally broken
into layers, each of which deals with a manageable set of responsibilities and sup-
plies needed capabilities to the layers above and below. When you place the lay-
ers on top of each other, you get what is called a protocol stack, rather like a stack
of pancakes or a stack of plates. An IrDA protocol stack is the layered set of pro-
tocols particularly aimed at point-to-point infrared communications and the
applications typical of that environment.
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Communications protocols ... are generally broken into layers, each of
which deals with a manageable set of responsibilities and supplies
needed capabilities to the layers above and below.

IrDA protocol layers

Controller

Infrared
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Operating
System
(0S)

Figure 1 shows the IrDA protocol
layers. This layering will serve as the
overall structure for much of the
remaining discussion. The layers
within this stack can be divided into
two groups—required and optional
protocols.

Required protocols. The required layers
of an IrDA protocol stack are in
unshaded boxes in Figure 1 and
include the following:

® Physical layer: specifies optical
characteristics, encoding of data,
and framing for various speeds

® IrLAP (Link Access Protocol):
establishes the basic reliable con-
nection

o IrLMP (Link Management
Protocol): multiplexes services and

applications on the LAP connec-

tion

® JAS (Information Access Service):
provides a “yellow pages” of ser-
vices on a device

Optional protocols. The optional proto-
cols are shown in shaded boxes in
Figure 1. The use of the optional lay-
ers depends upon the particular appli-
cation. The optional protocols are:

® TinyTP (Tiny Transport Protocol):
adds per-channel flow control to
keep things moving smoothly. This
is a very important function and is
required for certain uses

® [rOBEX (Object  Exchange
Protocol): allows for the easy trans-
fer of files and other data objects

e [rCOMM: provides serial and paral-
lel port emulation, enabling exist-
ing apps that use serial and parallel
communications to use IR without
change

® IrLAN (Local Area Network
access): enables walk-up IR LAN
access for laptops and other devices

When the stack layers shown in
Figure 1 are integrated into an embed-
ded system, the picture may look more
like Figure 2.
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[The framer's] primary responsibility is to accept incoming frames
from the hardware and present them to the IrLAP.

Physical layer

The physical layer includes the optical
transceiver, and deals with shaping
and other characteristics of infrared
signals including the encoding of data
bits, and some framing data such as
begin and end of frame flags (BOFs
and EOFs) and cyclic redundancy
checks (CRCs). This layer must be at
least partially implemented in hard-
ware, but in some cases is handled
entirely by hardware.

In order to isolate the remainder of
the stack from the ever-changing hard-
ware layer, a software layer called the
[framer is created. Its primary responsi-
bility is to accept incoming frames
from the hardware and present them
to the IrLAP. This includes accepting
outgoing frames and doing whatever is
necessary to send them. In addition,
the framer is responsible for changing
hardware speeds at the bidding of the
IrLAP layer, using whatever magic
incantations the hardware designer
invented for that purpose (these sig-
nals have not yet been standardized).

Link access
Immediately above the framer we
encounter the IrLAP layer, also known
as the Link Access Protocol. IrLAP is a
required IrDA protocol correspond-
ing to OSI layer 2 (data link protocol).
It is based on High-Level Data Link
Control (HDLC) and Synchronous
Data Link Control (SDLC), with
extensions for some unique character-
istics of infrared communications.
IrLAP provides reliable data trans-
fer using the following mechanisms:

Retransmission
Low-level flow control. (TinyTP
provides high-level flow control
and should almost always be used
in place of IrLAP flow control.)

® Error detection

By dealing with reliable data trans-
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fer at a low level, upper layers are free
from this concern and can be assured
that their data will be delivered (or at
least that they will be informed if it was
not). Data delivery might fail if the
beam path was blocked. For instance,
someone could put a coffee cup in the
path of the infrared beam. IrLAP
alerts the upper layer so that higher-
level layers can deal with the problem
appropriately. As an example, an
application sitting on the stack could
be alerted of an interruption in data
flow, allowing it to alert the user
through some interface. The user
could then potentially remedy the
problem (by moving the coffee cup)
without dropping the connection or
losing the data transferred to that
point.
Several environmental factors
influenced the development of the
IrLAP layer. These include the follow-

ing:

® Point-to-point. Connections are
one-to-one, such as camera to PC
or data collector to printer. The
range is typically zero to one meter,
although extended range up to
10m or more is under develop-
ment. This is not like a local area
network (many-to-many) protocol

@ Half-duplex. Infrared light, and
therefore data, is sent in one direc-
tion at a time. However, the link
changes directions frequently and
can simulate full duplex in cases
where timing is not extremely sen-
sitive

® Narrow infrared cone. The
infrared transmission is directional
within a 15-degree half-angle in
order to minimize interference
with surrounding devices

® Hidden nodes. Other IR devices
approaching an existing connection
may not be immediately aware of the
connection if they approach from
behind the current transmitter. They

must wait and see if the link turns
around before stepping in

® Interference. IrLAP must over-
come interference from fluores-
cent lights, other IR devices, sun-
light, moonbeams, and so forth

® No collision detection. The design
of the hardware is such that colli-
sions are not detected, so the soft-
ware must handle cases where colli-
sions cause lost data with methods
such as random back off

The two parties to a LAP connec-
tion have a master-slave relationship
with differing responsibilities (and
resulting code complexity). The IrDA
terms for this are primary (master)
and secondary (slave).

Primary station:

® Sends Command frames—initiates
connections and transfers

® Responsible for organization and
control of data flow

® Deals with unrecoverable data link
errors

® Typical primary devices include
PCs, PDAs, cameras, and anything
that needs to print (printers are
currently all secondaries)

Secondary station:
® Sends

speaks when spoken to

Response frames—only
® Typical secondary devices are print-
ers and other peripherals, and
resource-constrained devices (sec-
ondaries are smaller and less com-

plex)

In any connection one device must
play the primary role. The other
device must play the secondary role,
but its protocol stack may be either a
secondary or another primary—most
primaries can play a secondary role.
Once started, the two sides take turns
talking with the primary leading off.
No side can talk for more than 500ms
at a time before allowing the other
side a chance to talk (even if just to say
it has
moment).

nothing to send for the
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Note that the issue of master vs.
slave becomes much less obvious at
the higher protocol layers—once two
devices are connected, an application on
a secondary (slave) can initiate an
operation just as easily as an applica-
tion on the primary side.

IrLAP is built around two modes of
operation, corresponding to whether
or not a connection exists.

Normal disconnect mode. Normal discon-
nect mode (NDM) is also known as
contention state, and is the default
state of disconnected devices. In this
mode a device must observe a set of
media access rules. Of utmost impor-
tance, a device in NDM must check
whether other transmissions are
occurring (a condition known as
media busy) before transmitting. This
is accomplished by listening for activi-
ty. If no activity is detected for greater
than 500ms (the maximum time for
the link to turn around), the media is
considered to be available for estab-
lishment of a connection.

A great ease-of-use feature is pro-
vided by the NDM communications
rules. A classic problem is getting both
sides of the link configured with the
same communications parameters—
frequently users get completely stuck.
This can be particularly difficult on
embedded devices that don’t have a
user interface for setting or reviewing
This
problem is completely absent with

communications parameters.
IrDA solutions—all NDM communica-
tions use the following link parame-
ters: ASYNC, 9600bps, eight bits, no
parity. During the connection process,
the two sides exchange capability
information, and subsequently shift to
the best parameters supportable by
both sides.
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Normal  response  mode. ~ Normal
Response Mode (NRM) is the mode of
operation for connected devices.
Once both sides are talking using the
best possible communication parame-
ters (established during NDM), higher
stack layers use normal command and
response frames to exchange informa-
tion.

IrLAP frame format and
services

The basic IrLAP frame format is
shown in Figure 3. While there are too
many details about frame formats to
discuss here, it is worth noting that the
Address and Control fields require
only two bytes total—the IrDA proto-
cols add very little overhead to the
user data.

Before sending, a frame is wrapped
with framing information. Three dif-
ferent frame wrappers are used by
IrLAP, depending upon the speed of
the connection.

® Asynchronous (ASYNC) framing:
9600bps to 115.2kbps

® Synchronous (SYNC) HDLC fram-
ing: 576kbps and 1.152Mbps

® Synchronous 4 PPM

4Mbps

framing:

IrLAP operations are described in
the specification using service primi-
tives. You can think of the service
primitive as a conceptual model of an
API for an operation that IrLAP per-
forms (actual APIs for IrLAP services
are completely up to the developer).
Figure 4 illustrates an operation: it
starts with a service request, travels
across the link as a frame, is reported
as an indication (frequently an up-call)
on the receiving side; the receiver
then formulates a response which trav-

els back as a frame, finally resulting in
a confirm (often an up-call) to the orig-
inal requester.

A number of services are defined in
the IrLAP specification. Not all services
are necessary for all devices, and the
IrLAP specification (along with the
IrDA Lite standard) describes the min-
imum requirements. The most impor-
tant services include the following:

® Device Discovery: Explores the
nearby IR-space to see who is pre-
sent and get some hint as to what
they can do

® Connect: Chooses a specific part-
ner, negotiates the best possible
communication parameters sup-
ported by both sides, and connects

® Send Data: The whole reason for
all this effort—used by higher layer
protocols for almost all of their
work

@ Disconnect: Closes down and

returns to the NDM state, ready for

a new connection

Link management

The IrLMP layer depends on the reli-
able connection and negotiated per-
formance provided by the IrLAP layer.
IrLMP is a required IrDA layer, and
provides the following functionality:

® Multiplexing: LMP allows multiple
IrLMP clients to run over a single
IrLAP link
® Higher level discovery, consisting
of:
® Address conflict resolution on
IrLAP Discovery. Handles the
case of multiple devices with the
same IrLLAP address by telling
them to generate new addresses
® Information Access Service (IAS).
A “yellow pages” describing the
services available on a device

In order to have multiple IrLMP
connections on a single IrLAP con-
nection, there must be some higher
level addressing scheme. The follow-
ing terminology is used to describe
this addressing:
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Given the limited number of LSAP-SEL values, services are not
assigned fixed “port addresses” as in TCP/IP.

e LSAP

Point): the point of access to a ser-

(Logical Service Access

vice or application within IrLMP
(for example, a printing service). It

is referenced with a simple one-
LSAP-SEL

byte number, the

(described next)
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byte number that corresponds to
an LSAP. Think of this as the
address of a service within the LMP
multiplexor. This byte is broken
into ranges—O0x00 is the IAS server,
0x01 through 0x6F are legal LMP
connections, 0x70 are for connec-
tionless services (not discussed in
this article), and the rest are
reserved for future use

Given the limited number of LSAP-
SEL values, services are not assigned
fixed “port addresses” as in TCP/IP.
Instead, services have fixed published
and the LMP IAS (yellow
pages) is used to look up the LSAP-

names,

SEL for a desired service.

Here are the services defined in
the IrLMP specification. Not all ser-
vices are necessary in all devices, and
the specification (along with the IrDA
Lite standard) describes the mini-
mum requirements. Notice that this
set is identical to the set listed in the
IrLAP section above

feature of protocol stacks for opera-
tions to propagate upward like this,
with each layer adding its particular
contribution.

® Device Discovery: finds out addi-
tional information about devices in
the IR space

® Connect: establishes a connection
between a pair of services at the
LMP level
Data: sends data back and forth
Disconnect: closes this LMP con-
nection. Note that this does not

necessarily close the LAP connec-

tion—other LMP connections may

still be open

The IrLMP layer adds the two bytes
of information shown in Figure 5 to
frames in order to perform its basic
operations:

e (C: Distinguishes between control
and data frames
r: Reserved
DLSAP-SEL: LSAP-SEL (service
address) of the destination of the
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All of the services/applications available for incoming connections
must have entries in the IAS which can be used to determine the
service address (LSAP-SEL).

Request

Confirm

Indication ﬁ;

Response

current frame
® SLSAP-SEL: LSAP-SEL for the
sender of the current frame

Information access

The IAS, or Information Access
Service, acts as the “yellow pages” for a
device. All of the services/applications
available for incoming connections
must have entries in the IAS which can
be used to determine the service
address (LSAP-SEL). The IAS can also
be queried for additional information
about services.

A full IAS implementation consists
of client and server components. The
client is the component that makes
inquiries about services on the other
device using the Information Access
Protocol (IAP, used only within the
IAS). The server is the component
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that knows how

inquiries from an IAS client. The serv-

to respond to

er uses an information base of objects
supplied by the local services/applica-
tions. In fixed-purpose embedded sys-
tems this may be a hard-coded collec-
tion of objects, while a PDA may have
APIs for registering and de-registering
services. Note that devices which never
initiate LMP might
include an IAS server only (no client).

The IAS Information Base is a col-
lection of objects that describe the ser-
vices available for incoming connec-

connections

tions. The information base is used by
the IAS server to respond to incoming
IAS queries.

Information base objects consist
of a class name and one or more
attributes. They are quite similar to
entries in the yellow pages of a

phone book. The class name is
equivalent to the business name in
the phone book—it is the official
published name of the service or
application. TAS clients will inquire
about a service using this name. The
attributes contain information anal-
ogous to phone number, address,
and other characteristics of the busi-
ness. The one essential attribute for
every entry is the LSAP-SEL (or ser-
vice address), which is required in
order to make a LMP connection to
the service.

An IAS object is made of the fol-
lowing pieces:

® (Class Name (up to 60 octets)
® Named attributes (up to 60 octet
names):
® Up to 256 attributes
@ Attributes value types:
® User string (up to 256 octets)
@ Octet sequence (up to 1024
octets)
® Signed integer (32-bit)

A number of IAS operations are
defined in the IrLMP standard, but
the most used, and only absolutely
required, operation is GetValueBy-
Class. The inquiring party gives the
class name (for example, “Printer”)
and the name of the attribute it wants
(for example, the LSAP-SEL), and
receives a response that consists of one
or more answers (for example, the
LSAP-SELSs for any printing services in
the responding party’s information
base) or an indication that the service
or attribute does not exist.

IAS Query Arguments:

® (Class Name Length (1 octet)

® Class Name (Length octets)

® Attribute Name Length (1 octet)
® Attribute Name (Length octets)

Results:
® Return Code:
® (): Success, results follow
® 1: No such class, no results follow
@ 2: No such attribute, no results
follow
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TinyTP is an optional IrDA layer, although it is so important that it
should generally be considered a required layer (except in the case of

current printing solutions).

Connect packet and data packet

If the result code indicates success, the
call returns the following information:

® List Length (2 octets)
® List of results:
® Object Identifier (2 octets)
® Attribute value (based on attri-
bute type)

Tiny transport

To put TinyTP in its proper perspec-
tive, it would help to review the layers
covered so far:

® The physical layer defines the hard-
ware requirements and low-level
framing of the data

® [rlLAP provides reliable, sequenced
data, and trouble-free connection
at agreed upon parameters with
automatic negotiation to best com-
mon parameters

® [rLLMP provides multiplexing of ser-
vices onto the LAP connection and
the IAS “yellow pages” of services
available for incoming connection

TinyTP is an optional IrDA layer,
although it is so important that it
should generally be considered a
required layer (except in the case of
current printing solutions). TinyTP
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provides two functions:

® Flow control on a per-LMP-connec-
tion (per-channel) basis

® Segmentation and
(SAR)

reassembly

TinyTP adds one byte of informa-
tion to each IrLMP packet to perform
its task.

Per-channel flow control is current-
ly the most important use of TinyTP.
You may recall that IrLAP offers flow
control and wonder why another flow
control mechanism is needed. To illus-
trate the need, suppose that a LAP
connection is established and two
LMP connections are made on top of
the LAP connection using the LMP
multiplexing capability. If one side
turns LAP flow control on, the flow of
data on the LAP connection (which
carries all the LMP connections) is
completely cut in that direction, and
the other side cannot get the data it
wants until LAP flow control is turned
off. The work of the second side may
be seriously disrupted (especially if
timers are involved).

If flow control is applied on a per-
LMP-connection basis using TinyTP
(or other mechanisms), then one side

can stop to digest information without
negatively affecting the other side.

TinyTP is a credit-based flow con-
trol scheme. It works as follows:

® At connection, some credit is
extended by each side. One credit
corresponds to permission to send
one LMP packet. If you send a
credit, you must be able to accept a
maximums-sized packet. You can see
that the number of credits you
extend depends entirely on how
much buffer space you have. As
long as you have buffers, you can
send anywhere from one to 127
credits

® Sending data causes credit to be
used up (one unit of credit per
packet sent)

® Periodically, the receiver issues
more credit. This “credit policy” is
entirely at the receiver’s discretion,
but the policy can make a big dif-
ference in the performance of the
link. If the sender is constantly run-
ning out of credit and having to
wait for more, throughput will suf-
fer

® [f a sender has no credit, no data
movement can occur, but...

® A credit-only packet can always be
sent—it’s not subject to flow con-
trol

Although the above description
talks about the sender and receiver as
if those roles are fixed, it is common
for both sides of a LMP connection to
send and receive, hence both sides will
be issuing and using credit. Note that
the credit byte normally travels as part
of a LMP data packet, so LMP packets
are not needed just for sending credit
as long as there is data to send and
credit with which to send it. Obviously
a little head scratching is in order to
set up an efficient credit policy.

The other TinyTP function is
called segmentation and reassembly.
The basic idea is that TinyTP breaks
large data into pieces (segmentation),
and puts it back together on the other
side (re-assembly). The entire piece of
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data being chopped up and re-consti-
tuted is called an SDU, or Service Data
Unit, and the maximum SDU size is
negotiated when the TinyTP/LMP
connection is first made.

As with the IrLAP and IrLMP lay-
ers, TinyTP operations are character-
ized as service primitives:
® (Connect: maximum
SDU size

¢ Disconnect

Negotiate

Data: Reliable sequenced data
Local Flow Control: Stop data deliv-
ery

® Udata: Unreliable, unsequenced
(pass through to IrLMP)

TinyTP service primitives focus on

the core of the LMP primitives—con-

nect, send, and disconnect, adding a
means to exert flow control.

The two frame formats used by
TinyTP are the connect packet (carried
with the IrLMP connect packet, hence
the limited data length), and the data
packet, carried with IrLMP data pack-
ets. Both are shown in Figure 6.

IrDA Lite
Up until this section, we have dis-
cussed layers of the IrDA protocol
stack. This section briefly describes a
specification which does not create a
new layer, but which modifies layers
already described.
The IrDA  Lite
describes a set of design and imple-

specification

mentation strategies that together

yield the smallest possible implemen-

tation that will still perform connec-
tion-oriented communications with a
full IrDA implementation.

Naturally, the ultimate size of the
protocol stack will depend heavily on
the hardware, the software tools avail-
able, and the experience and skills of
the development team. However, our
experience suggests that primaries
under 10K code size and secondaries
under 5K are feasible on CISC proces-
sors commonly used in embedded sys-
tems. RAM usage can be as low as a few
hundred bytes, most of which is need-
ed to buffer incoming frames.

The IrDA Lite specification is com-
posed of a number of strategies. A
developer may choose to implement
all of them, or only the ones appropri-
ate to a particular device. For instance,
some of the strategies severely limit
the performance of the stack:

® Speeds restricted to 9600bps
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When the IrDA standards were developed, there was a strong desire
to allow existing PC applications that use serial and parallel ports to

® LAP packet size restricted to 64
bytes

While
strained  devices

the most severely con-
(watches, for
instance) may both need and tolerate
these constraints, many devices (such
as digital cameras) need high perfor-
mance. Some strategies do not affect
performance at all, so a judicious
choice is in order to balance the needs
for performance, functionality, and
size.

While a description of most of the
IrDA Lite strategies is beyond the
scope of this article, it is worth noting
the following key strategy and its effect
on the decision to use an IrDA Lite-
based protocol implementation.

In a non-IrDA Lite setting, appli-
cations issue an IrLMP disconnect
when they are done, and IrLMP clos-
es the LAP connection when all the
LMP connections are done. In con-
trast, under IrDA Lite, applications
use the IrLAP disconnect operation
when they are done. Suppose we
have two applications communicat-
ing on their respective LMP chan-
nels with counterparts on another
device. If one side finishes up and
issues an IrLAP disconnect, the
other side’s connection will termi-
nate without warning, a potentially
disastrous scenario.

Many embedded systems have a
focused purpose and will find a single
communication channel adequate. If
multiple applications desire separate
channels at the same time, things will
still work as long as they are aware of
each other and employ a “last one to
leave turns out the light” approach to
the IrLAP disconnect. Alternatively, it
may be much easier for all applica-
tions to send all their data through an
IrOBEX implementation (discussed in
the next section), and let IrOBEX take
care of making and breaking connec-
tions for everyone, as well as handling
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operate via infrared without change.

all the intricacies and contingencies
that occur in any communications
task.

Object exchange

IrOBEX is an optional application
layer protocol designed to enable sys-
tems of all sizes and types to exchange
a wide variety of data and commands
in a resource-sensitive standardized
fashion. It addresses one of the most
common applications on either PCs or
embedded systems: take an arbitrary
data object (a file, for instance), and
send it to whomever the infrared
device is pointing to. It also provides
some tools to enable the object to be
recognized and handled intelligently
on the receiving side.

The potential range of objects is
wide, encompassing not only tradi-
tional files, but also pages, phone
messages, digital images, electronic
business cards, database records,
hand-held
diagnostics and programming. The

instrument results, or

common thread is that the applica-
tion doesn’t need or want to get
involved in managing connections or
dealing with the communications
process at all. Just take the object and
ship it to the other side with the least
fuss possible. It is very similar to the
role that HTTP serves in the Internet
protocol suite, although HTTP is
very “pull”-oriented in its fundamen-
tal design, while OBEX is more even-
ly balanced.

OBEX was created to “package” an
IrDA communications transaction as
completely as possible and thereby
dramatically simplify the development
of communications-enabled applica-
tions. It was further designed to meet
the following criteria:
® Simple: Supports most-needed

operations/applications
® Compact: Under 1K code on small

system

® Flexible: Supports data handling
for both industry standard and cus-
tom types

® Extensible and debuggable

® Works on IrDA, but is transport
independent

The OBEX standard consists of the
following pieces:

® Session model: the rules of conver-
sation governing the exchange of
objects. Includes optional negotia-
tion during connection, a set of
operations such as Put and Get.
Allows terminating the transfer of
an object without closing the con-
nection. Supports graceful close of
a connection

® Object model: provides a flexible
and extensible representation for
objects and information describing
the object

® Guidelines for use and extension:
® Defining new session operations
® Defining new object types

® JAS entry for a default OBEX serv-
er, and suggestions for its capability

Serial and parallel port
emulation

When the IrDA standards were devel-
oped, there was a strong desire to
allow existing PC applications that
use serial and parallel ports to oper-
ate via infrared without change.
These
known as

applications,  collectively
“legacy applications,”
included printing, file transfer appli-
cations such as LapLink or Carbon
Copy, and modem communications.

However, IrDA infrared communi-
cations differs significantly from serial
and parallel communications. For
instance, both serial and parallel
cables have individual circuits over
which signals can be sent indepen-
dently and concurrently. By contrast,
infrared has a single beam of light, and
all information must be fitted into
LMP or higher layer packets in a serial
stream.

The IrCOMM standard was devel-
oped to solve these problems and
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allow legacy applications to be used
over infrared with a minimum of has-
sle. The key feature of IrCOMM is the
definition of a so-called control chan-
nel to carry the non-data circuit infor-
mation. In the stack picture,
IrCOMM rests on top of IrLMP and
TinyTP.

IrCOMM is an optional IrDA pro-
tocol that applies only to certain
applications. In general, new applica-
tions are better served if they avoid
IrCOMM and use other IrDA applica-
tions protocols such as IrOBEX,
IrLAN, or TinyTP directly. This is
because IrCOMM masks some of the
useful features built into the lower-
layer protocols. After all, its job is to
make IrDA look like serial and paral-
lel media that do not have handy fea-
tures like automatic negotiation of
best common parameters and a “yel-
low pages” of available services.

Because different applications use
the non-data circuits of serial and par-
allel
degrees, four service types are defined
in IrCOMM:

communications to varying

® 3-Wire Raw (parallel and serial
emulation): sends data only, no
non-data circuit information and
hence no control channel. Runs
directly on IrLMP

® 3-Wire (parallel and serial emula-
tion): minimal use of control chan-
nel. Uses TinyTP

® 9-Wire (serial emulation only): uses
control channel for status of stan-
dard RS-232 non-data circuits. Uses
TinyTP

® Centronics (parallel emulation

only): uses control channel for sta-

tus of Centronics non-data circuits.

Uses TinyTP
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LAN access
The final optional protocol discussed
is Ir'LAN. It is mentioned only briefly
here because it is not an approved
standard at this time, nor is its use
widespread in the world of embedded
systems. It primarily serves as an
extremely convenient connection
between portable PCs and office
LANS.

IrLAN offers three models of oper-

ation:

® Enable a computer to attach to a
LAN via an Access Point Device
(sometimes called an IR LAN
Adapter). The Hewlett-Packard
NetBeam IR is an example of this
type of device

® Enable two computers to communi-
cate as though attached on a
LAN—in effect an instant LAN
between a pair of machines, with
access to the other machines’ direc-
tories and other LAN capabilities

® Enable a computer to attach to a
LAN through a second computer
already attached

Simple communications
Features like automatic selection of
compatible communication parame-
ters and service “yellow pages” make
the IrDA protocols well suited to
embedded devices, even in consumer
markets where the device must com-
municate simply to gain widespread
acceptance.

The IrDA standards documents
and additional information about the
Infrared Data Association are available
at www.irda.org. The IrDA Web site also
includes links to suppliers of hardware
and software. esp
Charles Knutson is an associate professor at
Brigham Young University. Previously, he
was vice president of research and develop-
ment at Counterpoint Systems Foundry. He
is also chair of the test and interoperability
commilteee of the Infrared Data Association.
Dr. Knutson holds a PhD in computer sci-
ence from Oregon State University.
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BOB MORASSE

Co-Verification and
System Abstraction

Levels

System-on-chip designs require development tools and methodologies that enable concurrent design, debug, and
verification of hardware and software. This article identifies key attributes of the various system abstraction
levels and a methodology that describes how hardware and software designers use them to work together in a

co-verification development environment.

pplication-specific ~ integrated  circuits
(ASICs) are generally developed by cooper-
ating but separate teams of hardware and
software engineers. In addition, a distinct

team of verification engineers usually works

closely with the hardware team to specify and
develop test suites for the chip. Too often, the work of the
software team lags, while they wait for a development plat-
form on which to implement and test their code. This
means that the first integration of hardware and software
occurs only when the first silicon is available, at a time when
undetected architectural flaws and various bugs in the ASIC
are very costly to correct. This may force a re-design of the
ASIC or a less expensive but potentially performance-
degrading software fix. Ideally, the software team would be
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able to work in parallel with the hardware team, thus
increasing both groups’ productivity.

New challenges

System-on-a-chip (SOC) designs are primarily used in spe-
cialized, high-volume applications where low-cost hardware
and time to market are critical factors in the success of the
product. Software applications are highly coupled to cus-
tom processor and DSP-based ASIC hardware solutions.
Central to the process is co-development of hardware and
software. In order to get to market on time despite shrink-
ing design schedules and the need for ASIC one-pass suc-
cess, hardware and software must be developed and verified
concurrently. The design process must maximize productiv-
ity by minimizing time-consuming steps along the way.



SOC design presents additional
challenges in that there is limited visi-
bility of the inner structure of the
hardware, making silicon debugging
difficult and expensive. Many of the
common embedded systems develop-
ment tools, such as logic analyzers and
in-circuit emulators, are of little use, as
there may be no access to the system
bus and other signals internal to the
ASIC. Often, the only way to debug
the final silicon is through a JTAG or
similar serial interface. In some cases
even these are not provided unless the
development team gets together and
agrees in advance that there is a true
need to bring out some additional
pins for debugging.

It is desirable, therefore, to verify
correctness of the hardware and soft-
ware prior to fabrication of the first
actual chip. This feat is accomplished
via hardware /software co-simulation,
logic emulation, hardware prototyp-
ing, or a combination of all three.
These technologies let the design
team model the hardware and soft-
ware in a number of ways. Such mod-
els represent abstractions of the final
system in various levels of detail.

The biggest opportunities for
increased efficiency lie in eliminating
duplication of effort by system verifica-
tion engineers and software engineers,
and by providing a means for software
engineers to start their design work
earlier in the project. Verification engi-
neers spend most of the project doing
hardware verification by building soft-
ware-driven test benches for hardware
designs under simulation. Test bench
reuse is targeted to follow-on projects,
if at all. Verification software is not
used in the actual production system.
This is a significant amount of work, to
be essentially thrown away. On the
other hand, software engineers will be
developing low-level device drivers and

i Ideally, the software team would be able to work in parallel with the

hardware team, thus increasing both groups’ productivity.

system diagnostics that are designed to
exercise the hardware. They tradition-
ally get started late in the process
because they are waiting for prototype
hardware or actual silicon to port and
debug their code.

The solution is to provide a mar-
riage of the hardware and software
development environments such that
software engineers can write produc-
tion code that also provides verifica-
tion test vectors for the HDIL-based
(hardware description language, for
example, Verilog or VHDL) hardware
design. At the same time, simulated
hardware is used to verify correct soft-
ware functioning. Hardware, software,
and verification engineers can work
concurrently on the same team,
increasing the efficiency of the design
process, thus getting a higher quality
product to market in less time.

Co-verification tools

Within the last few years a number of
EDA companies, working with various
software and embedded tools vendors,
have introduced products that are
designed to interface HDL-based
hardware design simulations with soft-
ware development and debug environ-
ments. Commercial co-verification
tools include Mentor Graphics’
Seamless, Synopsys’ Eagle Design
Tools, and V-CPU from Summit
Design (now merged with Viewlogic
Systems into a new company called
Innoveda). There are various third
party add-ons available for most of
these. They support nearly all the
major hardware simulators, waveform
generators, and debuggers for Verilog
and VHDL. Software development
support is available for major
providers such as Wind River Systems,
Green Hills, Microtec, and Microsoft.
The upside of all this is that hardware

and software engineers are able to use

many of their familiar tools in the ways
they normally would, while not actual-
ly working with real silicon.

Although their individual features
and capabilities vary, all of the co-veri-
fication tools use similar approaches
to solving the problem. They all pro-
vide the following basic functionality:

® Hardware/software simulation con-
trol, including tool configuration,
simulation initialization/startup,
and breakpoint synchronization

® Data and event passing between
the software and hardware environ-
ments

® Support for various levels of system
abstraction and software execution
optimizations

Each of the tools provides a virtual
control panel that is used to link and
synchronize the hardware and soft-
ware tool sets. Hardware models and
software executables can be loaded for
simulation. Breakpoints in either
domain can cause both simulations to
stop, allowing debug from either side.
Software can access hardware for
reads or writes. Hardware events, such
as interrupts and resets, can be sent to
the software for processing. This con-
nection is generally a socket-based
protocol that uses a C language inter-
face at the HDL side and either a trap
mechanism or tool-specific C function
call on the software execution side.

Figure 1 depicts a design flow that
utilizes concurrent engineering as a
development methodology. It shows
an iterative design and verification
process in which hardware and soft-
ware are designed and tested against
each other on avirtual simulation plat-
form. Note that hardware and soft-
ware development is done in parallel
with continuous verification along the
way. Deliverables from the hardware
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Design flow employing concurrent engineering

Co-development

System
specification

and software teams must be coordinat-
ed such that design and verification of
each hardware and software module
can be built from a baseline complet-
ed in the previous stage. This will
require up-front communication and
planning as part of the system specifi-
cations and project scheduling phases.

System abstraction levels
Systems can be modeled with various
degrees of detail that define a level of
abstraction. These levels range from
the complete system in silicon, which
may be defined as abstraction-level
zero, to a pure application level soft-
ware representation that uses stubs to
represent the hardware interface.
Each abstraction level constitutes a
unique configuration, or system view,
where various design, debug, and veri-
fication activities can be done most
efficiently. The design methodology
defines how and when to use the vari-
ous abstraction levels within the devel-
opment lifecycle.

Co-verification tools support a wide
range of system abstractions, interfac-
ing to hardware emulators at the lower
levels (greater detail) to C/C++-based
behavioral models of hardware at the
higher levels of abstraction. In most
current designs, hardware is generally
modeled and simulated using an HDL
(typically, in Verilog or VHDL). The
speed of the logic simulation is direct-
ly related to the number of hardware
blocks in the model, and the level of
detail of the model and thus the level
of abstraction.

92 june 2000 Embedded Systems Programming

In some cases, the ASIC logic may
be compiled for hardware emulation.
FPGA devices are programmed with
the ASIC circuitry and tested using tra-
ditional tools. Commercially available
hardware emulators, that are config-
urable to your design, can be pur-
chased from vendors such as
QuickTurn (part of Cadence Design
Systems) and Aptix. Alternatively,
design-specific hardware prototype
boards may be built in-house using the
same FPGA technology. This article
will discuss hardware emulation for
completeness, but, due to the costs
involved, logic simulation is far more
common and thus more relevant to
the discussion.

On the software side, three possible
processor models, or levels of abstrac-
tion, are supported. These are, from
the most to the least abstract:

Host compiled C or C++

® Host-based target CPU instruction
set simulator (ISS) supporting C,
C++, assembly language

® Emulator with actual target-based
CPU supporting C, C++, and assem-
bly language

Software execution speed is gener-
ally not the gating factor in a co-verifi-
cation environment where there is a
tight interface to hardware modeled
with HDL, as the logic simulation will
always be orders of magnitude slower,
but the ISS has the lowest perfor-
mance because it is a simulation itself.
For computation-intensive applica-

tions, host-based C/C++ offers the best
software execution performance. All
the tools support hostnative C/C++
and ISS. At least one tool provides an
emulator interface for a number of
target CPUs. ISS and bus model sup-
port for many DSP cores are in the
works.

Different levels of detail are
required to debug and verify the
design at the module and system level
at different points in the design and
verification phases. A system test may
be required to verify memory and
peripheral bus transfer timing from a
CPU or DSP under software control.
This requires a detailed hardware
model of the hardware surrounding
the processor, possibly a gate level
simulation, which would be very time
consuming. Very little software can be
executed due to excessive logic simu-
lation time. Once proper bus func-
tionality is demonstrated, a less
detailed, higher level of abstraction
model that optimizes software execu-
tion may be used for software design
and debug. Moving instruction and
data fetches from HDL memory mod-
els to the software run-time environ-
ment (host memory for native or ISS
modes, actual RAM in emulator sys-
tems) significantly increase software
throughput by operating at a higher
level of abstraction.

Multiple models and configura-
tions may be available for use by the
project team at different times and for
different purposes in the development

process. Hardware-intensive verifica-
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tion will generally involve lower level
abstractions that are simulation inten-
sive. Software engineers will normally
want to use a higher level of abstrac-
tion, minimizing hardware detail in
order to boost software execution
speed. Some tools provide a means for
on-the-fly optimizations during inter-
active sessions. This feature allows the
hardware or software engineer to con-
trol the level of software/hardware
interaction during a debug or test ses-
sion, effectively creating a dynamic
abstraction level. For instance a hard-
ware interrupt may signal a CPU that
data is available for some extensive
computation. It would be possible to
run the session with the logic simula-
tion in tight synchronization with the
software execution until the interrupt
is asserted. At that point the logic sim-
ulation can be halted and the software
allowed to execute at full speed, pro-
cessing the data.

The following sections describe the
various system abstractions generally
supported by currently available off-
the-shelf tools. In some cases the
design team may provide software
stubs or behavioral models to support
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a higher-level system abstraction
required for a certain design or verifi-
cation task. I refer to the abstraction
levels starting with level 0 (no abstrac-
tion) to level 6. This numbering

scheme has no particular significance.

Level 0: Silicon. This is where the sili-
con ASIC first the board.
Eventually the development team will

meets

have to integrate hardware and soft-
ware on the finished part. Nothing
abstract about this. If the methodology
and use of tools has been successful
there should be no showstoppers at
this point.

Level 1: Hardware emulation. As men-
tioned earlier the ASIC logic can be
prototyped using FPGA technology.
Large, relatively fast FPGAs are now
available that can hold complex logic
designs. Configurable emulators from
companies such as Quickturn and
Aptix allow many different designs to
be modeled and emulated. Once pro-
grammed, the hardware emulator can
be run and tested much like any hard-
ware prototype. Silicon processor
cores can be added to the prototype

and downloaded with actual code.
Alternatively, HDL-based “soft cores”
can be loaded directly into the FPGA
array and used to execute software.
The software can be executed and
debugged in a similar way to the actu-
al hardware. In most cases software
will execute in real-time, allowing sig-
nificant software verification including
RTOS boot-up and test.

drawback to this
approach is cost. Fully configurable

The main

hardware emulators can run many
thousands of dollars. Also there may
be significant extra design work to
“tweak” the FPGA prototype in the
synthesis phase from RTL to gates to
get it to work as required. This is due
to the different way FPGA logic is con-
nected internally vs. the full-blown
ASIC. The FPGA will generally not run
as fast as an ASIC. FPGAs will have
some important timing and signal
characteristic differences with respect
to the final ASIC.

Hardware emulators support high-
ly detailed modeling (low level of
abstraction) as they are similar to the
final product but not truly the same.
They are used effectively on large
expensive projects, where the risk of
failure is significant if some kind of
prototyping is not done. Preparing a
design for emulation should be con-
sidered a design project in itself.

Level 2: HDL model. In the full-system
HDL model, the entire system on a
chip, including the processor core, is
simulated. Software compiled for the
target processor is loaded into simula-
tion memory and executed. The com-
plexity of the model based on the
number of modules will determine
how fast the simulation can run.
Typically, systems on a chip in full
HDL will run between two and 10
processor instructions per second.
This will not allow for much software
testing. (I wouldn’t want to try booting
my RTOS in this mode.)

Software debug tools are not readi-
ly available for use at this level of
abstraction. Since there is no “real
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hardware,” emulators can’t be
employed. Soft debuggers would have
to be part of the running software.
This is impractical due to the slow exe-
cution speeds. One possibility is to
connect the host side of the debugger
via a C-based interface to the simula-
tion in order to get the required infor-
mation back from the processor core
for software debug. In most cases how-
ever, this is fundamentally a hardware
debug environment.

Full system HDL models offer the
most accurate platform available out-
side of the hardware emulator or proto-
type. The simulation can be highly
detailed, running either RTL or gate
level, depending on the verification
requirements. Generally, this abstrac-
tion level is used by hardware and veri-
fication engineers to verify memory sub-
systems, critical timing, important hard-
ware/software interactions, and the
ability of the processor to boot and start
executing code at reset. Figure 2 depicts
the full system HDL abstraction level.
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Level 3: Simulated logic in HDL with
CPU emulator. In this scenario the
ASIC logic remains in an HDL simu-
lation. The processor model is
removed and replaced with a specially
designed interface that employs an
actual in-circuit emulator of the real
processor. The interface provides a
trap mechanism that directs memory-
mapped accesses of the ASIC logic to
the simulation. The VSP-TAP and
Core-TAP products from Applied
Microsystems connect to an HDL sim-
ulation via the Synopsys Eagle co-veri-
fication tools.

Adding the real CPU

increases software execution to larget

target

speeds and provides the most accu-
rate platform for software test and
debug. Because of the fast software
execution and virtually real CPU, it is
possible to run large cross-compiled
applications, including the RTOS. As
such this platform can be used for full
system cycle accurate verification.
Total system throughput is gated by

the frequency of callouts to the HDL
simulation.

Figure 3 depicts the abstraction
level 3 co-verification environment.
Familiar EDA tools support hardware
development and debug. Likewise, a
commercially available software devel-
opment environment is used for soft-
ware design and debug. Hardware and
software environments are linked
together by a co-verification tool that
handles synchronization and data
transfers between the hardware and
software development environments.
In this case, the special “bus snooping”
hardware is used to connect the in-cir-
cuit emulator to the co-verification
tool.

Level 4: Instruction set simulator. In
level 4 the CPU model is an instruc-
tion set simulator (ISS) for the target
processor or DSP. The ISS is normally
a C or C++ behavioral model of the
processor. This model is at a higher
abstraction level, as it does not detail
the internal hardware structure
(gates) like a full HDL model.
Software can be developed using
C/C++ or target processor assembly.

This configuration has two varia-
tions. In the first case the ISS is run-
ning in a separate process (in a Unix
system) than the HDL simulation. The
ISS provides a trapping mechanism
that allows C function calls to be made
when certain addresses are accessed by
the executing software. Memory-
mapped ASIC register accesses are
trapped to function calls, which con-
nect via foreign language interfaces to
the HDL simulation passing read and
write data to and from the software
running in the ISS. Unix sockets are
usually used as the physical interface
between the ISS process and the simu-
lation. This is a “non-cycle accurate”
model as there is a loosely coupled
interface between the running soft-
ware and the logic simulation.

In the second case, an HDL wrap-
per surrounds the ISS, interfacing
with the system bus. This provides a
“cycle accurate” model where the
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actual time (in system clocks) it takes
for execution of each software op-
code within the virtual CPU is main-
tained relative to the system bus
cycle. The best ISS models support
additional CPU internals such as
instruction pipelining and cache
operations.

This abstraction level offers a con-
siderable software execution speed
increase of a few orders of magnitude
over a full system HDL implementa-
tion due to the elimination of the
CPU hardware from the logic simula-
tion. This is especially true of config-
uration one because of the de-cou-
pling of the two environments.
Performing program instruction
fetches and data accesses out of ISS
memory space (in configuration two)
yields a sizable speed optimization
even though the correct number of
bus cycles are being simulated for
each op-code execution. Eliminating
actual memory accesses from the sim-
ulation greatly reduces the number
of events in each simulation cycle.
This level of abstraction allows a siz-
able amount of code to execute and,
because of the possibility of cycle
accuracy, supports software/hard-
ware performance tests, interrupt
processing, device driver develop-
ment, RTOS installation, initializa-
tion, and test. This abstraction level is
useful for module and system level
test and verification.

Figures 4 and 5 depict two environ-
ments that will support HW/SW co-
development at abstraction level 4.
(Cycle accurate and non-cycle accu-
rate.) Typically, a source-level software
debugger runs within the ISS environ-
ment. Hardware and software develop-
ment environments are linked togeth-
er by a co-verification tool. Variants of
these basic configurations are avail-
able from a number of EDA and soft-
ware tools vendors.

Level 5: Host-native software. Level 5
increases software throughput dramat-
ically by removing the CPU model
entirely. A bus functional model
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(BFM) on the HDL side is connected,  host processor. The BFM is capable of  using correct bus signal timing. It is
via a co-verification tool, to software  executing atomic bus cycle such as  also capable of returning interrupts to
that is compiled from C or C++ for the  read and writes to the ASIC registers  the host-based software for processing.

Internal processor functionality such

as pipelining and caching are not sup-
ported by the BFM.
The host platform provides an

Abstraction level 5: HD Ioic simulation with host nativ
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for software engineers working at a

xPenéheraI . high level, particularly on computa-

tionally intensive software, where

throughput is a major concern.

Additionally, a number of host-based

RTOS simulators are available that

can be used in this mode to bring
whole RTOS-based application up
with an interface to an HDL logic sim-

ulation. Figure 6 depicts a develop-
ment environment using a co-verifica-
tion tool that will support HW/SW co-
development at abstraction level 5.

Application Software

Level 6: Software only. The highest
level of abstraction removes all hard-

RTOS (optional) ‘
e A S 355 . behavioral models or simple stubs that

. . ware detail and relies on software

pass data to and from a device driver.
API’s are used to detail the interface

| Device Driver Device Driver Device Driver . to the driver such that high level soft-

T — T AT - ware can be written and tested at a
" structural level. No provision is made
for timing of asynchronous events, so
the real world interactions are
abstracted away. As such, software
throughput is excellent and, in some
cases, faster than the eventual target,
because of the horsepower of the

workstation platform.
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Summary of systenﬁ abstractions and their attributes

This level is useful for the early
stages of software applications, algo-
rithm development, and device driver
development for real-time embedded
systems. In the higher level application
space, where interactions with hardware
are minimal or event driven real-time
processing involving concurrency are
not an issue, this level may be used
effectively by software engineers right

up to HW/SW integration. This type of
environment may be implemented
based on an API interface specification
supplied by the ASIC design team to the
applications software design team early
on in the project. Figure 7 depicts a soft-
ware-only development environment.
Table 1 summarizes the attributes of
the various levels of system abstractions
discussed in the previous sections.
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Using abstraction levels

The following is a brief summary of
how hardware designers, software
engineers, and verification engineers
may use the different system abstrac-
tions presented in this article.

Hardware designers:

® Level 5: Debugging logic once
removed from the CPU

® Level 4: Debugging logic touched
by the CPU

® Level 3: Cycle accurate testing of
software /hardware interactions

@ Level 2: Debugging module inter-
action, verifying critical system tim-
ing and critical software/hardware
interfaces

® Level 1: Fault grading, final regres-
sion tests, boot operating system

® Level 0: Final integration

Software engineers:

® Level 6: High level applications,
APIs to device drivers

® Level 5: Applications, device dri-
vers, diagnostics, RTOS simulation

® Level 4: Applications, RTOS bring
up, device drivers, interrupts, when
using target processor assembly
code

® Level 3: All phases of software
development. Most accurate soft-
ware model, but may not be sup-
ported for your processor

® Level 2: Usually never, but may
need to supply test code for hard-
ware verification

® Level 1: Device drivers, applica-
tions, RTOS. Hardware emulation



tem abstraction model accuracy vs. software execution speed

Accuracy

Silicon !
Prototype ||

HW
Emulation

is expensive and may not be avail-
able for any given project
® Level 0: Final integration

Verification engineers:

® Level 5: Peripheral module verifi-
cation

® Level 4: Interrupts, timers, internal
memory verification

® [evel 3: Easy test debugging while
building regression test suite

® Level 2: Regression testing
Level 1: Speedy regression

Execution speed vs.
model accuracy
Figure 8 illustrates some of the trade-
offs in system accuracy vs. the amount
of software throughput for the system
abstractions discussed. Most system-
on-a-chip design and verification work
will be done using HDL simulations
for the hardware. The type of proces-
sor model (HDL, emulator, ISS, or
BFM), the level of detail of the logic
(RTL or gates), and the frequency of
accesses of software to the logic simu-
lation ultimately determine the actual
software throughput. Your mileage
may vary.

System-on-a-chip designs are start-
ing to become prevalent as advances
in IC technology allow for ever higher

levels of module integration. These
devices will start to replace board level
designs currently used for many high
SOC
designs combine traditional ASIC

volume embedded systems.

technology with embedded processor
and DSP cores and memory. This
requires close integration of software
and hardware.

Co-verification tools allow for con-
current engineering of hardware and
software. Hardware and software engi-
neers use their standard development
tools, which are linked via the co-verifi-
cation tool environment. These tools
allow the development team to work

with various abstractions, or levels of

detail, of the system being designed.
Hardware and verification engineers
can use low level software drivers to
test the hardware. This re-use strategy
can eliminate duplicate effort and
bring in the schedule. esp

Bob Morasse is a technical manager at
Intrinsix Corp., where he is responsible for
research and application of co-verification
technologies. Previously, Bob was a senior
software engineer at Johnson & Johnson
Clinical Diagnostics. Bob has over 14 years
experience in embedded software design
and hardware/software co-design and inle-
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gration. His  e-mail

bmorasse@intrinsix.com.

Analyze
This!

CAN

Solutions
Including:

Analyzers
Interface Cards
CANopen
DeviceNet
&
Training

Waste no Time!

Get up to speed
ASAP!

EMBEDDED
35 1 EalhS
ACADEMY

1-877-812-6393
www.esacademy.com

Embedded Systems Programming June 2000 103

co-verification




oy
m
1)
o+
=
=
™

WILLIAM WRIGHT AND JAMES METZGER

ortable

Vector Math
Libraries

Vector math libraries are used to perform calculations on arrays.
Unfortunately, neither these libraries nor their APIs are very portable.
This article compares and contrasts the different vector-processing
capabilities that are available in hardware and suggests techniques for

vector math library is
software that applica-
tion programmers use
to perform mathemati-
cal calculations on an
array of numbers. This
array of numbers is also called a vector,
hence the name “vector math library.”
Vector calculations are common in sci-
entific applications such as sonar sig-
nal processing, medical imaging, and
other areas that require the process-
ing and analysis of sensor data in real
time.

Because it represents the core of
the computational software used by
these applications, vector libraries are
usually coded in assembly language
for maximum speed and efficiency.
Consequently, vector libraries are

ided Systems Progrelilnilils)

making vector libraries more portable.

often bundled with a particular chip
or bus board product. Some C coded
libraries exist but these are less effi-
cient and are usually used to proto-
type software on general-purpose
computers.

The vector-vector-add operation is a
basic operation typically found in a
vector library package. If x and y rep-
resent two real-valued vectors of
length n, the vector-vector-add opera-
tion adds the elements of x to the ele-
ments of y to produce a third real-val-
ued vector, z This would be repre-
sented in mathematical notation as
follows:

z=x,+y;, fori=0,n-1

This operation might look like this in



a C coded representation:

void vector_add(float *x, float xy,
float #z, intin)
{
Rt 1z
for (i=0; i<n; i++)
zLil = xCid + yLil;

The vector-vector-add routine from a
vendor library might be prototyped
like this:

void vector_add(float *x, float xy,
float *z, int n);

When using this vector_add opera-
tion in the calling routine, the pro-
grammer would allocate memory for
the input arrays, x and y, and initialize
them with the desired data. The pro-
grammer would also allocate memory
for an output array, z, which the
library routine will use to store the
result. The variable n indicates the
dimension of the arrays.

A typical vector math library will
support basic arithmetic, trigono-
metric, and statistical operations.
More comprehensive libraries can
be found to support operations for
signal and image processing applica-
tions, such as fast Fourier trans-
Also,
libraries are not always limited to

forms and convolution.
operations on floating-point vectors;
some vendors also provide routines
for matrices, complex data repre-
sentations, and even integer arrays.
Data type conversion routines are
also quite common.

Another feature often supported
by vector libraries is the concept of a
vector stride that allows the program-
mer to control which elements of the
vectors are manipulated. As an exam-
ple, take the vector-vector-add func-

' Given the similar requirements for vector math libraries for many

processors, it's not surprising that a consortium is working
to develop a platform-independent standard.

tion discussed above and modify the
prototype as follows:

void vector_add(float #*x, int 1,
float *y, int j,
float *z, int k, int n);

This function would add every ith
element of x to every jth element of y
and store the result in every kth ele-
ment of z. This is equivalent to the fol-
lowing C code fragment:

for (index=0; index<n; index++)
z[indexxk]l = x[index*il +
yLindex*jl;

For a majority of uses, the vector stride
values are set to one, representing a
single element stride.

In general, the APIs of different ven-
dors’ libraries have similar anatomies,
providing arguments for the address of
the operands and the resultants, as well
as a means for specifying the array
dimensions. However, there is no
agreed upon API standard to which all
vector libraries adhere. Consequently,
there are name-space conflicts, varia-
tions in stride support, different argu-
ment signatures, and specialized opera-
tions not found in all implementations.
Unfortunately, this presents a problem
to programmers that wish to support
multiple platforms or ensure that the
software they write will be portable to
the next generation of general purpose
DSP and its hand-coded assembly lan-
guage utilities.

This article illustrates program-
ming techniques designed to circum-
vent the problems associated with
supporting multiple platforms and
associated vector math libraries.
These techniques were developed
through porting and maintaining a
real-time signal processing software
system consisting of more than

300,000 lines of C code. The system
consists of an executive component
and a suite of signal processing mod-
ules that makes heavy use of vector
computations. Since the signal-pro-
cessing modules number in the hun-
dreds, a brute force approach to sup-
porting multiple architectures, oper-
ating systems, and vendors was both
costly to port and impractical to test.
And the prospect of tampering with
already tested functionality sum-
moned its own set of concerns. By
using these programming tech-
niques, we have been able to utilize
vector math libraries from a variety of
vendors for a variety of processors all
while avoiding code changes to our

processing module investment.

Standards

Given the similar requirements for
vector math libraries for many proces-
sors, it’s not surprising that a consor-
tium is working to develop a platform-
independent standard. But given the
wide differences between the many
processors used for signal processing,
it’s also not surprising that developing
such a standard is a difficult job.

The Vector, Signal, and Image
Processing Library (VSIPL) Forum is
a consortium developed out of a
research project by the U.S. Defense
Advanced Research Project Agency
(DARPA). The goal of the consortium
is to develop an API for signal pro-
cessing that is portable across plat-
forms, allowing application develop-
ers to write signal processing software
that can be used in many environ-
ments. The consortium members
include academics and vendors who
make signal processing hardware and
software used in military applications.
The consortium began work on the
VSIPL API in 1996 and maintains a

Web site at www.vsip.org. They
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Vector-scalar multiply routine

/* SKY Standard Math Library */

float *outvec, int k, int n);

/* variable for the vector length */
_skyvec = n;

/* Wideband Computers Inc (SHARC) */
float *outvec, int k, int n);
/* Alacron 860 */

float *outvec, int k, int n);

float *outvec, int k, int n);

float *outvec, int k, int n);

vsmul(float *invec, int j, float scalar,

/* SKYvec Llibrary does not support strides and uses a global */

v$_rsvtO(float scalar, float *invec, float xoutvec);

vsmul(float *invec, int j, float scalar,

vsmul (float *invec, int j, float scalar,

/* Alacron SHARC(passes scalar by reference) */
vsmul(float *invec, int j, float *scalar,

/* Intel Native Signal Processing (NSP)for Pentium %/
/* Operation done in place. Does not support stride */
nspsbMpy1(float scalar, float *vec, int n);

/* Mercury Computers(passes scalar by reference) */
vsmul(float *invec, int j, float *scalar,

released the version 1.0 specification
in the fall of 1999. However, no imple-
mentations of the library are widely
available.

Because most signal processing
applications use only a small subset of
the universe of vector operations,
engineers who need portable code can
define their own vector library API tak-
ing their application requirements
into account. This gives the applica-
tion developer the flexibility to choose
what sacrifices are appropriate in
terms of execution speed and memory
usage to achieve portability.

Prepl‘OCGSSOI' macros

One technique that can be used to
achieve greater portability when writing
code to support vector math libraries is

using preprocessor macros to define an
API that encompasses the variants of
the libraries. As an example, take the
case of a vector math operation that
multiplies each element of a floating-
point array with a single floating-point
scalar. This is commonly referred to as a
vector-scalar multiply. This operation
might look as follows in a C code frag-
ment that supports vector striding:

void vsmul(float *invec, int j,
float scalar, float *outvec,
ints k, ant=n);

for (i=0; i<n; i++)

outvecli*k] = scalarxinvecl[i*j];

Listing 1 shows the API of the same
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operation in various libraries used at
some point in our development.

Depending on the implementa-
tion, the scalar is passed either by
value or by reference. Some APIs do
not support vector striding and others
will only do the computation in place.
For signal processing software that typ-
ically requires a sequence of vector
math library calls, one can imagine
the unreadable complexity of a soft-
ware module written to support multi-
ple targets in a brute force approach
using preprocessor directives, one for
each of the vector math libraries sup-
ported by the code. Listing 2 shows an
example.

As Listing 2 shows, a block of code
has to be added to the existing mod-
ule for each new target supported.
Furthermore, any new processing
module developed would require a
number of #ifdef code sections in
order to support multiple architec-
tures. Add to this the #include state-
ments needed to properly prototype
the functions and the code becomes
difficult to maintain. There is, howev-
er, a better way.

The software developer should ini-
tially adopt or define an API that
encompasses the essential functionali-
ty of the vector math library. In our
real-time signal processing system,
many of the signal processing modules
had been first written and tested to a
particular vendor library which had
prototypes like this:

vsmul(float #*invec, int j, float
scalar, float xoutvec, int k,
int n);

We defined a new header, myvec.h,
designed to isolate all the porting
mechanisms from the standard C
module that uses the math functions,
and provide the translation between
the programmer’s API and that
defined by the vendor. Used in the
implementation, the module from
Listing 2 looks a lot cleaner:

#include <myvec.h>
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Brute force approach to supporting mulitple vector math

libraries

#if defined(VENDOR_A)
#include <aveclib.h>
#elif defined(VENDOR B)
#include <bveclib.h>
#endif /* VENDOR */

/% etc */

my_processing_module()
£
/% code */

#if defined(VENDOR_A)
/% other vector calls */
scalar = 2.0f;

/* even more vector calls */
#elif defined(VENDOR B)

/% previous vector calls */

scalar = 2.0f;

bvecCopy(invec,outvec,n);

bvecMpy1(scalar,outvec,n);

/% subsequent vector calls */
#endif /% VENDOR */

/* other architectures, etc. */

k

vsmul(invec, 1, scalar, outvec, 1, n);

J

my_processing_module()
i€
float scalar = 2.0f;
vsmul(invec, j, scalar,
outvec, k, n);
/* etc */

Conversely, inside the myvec.h
header file we have all the ugliness
with the preprocessor directives, albeit
well organized into segments:

#if defined(VENDOR_A)

#include <aveclib.h>

#define vsmul vsmul

#elif defined(VENDOR_B)

#include <bveclib.h>

#define vsmul(a,i,b,c,k,n) \
{bvecCopy(a,c,n); bvecMpy1(b,c,n);}

#endif /% VENDOR */

At compile time, the C preproces-
sor will substitute the vsmul vector call
for the vsmul symbol in the case of the
VENDOR_A target. In the case of the
VENDOR_B target, the vsmul symbol
is expanded to a set of optimized func-
tion calls arranged to duplicate the
operation of the adopted API.

This approach is beneficial in a num-
ber of ways. First, the module that uses
the portability API does not have to be
modified when porting to another plat-
form. For modules that have undergone
acceptance testing and have a reliable
track record, this is an important benefit
since it minimizes the potential intro-
duction of bugs into the code. Validation
of the substitution macro is the only
thing that needs to undergo regression
testing (see the Regression Testing sec-
tion near the end of this article).
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Second, adding functionality to the
module is a matter of adding function
calls drawn from the defined API. By
writing the target-independent code
in this manner, all other architectures
will be
assuming the function calls are repre-

supported automatically,
sented for each target.

Finally, supporting future targets is
simply a matter of adding a new
#ifdef block to the myvec.h header
file corresponding to the new target
and the vector math library it will use.
Although this is still a bit of work, it is
straightforward and the overall ease of
porting and readability of the source
code is well worth the effort.

C-coded supplements

The complexity of some operations
and how they are implemented often
make it necessary to rely on C coded
functions to conform a vendor library
to the API of the application code. In
this case it may be convenient to
define a supplemental module for
each vendor math library. The pro-
grammer can compile and link only
the module that applies to the partic-
ular target being addressed.

For example, some of the more
obscure vector calls, such as vsmod,
used in our real-time signal processing
application did not have a one-to-one
mapping with any vector routines in a
particular vendor library. To duplicate
the wector-scalar-modulo functionality
using the vendor’s vector calls required
multiple operations and storage for
intermediate results (Listing 3).

This routine and other special case
routines were placed in a file (for
example, vendorplus.c) and proto-
typed in a header file (vendorplus.h).
In order to minimize impact on the
application level code, references to
these functions can be made in the
myvec.h header. This way the vendor-
plus.h header does not need to be
included in the application level code,
but only in myvec.h, regardless of the
target of interest.

As much as possible, developers
should cast the C coded routines into



Automatic Unit Testing
by Michael Aivazis

If you've read this column before, you
know that we are advocates of unit
testing and other forms of error
prevention. However, we also
acknowledge that there is a major
obstacle to performing unit testing: the
fact that we are human. As humans, we
don't like to take on tasks that are time
consuming or that increase our
workload. Unit testing does seem tedious
at first, and those who perform the
process manually are likely to give up
entirely because of the time involved.

On the other hand, the fact that we are
human is one of the best reasons to
automate unit testing. When we perform
manual unit testing, we run the risk of
making mistakes simply because we are
human. After all, manual unit testing is a
complicated process because we must
spend a good deal of time thinking about
what inputs we need to test a class.

Aside from saving time and preventing
human errors, the best reason to
automate unit testing is to facilitate
regression testing. Regression testing is a
method of preventing yourself from
introducing new errors to code as you
make repairs. Developers often think
regression testing can only apply to an
entire application, but regression testing
is in fact very effective at the unit level.
When they find errors in a class, it is easy
for developers to create a test case that
will guard against that error, put the test
case in their regression test suite, and run
the suite.

Every time you modify your code, you
should run your code against your
regression test suite to make sure that
your code has not '"regressed" into
previous errors. When you find an error,
you can write a test case against it and
add it to your suite. As you develop your
application, your regression testing suite
will grow.

There is no limit on regression testing,
and the more you perform it, the greater
the benefits for your code. You can even
use a script to automatically pull up a
class, compile it, and run it against your
test suite. You'll get a clear idea of what
is going on with the code, and you don't
even need to be in the office when the
testing occurs.

These are just a few of the benefits of
automatic unit testing. Fortunately, it is
possible to automate unit testing on any
development platform. You can use
scripts, or select from a variety of
automatic tools. No matter what method
you use to automate testing, you will
save time as you improve the quality of
your applications.

Michael Aivazis, Ph.D., is Director of
Technology at ParaSoft. You can reach
him at mga@parasoft.com.
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were run the previous times the class
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replay the test cases each time you
modify your code.
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Implementing an uncommon vector function

X
assert(i=1 && k=1)
assert(n<=MAXNSPVECSIZE);

nspsbMpy1(s, nspscratch, n);
nspsbSub3(a, nspscratch, c, n);

-

static float nspscratchCMAXNSPVECSIZE];

void vsmod(float *a,long i, float s, float *c, long k, long n)

/% use nspscratch as a often = ¢ %/
nspsbNormalize(a,nspscratch,n,0.0,s);
nspsbFloatToInt(nspscratch,(void *)nspscratch, n, 32, NSP_TruncZero);
nspsbIntToFloat((void *)nspscratch, nspscratch, n, 32, NSP_Noflags);

the vendor vector library calls since
these are assembly coded, optimized
routines.

Name space conflicts

Occasionally, two vector library vendors
will use the same name for functions
that perform different operations. This
makes it impossible to define a cross-
platform API using that name without
causing compile or link errors or incor-
rect operation on some targets. The
solution is to define a new name for the
operation different than all vendor
libraries. For example, vendor A might
define a function called vadd() that
adds two vectors and vendor B might
define vadd() that adds a scalar to a
vector and vvadd() that adds two vec-
tors. In this case you can avoid the
problem by defining a new function
that clears up the ambiguity. Then
define the new function in terms of the
vendor functions. Defining a prefix or
suffix to be used on all of the new func-
tions can be useful for avoiding name
space conflicts. This example uses the
suffix “_sys” for each function:

#if defined(VENDOR_A)

#define vectorVectorAdd sys(/x \
arguments */) vadd(/* \
arguments */)

#elif defined(VENDOR B)

#define vectorVectorAdd sys(/x \
arguments */) vvadd(/* \
arguments */)

#endif /% VENDOR */

Preprocessor issues

The C preprocessor is a powerful
tool for generating targeted code
from a platform-independent base-
line, but there are some common pit-
falls that can cause problems. One is
the use of the auto-increment or
auto-decrement operator. If a macro
function expands using an argument
more than once, the operator is eval-
uated multiple times causing unex-
pected results. For example the
macro function:

#define vcopy(a, b, c) copy(a, \
ay''b,le)

when called like this:

vcopy(src++, dest, size);

causes the first argument “src” to be
incremented twice since the pre-
processor expands the expression to

this:

copy(src++, src++, dest, size);
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To avoid this problem, don’t use auto-
increment in an argument list but
rather place the increment operation
after (or before, for a preincrement)
the vector operation:

vcopy(src, dest, size); src++;

Unfortunately, it’s difficult to enforce
this discipline on all programmers.

Another potential problem occurs
when macro functions expand to mul-
tiple statements. Their behavior with-
in conditionals needs special consider-
ation. For example, the macro func-
tion:

#define vcopy(a, b, c) \
vsize=(c); vmove(a, b)

can have unexpected behavior when
used after an unbracketed condition-
al:

if (size > MINSIZE)
vcopy(src, dest, size);

The code above expands to this:

if (size > MINSIZE)
vsize = (size);
vmove(src, dest);

Clearly this is incorrect. To avoid this
problem, enclose multi-statement

expansions in braces like this:

#define vcopy(a, b, c) \
{vsize=(c);vmove(a, b);}

Also, the misuse of semicolons in
the macro statement can sometimes
cause warnings during compilation.
Notice that in the following definition,
the end semicolon is omitted from the
last statement:

#define vsmul_sys(a,i,b,c, k,n) \
vecscalmul(b,a,i,c,k,n)

After the preprocessor substitution
there will not be two semicolons in the
preprocessor output.
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Passing scalars

Some vector libraries pass scalar data
by value. That is, the actual value of
the scalar is an argument to the func-
tions. Other vector libraries pass
scalars by reference. That is, the
address of the scalar is an argument to
the functions. For portability, we chose

to pass scalars by value and map them
to references with a macro function
when necessary. For example, these
two vector-scalar add functions differ
only in how the scalar is passed:

/% VENDOR_A.h */
void vsadd(float scalar, float
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*src, float *dest, long size);
/* VENDOR _B.h */
void vsadd(float *scalar, float
*src, float *dest, long size);

We could define the macro func-
tion for vendor B this way:

#if defined (VENDOR_B)

#define vsadd sys(s, a, c, n) \
vsadd(&s, a, c, n)

#endif /* VENDOR B */

This works fine for this call:

float scalar = 100.0f;
vsadd_sys(scalar, src, dest, 10);
/* "scalar" is a float */

which expands to

vsadd(&scalar, src, dest, 10);
/* Pass the address scalar */

The problem comes when a constant
is used for the scalar:

vsadd_sys(100.0f, src, dest, 10);
which expands to:

vsadd(&100.0f, src, dest, 10);
/* Syntax error */

The solution is to use a temporary vari-
able for pass-by-reference macro func-

tions:

#define vsadd_sys(s, a, c, n) \
{float tmp = s; vsadd(&tmp, a, \
Covn )

If a particular C compiler doesn’t
support declaring a variable within a
block, this technique can still be used.
Declare a global temporary variable
and assign the scalar to it. Then pass
the address of the temporary variable
to the vendor function. Naturally, this
puts limits on the use of vector func-
tions in multithreaded code or inter-
rupt service routines. If more than
one thread of control uses it, the
shared global variable could be cor-
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rupted if reused before the function
finishes.

Quirks

Sometimes the constraints of the hard-
ware or the implementation of the vec-
tor library require the source and des-
tination buffers to be non-overlapped.
So, calls like:

vadd_sys(v1, v1, size);

will yield incorrect results. The solu-
tion is to either avoid in-place opera-
tions altogether or define a wrapper
function that copies the source vector
to a temporary buffer so the out-of-
place operator can run correctly.

Strides are another area where dif-
ferences in vector library capabilities
appear. Some libraries have a rich sup-
port for strides (some even support
negative strides) while others assume a
stride of one for all operations. This
implies that targeting a library without
strides should mean minimizing the
use of strides in the application code.
On the other hand, operations that
must use strides will not be able to use
vector libraries that do not support
striding and therefore will either be
slower (because they are written in C)
or hard to write (because they must be
coded in assembly language). If the
application making the vector func-
tion calls always uses a stride of one, a
simple solution is to create macros
that don’t reference the stride argu-
ments. But what if somebody decides
to use a stride later? The results of the
macro function will be incorrect.
Catch these problems by using the
assert macro within the definition of
the macro function:

#define vcopy_sys(a, as, b, bs, n) \
{assert((as==1)8&&(bs == 1)); \
vcopy(a, b, n);}

This way the function will report the
error rather than just making the
wrong calculation.

Libraries that support strides often
differ in how they interpret strides on

complex vectors. A complex value is
usually implemented as a struct con-
taining the real and imaginary values
like this:

typedef struct complex {
float real;
float imag;

} Complex;

So a vector of complex type is a
sequence of float pairs. Some libraries
define complex strides in words and
some define strides in units of the
Complex struct. That is, assuming a
float is four bytes, some libraries inter-
pret a stride of one as a four-byte stride
and some interpret it as an 8-byte
stride. Striding by half the size of the
Complex struct is rarely the desired
behavior. We recommend defining a
portability API using a stride of one to
represent a single (8-byte) complex
stride. For libraries that use four-byte
stridés a macro like this will do the
conversion:

#define cvadd_sys(a, as, b, bs, \
C,iiCS,; N\

cvadd(a, (as)*2, b, (bs)*x2, c, \
(cs)*2, n)

Complex data types

Vector libraries differ widely in how
they treat the complex data type.
Some libraries define their own struct
for complex data and their functions
expect vectors of that type as argu-
ments. Other libraries just treat a float
vector differently by assuming that it is
made up of alternating real and imag-
inary values. This variety can make
writing portable application code diffi-
cult. Since most libraries fundamental-
ly expect a vector of alternating real
and imaginary values, the problem is
really one of casting. That is, the com-
plex vector needs to be cast to the type
expected by the vector operation.

We addressed this problem by
defining our own complex struct and
defining all of our complex vectors in
terms of our struct. Then we defined a
macro to represent a vendor-indepen-
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dent cast to the type that the vendors’
functions expect. This macro is used
before each complex argument in the
application code.

cvadd_sys((CMPLX *)a, 1, (CMPLX
*)b, 1, (CMPLX *)c, 1, n);

This macro is defined differently
depending on the library’s expected

type:

#if defined(VENDOR_A)
#define CMPLX SCplx

#elif defined(VENDOR_B)
#define CMPLX float
#endif /% VENDOR */

This way the vectors are of the correct
type for each library and we take
advantage of complex type checking if
it is available.

Obscure vector calls

Vector libraries differ greatly in the
number of operations they provide.
Some provide only the most basic
arithmetical operations while others
have functions for intricate domain-
specific calculations. Powerful, higher
level operations can be efficient, but
may not be available on every platform.
Some libraries support vector opera-
tions on many types including integer,
boolean, and floating-point types, but
many do not. For targets that don’t
support needed operations, they must
be implemented within the portability
library. They can often be implement-
ed efficiently using the simple vector
operations that are supported. But
some frequently used operations may
need to be coded in assembly language
to get the needed performance.

Fourier transform

The discrete Fourier transform (DFT)
is a common mathematical operation
used in engineering applications. The
following discussion on DFT vector
library routines addresses the one-
dimensional transform, but similar
principles apply to multi-dimensional
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/* 1in different memory spaces */

/* Alacron 2106x */
void init_fft_sh(int N);

/* Intel Native Signal Processing */

/* Wideband Computers Inc. for 2106x */
/* requires that the real coefficients reside */

void fftwts(float pm *wr, float dm *wi, int N);

void nspsRealFftNip(float *in, SCplx *out, int order, int flag);

transforms. The basic operation takes
a vector x[n] of length N and com-
putes another vector X[k] of the same
length using the following formula:

N-1 2k

X[k]= 3 a[n)e " ¥

n=0

for k = 0,..., N-1. A reciprocal opera-
tion, called the inverse DFT, has a sim-
ilar structure:

] N-1 /lm:L
x[n]= r z X[kle "

n=0

A straightforward calculation of the

DFT requires N? complex operations.
By constraining N to be a power of two
(for example, 512, 1024, and so on),
an algorithm called the fast Fourier
transform (FFT) can be used to effec-
tively do the same operation with
fewer operations. Depending on the
length of the vector, the FFT opera-
tion can still be computationally inten-
sive, requiring (N)(log,N) complex
operations. Thus, it’s important that
the implementation in the vector
math library be as efficient as possible.
In fact, literature for vector math
libraries often shows the speed of the
FFT as a specification parameter for
the product. For the reasons men-
tioned previously, it should come as no
surprise that vector math libraries
implement the FFT in ways that take
full advantage of the speed and archi-
tecture of the underlying hardware.
This will often impact the way the
application can best utilize the vendor-

for a DSP Operating Systeﬁi?

Learlddey

for a better way to incorporate DSP into ‘“‘your product design.
with Blackhawk™ POSIX Operating Systems for DSP Processors.
Blackhawk™ POSIX Operating Systems include:

- Real Time Extensions - Multithreading
- Open Source Libraries - Host File System Utilities - IEEE Standards Based - UNIX like

- Source Code License

- Multiprocessing

Available standalone or integrated with code generation tools,
debugger, simulator, JTAG emulator and reference boards.

Currently supporting TMS320Cxxx™ processors. Phone: 1-877-983-4514

TMS320Cxxx is a trademark
of Texas Instruments.

For more information please visit: www.blackhawk-dsp.com

Copyright 2000 EWA

116 June 2000 Embedded Systems Programming



“1 have a lot more confidence using CodeWright.”

o]

Marco Dalla Gasperina,

Senior Software Engineer,
CodeWright aficionado since Version One.

Codellfright

The Programmer's Editing System™

www.inovise.com

Marco is one of the team of programmers bringing early low cost detection of heart disease to reality. Inovise Medical is developing software

that uses waveforms from a standard EKG test to provide a graphical view of the size and location of damage to a patient’s heart.

The editor behind the code: CodeWright. When precision counts the most.
e N
CodeWright 69

Download an evaluation copy at www.starbase.com/embedded or call (800) 491-6784.

Single User - J— s — P
Multi-User License available S ’ ] ;. Y e
Windows 32-bit platforms ; &% . ¢ A U " Premia, a Starbase company



yjewr

SHARC-specific FFT implementation

/* sharcplus.c */

#define SH _MAX_FFT 8192
extern float dm seg dfft[l;
extern float pm seq pfft[];

/% memory required by vendor but invisible to the application are statically
defined */

static int wtablesize = 0;
static float pm *wr;

static float dm *wi;

static float dm *fftdatavec;
static float dm *xr;

static float dm *xi;

void
init_fft_sys(int fft_size)
{

/* check if exceed architecture's capacity */
if(fft_size > SH_MAX_FFT)
return;
/* Initialize aligned memory pointers */
/% real ffts %/
wr = seq pfft + (SH_MAX_FFT/2);
wi = seg dfft + (SH_MAX _FFT/2);
/* for complex ffts x/
xr = fftdatavec;
xi = fftdatavec + (SH MAX_FFT/2);
fftdatavec = seg dfft + (SH_MAX_FFT/2) + (SH_MAX_FFT);
/* recompute weights if new maximum is found */
if(fft_size > wtablesize)

wtablesize = fft_size;
fftwts(wr, wi, wtablesize);
¥
}

/% Implementation of Llibrary independent API */
void rvfftb_sys(float *a, float *c, long n, long flag)
{
/* we must provide the twiddle factor
table stride manually */
int wstride = 2x(wtablesize/n);
if(flag==1) /* forward FFT */
{
/% Careful, rfft does in-place computation */
/% Let's copy the input to the mem aligned buffer */
vmov(a,1,fftdatavec,1,n);
rfft(fftdatavec, wr, wi, wstride, tempdm, temppm, n);
vmov(fftdatavec, 1, c, 1, n);

/* unpack output */
cfnl = c[13;
cfn+11 = 0.0;
cf1] = 0.0;
i
else /x inverse FFT */
{
/% cffti requires that the input be divided into
real and imaginary components */

wmov(a, 2, xr, 1, n/2 + 1);

wmov(&al1l, 2, xi, 1, n/2 + 1);

vmov(&rLn/2 - 11, -1, &rln/2 + 11, 1, (n/2 - 1));
vmov(&iln/2 - 11, -1, &iln/2 + 11, 1, (n/2 = D);
vneg(&iln/2 + 11, 1, &iln/2 + 11, 1, (n/2 - 1));

cfftilxr,xi, wr, wi, wstride,tempdm, temppm,n) ;

vmov(tempdm,1, ¢, 1, n);
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specific features of the FFT, especially
while maintaining a portable code
base.

Vector math libraries often take
advantage of the fact that the FFT
algorithm relies on a fixed set of
weighting coefficients that can be
stored once prior to calling the FFT
function:

2
WE=e = cos(zik)—jsin[%j
v N N

A set of these coefficients (some-
times called twiddle factors) need only
be computed once for the longest FFT
computation required by the system,
since subsets of this complex vector
can be used for any shorter FFT vector
calls. Vector math libraries sometimes
provide an initialization function for
creating these weights (see examples
in Listing 4). Other libraries require
that an initial call to the FFT routine
be made to initialize the coefficient
table. Since more than one module
may need to calculate an FFT, and
since the vector sizes may vary within
the same application, we also define
an API for the FFT initialization func-
tion. Not only will this make the soft-
ware portable across vector math
libraries, it can also be used to track
the maximum table length required
by the system.

In our real-time signal processing
software, we defined a function:

void init_fft_sys(int size);

called at the application level whenev-
er a signal processing module execut-
ed setup code prior to computing the
FFT. Using either the preprocessor
macros or supplemental C code, the
init_fft_sys() function was made to
call the appropriate underlying library
initialization method. As we shall see
later, this function can also serve to
make other required initializations.
Vector math libraries often come
with not just one, but a set of FFT rou-
tines, each one designed to take
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advantage of either some property of
the transform or some property of the
hardware.

Vector math libraries often differ-
entiate between a “real” FFT and a
“complex” FFT. The real (forward)
FFT assumes that the input vector,
x[n], consists of real values (that is, the
imaginary parts are zero). By making
this assumption, it takes advantage of
the property that the resultant trans-
form, X[k], will consist of N complex
quantities related as follows:

X[kl = X* [N-k] fork=0,..,N-1

where * denotes the complex conju-
gate. From this it can be seen that the
X[N/2] is a real value (since X[N/2]
must equal X*[N/2]). It can also be
shown that the X[0] term is real val-
ued as well. Knowing this, vector math
libraries can save on computation and
output storage by calculating only the
first N/2 + 1 values consisting of X[0]
(real), X[1] through X[N/2-1] (gener-
ally complex), and X[N/2] which will
also be real. When using the real FFT
routines provided by a vendor library,
the responsibility is on the application
programmer to synthesize the conju-
gates not provided by the routine.
Comprehensive libraries may provide
fast routines to expand the output vec-
tor to its full N point length, but it is
rarely necessary to invoke these since
most applications are only interested
in the first set of values.

The “complex” FFT operation
makes no assumption about the real-
ness of the input vector, x[n] and so
no FFT properties are leveraged. The
output of N point complex FFT rou-
tines will produce N complex values.

A variant of the FFT algorithm that
uses in-place computations can reduce
the number of complex operations
further to (N/2) (logyN). The tradeoff
for this reduction in computation is
the loss of the input vector data as it is
overwritten by the output values. It is
sometimes the case that vendor
libraries will only provide in-place rou-
tines and leave it to the programmer

to manage the input and output issues
according to the application.

In our real-time signal processing
application, APIs for both the real and
complex FFT function calls were
defined (for legacy reasons) as follows:

/% real FFT function call, vendor-
independent API */
void rvfftb_sys(float *input,
float *output, long n, long flag);

/* complex FFT function call,

vendor-independent API */

void cvfftb_sys(float *input,
float *output, long n, long flag);

The flag variable indicates whether
the transform is a forward or inverse
operation. The values at the first
address represent the input (x[n] or
X[k] depending on flag) and the val-
ues at the second address represent
the output vector. For example, a real
forward FFT
rvfftb_sys() would expect an array
of N floats at the input address and
would result in (N/2 + 1) complex
(float pairs) at the output address.

N  point using

Obviously, these routines are general-
ized for not-in-place computations; an
in-place API could be defined or
assumed if the input and output
addresses are identical, depending on
the underlying implementation.

Many vector math libraries use a
concept called packing to represent
input and output vectors. Going back
to the property of the real valued for-
ward FFT, since the X[0] term and the
X[N/2] are guaranteed to be real val-
ued, implementations will combine
the elements in the first term of the
complex output:

/* pseudo code */

float outputCNI;

outputCO] = XLOJ

outputC1] = XLCN/2]1 /% pack the last

real value with the first */

outputC2] = Re{X[11}
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outputC3] = Im{XC11}

outputCN-21 = Re{X[N/2 + 11}
output[N-11] Im{XCN/2 + 11}

This normalizes the sizes of the input
and output vectors to be N floats,
whether representing the real input
values or the N /2 complex values.
Another aspect that vector math
libraries differ on is the precise defini-
tion of the FFT being computed.
Consider the formula for the inverse
FFT where a factor of (1/N) is
applied. Not all implementations of
the inverse FFT will apply this factor
and must be done so explicitly (using
another library call) if it is an implicit
assumption about the vendor-inde-
pendent AP
Probably
aspect of defining an API for the FFT
(and similar functions) is to docu-

the most important

ment exactly the underlying math
that it is expected to perform and how
the input and output data are to be
presented back and forth to the appli-
cation. Is it scaled? Is the output data
in a packed format? Is the operation
in place? Whatever the decision, doc-
ument it, perhaps as a comment in
the application code. Later, this can
be compared to new library literature
when porting to the next architec-
ture.

FFT example

To conclude this section on FFT con-
siderations, here is an example that
takes into account the differences
between the rvfftb_sys() vendor-
independent FFT API and a target-
dependent implementation.

The Analog Devices 21060
(SHARC) floating-point DSP proces-
sor uses a Harvard architecture
memory system. As such, it has two
memory banks, program memory
and data memory, and it is able to
fetch two words during one clock
cycle. These attributes are used by
one vendor of SHARC libraries to
create vector library FFT routines
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When supporting a portability API for several targets, it's useful to
have a regression test to verify the operation of the individual vector

that are fast but unusual in their call-
ing structure.

Here is the vendor’s API of the vec-
tor library FFT routine used for real
valued inputs:

void rfft(float dm xdata,
float pm *wr, float dn *wi, int wstr,
float dm *tmpdm, float pm *tmppm,
int n);

The “dm” and “pm” in the parame-
ter list are C language extensions of
the SHARC
whether the variable is in data memo-

compiler, specifying
ry or program memory, respectively.
To use this routine, the programmer
will need to initialize a set of real (wr)
and imaginary (wi) weight values
using the fftwts() initialization rou-
tine provided by the vendor. The
application designer must determine
what the weight stride should be for
any particular call. Furthermore, some
scratch space proportional to the FFT
length needs to be on reserve in both
data and program memory. All vectors
must also be memory aligned to an n
word boundary. What is more, the
function assumes that the format of
the output data array is packed and
the algorithm is performed in place.
Put together, rfft() appears painfully
incompatible with the rvfftb_sys()
function defined for the portability
ABI

. As in other cases, we defined a sup-
plemental module for the target,
sharcplus.c and sharcplus.h, which
defines complicated implementations
of the API in terms of a vendor or
hardware target. The init_fft_sys()
initialization routine is shown in
Listing 5. Note the variables defined
statically at the top of the module.
These members will help encapsulate
the target-specific requirements for
program and data memory, as well as
help in tracking the maximum FFT
size required by the system.

functions.

Listing 5 also illustrates how the
intricacies of the FFT implementation
can be buried in the init_fft_sys(Q)
and rvfftb_sys() function calls used
by the portable application code. As
long as the universal API is general
enough to perform the function in
ways the application needs, the ven-
dor-specific calls can be manipulated
to produce the expected functionality.
Of course, some overhead is involved,
but that is sometimes the cost of writ-
ing portable software.

Memory alignment

On some platforms, vector addresses
must be aligned to a particular word
boundary in order to work correctly or
efficiently. Vector math libraries that
accompany hardware usually have
functions to load the data into memo-
ry aligned addresses. However, explic-
itly calling these routines in the appli-
cation software can clutter the code as
well as make it inefficient for plat-
forms that do not require memory
alignment.

One solution is to abstract the vec-
tor memory allocation routine and
constrain the target-dependent imple-
mentation to allocating memory
aligned to the required boundary con-
dition. This routine can be redefined
to return pointers that obey memory
alignment considerations for a specif-
ic architecture.

Regression testing

When supporting a portability API
for several targets, it’s useful to have
a regression test to verify the opera-
tion of the individual vector func-
tions. Defining the regression test is
also a good way to make clear the
expected inputs and outputs of each
function. Fortunately, only one
regression test is needed per func-
tion because they will be portable to
all platforms. The test program

should call each function with known
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values and check the output vectors
for the correct data. Because of slight
differences in floating-point round-
off, all of the targets might not
return bit-for-bit equal
However, they should be the same to

answers.
within some small tolerance. By
automating the regression testing, it
is easier to catch target-specific
errors before they cause problems in
the complete system.

Summary

We have shown several techniques
for using vector math libraries in a
way that is portable to many different
libraries. Most of these techniques
involve the C preprocessor, which
can substitute target-specific code
during compilation. Alternatively,
function wrappers can be used to
encapsulate the target-specific code.
Function wrappers tend to be more
readable than function macros and
are appropriate when the mapping
from the portability API to the ven-
dor API is complex. We use function
wrappers to encapsulate the FFT
functions on most targets. Macro
functions, while being more obtuse,
do not introduce the overhead asso-
ciated with a function call. In some
performance-critical areas, that over-
head can be important. esp
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Don Morgan

DSP and Motion Control

®
MOtlon control is a wide-rang-

ing and complex topic. When I first
approached the idea of writing about
motion control using DSPs, it seemed
fairly straightforward. Having dealt
with motion control for almost 20
years, I felt I had the experience,
knowledge, and scope to do a decent
job. Maybe. Once I started, though, I
saw motion control did not fit this
neat little package I had anticipated.
As a result, I have re-written this col-
umn several times, looking for a mean-
ingful entry point to the subject.

In the early '90s, one of the first
applications for DSP chips was in
motion control. Although this area
may not seem to have the sophistica-
tion associated with signal analysis or
synthesis, it employs many of the same
tools and mathematics and has many
intriguing features of its own. Not
only can DSPs provide extremely
facile, precise, and programmable
control for any application, but the
speed of the DSP and its math engine
allows other functions that are usually
supported as peripherals to be inte-
grated into the software. This pro-
vides an immediate size and cost
advantage.

With integration increasing and
die sizes dropping, peripherals such
as encoder interfaces, PWM genera-
tors, multiple synchronous A/Ds,
and more are available on the same
chip with the DSP. Other functions
associated with high-end applica-
tions (and expense), such as real-
time interpolated sinusoidal
encoders, resolvers, and other trans-
ducers, can be done in software.
that low-cost

This can mean

encoders/transducers may be used
to produce very high resolutions.
With this in mind, I would like to
address some of the issues of motion
control and control theory in relation
to DSP. The truth is that control theo-
ry and traditional signal processing
are not far apart. The mathematics are
the same as what we've been using in
our discussions of signal processing,
but with a different look. The con-

concepts of the technology involved. To
do this adequately, however, it is neces-
sary to introduce some terms and con-
cepts so that we can see how they relate
to DSP and the design of such systems.

What is a motion control system?

What are the components of a motion
control system? Typically, there is a tra-

jectory generator and a drive or ampli-

Although motion control is a traditional

DSP function, it isn't so straight forward as

it may seem.

cerns vary and inevitably involve the
time domain. What’s more, the pro-
cessing is more likely to be stochastic
than many signal processing applica-
tions. Nonetheless, a transfer function
remains a transfer function.

In this column, we will look at popu-
lar hardware solutions with an emphasis
on DSP and PWM, as a number of the
manufacturers make parts specifically
designed for this increasingly popular
form of motion control. We will look at
many of the basic algorithms, PID, the
Park and Clarke transformations, sinu-
soidal encoder interpolation schemes,
as well as software resolver conversions,
PWM generation, and more. And we
will delve more deeply into the con-
cerns of control theory.

Our interest is in algorithms, DSPs,
and applications. Clearly we cannot
really discuss any aspect of these sub-
jects without some familiarity with the

fier for the axis of motion, which may
ultimately be a motor but might also
be a valve or anything else that the
user must control. The trajectory gen-
erator commands the drive to produce
a given velocity, position, or torque (it
may be many things). The drive
sources power to the load in accor-
dance with these commands. If motor
controls are this uncomplicated, why
DSP?

Let’s answer this question with an
example. Perhaps the simplest imple-
mentation of a motion control sys-
tem would be a basic positioner.
People use their cars as positioners.
If you wish to drive yourself to work,
you probably don’t attempt to go
from zero to 60mph in an instant,
then from 60mph to zero again when
you have arrived. The wear and tear
on the vehicle and the passenger
would be too great for either to last
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The truth is that control theory and traditional signal processing are not far
apart. The mathematics are the same as what we've been using in our
discussions of signal processing, but with a different look.

long. You must accelerate, that is,
increase your velocity, in measured
increments until you have reached a
speed suitable to you, your vehicle,
and the environment. As you
approach your destination, you must
decide on a point you feel is appro-
priate to you, your vehicle, and the
environment to begin decreasing this
speed, so that you can stop in the
right place.

The same is true for any motion
control system. The function of pro-
viding these measured commands to
the system is assumed by what is
known as the trajectory generator, and its
functionality can become quite com-
plex, depending upon the needs of
the system. Most modern applications

have special requirements regarding
the equipment they control.

In multi-axis applications, the
motion of all the axes must be syn-
chronized with the focus of the
motion—say, a circle, square, rectan-
gle, or some other shape—executing
complicated shapes. This synchro-
nization can come in many forms; it
may be geared off a single axis or
sourced from a central point. In this
case, the trajectory generator must
be capable of coordinating the many
axes and shaping the motion
through splining or some other
mechanism, so that all axes arrive
correctly at the same place and that
motion

this is executed exactly,

smoothly, and economically.
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DSP also becomes involved in the
other area of discussion, the drive. The
drive is the part that accepts the com-
mand—say, a voltage, current, or digi-
tal word, usually signifying torque,
velocity, or position—from the trajec-
tory generator, and supplies the cur-
rent, or some other energy, to the load
so that it can move. There are many
mechanisms for accomplishing this,
both analog and digital, and they too
are moving to DSP.

Two of the most popular forms of
drives are PWM and analog. The ana-
log supplies current to the windings
as sinusoids that change frequency
and compel the device to move. The
PWM drive turns voltage on and off
to the windings at a fixed frequency
but varying duty cycle, causing the
current to the windings to vary in fre-
quency and magnitude with the duty
cycle. Both forms have their advan-
tages and drawbacks. DSP can control
them both—the analog through
DACs and the PWM through pulse
generators.

Of the two, PWM is becoming more
popular and is now supported directly
on many DSP and microcontroller
chips.

Trajectory generators and drives
are the basic components. Now let’s
look at some forms of control.

Open loop or closed loop?

Control is often referred to as either
open loop or closed loop. In an open
loop situation, the trajectory genera-
tor supplies a command to the drive,
scaled to produce an expected result.
Here, the trajectory generator does
not examine and correct for any sys-
tem errors. An example of such a con-
trol might be a micro-stepper con-
troller as a positioner. The user will
usually enter some defaults for accel-
eration and velocity and give the con-
troller a position to go to. Using the
defaults, the controller will calculate
accelerations and peak velocities
based on how far it must go and
whether there are any other special
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As speeds increased and dies shrank, more and more functions were added to
the [DSP] chip, including PWM creation, encoder inputs, and ADCs.

requirements for the move. It will then
produce commands for the drive that
are expected to take the axis to posi-
tion. No effort is made to correct for
errors the axis may have in attaining
velocities or intermediate positions.
Using some sort of feedback device (in
order to determine when the axis has
arrived at its final position), the con-
troller drives the stepper until it
arrives at position.

In a closed loop control, the errors
are literally added into the equation.
Scaled values of the error are added
to the original command to better fit
the command to the load. If the axis
is not attaining velocities, the com-
mand is increased in proportion to
the error so that it will. This is called
servo control—it’s driven by error.
The loop may be closed on any par-
ticular feature in the system, whether
it is position, velocity, torque, or some
alias.

To view these ideas in another way,
imagine an open loop system as a sim-
ple operational amplifier. Here, a gain
is applied to any input. The result is
output. As long as both the input and
the output (or load) are well known
and bounded, this works fine. But, as
with an amplifier, if the input exceeds
the parameters of the circuit, you can
find yourself with a square wave at the
output instead of the nice sinusoid
you were hoping for. Such a system
can be described with a simple multi-
plier; it is purely feedforward.

Supplying feedback to the amplifi-
er can produce a filter (or oscillator).
A portion of the output is added to the
input to refine or adjust the response
of the system. This is now a servo sys-
tem; it produces a transfer function
with feedback.

As with any system, you may have
any combination of feedback and
feedforward mechanisms involved.
All of this is useful for highly efficient

systems because inadequacies in
equipment or the load can be over-
come by properly modifying the
transfer function; this is part of tun-

ing a servo system.

Designing a motion control
platform

Some of the most popular motion con-
trol applications today involve servo
systems and PWM drives. Typically,
these controllers will drive anything
from AC induction motors (ACIM),
permanent magnet synchronous
motors (PMSM), brushless DC motors
(BDCM), to switched reluctance (SR)
motors in industrial applications.
Feedback mechanisms are usually
encoders, resolvers, or interpolated
sinusoidal position transducers.

To get an understanding of the
scope of a motion control design, let’s
look at it using standard parts for the
functions. Knowing such a system pro-
vides a nice basis for looking at more
highly integrated systems on DSP. So
let’s say that we have a standard DSP,
such as a DSP56k, and we wish to build
an integrated trajectory generator and
PWM drive. (What I'm describing is
not the definitive motion control
device, but a simple and common
implementation.)

We will assume for such a system
that the controller is receiving com-
mands from a computer or respond-
ing to commands in its own memory.
These commands may be position,
velocity, or torque commands, and
may involve information about other
axes and synchronization.

For the system to function, it must
have feedback. For our example here,
we will assume that it is a simple incre-
mental encoder signal that arrives at a
special counter that incorporates
some kind of digital filter to remove
noise. This gives us position informa-
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tion, but we also need information
about the load (motor) in order to
control it effectively. This is usually
current feedback from two of three
axes for a three-phase motor, one of
two for a single-phase motor.

Now that the DSP can see position
and can compute currents, it is ready
to drive the motor. In this case, it
needs some mechanism to create fixed
frequency pulses that vary in duty
cycle according to the values calculat-
ed by the DSP. There are a couple of
different forms of PWM control, the
most popular being center and edge
controlled. With
PWM, one edge is fixed and the other
edge moves with the duty cycle

edge-controlled

changes. With center-controlled, the
center is fixed and both edges move.

Either way, the concept is a simple
one: a counter of fixed length driven
by a clock. You vary the duty cycle of
the output by using different taps to
control turn-on and turn-off time.
Some manufacturers have rather com-
plex chips for this purpose, but it can
be done with a latch if you are willing
to sacrifice some computing power
and time to the function. And, of
course, these pulses must be manufac-
tured for each phase of the motor with
sufficient dead time for top and bot-
tom drive transistors to prevent acci-
dental shorts (shoot-through). In a
typical three-phase brushless drive,
there are six signals—one each for the
top and bottom IGBT/FET of the half-
bridge associated with that phase. The
length of the counter does make a dif-
ference; it defines the sort of resolu-
tion you can attain. Greater resolution
means finer control.

Now you add the motor phase leads
to the center of each half-bridge and
power and you are ready to go. Of
course, we have not looked at the soft-
ware necessary to drive a three-phase
or single-phase PWM system, nor the
code for interpreting the current feed-
back or creating a PID loop or using
interpolating sinusoidal encoders, nor
resolvers, nor many other things—but
we will.
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In many modern implementations the trajectory generator and drive are
one and the same. You will see how many of the DSPs we present provide

functionality for that.

Current integrated DSP offerings

Initially, the DSP was the core of the
controller. It was capable of the very
fast computation necessary to perform
the PID filter operations, position cal-
culations for determining the next
velocity. As speeds increased and dies
shrank, more and more functions
were added to the chip including
PWM creation, encoder inputs, and
ADCs. Now it’s possible to create a
complete, high-performance servo
application with only a few parts and
integrated gate bipolar transistors
(IGBTs). This results in inexpensive
and interesting applications, such as
controller/drive/motor units that
may be connected to a central control
by merely an optical link or copper
pair.

Among the leading contenders for
DSP-based motion control are families
from Texas Instruments and Analog
Devices. Both offer on-board A/D con-
verters, PWM generation capability,
counters that can be used for encoder
inputs and serial ports for communi-
cation, and the addition of external
A/Ds and sensors. Both offer a wealth
of built-in motion control functions,
in addition to standard DSP fare.

TI's offering is the TMS320C24x
family. It’'s a 16-bit, 3.3V, 30 MIPs
device with on-board flash and up to
32K words of RAM. Some of which is
dual access, allowing more than one
access during an instruction cycle.
There is a multiplexed (with sample
and hold) 10-bit A/D and eight 16-bit
PWM channels that allow either edge
or centered PWM with programmable
dead-band to prevent shoot-through
on the IGBTs. It also incorporates an
encoder interface and A/Ds. In addi-
tion to the standard SCI and SPI ports,
some devices even have a CAN port.

Analog Devices’ DSP, the
ADMC401, is 16 bits, 5V, and 26 MIPs.

It sports a 12-bit flash A/D that per-
mits simultaneous sampling on two
channels and multiplexed sampling
on eight channels. Again, it supports
different modes for its PWM generator
and deadtime. There is also a high
bandwidth quadrature encoder inter-
face with digital filter and a number of
other additives. One strong attraction
for the Analog Devices part is that it
comes with many of the common algo-
rithms for motion control implement-
ed in masked ROM. This, of course,
will reduce time to market and memo-
ry requirements.

In many modern implementations
the trajectory generator and drive are
one and the same. You will see how
many of the DSPs we present provide
functionality for that. The sort of inte-
gration provided by the chips men-
tioned above is making it possible for
the motor, drive, and trajectory gener-
ator to be a single unit that needs only
power and some form of communica-
tions, such as an optical cable or twist-
ed pair.

Next month

At least we have made a start. Next
month, we’ll start looking at some of
the algorithms in common use in

today’s motion controllers. esp

Don Morgan is senior engineer at Ullra
Stereo Labs and a consultant with 25
years experience in signal processing,
embedded systems, hardware, and soft-
ware. Morgan recently completed a book
about numerical methods, featuring
multi-rate signal processing and wavelets,
called Numerical Methods for DSP
Systems in C. He is also the author of
Practical DSP Modeling, Techniques,
and Programming in C, published by
John Wiley & Sons, and Numerical
Methods for Embedded Systems from
ME&T.
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New Products

Tools for Embedded Developers

Software

Integrated development
environment

The MULTT 2000 IDE v. 3.0 is an inte-
grated development environment that
automates all aspects of embedded
software development. It features an
integrated programming editor,
source-level debugger, graphical pro-
gram builder, run-time error checker,
a version control system, instruction
set simulator, performance profiler,
and real-time event analyzer. The
debugger’s cross-reference browsing
capability enables programmers to
view variable and function use
throughout the source code. It’s avail-
able for PowerPC and ARM proces-
sors, with other processor support
planned. MULTTI 2000 is available now
for $5,900 for Windows and $8,600 for

Unix.

Green Hills Software
Santa Barbara, CA
(805) 965-6044

www.ghs.com

Royalty-free 0S

On Time RTOS-32 is a royalty-free
that
implements a Windows NT subset in

embedded operating system

16K. It has a scaleable component
architecture and only the components
actually needed by the application are
loaded onto the target. Components
include a development system
(RTTarget-32), a real-time scheduler
(RTKernel-32), an embedded file sys-
tem (RTFiles-32), and an embedded
TCP/IP stack (RTIP-32). Other fea-
the On Time RTOS-32
include no run-time royalties, full

tures of

source-code availability, and free tech-

nical support. The On Time RTOS-32
starts at $1,700.

On Time
Setauket, NY
(888) 667-8200
www.on-time.com

Excel add-in

Doctor DAQ is an Excel add-in that
imports individual samples, large
waveforms, or existing worksheet data
directly into an Excel worksheet—dis-
playing real-time data—and runs ana-
log and digital I/O subsystems simul-
taneously. The product employs a
graphical interface that requires no
programming. The user also has con-
trol of various hardware functions,
including the number of points to
acquire, screen update rate, digitiza-
tion rate, source or destination work-
sheet cells, which channels to use,
bipolar or unipolar operation, single-
ended or differential operation, and
start/stop trigger setup (internal or
external, on rising or falling edge).
Both a demo mode and a lite mode
are available for free at the company’s
Web site. The full version, which sup-
ports the hardware’s entire feature set,
costs $195.

United Electronics Industries Inc.
Watertown, MA
(617) 924-1155 x 229

www.ueidaqg.com

DSP development tool

Code Composer Studio is a DSP devel-
opment software tool with visual link-
ing and profile-based compiling capa-
bilities. It supports Texas Instruments’
TMS320C64x and TMS320C55x DSP
architectures. Code Composer Studio

V. 1.2 features DSP/BIOS II, an
enhanced version of the DSP/BIOS
real-time kernel. Features of the
DSP/BIOS II include a multitasking
scheduler that handles communica-
tions among tasks, input/output con-
trol with streaming functionality and a
mechanism for writing device drivers,
real-time analysis, and real-time data
exchange (a mechanism for the trans-
fer of data between the development
system and the host development envi-
ronment). Code Composer Studio is
available now for C5000 and C6000
DSPs, with updates to be sent to regis-
tered users. For either platform, the
software package is priced at $2,995.

Texas Instruments
Santa Clara, CA
(800) 477-8924 x 4500

www.ti.com

Development software for
DSP

Software Development Kit v. 2.0 is an
integrated development environment
for DSP products. It allows customers
to convert C, C++, and MATLAB files
into BOPS ManArray assembly code
for their DSP applications. Software
Development Kit v. 2.0 includes a sys-
tem simulator; instruction set simula-
tor; compiler for MATLAB and vector
library; GNU-C compiler, assembler,
linker, and loader; VLIW packer; reg-
ister allocator; DSP libraries; and
BOPS ManArray technical informa-
tion and coding examples. Order and
pricing
through the company’s Web site.

information is available

BOPS Inc.
Palo Alto, CA
(650) 330-8410
www.bops.com
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STG

Real-Time System Analysis and Design
AxiomSys

The leading PC-based tool for modeling
System Requirements and Architecture.
Visit http://www.stgcase.com to download
a demo version and tutorial. STG provides
training classes and consulting in
requirements and architecture modeling
using the Hatley-Pirbhai method.

Conference
Technology for Real-Time System
Engineering
August 15, 2000, Hyatt Valencia,
Valencia, California.

A one day conference on real-time system
analysis, architecture modeling and software
design with Derek Hatley, co-developer of
the Hatley-Pirbhai Systems Analysis
method, Dr. Hassan Gomaa, developer of
the DARTS, ADARTS, CODARTS and
COMET Software Design methods, Vincent
Peterson, consultant, trainer and developer
of Hatley-Pirbhai CASE Tools, and Howard
Lewis, Software Manager, Manned Military
Flight Systems, BAE Systems, Aircraft
Control Systems.

Tutorial

Hatley-Pirbhai Real-Time Systems
Analysis and Architecture Modeling
Method
August 16-18, 2000, Hyatt Valencia
by

Derek Hatley of Systems Strategies,
co-developer of the Hatley-Pirbhai
requirements modeling methods.

Tutorial
Designing Real-Time and Distributed
Systems with UML
August 16-18, 2000, Hyatt, Valencia
by
Dr. Hassan Gomaa of George Mason
University, developer of the DARTS,
ADARTS, CODARTS and COMET
real-time software design methods.

Contact STG, Inc for
complete information.

STG, Inc.

28157 Shelter Cove Dr.

Saugus, CA 91350

Phone: 800.959.2451 or 661.296.3607
Fax: 661.296.5302

E-mail: info@stgcase.com

Home Page: http://www.stgcase.com

New Products

Development software with
updated Java generator
Real-time Studio v. 3.1 is a modeling
suite of development tools, whose new
features include an updated Java code
generator, increased scaleability, and
the ability to import various model ele-
ments from Rational Rose. Ease-of-use
modifications include an external
class mechanism, grid lines and color
added to diagrams, and a more elabo-
rate find tool. Real-time Studio is avail-
able now for Windows 95, Windows 98,
and Windows NT. A single-user copy
costs $4,995.

ARTiSAN Software Tools
Portland, OR
(888) 511-7975

www.artisansw.com

Hardware

Development environment
NET+OS integrates an embedded
development environment, a real-time
operating system, and NETsilicon’s
NET+Works architecture. It includes
Green Hills Software’s MULTI 2000
Integrated Development Environ-
ment; ThreadX RTOS from Express
Logic; and the NET+Works drivers,
protocols and services for the Web, e-
mail, FTP, flash, and SNMP applica-
tions. This package comes with a
NET+Arm development board includ-
ing 10/100 Ethernet, two serial ports,
two parallel ports, RAM, ROM, and a
JTAG port. Also included is a debug
tool that connects the JTAG port to
the parallel port of the development
PC and is used for code downloading
and debugging. The complete
NET+OS/NET+Works development
environment is available now for
$19,995.

NETsilicon
Waltham, MA

(800) 243-2333
www.netsilicon.com
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Evaluation system

EZKIT Lite performs initial evaluations
of DSP products, in addition to the com-
plete toolset for a given DSP family. It is
currently available for Analog Devices’
ADSP21160x SHARC family of DSPs, as
well as the ADSP-2189 M-Series. The
ADSP-2189M EZ-KIT Lite Evaluation sys-
tem consists of a stand-alone ADSP-
2189M DSP board with an evaluation
suite of code generation and debug soft-
ware. It is available now for $295. The
EZ-KIT Lite system for the ADSO-
211160M Sharc DSP is available for $595.

Analog Devices
Norwood, MA
(800) 262-5643
www.analog.com

Pattern generator

The TLA7PG2 is a multi-channel, pro-
grammable pattern generator module
designed with sequential control that
plugs into Tektronix’s TLA 700 logic
analyzer. It generates digital stimuli to
stimulate infrequently encountered
test conditions in hardware design and
software program testing. The
TLA7PG2 features up to 64 channels
per module and supports 268MHz
clock rate for data output. It’s avail-
able now starting at $12,995.

Tektronix
Beaverton, OR
(800) 833-9200
www.tektronix.com

State and timing analysis
modules

The Agilent 16750, the Agilent 16751A,
and Agilent 16752A allow engineers to
capture data on buses operating at
claimed clock speeds up to 4000MHZ.
They also provide up to 32Mbits of
memory depth and 2GHz timing analy-
sis on all channels. The new modules
are available now and are priced as fol-
lows: Agilent 16750A (4Mbits samples
memory) for $22,500, Agilent 16751A
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(16Mbits  samples memory) for
$27,000, and Agilent 16752 (32Mbits
samples memory) for $35,000.

Agilent

Santa Clara, CA

(800) 452-4844 x 7023
www.agilent.com

Board support package

The Board Support Package allows
users of Wind River Systems’ Tornado
platform and VxWorks real-time oper-
ating system to build and deploy run-
time images of the operating system on
the Adastra VNS-786 and Neptune
EBX-size single board computers. The
BSP includes all files and images neces-
sary to configure the Tornado develop-
ment environment to build VxWorks
operating system and application
images to run on the VNS-786 and
Neptune targets. The BSP also includes

a pre-built image, with Ethernet sup-
port, that can be used as the initial
means to establish communication
from the target to the Tornado devel-
opment system. Bootable from floppy,
IDE, or M-Systems DiskOnChip, the
pre-built image allows the developer to
quickly and easily download and debug
new OS images. The Board Support
Package is available now for $295.

Adastra Systems
Hayward, CA
(510) 732-6900
www.adastra.com

Chips

MPU with V4 architecture

The MCF5407 integrated processor
combines the peripheral set of its pre-
decessor, the MCF5307 device, with V4

microarchitecture. It achieves a 257
Dhrystone performance level at
162MHz. On-chip peripherals include
commonly used embedded functions
such as DMA and DRAM controllers,
timers, serial and parallel communica-
tion interfaces, and an I2C controller.
The MCF5407 is packaged in a 208-pin
plastic QFP and is built in a 0.22-micron
QLM technology. Production will take
place in the third quarter. The device
will initially be offered for commercial
temperature operation at 162MHz. It
costs $19.95 in 10,000-unit quantities.

Motorola

Austin, TX

(512) 895-6217
www.motorola.com

Flash-based DSP family

DashDSP is a series of flash memory-
based embedded digital signal proces-. .,

C/C++/EC++ Compilers

True Time Simulator

Real Time Kernel
Peripheral Builder

Motorola

PowerPC

Philips

BO51XA
STMicroelectronics _
ST7.8718, 8119
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Hiware USA Hiware

Real Time Debugger
I/O Simulation and Stimulation

HCO05, HC08, HC11, HC12,
HC16, M« CORE, M68xxx/3xx,

BDI BDM / JTAG Interfaces

Hiware France

www.hiware.com
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CMP MEDIA PRODUCT CATALOGS

Complete Embedded Product Information

Available Now!

ARM Development Guide

AMD Fusion E86 Catalog

(AN Solutions Directory

DSP Source Guide

Embedded Internet Source Guide
8051 Product Directory

Flash Memory and Components
Source Guide

Hitachi Development Tools Catalog

IP Catalog for System-on-a-Chip
Design

MIPS RISC Resource Catalog

Philips 80C51 + XA Development
Tools

PowerPC Resource Guide
Siemens Microcontroller and DSP
Development Tools Guide

USB, PCl and CompactPCl
Connectivity Solutions and
P(/104 — PC/104-Plus Catalog

VantagelSI Partners Catalog

X86 Catalog: induding 586
& 686 Derivatives

Windows® CE Product Catalog
Windows® Embedded Catalog

v
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3 easy ways to get |r e o
your FREE product |
catalogs:

1. pick them up the Embedded
Systems Conferences

2. order online through
www.embedded.com

3. call 1-800-500-6815 in
the U.S., 1-785-841-1631
outside the U.S.

Check out all the product
(010'095 (li WWW.embedded.COm Additional charge applied to multiple orders




New Products

sors that integrates Analog Devices’
ADSP-21xx-compatible 16-bit fixed-
point DSP core, a three-phase 16-bit
pulse with modulator, analog circuits
(including a 10-bit A/D converter), volt-
age reference, current/voltage sensing
circuits, a power-on reset, a serial com-
munications port, and flash memory.
The first members of the DashDSP fam-
ily are available. Pricing for the
ADMCF326 AC induction motor and
the ADMCF328 brushless DC motor is
$10 in 25,000-unit quantities.

Analog Devices
Wilmington, MA
(781) 937-1799

www.analog.com

Communications processors
The CS2000 family of communica-
tions processors provides a com-

plete and reconfigurable platform
that delivers 24,000 16-bit MOPS
(million operations per second);
3,000 16-bit MMACS (million multi-
ply-accumulates per second); and 50
channels of cdma2000 chip-rate pro-
cessing, geared for use in communi-
cations infrastructure. Each product
in the CS2000 family features a 32-
bit RISC processor, a memory con-
troller, a PCI controller, and a
reconfigurable processing fabric, all
interconnected with a high-speed
system bus. The first product in the
CS2000 family, the twelve-tile
CS2112, will sample in the third
quarter. Pricing will begin at $295
each in 100-unit quantities.

Chameleon Systems Inc.
Sunnyvale, CA
(408) 730-3300

www.chameleonsystems.com

OEMs

Single board computer

The Elf Single Board Computer is a
battery-powered platform designed to
address form-factor industrial/milita-
rized instrumentation applications
that are serviced through standard
peripheral (PCMCIA, IrDA, serial
ports, telecom/audio codec) and sim-
ple I/O (10-bit A/D converter, gener-
al purpose 1/0 pins). The Elf contains
onboard NiMH and NiCAD battery-
charging circuitry, self-refreshing, low-
power DRAM, standard peripherals,
onboard multi-voltage power supply,
and direct support for several QVGA
and other displays. The price for the
ELF SBC is $650.

DVP Inc.
Rockville, MD

DOS COMPATIBLE

FILE SYSTEM

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,
PCMCIA, Compact Flash

CDROM Support Available
100% 'C' Source Code* Royalty Free

aded Sy. Visit Our Web Site at:
& %, www.ertfs.com
& %
torLrree | 800 428-9340
Outside U.S. Call 978 448 9340

iy [
oftwat email: sales@ertfs.com

Dinkumware, Ltd.

Genuine Software
www.dinkumware.com

Now for Linux

DY
C++ & C Libraries

Dinkum C++ for GCC/Linux
includes Dinkum C Library
Single User License starts at $90

Dinkum Abridged for WIN/CE
includes Dinkum C Library
Single User License for $400
C Library

Dinkum C Library for VC++
Single User License for $100

Single User License
Immediate Delivery From Web Site

*Dinkumware & Dinkum are Registered Trademarks of Dinkumware, Ltd.
Windows is a Registered Trademark of Microsoft Corporation.
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New Products

(301) 670-9282

www.omnimeter.com

TNet

The SF810 micro NLX is a small form-

factor motherboard based on the Intel

SF810 micro NLX. Intel 310 motherboard from Radisys.

810 embedded chipset with an inte-
grated VA controller. Expansion cards
are mounted horizontally in a riser

card. The SF810 features a PanellLink
controller for DFP/DVI flat panel
monitors, and Intel 82559ER 10/100
Ethernet controller, an AC97 audio,
and a PCI/ICA bridge. It has a
PGA370 processor socket for use with
Intel Celeron and Pentium III proces-
sors and two SDRAM sockets support-
ing a maximum of 512MB SDRAM. It’s
available now, with prices ranging
from $239 to $534.

Radysis Corp.
Hillsboro, OR
(503) 615-1100

www.radisys.com

| 4
rast

Ethernet controllet

The ENET VIII, a PMC card with a Fast
Ethernet controller, features eight
independent 10/100 Base-Tx Ethernet

channels based on Intel’s 82559 single-
chip MAC/PHY controller. Each chan-
10Mbps or
100Mbps, and each channell supports

nel can operate at
both half- and full-duplex operation.
The ENET VII also includes a digital
semiconductor to 21150 PCI-to-PCI
bridge, which enables data transfer on
the ENET VIII's local PCI bus to occur
in parallel with those of a baseboard
PCI Local bus. In addition, it provides
front-panel access to four Ethernet
channels via custom and standard
backplanes. It operates from a 5V sup-
ply and comes with drivers for
Windows NT, VxWorks, and QNX. It
available now for $599.

General Micro Systems
Rancho Cucamonga
(909) 980-8463

\’VWW.;;INS‘;\/IN(‘ com

Free Onboard TCP/IP on this
Feature-rich Embedded PC

PA - Embedded Netsock™

*Free DOS
,compatible 0S

Call or visit our

website for the Netsock/100

data sheet or a FREE
284-page Handbook

MICRO/SYS

Glendale, CA

(818) 244-4600 * Fax: (818) 244-4246
www.embeddedsys.com
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32/64-Bit CPU

Development Boards

Lo CMA

* MIPS

* Power PC COGENT

* M-Core MODULAR
ARCHITECTURE

« PCI

Cogent Modular
Architecture

(CMA) - a series of
flexible development Lt
platforms offering B

advanced on-board /0, B & | & 2 2 B
PCI expansion and H_E_=u
interchangeable CPU
Modules for a variety of
32/64-Bit architectures.

Cogent Computer Systems, Inc.
Tel: 508-278-9400 + www.cogcomp.com




Ericsson IP is Redefining the Telecom Industry.

www.ericsson.com/datacom/careers/

* Senior Interface Software Engineers

* Software Tests/SQA Engineers L

» Senior Digital Design Engineers {

» Senior Software Engineers/IP Routing
Protocols

¢ Interface Software Engineers

» Software Engineers/Systems Access |
Mobile Engineers I

* Systems Management

e Senior ATM Software Development
Engineers

* ATM Software Development Engineers

Every day, Ericsson IP is
redefining the industry.

As the pacesetting unit within Datacom Networks, Ericsson IP is
breaking wire speed barriers every day with the most advanced
Gigabit Routers yet made. Our organization represents the abso-
lute cutting edge on the highest level of our high tech industry.

We're focused on going further and faster because we espouse
Datacom’s mission to lead the evolution of current telecommuni-
cations networks. Datacom answers the question of how to have
ISP/Data, Wireline, Wireless and Cable through one Multiservice
Network. Datacom does it by providing solutions through its end
to end product portfolio. And that's where Ericsson IP shines the
brightest.

Our AXI 540™ Edge
Aggregation Router is the

It's an optimized tool for service provider networks and is de-

signed specifically for the Internet aggregation market. It offers a
next-generation, fault-tolerant router architecture and a compre-
hensive, broadly deployed suite of Internet routing software. The
AXI540™ Edge Aggregation Router features line-speed routing,
high-density traffic aggregation, and advanced traffic manage-
ment features such as service differentiation, VPN provisioning,
and traffic engineering.

322

i

&5

A corporate culture as
advanced as our products.

Although we are alarge, super speed, high tech company we have
never given up our small start up company mentality. Our com-
pany is imbued with a spirit of employee empowerment and an &
attitude of positive expectation. Our people expect success and
the result is a work environment that fosters the highest level of
both personal and corporate achievement.

Ericsson IP has the best of both worlds: a global presence along
with the distinct feel of family. We're proud of the fact that more
than 10% of our top level engineers are women.

As we tell our staff when they first join us, when you work with the
very latest technologies, you will truly sharpen your career on
today’s cutting edge. If you are up to the challenge, please rush #8
us your resume (indicating position of interest). Email address
jobs@torrentnet.com ASCII text format preferred. Fax 301-586-
8111. EOE. Resumes are treated as confidential.
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Having
problems A :
landing ; MicroC/0S-II
qualified

embedded @ &

| (/’?\ C{O |

Understand RTOS Internals

s1931e) pappaqui3

?

Advertise in v ¢ -
i Embedded -
Systems

] )
Programml.ng S Learn the inner workings of an RTOS! This latest release
! career sectlon! of MicroC/OS has been completely revised and includes
many new features. It is a completely portable,
ContaCt Sam ROMable, preemptive real-time kernel. Complete code
is included for use in your own applications.
ISBN 0-87930-543-6 * $69.95

CALL: 800-500-6875 | FAX: 408-848-5784
E-MAIL: rd@rushorder.com ESPF99

SEARCHING FOR A

MICROCHIP TECHNOLOGY INC.




workingEngines|“inc]

Rosi=P C “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 Practice focuses exclusively
on positions requiring VxWorks expertise.

R0 3= 16 2187 2E5M 51640

www.workingEngines.com
W W o W R0 D s TG 0 M

{Complimentary resume & interview support. All fees employer paid.}
VxWorks is a registered trademark of Wind River, Inc.

dlalalaalalalalatataTalal

j

scientific.com

Software and Hardware
Professionals.
Nationwide opportunities available for:
 Engineers/Designers
cfPeStersNeﬁfiéation
o
.

Free Resume Assistance
All fees are employer paid

DESIGN/DEVELOPMENT N S
ENGINEERS: cE/Q
OPPORTUNITIES IN:

Wireless Communications (Data, PCS, Cellular, Networks, Satcom),
Digital Imaging, Computers, Software, Semiconductors, Medical,
CATV, Defense, Process Control, Consumer Electronics

SKILLS IN ANY OF THE FOLLOWING:

Embedded SW, 00D/O0P, C, C+ +, WindowsNT/98, Solaris/UNIX,
JAVA, BIOS, VRTX, PSOS, DSP, MIPS, PCI, VME, Mixed Signal,
ASIC/FPGA, VHDL/Verilog, Device Drivers, System Architecture,
LAN/WAN, IP, Wireless Design, COMA, GSM, Video Compression

National Engineering Searchs 800/248.7020

is the leading search firm placing

Engineers nationwide. Contact us Fax: 800/838-8789
for immediate access to today's esp@nesnet.com
most exceptional engineering career S e e

opportunities! Our clients range opportunities on-line at
from Blue Chips to today’s newest

emerging technology companies.  F1@SNEt.comM

What are you worth?

* $ee our Online $alary Calculator!

EDS is growins.
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 career.
We offer excellent training, competitive salaries, and above all, room to grow.
We provide cutting-edge systems and insights to top clients worldwide. If you're
looking for a dynamic environment with all the opportunities you can handle,

send us your resume today.

Senior Embedded Systems Software Engineers

* Embedded programming for microcontrollers using C and Assembly
language including interrupt handlers and use of real-time executives

* Motorola 68HC11, Motorola 68332 Microprocessor experience

* Algorithm development, device drivers, SLC, Project Management, Formal
Configuration Management, Bench development skills, J1850 and CAN

Embedded Systems Software Engineers

C or Assembler programming, Microprocessor Architecture and Interfacing
experience, real-time microprocessor program development, Software
Development Lifecycle, Requirements Analysis, Software Design, Coding,
Unit and Integration Testing, Bench Development skills.

Engineering Associates
* 4-year degree in Electrical Engineering or Computer Engineering required

All positions require relocation to Southeast Michigan. Please mail, fax or
email your resume, indicating position of interest, to: EDS Recruiting, Dept.
72-9578, Attn: Deborah Polvi, 700 Tower Drive, 5th Floor, Troy, MI 48098;
Fax: (520) 833-9309; Email: deborah.polvi@eds.com.

DS

EDS is a registered mark and the EDS logo is a trademark of Electronic Data Systems Corporation. EDS is an equal opportunity
employer and values the diversity of its people. Copyright ©2000 Electronic Data Systems Corporation. All rights reserved.
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LAN interface

©C/Ct+level |
Chameleon |

Debugger |
* Multi-core |

debugging

800-838-8012

805-523-9774 |

Fax: 805-523-9776

11992 Challenger Ct. * Moorpark, CA 93021

youtimeandcost. 49«,“ i

forld SBC’s include:
Digital I/0 to 288 = Ethernet
| = A/D&D/Aconverters ® Tlme/Dateclock !
# RS-232/RS-485 ports  ® Free tech support
Orderonline@
www.zworld.com
or call toll free 888.362.3387

j . Spafford Street, Davis, CA 95616 USA
o ' U(LD Te|530757.3737 +Fax 530.753.5141

| Fast. Reliable. Atfordable.

EMP-20 EMP-10
$449.95 - 5 $219.95

Parallel port e
EMP-30 S PC based == fF
$995.00 $139.95
NEEDHAM'S DEVICE PROGHAMMERS are the easiest and most
cost-effective way to read, program and verify 2716 - 8 meg
EPROMS. Support for Micros, Flash, EPROM, 16-bit, PLDs, Low
Voltage and Mach (call for support list for specific models, or download
demos from our BBS or web site). Easy to use menu driven
software features on-line help, and a full-screen editor. Support
for macros, read and save to disk, and split and set options.
« Free technical support » Free software upgrades
* 1 to 2 year warranty on all parts and labor
* 30-day money-back guarantee » Made in the U.S.A.
* All models include software, on-line help, cables, and
power transformers (where applicable)

(916) 924-8037

NEEDHAM ELECTRONICS, INC.
4630 Beloit Drive, #20, Sacramento, CA 95838
FAX (916) 924-8065 * BBS (916) 924-8094 C€

(Mon. - Fri. 8 am - 5 pm, PST) N,
http://www.needhams.com/ & @

Wlndo SR
t E Single Bo omuter
Embedded C omputer

$199 Qty 100

Visual Basic or Visual C/C++

Small Powerful & Easy To Program.

Plug the CE-Minus-SC400 (486 SBC) into " " 1P
your next custom design or into our CE-Plus

and LCD-Plus 1/0 expansion options. The

CE-Minus is easy to program using our

custom ported Windows-CE & Tools.

www.RLC.com

E nterprises, Inc. Touch Screen
Toll Free 1-888-RLC-TECH Standard

2.5" x 4.5

Monochrome
Display

Emulators that change

50 you don't have fo.
LV48 Series

 Supports over 5500 devices
* Low voltage o 1.8V
 Windows 95/98/NT software
o EPMaster $495

o Micromaster 5995

...mnowcnon

iSYSTEM™ in-circuit emu-
lators and software pre-

Mah"x i serve your investment in

o Reliable, high speed production ‘ time and capital. Migrate to
programmers B any of 300+ devices with a simple

© 28F800 9 sec program !

. U'nk up 1o 48 sites with no loss
0l

68HC05/08/11/12/16
68K, 683XX, MCORE,
MPC, 8051, 80X86,
swap of the pod or a software setup. €500, Z80/180, CR16,
And retain the same user interface PIC AND MANY MORE.
with winIDEA™, our integrated development environment.

G e 1 888 ICE 2305 Adaptable, powerful, and easy to usethat's great value.

;ﬁ'mum'osnw hlﬁ;%%b o | Call for your free demo CD
Mateo, . ‘ 1 888 543-5300
iceusa@icetech outside US/Conada call:

S usa@isystem.com

www.icetech.com +1 650 375 0427 ;
credit cards accepted Wi diysima con

I 1/4 VGA User
Interface

romj(C L

withTrace

The Leader in Memory Emulation

* Trace to pinpoint startup problems
and isolate real-time bugs.

» Code Coverage to verify execution

@ Crystal Clear, Complete, Program in C/C++
b : : and speed up QA.

@ 320x240, Touch Screen, 14 Keys, CCFL
@ 6.5'x4.3", 80+ 1/0s, ADC, DAC, 3 serial ports
® Am188ES/i386EX + SED1335, EE, SRAM, ROM/Flash §

Low Cost C/C++ Development Kits for 30+ Low Cost §
16-bit Controllers with ADC, DAC, Solenoid drivers, §

¢ Ultra-fast downloads via Ethernet,
parallel and serial ports for Unix,
Windows 95/NT and DOS.

Save time and money!

Call Toll Free:

relays, PC-104, PCMCIA, LCD, DSP motion control, § o
10 UARTs, 300 I/0s. Custom board design. E Grammar Englne Inc.

1724 leu Ave., Suite A
616 USA

TERN r.l sso m 0180 * Fax: 530-758-0181
hitp://www.tern.com

N C hrn@neuum om

1-800-776-6423

www.gei.com




8051, 80C196
PIC® AVR®

Integrated Development Systems:
Compilers, Simulators, Programmers,
In-Circuit Emulators

Non-intrusive, with trace feature, hardware uncondi-

tional & complex breakpoints, triggers, programma-

ble clock, memory mapping & banking, full project &
source level support for C compilers...

www.phyton.com

(718) 259-3191 PhytGn

= Programs over 1200 devices
(E(E)PROM, Flash,Serial, PALCE, GAL,875x/895x,
93Cxx, 17xx,PIC16xx)

= Fast parallel link to any PC, even laptops

= 40-pin universal pin driver and current limit

= On-board processor and built-in power supply

= Unbeatable programming speed

= Checks for incorrect device insertion

= Automatic EPROM ID search

= Supports WIN95/98/NT

= NO fans & modules are required in circuit

= Made in USA, Lifetime free software
= Visit web site for demo software
Sunnyvale, California, USA
Tel: 408=734=8184
EE(//TooLS Fax: 40827348185
www.eetools.com

is a full fectured
cross-platform,
mulfi-target
microcontroller
development environment.

Environment

CODE comes with a full year of technical

sSource Level Debugger
Development

V‘esta Technology, Inc.

Single Board Computars for the 21st Century

SBC2000-

"The best emulator
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

hltex ik « code coverage

DEVELOPMENT TOOLS « performance analysis

0-45-hitex  www.hitex.com

The MetaLink
value!

We support
Analog Devices,
Atmel, Dallas,
Intel, Motorola,
National, NEC, OKI,
Philips, Sharp, SST;
Siemens, Temic,
Winbond
Headquarters, Arizona, USA  MetaLink - Europe GmbH
Tel: 480.926.0797 Tel: 49 (8091) 56960
Fax: 480.926.1198 Fax: 49 (8091) 2386
sales@metaice.com islinger@metalink.de
www.metaice.com www.metalink.de

®Windows-Based Interface
®Source-level debug
®Real-time
®Non-intrusive
®Priced from $499

AN

WEL Corporation

Debugger+Programmer

J‘W -
Complate System $815 = ‘:E
FR E E o= :

Demo/Prototype board

All tools qualified by L=
Scenix Semiconductor sx-lsn
« Supports 5X18/20/28/48/52 « In-circuit run-
time debugging e Real-time code execution
« Source level debugging e Built-in programmer
« Real-time breakpoint « Conditional animation
break e External break input « Frequency
synthesizer « Selectable internal frequency
« External oscillator support « Software trace
« Unlimited watch variables « Parallel Port
Interface « Runs under Win 95/98/NT
« Comes with SASM Assembler

Single, Gang Programmers and SMT adapters
are also available

Dallas, Texas

Tel 972.980.2960 WWW.adv-transdata.com

He 4

e PIC-ICD

= Debugyer + Programmer + DemoBoard

« Designed for 16F87X « Can also support
most 16C6X/7X e In-circuit run-time debugging
« Real-time code execution « 2.5-6V operating

voltage e Source level debugging e Built-in

programmer o Real-time breakpoint

« Conditional animation break 2 External

break inputs « Selectable internal frequency

« Software trace « Unlimited watch variables
« Parallel Port Interface o Runs under PICICD
IDE (Win95/98/NT) or MPLAB (Win95/98)

. . - -
Dallas, Texas

Tel 972.980.2960 WWW.advu-transdata.com

RE G

PIC16/17 Emulator

Complete system - 2
starfs at $599 f"‘s" % Lk
RICET7A
e For PIC12/16/17 « 3-5volt emulation « 64K
program memory « 32K real-time trace
« 12-clip external probe « Source level
debugging e External break input e Trigger and
break output e Real-time breakpoint
» Unlimited software break and trigger points
« Selectable internal frequency « Unlimited

watch variables e Parallel Port Interface « Runs
under Win95/98/NT

Probes for 16F87x and 16€77x by Jan 2000
With data break support

ROA T 1 O N

Dallas, Texas

Tel 972.980.2960 WWW.advu-transdata.com
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From the Author

of WATTCP INCIve

i
DOS s
Realtime :
Kernel with
TCP/IP Support

Preemptive & Cooperative threads
Critical Section Protection
Interthread Messaging

Complete Re-entrant TCP/IP

Web, CGI, FTP, Email, Telnet
Web Graphics

The pFlashTCP gives you 10BASE-T
Ethernet connectivity, a full-function
TCP/IP stack and 2 serial ports in a pack-
age 30% smaller than PC/104 solutions.

Field-proven TCP/IP stack, DOS and PC-
compatible BIOS make development quick

and easy. Prices start at $169 gty 100.
Development kits are available.

Interrupt-driven Serial Support
Call 530-297-6073 Fax 530-297-6074

Check our web site for the latest updates . www.ertos.com
www.jkmicro.com/uflash Call 530-297-6073 Fax 530-297-6074

JK microsystems JK microsyste g .

Complete PICmicro” Blunk

Microsystems
Development System

$5K RTOS

$5K LAPB

$5K TCP/IP

Get the TOTAL Package for only @D $5K Flash File System

$699

PICmicro® In-Circuit Emulator
PICmicro® Assembler
PICmicro® Debugger
Windows® IDE

“ Royalty-free
[ZI Source code included

[ CodeWarrior™ CPU32
and MPC860 Integration

(408) 323-1758
www.blunkmicro.com

ClearView™ Mathias is a full-featured In-
Circuit Emulator with a highly productive
Development and Debugging environment for
the PICmicro.

SB-56K Multi-DSP Emulator

Fully emulates the selected PICmicro,
including program memory, register
memory, EEPROM, /O activity, SLEEP
mode and all peripherals.

Intuitive, Easy to Leam full-featured
= s ; environment with integrated ClearView
TDE provides integrated source-level  Debugger.

- debugging for ALL popular PIC

Support for the Motorola DSPs:
DSP560xx, DSP563xx, DSP566xx, DSP568xx

SB-56K supports any combination and any count (up to
255) of the devices from the above families. With its
accurate counter allowing to measure code execution
(benchmarking), small size (1"x2.5"x4"), high speed
RS-232 interface, the SB-56K can provide independent
support for multiple devices with option to access each

device on the target board from different workstations
m ?72 9392 Fax. (972) 494-5814 Email: sales @tech-tools.com connected through LAN, WAN or Internet.

e - D 1700 Alma Dr.,#495 Plano, TX 75075
Copyright © 1999 TechTools, PO, Box 462101, Garland, Texas 75046-2101 « ClearView, CVASM16, PICwriter, PICstation, the “Wizard’ OMAIN Tel.:(972) 578-1121 | Fax: (972) 578-1086
symbol and TechTools are trademarks of TechTools, PO. Box 462101 Garland, Texas 75046. * PICmicro is a registered trademark o 1 CHNOLOG|ES s info@domaintec.com

h

www.domaintec.com

Microchip Technology. Inc. * All other trademarks are trademarks or registered trademarks of their respective company.
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Over 55,000
Qualified
Subscribers

call toll free

GALEP-II

Pocket Multiprogrammer
GALEP-/ |

# Programs 8-bit and 16-bit
EPROMs, EEPROMs, Zero
Power RAMs, Flash, serial
EEPROMs & GAL, PALCE,
ATF & 87xxx, BPxxx,
PIC12/16/17Cxx # All DIL i
devices without adaptor ¢ Lightning fast
paralle! data transfer (e.g. 27C512 read/compare 2 secl) ® Power
supply independent due to rechargeable battery ¢ Uses PC printer
port  Hex, JEDEC, and binary file formats ® Hex and fusemap
buffer editor ¢ Split & shuffle for 8-bit, 16-bit and 32-bit targets ¢
Runs under Win3.1, 95, 98 ® "Remote control by DDE scripts
Designed for the future due to flexible pin driver technology - new
devices will be added every month @ Device list, demo software and
lifetime free updates from our website www.conitec.com!

GALEP-11I Set with cable, battery, recharger... $333,00

PLCC Adaptor for 8-bit EPROMs / 16-bit EPROMs / GALs .... each $149.00

S_é CONITE( 155! 4thAve. Ste 201 «San Diego, CA 92101
— Tel: (619) 702-4420 « http://www.conitec.com

Serial in, graphics out.

Almost too e

G12032 Serial Graphics Display
120x32-pixel LCD w/backlight
Jump-start your design project with our
easy-to-use serial graphics LCDs. Works
like a tiny terminal at 2400 or 9600 bps.
Stores custom fonts, bitmap screens in
EEPROM. Order today, show a product
with a graphics display tomorrow!

www.seetron.com

Scott Edwards Electronics, Inc.
phone: 520-459-4802 fax: 520-459-0623

\ The Debugging Gmpanj

Real-Time

> 888-88-DEBUG

www.noral.com

info@naral.com

3865X40 PC104 Embedded Controller

— " —

|+ 4S/{P/DE/KB/FDD/DIO on board
+ 7 Level Watch Dog Timer

* Support DOS, Window 3.X, Linux, XvyWork, and QNX
= 145mm x 102mm (5 3/4"x4"). 2 side PCB

Other PC/104 relative products available:
486SX,AC/DC, Digital I/O, Ethernet Link, 4 Port RS232

NUCLEUS Electronic Corp. 8§00-683-7335
Tel: (909) 468-5700 hitp:www.nucleus1.com
Fax: (909) 468-5704 Email: info@nucleus1.com

Production and Engineering Programmers
Extensive support for
Microchip PICs and others,

Wide variety of package types supported.
Thousands of happy customers worldwide
are living proof of our product quality.
Please contact us and find out why
Advin is your best choice.

—Accept trade-ins of out-dated Data I/O models —
www.advin.com
1-888-GO-ADVIN  408-243-7000
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FREE SUBSCRIPTION REQUEST FORM

EmheddedSystems

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.

-I Do you wish to receive/continue to receive
«EMBEDDED SYSTEMS PROGRAMMING?

L] YES 0w

Signature (required) X

Name (please print)

Date

Job Title

Company Name

Address [JWork [JHome

Mail Stop

" City State Zip

Phone ( )

Fax: ( )

E-Mail:

If you do not wish to receive future communications from CMP/Miller Freeman, Inc. via e-mail please check here (]

If you would prefer delivery to your home, please complete home address.
Company name and address are still required to qualify.

Address

City State Zip

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 [ Architecture Selection/ Specification

02 [J Writing Software for Embedded Systems

03 [J Writing/Embedding Real-Time Operating System/Kernel
04 [J Debugging Software

05 O Debugging Hardware

06 [J Hardware/Software Integration

07 [J Hardware/Software Co-Design

08 UJ Device Programming

09 O Project Management

11 O Software Design/Analysis

12 0 Prototype Testing

13 [ Designing Hardware for Embedded Systems
14 [0 Board Layout/Design

17 J Hardware/Software Co-Verification

18 [J Hardware/Software Partitioning

19 O Software Testing

20 [J SOC (System-on-Chip) Design

21 [0 Internet Appliance Design

15 O Other (please specify)

16 [J I'm not involved in Embedded Development in any way.

www.espmag .com

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 [J Engineering Management (i.e., Technical Director, Chief Engineer,
Department Manager, Group Manager)

03 [0 Software Engineering/ Programming/Development Management

(i.e., Sr Software Engineer, Principal Software Programmer)

Systems Engineering/ Development Management

(i.e., Sr Design, Hardware, or Test Engineer)
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Engineering/Programming Personnel
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07 [0 Systems Engineering/ Development (i.e., Design, Hardware, or Test Engineer)
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ICs and Semiconductors Software

01 O Microcontrollers/ 36 [J Real-Time Operating Systems/
Microprocessors Kernels

02 O] 4/8-bit pnC/pP 37 [0 Compilers/Cross Compilers

03 [J 16-bit pC/pP 38 [ Assemblers/ Cross Assemblers

04 [0 32-bit pC/pP 39 [J Software Debuggers

05 [J 64-bit pC/pP 40 O Object-Oriented Design Tools

06 [] X-86/Pentium 41 [J Simulators/Modeling Tools

07 [J Digital Signal Processors 42 [J Version/Change Control Software

08 [J EPROM/EEPROM 43 [0 Communications Software/

09 O Flash Protocols

10 [ DRAM/SRAM 44 [J ROMable DOS Tools

11 [0 Communication ICs 45 [J Device Driver Tools

12 [0 Media Processors 46 [0 Embedded Databases

13 [0 CPLDs/FPGAs 47 0 Embedded Web/Internet Tools

14 [0 System-on-Chip (SOC) 48 [J GUI Development Tools

15 [0 MCU Peripheral Chips 49 [ Open Source Tools

16 [J Hardware IP/Cores 50 [J Java Tools

System Boards 51 [ Software Testing Tools

20 [J Single Board Computers 52 [J Integrated Development

21 [J VME Boards Environments (IDEs)
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02 [J Communications/Telecommunications/Networking
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October 16-19, 2000 * adam’s Mark Notel * dallas, X, usa

eeting
of the
Minds

4 easy ways
to register

dttention signal processing
engineers and programmers!

Don't miss this unique opportunity to enhance your signal processing
knowledge and design skills. Take advantage of the many opportunities
available this fall to enhance and update your signal processing knowledge
at ICSPAT, the premier international forum for emerging signal processing
research and development.

At ICSPAT, you can review cutting-edge research from around the world.
Hundreds of white papers will be presented in more than 30 application
areas including: Audio, Biomedical, Communications, Industrial Applications,
Image Processing, Multimedia, Robotics, Telephony and more!

caP

what you'll get at icspat: FETIMES

» 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 bl et
» Tutorial and plenary sessions as well as free product training commumcatmn
* A chance to network with engineers and researchers from around the world (Rs\g"igll
* Industry activities including the Vendor Seminar Series with leading industry representatives
 The official proceedings on CD-ROM

AP

For a complete listing of ICSPAT lecture and poster abstracts, plus a

comprehensive guide to plenary sessions, special events and industry EmbeddBdSySIemS
activities, go to www.dspworld.com.

Special events include: .
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New for 2000...

mheddedSystems

CD-ROM Library
1988-1999

The Embedded Systems Programming CD-ROM Library
Release 5.0 contains all columns, features, news items,
editorials, and source code from the 1988 premiere
issue through the December 1999 issue. This time-saver
contains a powerful text search engine and is a must-
have for veteran readers and for those new to Embedded
Systems Programming, the preeminent source of
embedded development for more than 11 years.

Features Include:

* All columns, features, and source code from the
~ premier 1988 issue through the December 1999 issue

e More than 1,200 articles—all columns and features
¢ A powerful text search engine

* The entire 2000 Buyer’s Guide—more than 1,200
products covered in detail

* Code you can copy directly into your designs
¢ Windows, Unix, Linux and Mac compatibility
¢ All past and present author biographies

e Links to updated information on www.embedded.com

$79.95 new $29.95 upgrade

ways to order:

online e-mail
www.embedded.com orders@mfi.com

phone
(800) 444-4881 U.S./Canada
(785) 841-1631 other countries

Order it Online today!
www.embedded.com




Ten Years Later

June 1990. DSPs were a rarity.

Embedded 32-bit processors were vir-
tually unheard of. C++ was an idea
rather than a product. In fact, even C
was only just coming into its own as a
standard language for building
embedded systems. Address spaces
were small, as was the firmware.
Products were all far more power-hun-
gry than today.

June 1990 was also the first time
this column appeared in Embedded
Now, 120

columns, a decade, and too much

Systems  Programming.
gray hair later, I have to admit to hav-
ing learned a lot from the readers of
ESP magazine and my “Break Points”
column.

In the last decade readers have sent
me literally thousands of e-mails,
which, without exception, have been
thoughtful and interesting. Even when
we have disagreements, no one sends
ugly flames; instead there’s a thought-
ful and polite attempt to change my
errant thinking.

And we do have disagreements. I've
that M-word
(Microsoft) without immediately fol-

learned using the
lowing it with “stinks” (or something
stronger) riles folks faster than any
other subject. The level of passion
takes my breath away.

I've learned that open source is not
a fad. When I write about how the
open source movement bothers my

capitalistic sense

that making money

is a good thing—readers respond with
compelling reasons why the market
may be changing. So compelling, in
fact, that I really don’t have good argu-
ments anymore against open source.

Clearly, the market demands new code

distribution models, and this is one
that seems to satisfy many customers’
needs. And we're seeing that compa-
nies are smart enough to find ways to
profit from the movement.

I've also learned that developers
have, by and large, a hate-hate rela-
tionship with their tools, which is part
of the motivation for open source.
When pressed, many engineers will
sing the praises of a particular compil-

Jack G. Ganssle

never go away. Ever. Analysts and pun-
dits have told me they see eight and 16
bits disappearing over the next year or
two, but developers disagree. I'm con-
vinced we’re on the brink of an explo-
in embedded
embedded processing filling every

sion systems, with
conceivable niche in our lives. Some
of this will be the Internet appliances
whose hype saturates all media chan-

nels. Much more will be tiny bits of

Everything has changed. And yet much remains

the same. Jack reflects on 10 years of his column

and the changes he's seen.

er or debugger, but the general dissat-
isfaction level with tools is truly scary.
Bugs, poor support, code bloat, and a
wealth of other problems infuriate the
embedded
ignore this at their peril.

community. Vendors

While most computer users find
the GUIs
improvement

of today a refreshing
over command-line
interfaces, many developers still find
any GUI distasteful. I disagree, since
running a half dozen open windows is
quite efficient, but I have to respect
the large mass of readers who long for
the simpler and perceived more pow-
erful days of DOS. Though this is a
point of disagreement, we do come
together in yearning for tools that eas-
ily support automatic operation,
rather like the batch files of yesteryear.
It’s painful to click through a lot of
menus to do any repetitive operation.

I've learned that eight bits will

processing, from smart tools to clever
pens and intelligent wires. None of
these needs a 32-bit monster.

When I look at how embedded
design is changing I see some intrigu-
ing technologies that were either not
available a few years ago, or were crip-
pled by cost issues. For instance, IP
cores, though not at all cheap, are now
available in a wide array of configura-
tions. FPGAs surround standard archi-
tecture CPUs. DSPs greatly reduce the
amount of analog electronics required
in many applications.

On top of these technology trends,
firmware is growing ever bigger,
requiring what would once have been
considered vast arrays of memory.
Time-to-market windows continue to
shrink, which is awfully scary when
coupled with increased code size.

Perhaps the embedded world is
headed in a couple of directions
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July 11-12, 2000 ® Hynes Convention Center ® Boston, MA
Bring this ad with you or register today to avoid on-site lines!

www.embedded.com/summer

EMBEDDED
SYSTEMS
CONFERENCE

New Expanded Show Floor SUMMER

ESC Summer’s show floor puts you directly in front of today’s
hottest embedded products. The casual product exhibition with
60+ companies allows more opportunities for one-on-one dis-
cussions with leading vendors. Plus, you'll have two days to
see the exhibits —1 1/, more days than in ‘99. Expect straight-
forward information in a low-hype, high-tech atmosphere.

Exhibit Hours : ;
Join us and you’ll see:
Tuesday, July 11
12:00 pm - 7:00 pm m Embedded Internet Tools = DSPs . /
. m RTOSes m System-on-a-Chip Technologies
Wednesday, July 12 m Java for Embedded Systems  ® Development Tools
10:00 am — 4:00 pm m MCUs/MPUs = Emulators/Simulators
Keynote Address
Jim Turley
“Reformat the Dog:

The World of Weird Embedded Systems”
Tuesday, July 11 ® 10:30 am — 11:30 am

Jim Turley, author of PC’s Made Easy and Advanced 386 Programmmg“‘ il
Techmques asks, “Where do you want your embedded system to go today? How about up
the digestive tract of a senator? Or to Mars, currently the farthest reach of the PowerPC? Do
you know about the Internet-enabled lawn sprinkler or the electronic musical lollipop?” A
mixture of technology analysis and plain old weird, Turley’s talk includes the strangest, odd-
est, most fascinating, and most bizarre uses you’ve ever imagined for embedded
microprocessors. It should stimulate questions and raise an eyebrow or two. Turley is vice
president of marketing for ARC Cores, Inc., in addition to being an editor, speaker, and indus-

try analyst specializing in microprocessors for handheld, portable, and embedded applications.
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“Summer Salsa”
Tuesday, July 11 ® 5:30 pm — 7:00 pm

Join us on the show floor to kick back, network with other embedded
engineers, and visit the exhibits. This is a great opportunity to talk to
the vendors in relaxed mode after they’ve rolled up their sleeves. ESC
Summer sizzles when we serve up margaritas, cervezas, soft drinks,
and south-of-the-border treats on this hot! hot! hot! Summer Salsa
night. Past attendees say they’ve made some of their best deals dur-
ing this reception, so get ready to feel the heat!
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simultaneously. At the risk of hazard-
ing some prognostications, I suspect
that 16 bits may be a market segment
that won’t survive. Eight bits is cheap-
er and typically suffers only a 50%
performance penalty. Applications
needing the bigger address spaces
will probably migrate to 32 bits or 32-
bit hermaphrodites that use a word-
sized bus but run internally with 32
bits. The cost differential is rapidly
disappearing.

Eight-bit applications will probably
continue to dominate ultra-low-cost
and limited power applications, as well
as the middle ground of lower volume
moderate cost products. A lot of off-
the-shelf 8-bit uPs and uCs are perfect
for these sorts of products.

But I see 32 bits attacking the high-
volume, medium- to low-cost product
segment that eight bits traditionally
enjoyed. It’s pretty expensive to put a
big CPU into a small system, but if
you're building millions of something,
dumping a 32-bit core into a custom
ASIC starts to look pretty attractive. As
memories become more common on
custom chips the total system cost
argument will favor bigger processors.

The harbinger of this trend is the
automotive industry, a business where
engineering even a foot of wire out of
a car is a big deal, given the enormous
volumes. Even in this traditionally
cost-sensitive area, 32-bit CPUs are
clearly the future.

A couple of years ago in these
pages, I predicted that GUIs would
become very common in a wide range
of embedded systems,
sprinkler controllers to TV remote

from lawn

controls. Hasn’t happened yet, but I
still believe this 1is inevitable.
Customers will demand it; we already
see GUIs or GUI-like features on sub-
$100 products like GPSes. It’s pretty
clear, though, that embedded GUIs
won’t run on 8-bit processors, since, to
my knowledge, no vendor offers a
graphical display for less than 32-bit
CPUs. So these high-volume, low-cost
apps will require bigger processors.

Different times, same tune

The pace of change in this industry
leaves me dizzy. It’s impossible to stay
current without devoting far too many
hours per month reading the trade
publications. Yet, despite this seeming
pell-mell charge into the future, much
remains the same.

We have so many new hardware
technologies available today.
Hardware design tools have evolved in
sync, as well; today’s EDA environment
could not have been imagined a
decade ago. In fact, back in the early
’80s most hardware designers created
schematics with pencils on huge
sheets of vellum. How quaint!

Oddly, the state of software engi-
neering seems little changed from
even forty years ago. In 1990 we creat-
ed designs using (maybe) state charts
or data flow diagrams—just like today.
Our basic tools were a text editor (as

PCM-9574 Features

== |ntel Celeron™ or Pentium® Il socket 370 processor
== AC97 3D stereo surround sound

= 2X AGP & 3D VGA/LCD

== 1(/100 Mbps Ethernet & optional PanelLink

== (Jne CompactFlash socket for CFC

== Software MPEG Il playback

= 203mm x 146mm (8" x 5.75")

ﬁ ﬁumanun with PCs

® BREAK POINTS

now, with few if any changes), compil-
ers that haven’t evolved much, and
debuggers which, if anything, are
becoming simpler and less capable.

While it’s true that the Unified
Modeling Language (UML) came into
existence in the last decade, the fact is
that very few firmware folks use UML,
or even have much insight into what it
is.

I've learned that reuse has, so far,
failed to fulfill its promise. I remem-
ber a decade ago lots of enthusiasm
for the
reusable software components that

“software IC,” a wealth of
would be as common as digital ICs.
Hasn’t happened, and even the dream
seems dead. We all learned that reuse
is very hard. Studies indicate that
reusable components cost 30% to
200% more than their single-function
counterparts. It’s awfully hard to invest
in the future when the boss is hound-

ing us to ship today.

o (€ FC
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The NIH (“not invented here”)
syndrome is as persistent today as a
decade ago. NIH is a prime enemy of
reuse. I find developers genuinely
enjoy writing code, so resisting the
urge to build it yourself is tough. Ten
years ago, some 80% of all RTOSes
were homemade. Today, for very good
and very bad reasons, the figure has
slipped just a bit, to perhaps 70%. NIH
wins and reuse suffers when one of the
only commercially available “software
ICs” gains such little mind-share.!

Fear of the unknown is a reason-
able motivation for building your own
OSes and such. Today, more than ever,
developers worry that off-the-shelf
products may have latent bugs lurking.
Never have so many safety-critical
applications depended on firmware.
Something has to happen to make
these software components provably
reliable. Perhaps certification to FDA
and FAA standards will help.

Maybe we’ll see more of these prod-
ucts going the open source route. I
can’t help but think that Wind River,
now the overwhelmingly dominant
force in RTOSes, could help themselves
and the industry by adopting an open
source model for VxWorks and follow-
on operating systems. With so few com-
petitive threats there’s seemingly little
downside. An open source RTOS
defeats most of the anti-commercial-
RTOS arguments: customers can, if they
truly must, maintain the product. They
can look under the hood to understand
the complex interactions between the
OS and their application. And a huge
body of very smart people, peering
deeply into the code, will both elevate
the product’s quality and the percep-
tion of quality. And as an old friend
taught me, perception is reality.

I've learned that despite the pass-
ing of 10 years, firmware quality has
remained somewhat stagnant. My per-
ception is that many of us are wrestling
the quality demon with at best mixed
success.

We are accumulating experience:
firmware is responsible for quite a few
large and small disasters, from the

pacemaker that goes awry, to launch
vehicle failures, and recently rather
dramatic spacecraft failures. As the
cost and frequency of these failures
multiplies, I suspect customers and
governments will demand solutions.

In visiting a lot of companies, I've yet
to walk into a firmware shop that’s certi-
fied to any level of the Capability
Maturity Model (CMM). Not that the
CMM is a panacea, but it is one of the
very few models extant designed to reign
in the chaos of software development.
Figures show more and more companies
becoming CMM-compliant; are these all
conventional IT businesses? Why are
firmware people so resistant to the idea
of adding a software engineering disci-
pline to their processes? Some sort of for-
malized development strategy is critical
to producing high-quality code.

One interesting proposal for the
old SDI (“Star Wars”) program
showed the potential power of reuse

® BREAK POINTS

to increase quality. The suggestion:
require that all of the code has been
reused at least three times prior to its
incorporation into the SDI project.
Avoid the new; recycle old and proven
components.

But, it is important for us to recog-
nize our successes at managing quality.
What's the difference between a PC and
an embedded system? More fundamen-
tally, what’s the definition of “embed-
ded system”? In the old days this was an
easy question; anything with an 8051 or
similar small processor was embedded.
Now we see embedded PCs, Linux mak-
ing inroads into the embedded space,
and a variety of other changes that con-
found a simple definition.

Perhaps the definition of embed-
ded lies in quality. An embedded
application runs. Reliably. Rebooting
Windows every day or two doesn’t
affect our lives much. If we had to stop
our car every 20 miles to reboot the
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engine controller, Detroit would prob-
ably go back to mechanical ignitions.

And so I've learned that despite the
increasing quality challenges we’re
facing, so far embedded firmware is,
in general, about the only available
model of quality code.

Fragments forever

In looking over the embedded mar-
ketplace over the last decade, one glar-
ing aspect that remains the same is the
horribly fragmented nature of the
business.

In June 1990, I was in the tool busi-
ness—emulators specifically

selling
to a tiny fraction of the embedded
marketplace. Though we supported a
dozen CPUs, most sales calls sounded
like, “No, sorry, we don’t do that
processor.” Then, as now, hundreds of
different CPUs vied for a share of the
embedded space. Each processor

requires its own set of compilers, link-
ers and debuggers, as well as special
developer skill sets.

The first couple of decades of this
industry saw hundreds of mom-and-
pop tool shops spring up. Most failed, a
few flourished and grew, the rest grim-
ly held on despite inadequate cash flow.
The field is narrower now. Most of
those sub-$1 million outfits withered.

A decade ago I thought embedded
was the natural realm of small compa-
nies serving tiny market niches. Now I
see most of the mid-sized business
being assimilated, leaving only the gar-
gantuan and miniscule. It’s far from
clear how this odd mix will serve devel-
opers. Or who will survive.

I've also learned that embedded
systems live forever. My e-mail inbox
fills with stories from readers who are
stuck in maintenance on 15-year-old
780-based products. Or those whose
old products have ceased to work
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because the parts they buy today, with
unchanged part numbers, run faster
and noisier than their older versions.
Watching the
(comp.arch.embedded), one sees con-

newsgroups

stant postings from developers desper-
ate to get old tools: PL./M, to maintain
a product that’s two decades old, and
the ancient Borland C for an '80s-era
x86 product.

It’'s easy to tell people to check
their tools into the version control sys-
tem, but harder to see how anything
will remain intact and available
decades hence.

Today’s merger and acquisition
frenzy means developers often inherit
code, sans documentations or tools,
while the original engineers gleefully
disappear to Tahiti with their new-
found IPO millions. So we’re still strug-
gling with too much poorly written and
inadequately documented firmware.

Finally, I've learned that Tom
DeMarco is wrong. He ruefully com-
plains that software folks don’t read.
I've found they’re hungry—desper-
ate—for information. Readers devour
this publication, and write when some-
thing is incorrect or not clear.

So, thank you, gentle readers, for
being so gentle in your corrections to
my columns, for being so involved and
willing to communicate. I've tried to
respond to every e-mail and will con-
tinue to do so. Don’t hesitate to point
out mistakes, or even better, to suggest
new ideas and approaches. I hope to
continue sharing this with y’all for a

long time to come. esp

Jack G. Ganssle is a lecturer and consul-
tant on embedded development issues. He
conducts seminars on embedded systems
and helps companies with their embedded
challenges. He founded two companies spe-
cializing in embedded systems. Contact him
at jack@ganssle.com.
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