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A Compact Thermal Printer Designed for Integration into a Personal Computer, by
Clement C. Lo and Ronald W. Keil It can print program listings or output hard copies of dis-
played alphanumeric and graphics data.
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In this Issue:

The six articles in this issue deal with the design of Hewlett-Packard's first personal
B computer, the HP-85. What makes a computer “personal’? Mainly, the cost has to be low
enough that the computer is likely to be bought either by an individual or by a company for
the exclusive use of one individual. Compactness is also important, because the com-
puter's owner may want to use it sometimes at the office, sometimes at home, and sometimes
- at a job site.

r/—-é Unlike personal computers designed primarily for the home hobbyist, the HP-85 is de-
T " signed for personal use in business and industry by professionals such as engineers,
scientists, accountants, and investment analysts. Of course, a serious hobbyist might also buy it for home use,
and schools might find it a good computer for students of the computer arts to practice on. Our cover photo
depicts a bow designer using the HP-85 to plot force-draw curves and compute energy storage. Alert readers
may remember that our October 1976 cover also dealt with bow design. That's not a coincidence; Art Director
Arvid Danielson is one of the top amateur archers in the U.S.A. (The red bow in the cover photo is a compound
bow supplied by Jennings Compound Bow, Inc., and we are grateful for their help.)

Certain of its features set the HP-85 apart from other personal computers. First, everything is built in—
keyboard, CRT display (see page 19), printer (page 22), and magnetic tape drive (page 14). In other words, it's
an integrated computer. There's no need for a bunch of cables to hook up a lot of optional capability; you get
everything you need in one package. Second, the HP-85 is ready to go when you turniton. The operating system
and the BASIC language (see page 26) are permanently stored in the machine and don't have to be loaded from
a magnetic tape or a flexible disc before you can get started. Third, the HP-85 displays not only letters and
numbers, but also graphs and pictures. And anything you see on the CRT display can be copied on the printer
just by pressing a single button. Finally, if you do want to expand the system, you can. Four slotsin the back of the
machine accept input/output modules that connect the computer to disc drives, plotters, printers, instruments,
and the like (see page 7). The HP-85 is the lowest-priced instrument controiler currently available, a distinction
that will no doubt account for a major portion of its sales.

-R.P. Dolan

Editor, Richard P. Dolan e Associate Editor, Kenneth A. Shaw e Art Director, Photographer, Arvid A. Danielson .
llustrator, Nancy S. Vanderbloom e Administrative Services, Typography, Anne 3. LoPresti e European Production Manager, Dick Leeksma
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A New World of Personal/Professional

Computation

Now, an inexpensive computer system with integral display,
mass storage, hard copy, and graphics capability is
available for personal use by the technical professional or

first-time computer user.

by Todd R. Lynch

into the personal computer marketplace with a product

called the HP-85 (Fig. 1), a totally self-contained com-
puter system for the technical professional or first system
for the beginning small-computer user. It is based on a cus-
tom eight-bit microprocessor, with an operating system and
BASIC* language commands stored in 32K bytes of ROM
{read-only memory). There are 16K bytes of RAM (random-
access memory) in the machine, with the capability of add-
ing another 16K bytes. A cathode ray tube (CRT) display
with high-resolution graphics, a thermal printer, a tape
cartridge drive, a keyboard, and four plug-in input/output
(I/O) slots come as standard features.

The HP-85 represents a significant contribution to the
personal computer field. Its characteristics reflect the ob-
jectives that guided its design and development:

I NJANUARY 1980, Hewlett-Packard made its first entry

*Beginner's All-purpose Symbolic Instruction Code

® Anintegrated rather than component system. The central
processor, keyboard, display, printer, and mass storage
are all contained in a single package. This eliminates the
maze of cables and connectors that would be required to
interconnect a system made up of individual components.

m Portability. The machine is small and lightweight so that
it may be easily relocated.

m Suitable for home use. It was envisioned that the HP-85
would accompany its owner to work during the day and
to the owner’s home at night. To provide the customer
with a computer that can be used at home, the design had
to include barriers to the annoying electromagnetic inter-
ference (EMI) generated by the electronics in the
machine. Therefore, the plastic top and bottom cases are
metallized with a thin coat of aluminum. This conduc-
tive shield is tied to the sheet metal back panel, which is
grounded. It is expected that the HP-85 will meet appli-
cable U.S. FCC {Federal Communications Commission)

Fig. 1. The HP-85 Personal Com-
puter uses BASIC language pro-
gramming and operating com-
mands that are permanently resi-
dent in the system firmware. Con-
tained in a single package are all
of the elements for a small com-
puter system-—keyboard entry,
tape mass storage, CRT display,
and a thermal printer. The inverse
video display mode is shown with
the associated printer copy at the
upper right. In the left foreground
is the printer copy for the normal
white-on-black display mode.
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and German VDE (Verband Deutsches Elektrotechniker)
EMI requirements. However, the certification process
has not yet been completed.

Ac line operation. The intended customer for the HP-85
is assumed to be the scientist or engineer, and the normal
location for operating the machine is assumed to be the
laboratory or office, where the presence of an ac line
outlet is implied. The machine operates on either 115 or
230 Vac at a frequency from 50 to 60 Hz.

Quiet operation. Since use in an office environment re-
quires minimal noise generation, a cooling fan is elimi-
nated by designing a highly efficient switching power
supply and by writing firmware that allows only one of
the input/output devices to operate at a time. By turning
off the CRT when printing or using the tape drive, much
power is saved. Total system power is nominally 25
watts. Using only convection cooling, dissipation of this
power level generates only a 5 to 10°C temperature rise
inside the package.

BASIC language programming. The language is capable
of complex computations, but is still friendly and easy to
use. Forty-two built-in functions (e.g.. SIN, MIN, ABS, SQR,
etc.) are incorporated into the machine to facilitate the
user’s programming task. Creating a computer that is
friendly and easy to use is accomplished, in part, by
building the BASIC language into ROM. As soon as the
system is turned on, it is ready to go. The operating
system is always resident in the machine and cannot be
altered or destroyed by an errant user program.

Error messages are given to the user in the form of an
error number plus a short description of the type of error.
Warnings are also given for certain arithmetic conditions
(e.g., division by zero). A warning differs from an error
message in that a warning allows execution to continue.
In the case of a divide-by-zero warning, the computer
assumes a default result of £9.99999999999E499. The
user can override this assumption and cause the machine

CRT Subassembly

Keyboard
Subassembly

Logic Board
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Printer Subassembly

Tape Drive Subassembly

to halt on mathematical errors by inserting the DEFAULT
OFF statement in the program.

Expandable system capability. Extra memory and com-
mand sets can be easily added. The ability to connect
interfaces for control of instruments and other input/
output peripherals is provided by four /O slots in the rear
of the machine.

s Low cost. The system is affordable by an individual or by

a company buying for individual workers. The cost ofthe
electronics was minimized by the design of nine custom
18I (large-scale integrated) circuits. These nine packages
require a fraction of the space and power that their off-
the-shelf equivalents would require. Printed circuit
boards in the product are all two-layer boards to save
cost. The package top and bottom cases are injection-
molded plastic.

Reliability and serviceability. The system electronic de-
sign emphasizes the use of integrated circuits and modu-
lar construction. The integrated circuits in the system
were carefully characterized over their entire operating
region. They are packaged in ceramic to achieve
maximum reliability. All of the NMOS* parts are
burned-in for 24 hours at 125°C to weed out infant mortal-
ity failures.

The HP-85 is designed with subassemblies that are
easy to manufacture and service. The CRT, tape drive,
logic board, printer/power supply, keyboard, and back
panel make up the major subassemblies. These are indi-
cated in Fig. 2. After a subassembly is manufactured, it is
independently tested. When the HP-85 goes through
final assembly, it is exhaustively tested by a diagnostic
program resident in a special plug-in ROM. Good sys-
tems are burned-in for 48 hours to screen out infant
mortality failures and marginally operating units. This
period is also used to age the CRT phosphor coating,
which prevents dull spots in the display.

*N-channel metal-oxide semicenductor integrated-circuit 2rocess

Power Supply
Transformer

Fig. 2. Internal view of the HP-85
with the major subassemblies
identified. The compact designs of
these subassemblies make it pos-
sible to provide a complete com-
puter system in a single portable
package.



a An internal self-test capability. Should the user suspect a
problem with the machine, the user can run a self-
contained diagnostic program by pressing the TEST key.
This program interrogates all of the machine electronics.
If everything checks out, the ASCII* character set will be
displayed and printed. If a problem is encountered, the
message ERROR 23; SELF TEST will appear on the CRT
screen. [n case of trouble, the customer is advised to seek
service from an authorized HP service center or dealer.

Display

The display is a 127-mm (5-in) diagonal black-and-white
electromagnetic-deflection CRT. The design of this subas-
sembly is discussed in the article on page 19. The memory
that holds the display data contains over 65,000 bits and is
completely independent of the user’s programming mem-
ory. It is partitioned into alpha and graphics buffers. In
alpha mode the display shows 16 lines of 32 characters per
line (Fig. 3a). Scrolling keys are provided to view an addi-
tional 48 lines of alphanumeric data. The graphics display
mode is entered by pressing the GRAPH key. Now the dis-
play provides a resolution of 256 dots wide by 192 dots
high. Each dot can be individually accessed by the user
with the BPLOT command. In the graphics mode, the SCALE.
AXIS, MOVE, DRAW and PLOT commands make it easy to
create plots (Fig. 3b) and line drawings. Labels and other
alphanumeric information can be added to the graphs,
either horizontally or vertically. In addition, HP-85 users
can adjust the brightness of the display to adapt to chang-
ing lighting conditions.

Printer

A 32-character-per-line thermal printer (see article, page
22) is provided for hard copy output. A set of 128 ASCII
characters is available for printing when outputting al-
phanumeric copy (e.g., program listings). The printer
prints alphanumeric copy bidirectionally at a nominal
rate of two lines per second. Short lines are printed faster
than long lines.

A COPY key lets the user obtain a copy of the CRT display
on thermal paper. If the CRT is in the graphics mode, the
printer prints in one direction only and the print output is
rotated 90° to allow for strip-chart plotting.

To compensate for variations in paper, printheads, and
the type of printing being done, the HP-85 gives the user the
ability to lighten or darken the intensity of the output. A

“American Standard Code for Information Interchange

Fig. 3. (a) Alphanumeric display
mode. A full set of 128 ASCI!
characters can be used to provide
up to 16 lines of 32 characters
each for alphanumeric data.
Labels to identify selected special
key functions can be displayed at
the bottom of the display as
shown. (b) Graphics display
mode. An array 256 dots wide by
192 dots high is available for plot-
ting and labeling data on the
127-mm CRT.

print intensity switch located under the paper door pro-
vides for selection of eight levels of print intensity.

Tape Cartridge

Mass storage for the HP-85 is provided by a tape cartridge
system (see article on page 14) using the 98200A data car-
tridge. Each cartridge holds about 200K bytes of informa-
tion. This information may be any combination of source
program files, binary program files and data files. The direc-
tory stored on the tape will hold 42 six-character file names.
By using the CATalog command, the user can easily review
the contents of any data cartridge. A portion {256 bytes) of
the directory is automatically stored in the system RAM.
This significantly reduces the time required to access a file.

The HP-85 tape electronics can drive the tape at two
different speeds. When searching for a file the tape speed is
1524 mm/s (60 in/s). Once the file is found, the speed for
read/write is slowed to 254 mm/s (10 in/s). This corresponds
to a data transfer rate of 650 bytes per second.

An autostart capability is provided by the system
firmware. When power is applied to the HP-85, it automati-
cally rewinds the tape and reads the tape directory, looking
for a program named Autost. If the file exists, the computer
will find it on the tape, load it into memory, and im-
mediately start running the program. Autost programs are
supplied with some HP software pacs or can be generated
by users for their particular needs.

Security is available for the files stored on the tape cart-
ridge. When storing a file the user can specify one of four
types of security for that file. Also, the entire cartridge can be
manually protected against inadvertent overwriting by set-
ting the write-protect switch that exists on each cartridge.

Keyboard

The keyboard is partitioned into four sections as shown
in Fig. 4. A typewriter keyboard is available for entering
alphanumeric data. A numeric pad is provided for fast
numeric entries or calculator applications. Directly under
the CRT display are four special function keys. Combined
with the SHIFT key, these provide eight keys that can inter-
rupt a running program. The KEY LABEL key causes a de-
scription (up to eight characters specified by the program-
mer) of each programmed key to appear on the bottom two
lines of the display (Fig. 3a). This serves to remind the user
what each key is programmed to do. The top row of keys
on the right provides a convenient means to scroll or
move the cursor on the display, to operate the printer or tape
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Special Keys

Fig. 4. The HP-85 keyboard is or-
ganized into four sections. Be-
sides the normal typewriter sec-
tion there is a numeric keypad for
easy entry of data, a group of spe-
cial function keys located close to
the CRT display where their re-
spective assigned labels may be
displayed, and a set of contro!
keys for frequently used system

unit, or to edit previous input with the INS/RPL and DEL-
CHAR keys.

Plug-Ins

Four I/O slots are provided in the rear of the unit. An
additional 16K bytes of RAM can be added to the HP-85 by
plugging a RAM module into any one of the slots. The
programming power of the machine can be enhanced by
plugging in a ROM drawer. This drawer can contain from
one to six 8K-byte ROM modules. The HP-85 will soon have
ROMs available for matrix operations, mass memory inter-
face, printer and plotter interface and general I/O capability.

Four interface plug-ins have been designed to provide
interfacing to four common bus structures. The 82937A
HP-IB Interface is currently available for connection and
control of devices designed for the IEEE Standard 488-1978
instrumentation bus. An RS-232C serial interface and BCD
and GPIO interfaces will also become available soon. For a
more extensive discussion of the I/O design and capabilities
of the HP-85, refer to the article on page 7.

Enhanced BASIC

The HP-85 provides a very powerful BASIC language.
The development and capabilities of this firmware are re-
viewed in the article on page 26. One feature of the language
is its mathematical accuracy. Numbers are carried inter-
nally in decimal form with 15-digit precision and are
rounded to 12 digits for output to the user. They can range
in size from 10 %% to 9.99999999999 x 10%%°,

The string handling ability of the machine is extensive. A
string may be any length, limited only by the amount of
available read/write memory.

The CHAIN and COMmon commands allow long pro-
grams to be segmented and stored separately on the data
cartridge. Different segments are brought into memory
when needed and executed by the CHAIN statement. COM-
mon allows current variable values to be passed from one
segment to another.

A programmable tone speaker is provided. The user can
specify both the frequency and duration of the tone by using
the BEEP command. This provides the capability for custom
audio error indication, input prompting, or playing Bach.

When debugging a program, the user can take advantage
of a number of tools provided by the machine firmware. The
user can either single-step through the program operations
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Numeric
Keypad

commands and editing/display
controf.

or run the program. Using the TRACE, TRACE ALL and
TRACE VARiable commands, changing variables and
changes in the sequence of execution can be viewed. This
makes it much easier to find where and why a program does
not execute as expected.

In all, there are 42 predefined BASIC functions, 65 BASIC
statements and 20 commands available in the standard
HP-85 system ROMs. Of the standard 16K bytes of user
RAM in the computer, only 10% is reserved for system
overhead. The rest is available to the user.

Software

To provide the user with solutions for particular prob-
lems, additional software packages are available for use by
the HP-85. Each machine is sold with a Standard Pac con-
sisting of a preprogrammed tape cartridge and user’s man-
ual. On this tape there are programs for general mathema-
tics and business. There is also a game and a music compos-
ing program. This pac is intended to acquaint the customer
with the power of the machine as well as offer solutions to
some common problems.

There are other software pacs currently available. A
BASIC training pac is intended as a self-teaching course for
novice users. Statistics, finance, waveform analysis,
mathematics, circuit analysis, games, linear programming
and text editing packages are also available.

Todd R. Lynch
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New York. He joined HP Laboratories in
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=+ &% from the University of Wisconsin in
1971. Todd is co-chairman for the Willamette Valley Junior Tennis
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and skiing. He lives in Albany, Oregon with his wife and new son.




SPECIFICATIONS
HP-85 Personal Computer

READ/WRITE MEMORY
STANDARD: 16.384 byles (10% for sysiem overhead)
OPTION: 32,764 bytes. using 16,384 byte plug-n RAM
CRT DISPLAY
SCREEN SIZE: 127 mm (5 in) diagonal
INTENSITY Adjustable
CHARACTER GENERATION: 5x 7 dot character font n 8x 12 dat cel
SCREEN CAPACITY: 16 lines x 32 charactsrs 1ull display. 64 ine scrolling
CURSOQR. Underiine.
PLOTTING AREA: 256 wide by 192 high dol matrix
THERMAL MOVING-HEAD PRINTER
INTENSITY. Adjustable. BEEPER
PRINT SPEED Two 32-characler ines per second
CHARACTERS 5x7 tontn 7x 10 cell.
GRAPHICS QUTPUT Dol for dot reproduction ot CRT display
PAPER SIZE. $22m (400 ) long by 10.8 cm (4.3 1n) wide roll
TAPE CARTRIDGE DRIVE
PROGRAM CAPACITY 185K byles
DATA CAPACITY: 210K bytes
ACCESS Dwectory. file-by-name, 42 named files, max
ERROR RATE. 1 bit in 109

SEARCH SPEED. 152 crivs (60 in's)
READ/WRITE SPEED 254 cmys (10 s},
REWIND TIME 29 s. max

QUARTZ CRYSTAL TIMER

PROGRAMMABLE TIMERS
NUMBER: Thres

DURATION. Programmable

110 SLOTS
NUMBER Faur

BASIC LANGUAGE

CARTRIDGE SIZE. 98200A, 635 ~82.5% 12.7 mm (2.5x3.2540.5 in)
TIME KEEPING. Seconds since mdnight with year and day-in-year
TIME SET. Must be reset each fime pawer 15 lumed on.
OPERATION. Independently programmable aterrupt

RANGE. 1 ms 10 99.999.999 ms (27 7 hours)

TONE Programmabie trom approxmatsly 0 10 4575 Hz

DEFAULT TONE AND DURATION = 2000 Hz. 100 ms

INTERFACE COPTIONS: HP-1B (82837A). AS-232, GP-!0. BCD. 16K byte RAM
module (829034}, RCM drawer (82936A) for up to six ROM modules.

STATEMENTS: Bt 16 ol which are for graphics
COMMANDS" 20. 10 of which are programmale.
DYNAMIC RANGE
REAL. - 9.99999999999E499 (o - 1E - 499.0.1E -499 to 9.99999999999E499.
SHORT -5.9999E99 to - 1E~99.0,3E - §9 10 3.9999E99
INTEGER- -99999 to 99999
TEMPERATURE ENVIRONMENT
OPERATING: 5 10 40°C (41" to 104'F}
STORAGE: ~40" 10 65°C ( -40 to 149'F)
POWER REQUIREMENTS
SIZE. AWD 15.8 cmx 419 cmx452cm (6.3 nx 165 nx17.81n)
WEIGHT: $.06 kg (20 ib)
VOLTAGE 80-:27 Vac (135 Vac line} or 200-254 Vac {230 Vac line) swiich selected
on rear panel
FREQUENCY 50-60 Hz
CONSUMPTION: 25W.
PRICE IN U.5.A.: HP-85 base pnce $3.25C.
MANUFACTURING DIVISION: CORVALLIS DIVISION
1000 N.E. Circle Blvg.
Corvailis. Oregon 97330 U.S A

PREDEFINED FUNCTIONS: 42: of which 10 are trigonmetric.
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Adding I/O Capability to the HP-85

With the implementation of /0O features, the capabilities
of a self-contained personal computer system are
expandable to control instruments, add on more powerful

peripherals, and even talk to other computers.

by John H. Nairn, Tim 1. Mikkelsen, and David J. Sweetser

HE HP-85 is an integrated, stand-alone personal

computer. This means that within this single

package are contained all of the elements of a small
computer system. Part of Fig. 1 shows a block diagram of
the HP-85 mainframe. The box labeled CPU contains the
main processor, ROM and RAM memory, operating sys-
tem, power supply, and all of the other elements that in a
large mainframe or minicomputer would constitute the
computer itself. The remaining elements provide the
human interface, letting a programmer and/or operator
communicate with the computer. Besides the obvious
advantage of having a complete, functional computer in
a single portable unit, the integrated computer architec-
ture provides certain operational advantages.

For example, in the HP-85, a graphics display created on
the CRT can be dumped to the built-in printer by executing
a single COPY statement. This feature would be much more
difficult if not impossible to provide if the printer were an
external device with unknown operational characteristics.

The internal peripherals chosen to be incorporated into
the HP-85 make it a complete tool for solving a large variety

of computational problems. However, there are two classes
of tasks that require that the system be expandable.

The first class consists of tasks for which the human
interface elements need to have more powerful characteris-
tics than those provided by the internal peripherals. A par-
ticular application may require a printer capable of full
page width printing, or of filling out standard forms in
multiple copies. For graphics displays. a full-size plotter
with multicolor capability might be required. Or the use ofa
human interface element not even provided in the basic
system, such as a digitizer, may be necessary. The ability to
support external as well as internal peripherals greatly ex-
pands the class of problems the system can solve.

The second class consists of tasks in which it is desirable
to eliminate as much of the human interface as possible. In
data acquisition applications, measurement instruments
are available that can communicate their results directly to
the computer, eliminating the need for manual entry of data
by an operator. When the computer is capable not only of
acquiring and/or performing analyses on the data, but also
of making decisions based on that data and providing feed-
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/O ROM
(Plus Other
Add-On ROMSs)

Mass
Storage

Interface Card

LG LE
(or 16K RAM)

CRT
Display ’

HP-85 Mainframe

Interface Card

Interface Card

Fig. 1. The basic functional blocks for the HP-85 personal
computer are integrated into a single mainframe for a self-
contained computer system. Four /10 slots are provided to
expand system capability. Various combinations (such as the
one shown) of the add-on ROM drawer, additional 16K RAM,
and peripheral interfaces can be installed in these four slots.

back that modifies the operation of the system to which it is
connected, the computer functions as a controller.

Two elements are required to add IO capability to the
HP-85. First, a piece of firmware (/O ROM) is required to
give the operator access to the interfaced device. Second., a
piece of hardware (interface card) is required to provide
electrical, mechanical, and timing compatibility for the de-
vice to be interfaced to the computer.

The HP-85 is a BASIC language computer. Many of the
language features are similar or identical in syntax and
semantics to the interfacing statements on the 9835 and
9845 Computers.!* The design of the HP-85 interfacing
capability also draws heavily from the 9825 Computer’s /O
architecture.’ .

The HP-85 contains both read-only memory (ROM) and
read-write or random-access memory {RAM). The RAM
contains the user's BASIC language program (software) and
data. The ROM contains the machine language program
(firmware} which recognizes and executes the statements
provided by the BASIC language. Thus, the operating sys-
tem ROM in the HP-85 provides such statements as PRINT,
DISP, and INPUT for accessing the internal peripherals.

1o

Code Processor }

Switches

Interrupt
Logic

Control

82937A Latch

HP-1B Interface
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When external peripherals are added, their wider range of
capabilities requires more extensive BASIC language
statements to fully use these capabilities. Additional plug-
in modules, called add-on ROMs, merely enrich the BASIC
language by increasing the number of statements and func-
tions that can be recognized and executed.

Some of these add-on ROMs may be dedicated to a par-
ticular device. For example, a ROM may add statements to
the BASIC language which are designed only to provide
complete control of a floppy disc or of a full-size plotter.
The /O ROM, on the other hand, is designed to be as much
as possible a general-purpose tool for communicating with
the wide variety of peripherals and instruments available.

Almost all computers provide language extensions for
outputting data to a device or entering data from a device.
The OUTPUT and ENTER statements are usually sufficient
for communicating with external peripherals. In controller
applications, however, where timing may be critical and
the speed of the external devices and instruments may not
be well matched to the speed of the computer, other
methods of transferring data and control information can
increase the performance of the system. In many cases this
can make the difference in whether the application can be
done at all. For example, in taking data from very slow
devices, the ability to transfer data under interrupt allows
the HP-85 to perform other operations instead of waiting on
the slow device, thus increasing system throughput. In the
other extreme, being able to capture data in a burst transfer
from a very fast device and then process the data into inter-
nal format at a later time can be a ‘“make-or-break” capabil-
ity in fast data acquisition applications.

In the back of the HP-85 are four slots that allow add-on
ROMs. add-on RAM, and interface cards to be connected to
the internal memory bus. A single ROM drawer containing
the /O ROM and up to five other add-on ROMs can be
plugged into any one of these slots. Thus a typical interfac-
ing configuration can include the ROM drawer and three
interface cards; or the ROM drawer, the add-on RAM mod-
ule and two interface cards, as shown in Fig. 1.

On each interface card is a custom integrated circuit
called the translator chip (TC), which translates between
the timing and protocol requirements of the internal mem-
ory bus and a microcomputer bus (Fig. 2). Each card also
contains an 8049 microcomputer and a set of discrete driv-
ers that implement the electrical and protocol requirements

Bidirectional

/Transceivers

HP-IB
Data Lines
DI01-DI08

HP-1B
Control
Lines

Fig. 2. Typical interface card de-
sign. The transiator chip permits
communication between the sys-
tem CPU and the microprocessor
on board the interface. The /O
processor then implements the
electrical requirements for the par-
ticular interface functions.



for that card.

The most general-purpose interface card is the sixteen-bit
parallel card (GPIO). Sixteen TTL compatible bidirectional
lines and sixteen open-collector output lines, plus a variety
of status, control, and handshake lines make this card a
versatile workhorse. A variation of this card, with the input
lines organized into four-bit nibbles, is also available for
interfacing devices that operate in binary-coded-decimal
(BCD) format.

A third type of interface card is designed to connect the
HP-85 to serial /O devices using either RS-232C or 20-mA
current loop configurations. This card will also allow ter-
minals to be connected to the HP-85, or allow the HP-85 to
be connected to a modem or a host computer.

The fourth card is the 82937A HP-IB Interface, the HP-
85's implementation of IEEE Standard 488-1978. Because of
the microprocessor included on this card, a very powerful
implementation of both controller and noncontroller
capabilities is provided.

The HP-IB Interface Card is available now and the others
(GPIO, BCD, and Serial JO) will be available later.

I/O ROM

There are three areas that any interfacing capability in a
computing system must connect—the programmer, the
operating system, and the /O hardware. On HP’s interpre-
tive computers the user interface is through keyword execu-
tion of the language extensions provided by the /O ROM.
An important aspect of the friendliness of these computers
is the choice between calculator and program mode execu-
tion of the keywords. The program mode means the state-
ment has a line number and is to be stored for later program
execution {parsed,* stored in the program memory, exe-
cuted at RUN time). The calculator mode means the state-
ment does not have a line number and is to be immediately
executed (parsed, stored in temporary memory, and exe-
cuted). .

In the HP-85, the /O hardware—the interface card—is a
type of channel processor. A channel processor is a
computer with limited resources that performs many of the
central computer’s interfacing tasks. The interface to the /O
hardware is the /O drivers. These implement the protocol
that the central computer uses to tell the /O card what it is
supposed to be doing. The /O drivers include data passage
routines, command passage routines, status and control
routines, and an interrupt handler.

The interface to the operating system is what makes inter-
facing capabilities a natural extension of the computing
system. For example, /O events can cause changes in the
BASIC program flow. The interface to the operating system
is achieved primarily in three ways—routine linkages,
read/write memory use, and register use. An example of a
routine linkage is the print driver—when the programmer
specifies PRINTERIS 4, all PRINT commands cause a routine
in read/write memory to be called. When the /O ROM is in
the system it replaces this read/write memory routine with a
routine of its own to handle the PRINT. If the /O ROM is not
in the system the default system routine generates an error.

Read/write memory is used when the /O ROM passes

*Parsing 1s the operation of taking a statement ine and decomposing 1t Nto its elementary
parts

information to or from a system-defined location. For
example, when an error occurs in an /O ROM statement, the
/O ROM puts the error number in a common location that
the system knows.
The register interface to the operating system consists of
some CPU registers that the system reserves for system
status and control. For example, register sixteen indicates
the machine state—idle, running, and so forth.
There are several basic groups of interfacing and related
capabilities provided by the HP-85 /O ROM to the user.
w Formatted transfers—input and output of data with for-
matting and conversions
a Buffered transfers—fast handshake and interrupt data
transfers through explicit buffering

# Register access—ability to set and interrogate the card
configuration

= Interrupt access—ability to receive hardware interrupts

» Timeouts—ability to detect an inoperative card or
peripheral

a Miscellaneous—keyboard masking, base conversion and
binary operations

a HP-IB control—high-level access to HP-IB capabilities.

The ability to input and output data (formatted transfers)
is probably the most commonly used of all interfacing
capabilities. In some systems input and output are the only
interface functions provided. The HP-85 allows for free-
field or formatted input (via ENTER) and output {via QUT-
PUT). These statements are the tools that a programmer uses
to get arbitrary string and numeric data into and out of the
computer. Many times the peripheral has a non-ASCII
character set, so a character conversion capability is pro-
vided to allow the programmer to set up a conversion table
and deal with data as if it were normal ASCII data.

OUTPUT and ENTER are medium-performance data trans-
fer mechanisms that consume the machine (program execu-
tion stops until the current statement is completed). Buf-
fered transfers provide two additional methods to get data
into and out of the HP-85—interrupt and fast handshake.
The interrupt mode of data transfer is lower in performance
than ENTER and OUTPUT, but does not tie up the comput-
er, because it can be doing many other things in addition to
the interrupt transfer. For example, while transferring data
in the interrupt mode, the HP-85 can plot to the CRT, do
arithmetic computation, print to the internal printer, or
transfer data through other interrupt transfers. The fast
handshake mode is much better in performance than ENTER
and OUTPUT, but still ties up the computer. Neither of
these buffered transfer modes performs any formatting. The
data is placed into or taken out of an /O buffer—hence the
name “buffered’’ transfers. The buffer is a string variable
that has been modified for use by the /O ROM (via IOBUF-
FER). The buffered transfers are performed via the TRANS-
FER statement.

The programmer needs to access specific attributes of
each interface card (register access). These attributes vary
from card to card. For example, an RS-232 user would like
to get at the clear-to-send bit and change its state; a sixteen-
bit parallel interface user would like to change the logic
sense from positive-true to negative-true logic. These fea-
tures would become cumbersome if all of them were pro-
vided at the BASIC language level. Hundreds of keywords
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would be required. Instead, there can be up to sixteen card
status registers and twenty-four card control registers on
any interface card {accessed via STATUS and CONTROL).
These registers allow the programmer access to the various
low-level capabilities of the interface: parity, end-of-
transmission character sequences, interface control and
data lines, error indicators, and so on.

A programmer often needs to perform some operation
when an interface condition occurs (interrupt access).
Rather than constantly checking for these conditions, the
interface card can check for the programmer (via ENABLE
INTR), and when the condition happens, the end-of-line
branch is taken to a BASIC service routine. The location of
the service routine is set up with the ON INTR statement.

The timeout capability lets a programmer set an arbitrary
length of time (from 1 to 32767 milliseconds) to wait for a
response from the VO hardware. Once a timeout has oc-
curred, there is an end-of-line branch taken to a BASIC service

$C2 sC1 sC0

+6V +5V
o0 -O—O—

H
i
{
i
i

routine specified by the programmer.

The miscellaneous statements and functions do not per-
form any interfacing capabilities. They are included to
make the job of the interface programmer easier. There is
the capability to mask out sections of the keyboard so that
the operator does not inadvertently disrupt program flow.
Base conversions for decimal numbers to and from binary,
octal, and hexadecimal allow the programmer to display
interfacing information in a convenient form. Boolean func-
tions (and, or, exclusive or, complement, bit test) let the
programmer test and modify interfacing information easily.

HP-IB is a mnemonic for Hewlett-Packard’s implementa-
tion of IEEE Standard 488-1978. Since HP-IB is such a
pervasive interfacing standard for instrumentation, print-
ers, plotters and peripherals of all descriptions, there are
several high-level HP-IB control statements in the HP-85 /O
ROM. There are many commands that send multiline mes-
sages on the HP-IB (such as TRIGGER, PASS CONTROL,

—Write CR

“ RESET

@;,w B
|
|
|
|
|

Card
Address

A
..i_m_.._w

Write Bus

Eas

Read Bus

Control Register (CR) ‘%

Y iNT

Service

Hiten

Translator Chip

|
!
Read OB
Data
s Bus
N { (8 bits)
R Status
..... 2 Wn'te 8 Register
1 (SR)
Bt 7 ey e L Bit0
R HEdEa0
Read IB |+ -6 4: y
VOBF IBF!
[
: 3
Service 5
b
Write SR
Write IB ALE

Fig. 3. Block diagram of the translator chip that transiates timing and protocol requirements
between the HP-85 CPU and the interface card /O processor.
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CLEAR, etc.). Multiline messages are those commands that
the controller handshakes to the various devices on the bus
in bit-parallel, byte-serial fashion. There are also com-
mands that send uni-line messages on the HP-IB (such as
ABORTIO, LOCAL, REQUEST, etc.), and there are functions
that return status information (PPOLL and SPOLL). The other
cards (Serial IO, GPIO, BCD) use some of these state-
ments for their own functions when appropriate.

Design of the 82937A HP-IB Interface

To implement all the capabilities planned for the I/O
ROM, it was necessary to design intelligent I/O cards. Each
/O card contains a single-chip microcomputer to (1) com-
municate with the HP-85 CPU and (2) control and respond
to the signals on the interface. The result of this is highly
significant—the I/O ROM is not required to know what type
of interface is being accessed. Communication between the
IOROM and an /O card is totally independent of the type of
card; it is the card’s responsibility to perform the appro-
priate IO function over the interface.

This enhanced capability of the /O cards permits more
capability to be put in the /O ROM than would have other-
wise been possible. Also, this design approach permits
overlapped processing; that is, the HP-85 CPU can be run-
ning a BASIC program while an interface card is performing
/O operations. An excellent example of this design concept
is the HP-85 interface to the HP-IB. The principal elements
of the HP-IB card are shown in Fig. 3. They are:

1. Translator chip: The translator chip interfaces between
the HP-85 CPU and the IO processor on the card. It provides
electrical and timing compatibility between the buses and
contains several registers to implement the communica-
tions protocol between the CPU and the /O processor.

2. /O processor: The I/O processor is a single-chip mi-
crocomputer containing 2048 bytes of program ROM and
128 bytes of RAM. It performs two tasks: it communicates
with the CPU through the translator chip to determine what
/O operation is desired, and it implements the /O operation
over the bus using the bus transceivers.

3. Bus transceivers and control logic: Bidirectional trans-
ceivers are used by the /O processor to control and to
respond to signals on the bus. A latch, written to by the /O
processor, controls the direction of the transceivers and also
controls IfO processor interrupts.

The translator chip (Fig. 3), hereafter called the TC, was
designed to achieve several goals:

a Support eight peripheral select codes

s Let the HP-85 processor interrupt the /O processor

m Let the IO processor interrupt the HP-85 CPU

e Let the HP-85 CPU do a hardware reset of the /O proces-
sor

& Provide a means for the IO processor to halt the HP-85

CPU
® Provide general-purpose data registers for bidirectional

communications between the two processors.

/O for the HP-85 is memory-mapped. To support eight
select codes, the TC's address is switch-settable to one of
eight different addresses. Three switches reside in the /O
card. In the process of setting the card’s select code, the user
is actually setting the card’s address. A mapping is done in
the /O ROM to translate from the select code specified in

the program to the appropriate address.

Each TC actually occupies a pair of addresses. The lower
address is used to access the control register (write-only by
the HP-85 CPU and read-only by the I/O processor) and the
status register (read-only by the HP-85 CPU and write-only
by the [/O processor). The upper address of the pair accesses
the output buffer (write-only by the HP-85 CPU and read-
only by the I/O processor} and the input buffer (read-only by
the HP-85 CPU and write-only by the /O processor).

The input and output buffers are used for general-
purpose communications between the two processors. Bits
in the control and status registers are used to qualify data in
these buffers as well as report the status of various events.
To synchronize the flow of data, each processor can ascer-
tain the condition of these buffers via flags in the status and
control registers, These flags are OBF {output buffer full}
and IBF (input buffer full). OBF is set when the HP-85 CPU
writes to the output buffer and is cleared when the /O
processor reads the output buffer. Similarly, IBF is set when
the /O processor writes to the input buffer and is cleared
when the CPU reads the input buffer.

The I/O processor and HP-85 CPU exist in a master-slave
relationship, with the CPU being the master. The CPU sends
instructions and data to the I/O processor via the output
buffer. The software protocol between the CPU and the /O
processor defines a bit in the control register as COM, for
command. COM is set high by the CPU before writing a
command into the output buffer; COM is set low by the CPU
before writing data into the output buffer. While the I/O
processor is acting on the data or command, it sets a bit in
the status register to 1, which is defined as the BUSY bit.
When the /O processor finishes acting upon the command
or data byte in the output buffer, it sets BUSY low, which
tells the CPU that it is done.

Several commands received from the CPU require that

Entry

s
P Card Active:
. Controller?

" Interrupt
NN |

P Any " _—
P Interrupt W Interrupt:
L Bit g CPU:"
Set? d o

Fig. 4. /dle joop for the 82837A HP-IB interface card J/O
processor. This foop can be exited at any point upon an
interrupt from the CPU or interface bus.
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the I/O processor return data to the CPU (e.g., the command
generated by the CPU to execute the user’'s STATUS state-
ment). The /O processor returns the data in the input buffer.
The CPU monitors IBF to determine when the data is written
to the input buffer, while the /O processor monitors IBF to
determine when the data has been read by the CPU.

Associated with each /O ROM statement that accesses /O
is a set of rules that define the communications protocol
between the HP-85 CPU and the /O processor. The com-
munications protocol not only defines the interaction dis-
cussed above, but also covers the interrupt protocol
whereby each processor may interrupt the other.

The HP-85 CPU communicates with the /O processor
primarily to convey bus control commands to the I/O pro-
cessor. The I/O processor then controls the bus as dictated
by the CPU and within the bounds specified by IEEE Stan-
dard 488-1978. At power-on, the [/O processor reads the five
address switches and the system controller switch located
on the interface card. These switches are set by the user to
configure the /O processor’s HP-IB address and to desig-
nate whether or not the /O processor is to assume the role of
system controller at power-on, The user can verify the
switch settings by reading the STATUS register.

Fig. 4 shows the idle loop executed by the I/O processor,
demonstrating its interaction with the CPU and the bus. In
its idle loop, the VO processor monitors OBF to see if the
CPU has written any new information into it; if so, the I/O
processor sets BUSY = 1, reads the output buffer and pro-
cesses it as a command (COM = 1) or data (COM = 0).

If the /O processor is the active controller of the HP-IB, it
polls SRQ. If SRQ is true and the user has enabled an end-of-
line interrupt branch on SRQ, then the SRQ end-of-line in-
terrupt bit is set. The I/O processor subsequently examines
all eight interrupt cause bits; if any are set, the /O processor
interrupts the CPU. While the SRQ interrupt cause bit is set
as the result of polling, the other bits are set as the result of
interrupts from the bus as discussed below.

Interrupts of the I/O processor originate from two
sources—the CPU (via the TC), and the bus. The CPU inter-
rupts for certain operations, such as STATUS, to guarantee
timely operation regardless of the state of the /O processor.
For example, if the /O processor is busy handshaking data
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on the bus to a device that is taking an indefinite length of
time, then an interrupting STATUS operation guarantees an
immediate return of data.

Certain HP-IB signals mandate a response within a time
limit. For example, IFC (interface clear) must be responded
to within 100 microseconds. To guarantee this, IFC can be
enabled to interrupt the /O processor. Likewise, REN (re-
mote enable) must also be responded to within 100 mi-
croseconds, and thus can be used to interrupt the IO pro-
cessor. ATN (attention) imposes no timing requirements on
the /O processor but is used as an interrupt input to ensure
that ongoing I/O is properly suspended. During an IFC or
ATN interrupt, end-of-line interrupt bits may be set, de-
pending upon the interrupt enable mask provided by the
user. The interrupt enable bits are examined back in the idle
loop; if any are set, the /O processor interrupts the CPU. The
CPU then typically executes the branch specified in the
user's BASIC program.

Interface Select Codes and Device Specifiers

The HP-85 can have up to three interface cards plugged
into it (see Fig. 5). It also has the internal CRT and printer
that /O ROM users may want to access. How does a pro-
grammer tell the /O ROM which of these devices to inter-
face with? This is done through interface select codes.

Every /O ROM statement that deals with an interface
specifies as part of the statement the interface select code.
The range of select codes is as follows:

1 : INTERNAL CRT
2 : INTERNAL PRINTER
3 : EXTERNALJO

10 : EXTERNAL I/O

Select codes 1 and 2 are accessible only through OUTPUT.
An example of interface select codes is:

10 OUTPUT 1,
20 OUTPUT 2
30 OUTPUT 7;

““This line goes to the CRT"

“This line goes to the printer”

“This line goes to an external
device”

Fig. 5. Typical HP-85 interface in-
stallation. The add-on ROM
drawer and the 82937A HP-IB In-
terface are shown. The unused
slots can be used to add two other
interfaces or another interface and
the 16K RAM module.



Using HP-85 I/O Capabilities

The HP-85 I/O ROM aliows for extreme ease of use. The foliowing
examples show a wide range of capabilities of the HP-85 in a simple
interfacing application.

Let's assume that you, the user, have an HP-85, an /O ROM, an
HP-1B card, and a 3437A system voitmeter. Let's also assume that
these components are hooked together, powered up, and working
properly.

You would like to get a reading from the voltmeter. The 3437A’s
device address is 24 (as shipped from the factory) and the HP-IB
interface card is select code 7 (as shipped from the factory). There-
fore the address that you should be using is 724. You want to get a
reading from the 3437A. To do that you have to execute the following
statement:

ENTER 724:A

After you have executed this statement, the variable A will contain
the reading from the voltmeter. That is all there is to do.

A program to get one reading and display it, would be like this:

20 ENTER 724:A
30 QISP A
50 END
Now suppose you want to take in a hundred readings and display
them on the internal HP-85 CRT. The following program will do this:
10 FOR I1=1 TO 100
20 ENTER 724:A
30DISP A
40 NEXT |
50 END
Now suppose you want to plot these 100 readings. The following
program dees this:
1 SCALE 1,100, ~20,20
2 GRAPH
3 GCLEAR
4 MOVE 1.0
10FOR I=1TO 100
20 ENTER 724.A
30 PLOT 1A
40 NEXT |
50 END .

Now, say that this is not fast enough. Your application requires less
time between voltmeter readings. First of all, you know that the 3437A
is capable of much better performance. To get the HP-85 to take
readings at a faster rate will require atype of data exchange known as
a buffered transfer. This means that you tell the HP-85 to take the data
into a buffer as fast as it canandthen at a later time take the data out of
the buffer and turn it into numeric data that the computer can use
computationally. The following program does this fast transfer and
plots the data as before.

1 SCALE 1,100,-20,20
2 GRAPH
3 GCLEAR
4 MOVE 1.0
5 DIM B$[709]
6 IOBUFFER B$
7 QUTPUT 724:"N100S"
8 ! THE PREVIOUS LINE CONFIGURES THE VOLTMETER
9 TRANSFER 724 TO B$ FHS.COUNT 701
10FOR I=1TO 100
20 ENTER B$ USING "#.K " A
30 PLOT 1A
40 NEXT |
50 END

-Tim Mikkelsen

The select code of an /O card is set by switches mounted on
the card. These switches are preset at the factory, depend-
ing on the type of the interface (e.g., HP-IB's select code is
preset to 7). An example where the programmer might want
to change the select code would be when there are two
HP-IB interfaces in one HP-85. The programmer might do
this to extend the number of HP-IB devices on one comput-
er, or if the computer is to be a controller on one HP-IB and
just another device on the other. In such a case, the pro-
grammer would have to change one of the select codes to
prevent a hardware conflict.

This, however, is not enough. The HP-IB standard allows
for up to 31 device addresses on a single interface (14 is the
physical limit that any HP-IB interface can support). The
16-bit general-purpose interface allows the programmer ac-
cess to four eight-bit ports in various ways (using a total of
sixteen logical addresses). The BCD interface allows for one
or two channels of information consisting of data fields,
function codes, and error indications which are accessible
in various combinations (using a total of seven logical ad-
dresses). How does the programmer tell the /O ROM which
device address to talk to? This is done through device
specifiers.

Tim |. Mikkelsen
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Born in Woodland, California, Dave
Sweetser attended Harvey Mudd Col-
lege, where he earned BS and MS de-
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The device specifier is like an interface select code, ex-
cept that it includes both the select code and the device
address. Notice that therange of device addresses is from 00
to 31. To build a device specifier—multiply the select code
by 100 and add the device address. Hence select code 7,
device 24 would be 7x100+24 = 724. Device addresses are
generally preset by the factory, but can be changed in a
manner similar to changing the interface select code.
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A Compact Tape Transport Subassembly
Designed for Reliability and Low Cost

by Douglas J. Collins and Brian G. Spreadbury

VER THE LAST FOUR YEARS Hewlett-Packard
.} has developed a series of magnetic transports!23
¥ for the 98200A data cartridge shown in Fig. 1.

The use of this small data cartridge was selected because of
proven reliability, large data capacity, ease of use, and low
system cost.

The tape system integral to the HP-85 is in many ways a
refinement of previous designs. However, the total integra-
tion of the transport with a single printed circuit board into
one small package called for new techniques in electrical
and mechanical design.

Transport Electronics Design

To incorporate a tape system into the compact HP-85
package required the cartridge transport to be small and to
consume a minimum of power. Unfortunately, a relatively
powerful motor is needed to drive the tape. For best effi-
ciency, a pulse-width-modulated 20-kHz signal controls
the motor drive transistors to keep them either cut off or
fully saturated (turned on). These large power pulses can
generate severe noise levels on the ten-millivolt signal lines
from the tape head. To prevent this, the entire read/write
circuitry is located within three centimetres of the magnetic
head. Also, the motor drive circuitry has a separate power
supply and is independently grounded.

The heart of the tape system electronics is the custom
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NMOS tape controller IC. It performs the tasks of interfacing
to the HP-85 CPU, controlling motor speed and direction,
and encoding/decoding data for the tape. Two Schmitt-
trigger inputs provide direct sensing of the analog signals

Fig. 1. The 98200A mini data cartridge is a compact storage
medium for data and programs, and has proven reliability and
flexibility.



Fig. 2. Flow diagram for a traditional speed control design.

from the phototransistors that are used for optical sensing of
the end-of-tape hole and the motor tachometer disc. Despite
all of the functions included on this IC chip, it remains
remarkably small (approximately 14 square millimetres in
area) and typically dissipates about fifty milliwatts of
power.

To keep the size of this IC small, the simple calculations
required for tape operation are delegated to the HP-85 cen-
tral processor. Functions such as gap length measurement,
checksum generation, and end-of-tape detection are per-
formed by the CPU. These computations are trivial for the
CPU, but would require the addition of multibyte adders
and counters to the tape controller IC if it were required to
do such functions.

Digital Servo Design

To help understand the digital servo system used here,
consider the traditional position control system shown
in Fig. 2. For this case, the cumulative error w, is held to
zero by integration, thereby providing no long-term speed
error. The system is given stability by feed-forward com-
pensation K. To transform this system into a digital sys-
temn, the integrator and its associated summing junction are
replaced by an up/down counter C1 and a binary adder as
shown in Fig. 3.

An optical tachometer generates a series of pulses that are
fed into down counter C2. On each tachometer pulse the
counter is loaded with the desired reference period (the
reciprocal of the desired tachometer frequency). Counter C2
counts down until the next tachometer pulse is detected
and then its output is evaluated. If the sign of the output is

Maximum Output

negative, the time between successive tachometer pulses is
too long, indicating a low motor speed. This causes C1 to
count up, which generates a longer duty cycle for the motor
drive pulse-width output. If the output of C2 is positive, C1
counts down and the motor slows down. The value of the C2
output is scaled and fed forward through the adder to
stabilize the system. Since the servo output is recalculated
for each tachometer pulse, the overall gain of the system
varies with the speed of the motor. However, if the servo is
operating properly, the speed variation will be small and
the gain modulation will be negligible.

There are only two speeds required for the HP-85 tape
system—254 and 1524 mm/s (10 and 60 in/s). To change the
speed, the reference period is modified and scaling adjust-
ments are made to the servo timing to compensate for the
change in gain.

The servo is run open-loop to start or stop the motor. The
acceleration or deceleration is controlled by incrementing
or decrementing C1 and feeding its output directly to the
pulse-width modulator. No additional counters are re-
quired.

The digital pulse-width modulator directly interfaces to
four Darlington-transistor motor drivers. To protect the
motor and drivers during high load conditions, a table
lookup ROM is used to solve the defining equation for a
direct-current, permanent-magnet motor.

V = R xI; + KgXw,

where V is the voltage applied to the motor (proportional
to duty cycle), R, is the armature resistance, I, is the arma-
ture current, K, is the back EMF constant, and w, is the
motor's angular velocity.

Given the maximum armature current and motor con-
stants R, and K,, the ROM is programmed to solve for the
maximum duty cycle allowed to drive the motor. The out-
put of C2 in Fig. 3 is used as the input to this ROM because
its reciprocal is proportional to the motor’s angular veloc-
ity. For each tachometer pulse, the maximum allowable
duty cycle is calculated and compared to the servo output.
The lesser of the two values is output to the motor drive
circuitry. A delay is added between the time of excessive
load detection and the time the armature current is actually

Servo Output

Down: Sign R

Up/Down
Counter-C2. | Counter: Q1'

Load

I — Tachometer Pulse
Reference
Period

Drivers

Fig. 3. Block diagram of digital
servo elecironics for monitoring
and controlling the tape drive
motor speed.
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limited to prevent short-term speed perturbations from af-
fecting the motor speed. This eliminates the need for a
current-sense resistor and associated detection circuitry
that would sacrifice motor efficiency.

Additionally, the motor is protected against a stall condi-
tion by shutting the motor down if the tachometer fre-
quency becomes excessively low. Both the stall and
current-limit conditions are reflected in the tape control-
ler's status, which is monitored by the HP-85 system
firmware.

Data Coding

Information is transferred to and from the tape controller
IC on a byte-by-byte basis. Data written onto the tape is first
precompensated (lengthened or shortened, dependent on
the value of adjacent bits) to prevent magnetic pulse crowd-
ing on the tape. A delta-distance code with a ratio of 1.75:1
is used.® That is, the distance between magnetic flux rever-
sals on the tape determines the value of the bit, with the
distance for a one being 1.75 times greater than that for a
zero.

The decoder diagrammed in Fig. 4 is a speed tolerant
design that compares the current bit pulse width with a
continually updated nominal pulse width contained in the
up/down counter. The down counter is essentially used as a
variable modulus counter set by the contents of the up/
down counter. At each magnetic flux reversal, the down
counter is loaded with the nominal period for a zero bit.
When this quantity is counted down to zero, the state
counter is incremented and the down counter is reloaded.
With the decoder in state one now, one-fourth of the nomi-
nal zero-bit period is counted down and the down counter
is reloaded again. The next decoder state counts down one
half of the nominal zero-bit period. The value of the pulse
being decoded is determined by the current state of the
decoder when the next flux reversal occurs. State zero indi-

Zero

Data Output

»

Reset

Q—A{: Flux Reversal

@ Count

; Up/Down!
Counter:

ﬁ
‘DM

Fig. 4. Logic diagram for the decoder circuit that converts the
time intervals between successive flux reversals on the tape
into the equivalent binary data.

’ Increment
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Fig. 5. The dynamically clocked logic design for counter
stages which achieve optimum speed for minimum {C chip
area.

cates a shorter-than-nominal zero-bit period and so decre-
ments the current count for the nominal period. State one is
for a long zero-bit period and increments the nominal
count. States two and three correspond to short and long
one-bit periods, respectively. The transition from state two
to state three happens after the last flux reversal at exactly
1.75 times the nominal zero-bit period. In this manner, the
1.75:1 delta-distance code can be decoded with a minimum
of logic circuitry.

Logic Design

To implement all this with a custom NMOS LSI circuit
design, the various circuits must be optimized for the re-
quired speed with the lowest number of transistors. Gate
level minimization does not apply here. However, the
number of gate delays for any circuit path should not be too
many, otherwise chip area and power will be wasted.

The counters in the tape controller IC are implemented
using an alternating positive/negative logic scheme that is
dynamically clocked as drawn in Fig. 5. The sense of the
carry is inverted for each bit into the counter. This counter
has one gate delay per stage (from the carry), which is
optimum for the number of stages required.

Data is stored by the NMOS capacitances in the counter
and is refreshed by two nonoverlapping clocks. The use of
two clocks prevents possible race conditions.

Read/Write Amplifier

A single bipolar read/write amplifier IC transforms coded
digital information from the tape controller IC into magne-
tic pulses on the tape, and back again. The basic read circuit
is diagrammed in Fig. 6. The configuration of the two
magnetic-head read coils permits the use of shared input
and feedback components for both tape tracks, thus reduc-
ing the number of external parts needed. Each track has its
own differential transistor pair, but shares a common volt-
ageamplifier. Track selection is accomplished by gating the
respective current source for the desired input pair.



After preamplification, the head signal is processed by a
peak detectorand a bilateral threshold detector. Signal peak
detection is done with a differentiator and a zero-crossing
detector. Because of the low signal-to-noise ratio for the flux
reversals on the tape, the peak detection method can gener-
ate false transitions between true signal peaks. This prob-
lem is eliminated by gating the peak detector’s output with
the threshold sensing circuit. The relationship between the
various signals is illustrated in Fig. 7.

The current sources and switches necessary for writing
data onto the tape use only a single external resistor to
accurately set the write-current level.

Two incandescent lamps are used as light sources for the
optical sensing of the end-of-tape hole and the motor
tachometer disc by the phototransistors. To save power, the
lamps are turned on only while the tape transport is being
used. The bipolar read/write amplifier IC also contains a
turn-on current surge limit circuit for these lamps. This
circuit assures good lamp reliability, even after thousands
of on-off cycles.

Mechanical Design

The design objectives for the tape transport emphasized
flexibility, reliability, and low cost. Cost reduction was a
must, and the flexibility and reliability were to be improved
if possible.

The initial observation of the existing drive designs and
an analysis of costs indicated that any cost reduction would
be hard-won indeed, and that only some basic rethinking of
the total design would be productive. The resulting design
integrates the mechanical and electrical elements to a
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Fig.7. Time relationship between the various signals involved
in reading data from the tape. See Fig. 6 for the location of
these signals in the read/write amplifier and detector circuit,

greater degree than previously achieved, reduces the
number and complexity of components, and considerably
lowers the labor content.

The primary requirement for the transport, from a

Digital
Head

Output

Tape L
Head
Track —

Track B
Select

Fig. 6. Schematic for the tape read/write amplifier and detector. Some components are shared
for both tape tracks. Tracks are selected by gating the current source for the differential pair
associated with the track selected.
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mechanical point of view, is to positively maintain the
cartridge position with respect to the magnetic head, while
driving the tape roller at the desired speed under varying
conditions of voltage, temperature, humidity, and loading.
From this basic premise, an assembly evolved that is
installed in the mainframe with only two mounting screws,
and has only two flat-ribbon cables for subsequent connec-
tion to the logic board assembly. All other control functions
are contained within the transport subassembly (Fig. 8).
The transport unit consists of three field-replaceable
modular subassemblies that require only simple tools for
installation. They are the baseplate assembly, the printed
circuit board assembly, and the motoricapstan assembly.
The baseplate assembly consists of the cartridge ejection
mechanism, the baseplate (which acts as the support for the
ejector), the motor, and the head bridge. The head bridge
performs the multiple functions of cartridge guidance,
magnetic head location, and housing of the leaf switches
that sense the presence of a cartridge and the condition for
record protect.5 To maintain tape-to-head contact and track-
ing and azimuth alignment within very close tolerances, it
was decided that optical alignment of the head with respect
to the head bridge guide rails was necessary. Tape-to-head
wrap must be held closely to prevent either loss of intimate
contact because of insufficient wrap. or excessive tape or
head wear caused by too much wrap. This is controlled by
using locating pins in the head bridge that mate with cor-
responding holes in the baseplate. The motor assembly is
similarly located on the baseplate. The head alignment
process positions the head within a pocket in the head
bridge, using fixtures that engage the locating pins to con-
trol head penetration. After adjustment for azimuth and
tracking, the head is bonded in place with fast-set acrylic

Magnetic Head
Leads Guide

Eaaon

\Tachometer/Lamp Leadéi / -
™ \,‘ 4/»/’/,/ //’ \\"
TN e o

R

Read/Write
Amplifier

Printed Circuit
Board Assembliy

Tachometer/End-of-Tape
Phototransistors

Leaf Switch
Contact Pads

Tape Controller IC
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adhesive. This enables fast turnover of the alignment fix-
tures in production.

The loaded printed circuit board is directly mounted to
the rear of the transport mechanism and engages the
magnetic head leads, which are 24 AWG solid-copper
tinned wire. This greatly facilitates their alignment with
the six oversize holes in the circuit board and eliminates
the need for a head wiring harness.

Functions such as cartridge in/out and write enable are
sensed by plunger-operated leaf switches mounted in the
head bridge. The switches pick up contact pads on the
circuit board. By careful insertion of phototransistors and
lamps into the board, using jigs, end-of-tape detection and
tachometer speed control are achieved without any wiring
since the components align exactly with physical locating
holes molded into the baseplate and head bridge.

The motoricapstan assembly consists of a conventional
direct-current motor with a polyurethane-on-aluminum
capstan and attached mylar tachometer disc. The disc is
used for servo feedback of motor angular velocity as dis-
cussed earlier in this article. The disc is mounted together
with a miniature incandescent lamp within a plastic motor
mount that locates the motor relative to the baseplate. The
motor leads plug directly into the printed circuit board that
contains all of the motor drive circuitry.
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A High-Quality CRT Display
for a Portable Computer

by James F. Bausch

NE OF THE TWO PRIMARY output periph-
erals integrated into the HP-85 Personal Computer
is a high-quality CRT display. The other, a thermal
printer, is described elsewhere in this issue. In addition
to design goals of display quality and small size, the HP-85
CRT subassembly was to have low power consumption.

The 127-mm diagonal, black-and-white, electromag-
netic-deflection CRT can display information in the form of
lines of alphanumeric characters or provide a plotting area
for graphics output. During tape operation and thermal
printing, the display is switched off to conserve power. A
photograph of the subassembly is given in Fig. 1, and Fig. 2
shows the block diagram of the CRT subassembly.

CRT Controller

The CRT drive system employs an NMOS controller IC
whose function is twofold. Its primary function is to in-
teract with the mainframe memory, CRT, and display re-
fresh memory so that data may be displayed as it is updated
by the user. Its secondary function is to provide signals to
the CRT drive circuitry for horizontal and vertical timing
and character generation.

The alphanumeric display font uses a 5x7 dot matrix in
an 8x12 dot array. Characters are displayed 32 per line,

Fig. 1. Photo of CRT subassembly. This unit contains a
127-mm CRT with associated control electronics and can
be independently tested before final assembly into an
HP-85 system.
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with 16 lines in a full display. The graphics display format
is the full screen, 256 dots wide by 192 dots high.

The refresh memory stores all of the information neces-
sary to display four screens (64 lines) of alphanumeric data
plus one screen of graphics data. The alphanumeric infor-
mation is stored as the ASCII equivalent of each character.
The graphics data maps directly from one bit of RAM to one
dot on the screen. Three-quarters of the available refresh
RAM is dedicated to graphic information storage.

Vertical Amplifier

In the diagram of the vertical amplifier (Fig. 3), a pair of
class AB amplifiers, operating in a push-pull mode, provide
the large peak-to-peak excursions required to reverse the
currents in the CRT deflection yoke within the allotted
vertical frame time interval. The CRT controller IC provides
aframe synchronization pulse at the vertical framerate. The
shaping generator provides a current waveform whose pro-
file compensates for the larger writing velocities at the
edges of the screen. This waveform is a ramp from zero to
eight volts over a period of 12.5 milliseconds. The slope at
the beginning and end of this ramp is more gradual (80%)
than the slope during the major portion of the ramp. This
lets the beam travel at a uniform rate across the CRT.

Resistors R1 to R4 provide current feedback from the
ten-ohm current-sense resistor. These resistors affect the
output impedance of the amplifier and must be carefully
selected. Too large a loop gain causes instability; tco small
causes excessive rise times. Resistor values are controlled
and adequately matched by fabricating them all in a single
package, using thick-film technology.

Horizontal Amplifier

In the design of the horizontal amplifier (Fig. 4), most of
the circuitry is conventional. However, in the interest of
power conservation, and because a 127-mm CRT must have
very small border margins, a phase control loop was added.
Its function is to assure beam position with respect to dot
timing. With this design, the overscanning normally re-
quired to compensate for phase errors becomes unneces-
sary, and drive current is reduced.

The circuit uses a conventional 555 timer that triggers on
the leading edge of the negative-going horizontal sync
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nals, draws characters, and inter-
faces to the main system.

pulse. The timer then outputs a pulse to the driver trans-
former, turning transistor Q1 on and initiating the scan.
Later the phase detector flip-flop is set by the trailing edge
of the horizontal sync pulse and is almost instantly cleared
by the pulse generated by the ringing of the deflection coil
circuit and retrace capacitor C1. The short output spike thus
generated at the Q output of the phase detector flip flop
modulates the timer to vary the trailing edge of its output
pulse. The variation anticipates the storage time 75 of tran-
sistor Q1 and turns it off early so that the edges of the
horizontal sync and flyback pulses are aligned. Phase errors
of less than 200 nanoseconds are achievable for the interval
between the horizontal sync pulse and the flyback pulse.
Other schemes have used phase-locked voltage-controlled
oscillators, but this phase control loop has improved stabil-
ity because of the absence of a pole at the origin. As with the

Vertical Sync ;
From Controller

TP2 TP1
A'd
R3 {L
AN~
5 R4
AAA
104

Current Sense

\d
i Vertical
Yoke

R2

Fig. 3. Vertical amplifier circuit. The two amplifiers are
class AB designs operating in phase opposition, and the
resistors are used for feedback from the current sense resis-
tor. The shaping generator compensates for higher writing
velocities at the edges of the display.
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phase-locked loop, however, noise must be carefully con-
trolled since any phase noise can be magnified on succeed-
ing raster lines. The timer's power supply is locally regu-
lated and decoupled.

The shaping capacitor C2 performs the same function as
the shaping generator does in the vertical amplifier circuit.
The width coil adjusts the overall length of the horizontal
track and the linearity coil cancels the effective resistance of
the scan circuit path. The flyback transformer secondary
windings provide all of the high voltages required for
brightness and focus (800 volts), final anode (8000 volts),
and grid #1 (48 volts) potentials.

The use of the grid #2 potential as the means for bright-
ness control is strongly recommended by the CRT manufac-
turer. Small mechanical variations in the grid #1-to-
cathode spacing cause large variations in the cutoff voltage
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rom
Controller
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42 Coil

L]
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Coil

i

Fig. 4. Horizontal amplifier circuit.
The phase control loop is used to
maintain the beam position with
respect to dot timing. The flyback
autotransformer provides the high
potentials required for CRT opera-
tion.

(the voltage required to suppress the beam current of the
CRT). These variations can be reduced by adjusting the
brightness with an adjustment of the voltage on grid #2. A
secondary effect of this approach is a decrease in the overall
spot size. Spot size is reduced because the lower cutoff
voltage results in a smaller cathode emission area. Also,
variations in drive voltage are not required for this
“constant-cutoff” method.

The disadvantage of this design is the high potential
(approximately 800 volts) that must be routed to the bright-
ness contro}. A 19-mm nylon shaft from the control to the
rear panel provides the user with sufficient isolation from
this potential.

Video Amplifier
The video amplifier (Fig. 5) achieves low-power opera-

) Neon
) Flashover
/' Protector

Fig. 5. Video amplifier circuit. The
TTL drivers on the left prevent Q1
and Q2 from going into saturation.
Class C operation is used to con-
serve power. Q3 is used to main-
tain beam intensity when display-

ing long lines.
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tion by using a class C design. Class C amplifiers are very
efficient since the output stage is either on or off. The power
used is primarily CV2f, where C (here 30 picofarads) is the
cathode and lead capacitance, V is the cutoff voltage (28
volts), and f is the transition frequency of each dat (since
each dot is 200 nanoseconds wide, the maximum transition
frequency is 2.5 MHz). This power would be at most sixty
milliwatts if a group of vertical parallel bars were to be
displayed on the screen.

A problem inherent in most class C amplifiers is the
saturation of the transistors. Saturation limits rise times by
increasing the charge storage times for the on transistors. In
the HP-85, saturation is prevented during switching by
using TTL drivers that are ac coupled to transistors Q1 and
Q2. These complementary transistors are always off until
transitions occur. There is always some display on the
screen (cursor) to provide some beam current. Hence, the
CRT cathode normally assumes an off state due to the beam
current generating a positive bias, and the complementary
pair merely switches the cathode to an on state when re-
quired.

The cathode capacitance holds it to a low voltage state in
the alphanumeric display mode, where changes between
states are more frequent. In the graphics mode, with longer
lines required for the display, the beam current required
causes the cathode voltage to droop due to increasing bias

James F. Bausch
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level. An additional transistor, Q3, operating in saturation
but with a large collector resistor, clamps the bias at the dc
potential necessary to compensate for the beam current
drift.
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A Compact Thermal Printer Designed for
Integration into a Personal Computer

by Clement C. Lo and Ronald W. Keil

'. UILT INTO THE HP-85 Personal Computer is a mov-
B ing-head, thermal printer/plotter. This unit is a com-
¥ pact, medium-speed, smart peripheral that quietly
outputs program listings or hard copies of the alpha-
numeric and graphics data displayed on the CRT. The
printer is designed to print two lines per second for alpha-
numeric copy. Each line can have up to 32 characters. For
graphics copy, the plot displayed on the CRT is
rotated 90° before it is printed. This provides the capability
for forming continuous strip charts by stringing successive
plots end-to-end.

The main objectives of the new design were higher print-
ing speed and a lower manufacturing cost than achieved for
earlier printers. The former objective was met by using
more sophisticated electronics and by printhead and drive
development. The latter was met by simplification of as-
sembly, reduction of the number of parts, and by using
identical parts in several places. Fig. 1 is a photograph of
the printing mechanism with its companion printed circuit
board. This board contains all of the printer electronics
as well as the HP-85 power supply described on page 24.
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Fig. 1. HP-85 thermal printer subassembly. In addition to the
printing mechanism, this subassembly also contains both the
support electronics for printing and the circuitry for the HP-85
power supply.
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Printer Electronics

Consistent with the overall system integration
philosophy, all of the electronics required, except for the
high-current drivers, were integrated into one NMOS inte-
grated circuit—the printer controller. This IC provides in-
ternal buffering of up to 32 characters and a 5x7 dot matrix
character generator. The information stored in the internal
character ROM can be accessed by the system software and
thus the character lookup table in the system can be elimi-
nated. Both the character set and the intensity settings are
mask programmable.

The printhead consists of eight thin-film resistors ar-
ranged in a vertical column. The entire printhead is moved
across the paper so that when the correct resistors are acti-
vated at specific times, a character is formed.

An eight-position binary switch is connected to the
printer controller chip so the user can select any one of the
eight preprogrammed print intensities, with binary zero
being the lightest. The chip controls the darkness of the
printout by varying the pulse duration of the signals
applied to the printhead resistors. To obtain uniform con-
trast, the controller also adjusts the pulse duration to ac-
count for different dot densities. These cover such a wide
range that the user can still obtain a printout with accepta-
ble quality under all usual operating conditions.

The controller is capable of printing bidirectionally for
alphanumeric copy and unidirectionally for graphics copy.
To maximize the print speed, a look-ahead algorithm is
built into the chip. The controller decides which direction
to print by looking at the present line length and the next
line length. A block diagram of the printer controller IC is
given in Fig. 2.

The printhead assembly is moved across the paper by the
head drive motor. This motion uses a 7.5° (48 steps) step
motor that drives the printhead assembly with a toothed
belt. Theresolution of the motor is doubled by driving itina
half-step mode (3.75%step). Each step corresponds to one
dot column of printout. The motor is driven at 448 steps per
second, which is equivalent to a print speed of sixty-four
characters per second. Paper feed is accomplished by use of
an additional step motor. It operates in a full-step mode
(7.5%step) and steps at one-third the rate of the head drive
motor. Each step corresponds to one dot row of paper ad-
vanced. When the controller finishes printing a line, it
automatically advances the paper. For alphanumeric copy,
the paper advances ten dot rows, spacing three dots be-
tween lines. For graphics copy, it advances only eight dot

v v
" Print

Intensity: ™

Printhead
~ Motor Driver

Paper Advance

S Motor Driver

a, Printhead
Drivers

Fig. 2. Block diagram for the
printer controller integrated cir-
cuit. This chip controls the printer
mechanism motors and print in-
tensity, buffers the data to be
printed, and handles control and
timing functions.

rows; thus it is possible to print a continuous vertical line
for graphics plots.

There is no home switch designed into the printer. At the
first PRINT command after system power-on, the system
firmware will send & home command to the printer control-
ler. Knowing that this is the first home command received
since power-on, the controller drives the printhead assem-
bly all the way to the left. The assembly moves toward and
eventually contacts the left wall of the frame. After the
motor has been given 256 pulses, the controller then re-
verses the direction of the motor and moves the head as-
sembly four steps to the right. Then it turns off the power
applied to the motor and resets all internal position keeping
logic. In this manner, a home position is established.

The energy stored in the motor inductance is returned to
the unregulated 32Vdc supply through the catch diode (See
Fig. 3). This not only increases the power efficiency of the
system, but also lets us drive the step motor at a higher rate.
The field built up in the motor can be collapsed faster by
returning the current to a high-voltage supply.

Thermal Printhead

The printhead contains eight resistors, arranged in a
single column, with an overall height equal to one charac-
ter. Each resistor is 0.36 mm (0.014 in) tall by 0.28 mm
(0.011 in) wide. In operation, the resistors scan over a
thermal-sensitive paper, creating a colored dot on the paper
whenever a resistor is energized. A small amount of lateral
elongation occurs during printing because of the movement
of the printhead acoss the paper before the resistors com-
pletely cool down. This widens the dot, making it appear to
be square.

+12 Vdc +32 Vdc

Motor
Coil

Catch
Diode

Drive

Signal
from

Controller

Fig. 3. Printer motor driver circuit. The energy stored in the
motor's inductance is returned to the system power supply
through the catch diode. This approach speeds up the step-
ping rate and conserves power.
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An Efficient Power Supply for the HP-85

As with the rest of the HP-85 system, the efficiency of the power
supply must be high. Also, the regulation at low frequencies is impor-
tant since annoying CRT display modulation results if trace amounts
of ac line ripple are present. Switching spikes can also cause ripples
in the display.

The solution to these problems is a switching supply synchronized
to twice the scan frequency of the CRT (Fig. 1). The heart of this
supply is a pulse-width modulator |C thatis synchronized by a 32-kHz
(twice the CRT horizontal line scan rate) pulse train from the CRT
controller. The modulator uses an integrator to provide high loop gain
at low frequencies, thus reducing line frequency ripple. The unregu-
lated 32-volt input absorbs the large kickback voltages from the
printer drive motors, thus recycling energy

The output transistor Q1 drives transformer/inductor T1, which acts
as a lossless voltage-averaging reactance. The filtered side of T1
provides ~12V. During Q1’s off time, the flux change in T1 remains
constant, so the —12V and +7.5V outputs from T1's secondary wind-
ing do not need pass regulation.

The five-volt supply requires higher energy than either the +6V or
—12V supplies and cannot be derived from T1 during the off time for
Q1. Only energy stored in T1 is available for constant-flux-change
regulation. Hence, the five-voit supply uses a separate dc-to-dc
converter, which is also synchronized to the CRT display horizontal
scan irequency

The current transformer in the emitter path of Q1 monitors large
peaks such as those that occur during printing. High current peaks
shut off Q1 :n less than two microseconds. This feature prevents
problems inherent in driving inductive ioads while staying within a
safe operating area. if the twelve-volt supply is shorted, the input
power will drop, the short acting as a finite current with zero output
voltage. This behavior is similar to foldback current imiting in some
pass regulator designs.

A +12V overvoltage sensor crowbars the unregulated 32-volt sup-
ply if Q1 1s shorted. The other supplies do not have an overvoltage
failure mode.
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Fig. 2. Cross-section of the power transformer. This design
assures tight coupling between the primary and secondary to
reduce unwanted noise and magnetic radiation.

Line Transformer

The requirements of worldwide safety approval along with the need
for minimum electromagnetic radiation to :he CRT necessitated de-
velopment of a special bobbin assembly for the HP-85 power supply
transformer.” A cross-section is shown in Fig. 2.

The bobbin has three pieces—two primary windings nested inside
the secondary winding to provide tight coupling. The polyester
pieces also provide isolation from lire voltages as required by safety
agencies. The transformer was wound with additional turns to reduce
the saturation flux density. Physical placement on the printer subas-
sembly, in the far corner of the HP-85 package away from the CRT,
also helped reduce any interference with the display.
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“The magnetic rad:ation from conventional iransformers causes waviness in the display

because of the lack of primary-to-secondary coupling during core saturation.

-Jim Bausch
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Fig. 1. HP-85 power supply. The switching rate 1s at twice the CRT horizontal scan rate and is
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To have the resistor heat up quickly and to reduce power
consumption, the resistors are formed on a thermal barrier
of glass, which is deposited on a ceramic substrate. Making
the thermal barrier too thick slows the cool-down time of
the resistor, smearing the trailing edge of a formed dot.
Accurately controlling this barrier balances both power use
and print clarity.

An objective in the HP-85 printer design was to give the
user the ability to control the darkness of the print by vary-
ing the energy dissipated in the printhead. Through relia-
bility testing, it was discovered that a change of only 10%
in the printhead energy dissipation changed the printhead
life by a factor of two. Ordinarily, a six-micrometre-thick
layer of aluminum oxide is deposited over the resistor to
protect it from wear and chemical attack caused by the
paper. Inspection of failed printheads indicated that chem-
ical attack was accelerated with increased energy dissipa-
tion. It was our observation that the increased thermal
cycling created cracks in the brittle protective layer, thus
letting the paper chemicals penetrate through the layer to
destroy the resistor film. To inhibit crack growth and/or act
as a chemical or ion barrier, the idea of depositing an ad-
ditional film of tantalum-aluminum within the protective
overcoat was evaluated. The initial results were substan-
tially improved printhead lifetimes. Fig. 4 is a cross-sec-
tional view of the printhead. Production implementation
of this design has yielded two to three-fold increases in
printhead life, providing a very acceptable printhead re-
liability of greater than 85% dfter five years of use.

Printer Mechanism

The printer mainframe consists of five principal parts
that are snapped and screwed together. In addition to locat-
ing the mechanical parts, they form a paper bale that holds a
generous 120-m (400-ft) roil of 10.8-cm (4.25-in) heat sensi-
tive paper.

The low-cost objective of the printer design precluded use
of a high-cost, high-performance motor. Therefore, two
identical permanent-magnet step motors are used to ad-
vance paper and to move the thermal printhead. Each is a
stamped-frame motor with forty-eight steps per revolution.

A toothed belt transfers motion from one of the motors to
the paper advance shaft. Narrow, rubber-faced rollers at the
ends of the shaft advance the paper by grasping it at the
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Fig.4. Cross-sectionalview of a single printhead resistor. The
addition of the tantalum aluminum barrier on the right in-
creases printhead lifetime by retarding chemical attack on the
resistor.

edges. The paper is backed up by two pinch rollers on each
side, spaced at nearly 90° to take maximum advantage of the
friction of the paper wrap around the rubber roller. A
center-pivoted leaf spring at each side provides equal
clamping force on each set of pinch rollers. A pair of
spring-loaded roll guides is inserted into the ends of the
paper roll shaft. These provide a small friction moment to
keep the paper under tension, so that the paper unrolls
straight.

The printhead motor is mounted at the rear, transferring
rotation forward through use of a shaft extension. A molded
pulley on the end of this shaft drives another toothed belt
which passes across the front of the printer to an identical
idler pulley.

The printhead mechanism consists of a slider and a
printhead holder. The slider moves laterally on two identi-
cal, parallel, circular shafts held in the mainframe. The
printhead holder is pivoted on the slider about an axis
parallel to those two shafts. The slider engages the upper
shaft with a 60° V-groove, and the lower end of the slider has
a small, raised pad that rests against the lower shaft. Easy
disassembly for servicing is possible since neither end of
the slider encircles its respective shaft. A slot with teeth
molded into the forward face of the slider captures the
upper run of the toothed belt so it can drive the slider.

The printhead is fixture-bonded to the slider/printhead
carrier assembly to assure that the working face (with resis-
tors) is held in the correct position relative to the upper
cross shaft previously mentioned. The resistors are located
near the right edge of the substrate, and the printhead is
fixed with the left edge lifted very slightly from the paper.
To prevent the right edge from scraping the paper, this edge
and the upper edge are lightly beveled.

A compression spring rotates the printhead holder away
from the slider until it contacts the paper, providing the
necessary contact force. The reactions from this force hold
the V-groove and lower pad of the slider in contact with
their respective support shafts. A balancing of spring, fric-
tion, and driving forces and the geometry of the assembly
assure stability. The spring chosen has a low spring con-
stant and requires considerable initial compression. This
prevents major variations in the nominal printhead contact
pressure because of a buildup of other tolerances. A molded
peg on the slider fits inside one end of the spring, which
itself slips inside a molded-in sleeve on the printhead hold-
er. The peg and sleeve almost overlap in the assembled
position, countering the lateral instability of the long, slen-
der spring.

Behind the paper lies a full-width platen. The printhead
contact force holds cylindrical ribs on the back side of the
platen in a flat-bottomed groove in the platen holder. These
constrain the platen movement to a rotaticn about an axis
parallel to the upper printhead support shaft so that the
platen automatically lines up with the printhead under the
applied force. The molded plastic platen is faced with a thin
layer of silicone rubber. The whole assembly is overlaid by a
flap of plastic-impregnated glass cloth, which is fastened
below the platen and serves as a low-friction wear layer.
The net effect is a long-wearing, heat-resistant, self-
aligning, resilient platen for optimum print quality.

Current is carried to the moving printhead by a flexible
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cable of copper foil encased in a Kapton™ sheath. This
cable makes one 180°bend of substantial radius, rolling and
unrolling against a flat panel that forms a crossmember
between the printer side plates. By this design, the radius of
curvature is held nearly constant, and as the printhead
shuttles back-and-forth, the curved or stressed portion of
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the cable shifts. Thus, no part of the cable is subjected to
maximum stress all the time, considerably lengthening the
fatigue life of the cable.
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Enhanced BASIC Language for a

Personal Computer

by Nelson A. Mills, Homer C. Russell, and Kent R. Henscheid

American National Standard for Minimal BASIC

(ANSI X3.60-1978). It is designed to provide the
user with a friendly, easy-to-use, and powerful program-
ming tool. The BASIC language interpreter and the HP-85
operating system are implemented entirely in firmware to
relieve the user of any responsibility for getting the operat-
ing system and/or interpreter loaded and executing.

For the novice user, the HP-85 features an autostart mode
of operation. When HP-85 power is turned on, the system
will automatically search for a stored program named
Autost on the tape cartridge. If a program by this name is
found, the HP-85 will load it into memory and begin its
execution. This program can then prompt the user for in-
puts, give instructions, do selected computations, or load
other programs selected by the user from a menu.

Several commands are included in the HP-85 BASIC lan-
guage instruction set to simplify the plotting of data and the
presentation of graphical information on the CRT. The CRT
display can subsequently be output in hard copy form on
the system's internal printer.

I IP-85 BASIC is an enhanced impleinentation of the

Language Enhancements
ANSI Minimal BASIC includes the LET and implied LET
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statements for variable assignment, the FOR-NEXT state-
ments for looping, the GOTO, GOSUB, computed GOTO, and
IF THEN statements for branching, INPUT, DATA, READ, and
RESTORE statements for data manipulation, the PRINT
statement for output, and several arithmetic operations and
functions. ANSI Minimal BASIC contains a total of
twenty-one statements and twelve predefined functions.

By contrast, HP-85 BASIC includes 65 statements, 20
commands, and 42 predefined functions. The IF THEN
statement has been extended to include the IF THEN
ELSE statement, which, when combined with a multistate-
ment line, provides a very useful programming tool. For
example,

100 IF A> 10 THEN A = A — 10 @ GOTO
200 ELSE DISP A @ GOTO 300
The @ symbol separates individual executable statements
for multistatement lines.

HP-85 BASIC allows formatted output via the PRINT
USING or DISP USING statements and the IMAGE statement.
Their use is illustrated as follows.

10 IMAGE 8(* ), “EXCHANGE RATE"/
L8(*" "),“MARCH 3, 19807/,
“$”,DC3D.DD, = £”,DP3DRDD

20 PRINT USING 10; 1065.43,2198.13
30 STOP



Fig.1. Up to eight characters can be used for displayed
labels for each of the eight user-defined keys in the HP-85
system. A sample display of such labels is shown above.

Executing these statements results in the output:

EXCHANGE RATE
MARCH 3, 1980

$1,065.43 = £2.198,13

The keyboard includes eight special function keys (k1-
k8) which can be programmed using the ON KEY # state-
ment and KEY LABEL. When the KEY LABEL statement ap-
pears in a program or when the KEY LABEL key is pressed,
the labels of the respective keys will be displayed on the
bottom three lines of the CRT display. For example, execu-
tion of the following statements results in the display
shown in Fig. 1.

10 ON KEY#1,“KEY 1" GOSUB 100
20 ON KEY#2,“HELP” GOSUB 200

30 ON KEY#4,“KEY 4” GOSUB 300
40 ON KEY#5,“KEY 5" GOSUB 400
50 ON KEY#7,“SOLVE” GOSUB 500
60 ON KEY#8,“DATA IN” GOSUB 600
70 CLEAR

80 KEY LABEL @ GOTO 80 ! WAIT

FOR KEY PRESS

Another important feature of HP-85 BASIC is the ability
to solve virtually any size problem using the CHAIN and
COMmon statements. CHAIN replaces the current program
in memory with a new program that is loaded from mass
storage, and retains the current values of variables passed
by the COMmon statement.

Debugging of BASIC programs on the HP-85 is simplified
by the TRACE, TRACEALL, TRACE VARiable and STEP com-
mands, and the ability to inspect and modify any program
variable under keyboard control.

Screen Editor

One of the main design goals in creating the HP-85 Per-
sonal Computer was to make it easy to use. The keyboard is
tightly integrated with the HP-85 screen editor, giving the
user unprecedented editing capabilities in a personal com-
puter. The user has complete cursor control over the entire
64 lines of alphanumeric memory and can operate on any-
thing in this CRT buffer by simply positioning the cursor

anywhere within the desired information and pressing the
appropriate key.

Inserting characters in a line is made simple by the INS/
RPL key which switches between the insert and replace
character modes. In the insert mode, a double cursor iden-
tifies the position in the display where the inserted informa-
tion will appear. The delete character (DEL-CHAR) key re-
moves the character currently underscored by the cursor.
Several typing aids and selective screen and line-clear op-
erations add to the strong editing capabilities of the HP-85.
Most keys repeat their function when held down.

Modifications made on the CRT with these powerful edit-
ing features only take effect when the ENDLINE key is pressed.
The HP-85 will process up to three lines, or 96 charac-
ters, at that time. From the current cursor position, the
editor firmware looks up and down the right-hand edge of
the CRT until it reaches either a non-displaying carriage
return character, the top or bottom line of the current dis-
play, or the 96-character limit for editing. With these
bounds established, the edited information is then read
from the CRT buffer into the system RAM where it can be
processed by the operating system.

To correct a problem on some personal computers, the
user must retype the corrected problem and execute it:

20000 = PI
62831. 8530718

32000 + PI
100530.964915

Corrected line
Corrected result.

On the HP-85, the user can also use the editor and cur-
sor control keys to make the modification in the original
problem:

32000 * PI
62831.8530718

which, when executed by pressing the ENDLINE key be-
comes

32000 = PI
100530.964915

Thus users can easily modify what they see, including
scrolling an additional 48 lines onto the screen for modifi-
cation, and re-executing those lines for quick results. The
64-line alphanumeric memory can also be scrolled for re-
view of previous operations and results.

Mathematical Functions

Historically, BASIC implementations have had a rather
limited function set. Fortunately, this situation is changing
and the user should expect to be provided not only TAN, for
example, but additionally SIN and COS, with all of these
functions operable in both degrees and radians. The HP-85
mathematical function set exceeds many other BASIC im-
plementations in quantity, capability, and accuracy. In
another sense, most of the HP-85 mathematical functions
are now standard fare, having appeared on previous
Hewlett-Packard computers. New to HP personal comput-
ing products and appearing on the HP-85 is a random
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Fig. 2 Example of clipping performed by the HP-85 system
when the plot exceeds the boundary of the screen display.
First, alineis drawn from (A,B) toward point (C,D) off-screen. A
line drawn now from (C,D) to (E,F) will intersect the edge of the
CRT display at the proper point. Thus, the CRT acts as a
window on a much larger plotting space. The size of the
window is specified by the scaLe statement.

number generator whose implementation has been singled

out for discussion at right.

High accuracy has been obtained for the HP-85 mathe-
matical functions by using essentially those algorithms
developed first for the HP-67/97 and subsequently im-
proved for the HP-32E, the HP-34C, and the HP-41C as dis-
cussed in previous articles.’™ These algorithms are ad-
justed for the larger HP-85 word size to retain accuracy.
Real number calculations in the HP-85 are performed in-
ternally to fifteen significant decimal digits and rounded to
twelve digits for presentation to the user.

For all the algebraic functions (+, —, X, +, and SQR), the
error is no bigger than one-half count in the twelfth sig-
nificant digit (with correct rounding in all situations). For
some rational operations such as RMD and MOD there are no
errors, regardless of the magnitude of the arguments. For
example, 10*% MOD 3 = 1 exactly. The transcendental func-
tions are accurate to well within one unit in the twelfth
significant digit, except where such specification would be
impractical for any machine.

There are just two such cases:

1. When y* is bigger than 102°° or tinier than 10 2%
(but not 0), its error may exceed one count in the last
place but is always smaller than two counts.

2. For trigonometric functions of large radian arguments,
TRIG(X) is really TRIG (wX/3.14159265358979) with an
additional error rather less than one count in the twelfth
significant digit. The use of only fifteen significant di-
gits of 7 contributes less error than if the given argument
X had been changed in its fifteenth significant digit.
Despite this error, which is significant only when X is
huge, both sides of the trigonometric identity SIN(2X)=
2SIN(X) COS(X) agree to all twelve significant digits when,
say, X=52,174 radians. In general, every trigonometric
identity that doesn't explicitly involve 7 will be satisfied
to within a rounding error in each trigonometric func-
tion that appears in it. Large angles in degrees or grads
suffer no such complications (e.g., TAN [2><10k]=
0.363970234266 for all k=1,2.3,...,499 just as it should).

Graphics

The integrated graphics of the HP-85 gives the user six-
teen powerful and easy-to-use commands that provide
scaling, line generation. labels, axes with interval marks,
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Random Number Generation

The random number generator in the HP-85 uses the multiplica-
tive congruential methed. Briefly, the method generates the next
random integer x;, 4 by multiplying the current random integer x, by
a constant multiplier « (fixed within the HP-85) and keeping only the
right-hand-most fifteen decimai digits: x,, y=ax; {modulo 10'%). The
user may supply the starting seed, use a default seed, or call for a
random seed using the current clock setting. The routine scales
X;4 1 to get random numbers that lie within the unitinterval, and rounds
them to twelve significant decimal digits before output. However, the
routine continues generating successive random numbers treat-
ing a and the x;'s as fifteen-digit integers internally.

The crucial factor for a generator of this kind is the selection of the
multiplier a. An inherent characteristic of the multiplicative congruen-
tial method is that a plot of consecutive numbers (X 4, Xj+2.- Xirm)»
regarded as pointsin a space of m dimensions, shows that all ofthese
“random’ points lie on a relatively small number of paraliel
hyperplanes in the m-dimensional unit cube.! This presents an
appearance similar to that of an orchard (see Fig. 1).
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Better Selection of
Multiplier «

Bad Selection of
Multiplier «

Fig. 1. (a) Bad selection of multiplier a. {(b) Better selection of
multiplier «.

Bad seiections of the multiplier « force all the m-tuples onto a small
number of widely spaced hyperplanes, consequently giving a less
uniform distribution of the m-tuples throughout the unit cube. There-
fore, the m-tuples must crowd onto the fewer paratlel hyperplanes
leaving large unoccupied gaps between them.2 A measure of the
widest distance between the hyperplanes is then a measure of the
nonuniformity of the generator and characterizes the quality of the
selected multiplier e. The determination of this distance is known as
the spectral test. Passing this test means selecting a multiplier a that
gives rise to minimal hyperplane distance separation according to
criteria described in Knuth 3 Knuth underlines the importance of this
test by stating that “not only do ail good random-number generators
pass it, but also all linear congruential sequences now known to be
bad actually fail it! Thus, it is by far the most powerful test known...”
The random number generator for the HP-85 was designed to pass
the spectral test by developing other computer programs to assist in
the proper selection of the multiplier a. The article by Harada® outlines
the criteria and technique for choosing optimal multipliers for the
spectral test.
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user-generated characters, and hard-copy output. With the
SCALE statement the user has complete control of the
256-by-192-dot resolution within a coordinate system
specified by the user. The graphics firmware does all con-
versions from the user’s coordinate system to the CRT
coordinate system. A user point (X, Y) is mapped into the
CRT system (X, Y¢) by

X~Xmin
Xe *255

Xmax— min

Ymax—Y
Y = —————*191

Ymax—Ymin

where Xpin, Xmax> Ymins Ymax are the parameters of the
SCALE statement. The factors

255 191
and
Xmax—xmin

Ymax—Ymin

are computed by the SCALE statement, so for any one
plotting operation, only one subtraction and one multipli-
cation must be performed for each coordinate.

For plots that exceed the boundaries established by the
SCALE statement, a complex clipping algorithm handles the
intersection of lines to virtual points off the screen, as
shown by Fig. 2.

The following program shows the ease of generating
high-quality graphics on the HP-85.

10 RAD @ GCLEAR

20 SCALE -6+P1,6+P1,—0.1,1

30 XAXIS 0,PI)2 @ YAXIS 0,.1

40 PENUP

50 FOR [=-6+PI1 TO 6+P1 STEP PI/16
60 PLOT LSIN(I)1

70 NEXT I

80 MOVE PI, 0.5

90 LABEL “SIN(X}/X"
100 COPY @ STOP

Executing this program results in the plot shown in Fig.
3a. The user, after noting the clipping of the bottom part of

the graph, can make the following change in line 20.

20 SCALE -6xP1,6+P1,—0.4,1

which results in the corrected plot shown in Fig. 3b. Point-
to-point line generation, character generation with the
BPLOT command, labeling commands, and the other state-
ments discussed above give the HP-85 graphics software
capability not found in many other personal computers.

Timing, Copying, and Audio Commands

There are three built-in, programmable timers, which
may be used to control a program via the ON TIMER #
statement. For example, the statement

ON TIMER#1,10000 GOSUB 300

will start timer number one so that every ten seconds it will
interrupt the computer’s operation and cause program con-
trol to be transferred to line 300.

The contents of the alphanumeric or graphic CRT display
may be transferred to the internal printer by executing the
COPY statement or by pressing the COPY key on the
keyboard.

Finally, the HP-85 has an internal programmable beeper
that is controlled by specifying the frequency and duration
of the desired tone via the BEEP statement. This statement
can be used with other HP-85 BASIC commands in a pro-
gram to enable the user to compose music, print out the
musical score, and play the tune, using the beeper.

Program Internal Formats

HP-85 BASIC programs are executed by an interpreter
that is part of the firmware operating system. However, the
code that is interpreted is vastly different from the BASIC
commands as they were originally entered. As the state-
ments are entered, they are compiled to a form of RPN
(reverse Polish notation), which can be interpreted more
efficiently than the BASIC source statements. As part of the
compilation process, all BASIC reserved words are con-
verted to single-byte tokens. This makes the internal form of
the code somewhat more compact than the original form,
and also makes interpretation easier and faster. The single-
byte tokens are actually ordinals for the runtime table, the
parse table, and the ASCII table. Thus, token 142 is as-
sociated with the 142nd entry in the runtime table, the parse
table, and the ASCII table. Following is an example of the
internal form of the HP-85 BASIC assignment statement.

The statement line

10 LET A = B + SIN (C+D)

Fig. 3. (a) An initial plot shows
that the graph of a waveform is
clipped at the bottorn. (b) By mod-
ifying one parameter in the SCALE
statement, the graph now can be
]L easily relocated within the display
boundaries.
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is converted to single-byte tokens as listed below.

20 BCD line #10

0
22 # bytes in the line
142 Token for LET
21 Token for fetch variable address

40 ASCII blank
101 ASCII A
1 Token for fetch variable
40 ASCII blank
102 ASCII B

1 Token for fetch variable
40 ASCII blank
103 ASCII C
1 Token for fetch variable
40 ASCII blank
104 ASCII D
52 Token for =
330 Token for SIN
53 Token for +
10 Token for store numeric variable
16 End of line token

Preallocation

One of the things that has traditionally made interpreters
slow is that they maintain a table of variables, which must
be searched at runtime for each variable reference. In the
HP-85 we have attempted to solve this problem by preallo-
cation of all variable references. During the allocation pro-
cess, the variable names that occur in the internal RPN form

of the program are replaced by the relative addresses of the
variables. Thus, at runtime, the interpreter has only to read
an address and add it to the base address of the program to
determine the absolute location of the variable being refer-
enced. For traditional interpreters the time required to ac-
cess any variable is dependent upon its position within the
variable table. On the HP-85 all variables may be accessed in
exactly the same amount of time.

User-defined functions are like variables in that they have
names that look like variable names, and they have as-
sociated with them a value, much like a variable. Because of
these similarities and the obvious advantages in runtime
execution, user-defined functions are also preallocated.

In traditional interpreters, it is also necessary to search for
all line number references. Thus execution speed is affected
by how far the referenced line is from the beginning of the
program or from the current line, depending on the im-
plementation. In the HP-85 all line number references are
replaced by the relative address of the referenced line dur-
ing the allocation process, thus eliminating the need to
search for referenced lines at runtime.

Output Control

Flexible vectored control of output is provided in the
HP-85 operating system by an output control routine that
acts like a police officer directing traffic. This routine is
accessed by the user via the PRINTER IS and CRT IS state-
ments. OQutput information that normally goes to the CRT
(output device 1) can be redirected to the internal printer

Fast Integer Processing

The HP-85 implementation of BASIC provides INTEGER, SHORT, and
REAL variable typedeclarations (undeclared variables are considered
to be ReaL) with this feature—many calculations are transparent to the
user and proceed internally faster than might be expected when the
values involved are integers, even though INTEGER type may or may
not have been specified.

Let's see how and when this occurs. Memory space is conserved
by allocating for each variable no more space than is needed to
represent the range of values over which that type of variable can run
(see Fig. 1a). In each of these cases, the variable is initially tagged
using one of the bytes to flag it as "nuli data” (a warning is issued to
the user if processing is attempted using null data). Now suppose, for
example, a program initializes a variable =0 so it is no longer null and
subsequently performs the calculation 1=1+1, assuming no prior type
declaration for 1. By default, 1 is assumed reaL. It is easiest for the user
to ignore type declaration when storage space is not at a premium.
The penalty for this in usual BASIC implementations is to force siower
floating point calculations, even though only integer values may be
involved. The HP-85 implementation avoids this penaity, when it can,
by using an additional special format—tagged integers.

When a value is assigned to a RreaL variable, it is first examined to
see if it is actually an integer (up to three bytes). If so, it is stored as

Real (declared
Integer Short or undeclared)

3 4 8
Bytes Bytes Bytes

+99999 +0.9999E+99  +9.99999999999E +499

Variable Type:

Range:

(a)

shown in Fig. 1b and the subsequent calculation 1+1 will proceed
much faster since only small integers are involved. Should the integer
become too large (more then five digits) or should some other portion
of the program force | to a wider Reat format, | will remain rReaL and
subsequent calculations of i=i+1 will proceed accurately, but at a
slower pace.

The fetch routine presents eight bytes (a Real or tagged integer) to
each math routine. Routines not interested specifically in integers,
such as sin and cos, call a conversion routine which checks for the
tag byte, and, when necessary, converts the integer to the nor-
malized reaL format. The add, subtract, and multiply routines act
differently. If both arguments are tagged integers, fast integer
routings are employed, providing fast counting in FOR-NEXT loops and
other instances as mentioned.

When processing of a math routine is completed, control is relin-
quished to the system. If the result is to be stored in memory, the
recipient variable is checked and the eight-byte result is converted, if
necessary, to the appropriate one of the formats shown in Fig. 1
before storage. Should the answer exceed the range for that variable
type, a default value is stored and a range warning is issued.

-Homer Russell

Fig. 1. (a) Each variable is allo-
cated space in the memory ac-
cording to its type specification.
(b)Ifa ReaL variable is perceived to
be actually an integer of up to
three bytes, it is stored in memory
as shown and processed inter-
(b) nally as an integer.

Real (tagged as integer)
4 3

Bytes Bytes

Unused Integer

1 Byte Tag
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Output Select Code =2
Controt

Printer
Driver

JSB=
Error
Routine

Output
(VO ROM),

" Output:
Handler-

Fig. 4. Anoutput control routine directs the output from PRINT.
DisP. and LIST statements to the selected peripheral. If the
peripheral is not present, the routine calls an appropriate
error routine. When additional peripherals are added to the
HP-85 system the 1/O0 ROM supplies an additional outpuT
command and redirects the normal error subroutine call from
the output control routine to the appropriate subroutine in the
110 ROM.

(output device 2) by the statement CRT IS 2. Similarly, out-
put information normally going to the internal printer can
be redirected to the CRT by a PRINTER IS 1 statement. Nor-
mal CRT output information comes from DISP, LIST, and
CAT statements and ERROR messages. Print output comes
from PRINT, PLIST, and TRACE statements. Output device
specifications other than 1 or 2 normally result in an error
message. All output-producing statements set a select code,
which the output control routine uses to direct the output
from the producer to the target device (see Fig. 4). The
operating system uses a select code of 0 as a flag for external
/O to increase throughput speed of multiple output calls to
the outpw. control routine, such as LISTings or OUTPUT
statement, with multiple parameters in the output list.

System Extensions

Option locations or “hooks” in the operating system
allow extension of the HP-85 capabilities. An option loca-
tion is typically several RAM locations that the operating
system accesses with a subroutine call or a single byte in
RAM containing a flag with special meaning to the system.
In the case of a subroutine call option, the RAM option
location would be initialized to a subroutine return or an
error message subroutine call. A plug-in ROM or binary
program can ‘“hook” into the operating system and take
over some process in the system by inserting a subroutine
call to itself in place of the default option location contents.
For example, the output control routine discussed earlier
attempts to send output for a select code other than 1 or 2 to

one of these locations. A plug-in ROM that handles the
output to a peripheral device replaces the normal error call
at the respective option location with a subroutine call
pointing to its own output handling routine {see Fig. 4).
Other locations in the operating system provide intercep-
tion of the keyboard processing routine, the system parser,
the main idle loop, and external IO interrupts. Special flags
in the RAM option locations permit image and interrupt
process extensions.

The HP-85 option locations thus provide an easy means
to expand the capabilities and extend the power of the basic
computer.

Mass Storage

The 98200A tape cartridge provides a digital-quality
storage medium for data and program storage and retrieval.
A directory of file information at the front of the tape im-
mediately provides the location and length of any of up to
42 files on the tape.® A high-speed search technique gives
the user fast access to files, with the six-character file name
providing a friendly reference not commonly found in per-
sonal computers. This directory can be readily displayed
using the CATalog command. Four levels of file security
provide protection of sensitive or important information on
the tape. The user can prevent duplication and listing of
program files and access to data files that contain private
information. A soft write-protect security prohibits acci-
dental replacement of valuable files.

The data files can be structured by the user to be any
number of records, each of a specified size up to 32767 bytes
long, limited only by the mass storage space available {210K
bytes for each tape cartridge). The data files can be accessed
both serially and randomly, giving the user complete con-
trol over retrieval techniques and access speed for data. The
records within a file are treated as logical length records
and can be addressed directly by specifying the numbers of
their positions within the file. The firmware transparently
handles the physical record divisions for the user.

Language Extensions

The BASIC language as implemented on the HP-85 can be
extended by the addition of either plug-in ROMs or binary
programs. HP-85 memory consists of 32K bytes of ROM and
16K bytes of RAM. The last 8K bytes of the ROM is bank-
selectable. A plug-in module allows expansion of the RAM
to 32K bytes.

Plug-in ROMs map into the bank-selectable portion of
system ROM, and binary programs load into the RAM.
There may be up to six plug-in ROMs and one binary pro-
gram in the system at any one time. Binary programs are
loaded by the LOADBIN command and stored by the STORE-
BIN command, and reside in the highest memory locations
oftheRAM. They have a somewhatrigid structure in that all
relocatable addresses are contained in a block at the begin-
ning of the program and are relocated by the LOADBIN
command. The remainder of the binary program must be
written as ‘‘run anywhere code.”

The structures for ROMs and binary programs are similar
in that they require the same table structure at the begin-
ning. The first two bytes of each ROM contain the ROM
number and its complement. The first two bytes of a binary
program contain the address at which the binary is loaded.
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The next ten bytes of both ROMs and binary programs
contain, in order, the runtime table address, the ASCII table
address, the parse table address, the error message table
address, and the address of the initialization routine.

For binary programs, this block of table addresses is fol-
lowed by the runtime table and the parse table, since they
also contain addresses that must be relocated.
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ABBREVIATED SPECIFICATIONS

HP Model 4140A pA Meter/DC Voltage Source
MEASUREMENT FUNCTIONS: |, |-V and C-V.
I: Independent picoammeter and programmable voltage source.
1-V: 1-V characteristic measurements.
C-V: Quasi-static C-V characteristic measurement.
VOLTAGE SOURCES: Vp and Vg,

| Function Va : Ve

-V
c-v S

VOLTAGE SWEEP: Auto or manual {pause).
DISPLAYS:
CURRENT: 32 digits with 2-digit annunciator.
VOLTAGE: 372 digits.

Current Measurements

RANGE: =1.000 x 10~ 12 A10 £1.000 x 10" 2 Atullscalein 11 ranges, auto or manual ranging,

90% overrange.
ACCURACY/INTEGRATION TIME:

Accuracy Integration Time (ms)
Range | =(%ofrdg. + counts) | Short Medium Long
10721079 05+2
BT 20 80 320
10 2+2
10-1 5+3 80 320 1280
10712 5+8 160 640 2560

VOLTAGE BURDEN: <10V at fulf scale.

ZERO OFFSET RANGE: 0 to =100 x 10715 A,

TRIGGER (Cutput t Data): INT, EXT and HOLD MAN.

HIGH-SPEED | DATA OQUTPUT: Available with HP-IB option. Maximum rate: 2.5 ms
intervals.

Capacitance-Voitage (C-V) Measurement
RANGE: 0.0 pF to 1900 pF, auto-ranging.
ZERO OFFSET RANGE: 0 to 100 pF.
%C RANGE: 0.0% to 199.9% (Capacitance change in device under test is displayed as a
percent of the set value of the oxide capacitance; Cox = 100%).

DC Voltage Sources
RANGES (V4 AND Vg): 0 to =100.0 V.
MAXIMUM CURRENT: 10 mA, both sources.
VOLTAGE SWEEP: Auto and manual (pause), up/down step in manual (pause) mode.
Sweep abort enables reset.
PARAMETER SETTING RANGES:
START/STOP V: 0 to =10.00V, 0.01V steps; 0 to =100.0V, 0.1V steps.
STEP V: 0 to =10.00V, 0.01V steps; 0 to =100.0V, 0.1V steps.
HOLD TIME: 0 to 199.9 s, 0.1-5 steps; 0 to 19989 s, 1-s steps.
STEP DELAY TIME: 0 to 10.00 s, 0.01-s steps: 0 to 100.0 s, 0.7-s steps.
dv/dt (ramp rate): 0.001 V/s to 1.000 V/s, 0.001-V/s steps. '
CURRENT LIMITING: 100 uA, 1 mA, and 10 mA, =10%(V 4 anl V g).

General
OPERATING TEMPERATURE: 0°C to 40°C.
RELATIVE HUMIDITY: <70% at 40°C.
POWER: 100, 120, 220V, *10%; 240V + 5% —10%; 48-66 Hz, 135 V pmaximum with any
option.
DIMENSIONS: 426 mm W x 177 mm H x 498 mm D (18.5 x 7 x 19.6 in).
WEIGHT: 14.2 kg (31.2 ib). !
ACCESSORY FURNISHED: 16053A Test Leads. Triaxial cable, two each BNC-BNC
cables and one connection plate.
OPTIONS: 001 Analog Output (I, C and V) with pushbutton scaling.
101 HP-IB interface.
ACCESSORIES AVAILABLE:
16053A Test leads.
16054A Connection selector.
16055A Test fixture, general-purpose.
16056A Current divider (10:1).
PRICES IN U.S.A.: 4140A, $7360; Opt 001, $325; Opt 101. $220; 16053A, $320;
16054A, $275; 16055A, $1250; 16056A, $140.
MANUFACTURING DIVISION: YOKOGAWA-HEWLETT-PACKARD LTD.
9-1, Takakura-cho, Hachioji-shi
Tokyo, Japan, 182
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Personal Calculator Has Key to Solve Any

Equation f(x) = 0

The HP-34C s the first handheld calculator to have a built-in
numerical equation solver. That's why one of its keys is

labeled SOLVE.

by William M. Kahan

calculator, the HP-34C, is an automatic numerical

equation solver. It is invoked by pressing the
SOLVE key (see Fig. 1). For an illustration of how it finds a
root x of an equation f(x) = 0 take the function

B UILT INTO HEWLETT-PACKARD'S new handheld

fx)=¢-Cix - C,

with constants C, and C,. Equations f(x} = 0 involving
functions like this one have to be solved in connection
with certain transistor circuits, black-body radiation, and
stability margins of delay-differential equations. If the
equation f(x) = 0 has a real root x three steps will find it:
Step 1. Program f(x) into the calculator under, say, label
A (see Fig. 2).
Step 2. Enter one or two guesses at the desired root:
(first guess) ENTER (second guess if any)
Any x will do as a guess provided f(x) is defined at
that value of x, but the closer a guess falls to a de-
sired root the sooner that root will be found.
Step 3. Press SOLVE A and wait a little while to see
what turns up.
Figs. 3a-3d show what turns up for a typical assortment of
constants C, and C, and first guesses.

When a root is found it is displayed. But is it correct?
When no root exists, or when SOLVE can’t find one, ERROR 6
is displayed. But how does the calculator know when to
abandon its search? Why does it not search forever? And if
it fails to find a root, what should be done next? These
questions and some others are addressed in the sections that
follow.

What does SOLVE Do, and When Does It Work?

Neither SOLVE nor any other numerical equation solver
can understand the program that defines f(x). Instead, equa-
tion solvers blindly execute that program repeatedly. Suc-
cessive arguments x supplied to the f(x) program by
SOLVE are successive guesses at the desired root, starting
with the user’s guess(es). If all goes well, successive guesses
will get closer to the desired root until, ideally, f(x)=0 at the
last guess x, which must then be the root. SOLVE is distin-
guished from other equation solvers by its guessing
strategy, a relatively simple procedure that will surely find
a root, provided one exists, in an astonishingly wide range
of circumstances. The three simplest circumstances are the
ones that predominate in practice:

1. f(x)isstrictly monotonic, regardless of initial guesses, or
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2. +f(x) is strictly convex, regardless of initial guesses, or
3. Initial guesses x and y straddle an odd number of roots,
i.e., f(x) and f(y) have opposite signs, regardless of the
shape of the graph of f.
In these cases 30L.VE always finds a root of f{x)=0 if a root
exists.
About as often as not, SOLYE must be declared to have
found a root even though f(x) never vanishes. For example,
take the function:

g{x) = x+2-(x—5)

GN PRGM

FIX BEG SCI RAD ENG GRD

e P

R¢R+ 1 DSE () ISG

et I e I

o GLE A e oy
MEM ~ PREFIX PRGM REG z

Fig. 1. The HP-34C, a new handheld programmable cal-
culator, has two keys that are new to handheld calculators—
f (integrate) and sGLVE sOLVE, @ numerical equation solver, is
described in this article.



PRGMIOL I RUN Switch to Program Mode
Clear Program Memory
x is in the X Register

e*

Get x Back
C,
Cix
e* - Cyx
: C.
g fix) = e — Cyx — C,

Return f(x) in the X register

Switch to Run Mode

Store C, in Register 1

ST Store C, in Register 2

Fig. 2. This js an HP-34C program for the function f(x) =
e* — Cyx —C,. it replaces x by f(x) in the HP-34C's X register
(display). Itis labeled A, butlabels B, 0, 1, 2, or 3 would serve
as well.

Of course g(x) = 3x—10, and when calculated as prescribed
above (don’t omit the parentheses!) it is calculated exactly
(without roundoff) throughout 1=x<6.666666666. Con-
sequently, the calculated value of g(x) cannot vanish be-
cause the obvious candidate x=10/3=3.333... cannot be
supplied as an argument on an ordinary calculator. SOLVE
does the sensible thing when asked to solve g(x)=0; it
delivers final guesses 3.333333333 and 3.333333334 in the
X and Y registers in a few seconds. In general, when 3QLVE
finds a root of f(x)=0 it returns two final guesses x and y in
the X and Y registers respectively; either x=y and {(x)=0, or
else x and y differ in their last (10th) significant decimal
digit and f(x) and f(y) have opposite signs. In both cases the
Z register will contain f(x).

On the other hand, $OLVE may fail to find a place where
f(x) vanishes or changes sign, possibly because no such
place exists. Rather than search forever, the calculator will
stop where | f(x) | appears to be stationary, near either a local
positive minimum of [f(x) | asillustrated in Fig. 3d or where
f(x) appears to be constant. Then the calculator displays
ERROR 6 while holding a value x in the X register and f(x) in
the Z register for which f(y)/f(x)=1 at every other guess y
that was tried, usually at least four guesses on each side of x.
(One of those guesses is in the Y register.) When this hap-
pens the calculator user can explore the behavior of f(x) in
the neighborhood of x, possibly by pressing SOLVE again, to
see whether |f| really is minimal near x, as it is in Fig. 3d, or
whether the calculator has been misled by unlucky guesses.
More about this later.

So SOLVE is not foolproof. Neither is any other equation
solver, as explained on page 23.

How Does SOLVE Compare with Other Root-Finders?
Program libraries for large and small computers and cal-

culators usually contain root-finding programs, but none of

them works over so wide a range of problems or so conve-

niently as does the HP-34C’s SOLVE key. Other root-finders
are hampered by at least some of the following limitations:

1. They insist upontwo initial guesses that straddle an odd
number of roots. SOLVE accepts any guess or two and
does what it can to find a root nearby, if possible, or else
farther away.

2. They may have to be told in advance how long they are
permitted to search lest they search forever. Con-
sequently their search permit may expire after a long
search, but just moments before they would have found a
root. SCLVE knows when to quit; it can’t go on forever,
but it can go on for a long time (e.g., when f(x)=1/x).

3. They may require that you prescribe a tolerance and then
oblige you to accept as a root any estimate closer than
that tolerance to some previous estimate, even if both
estimates are silly. SCLVE will claim to have found a root
x only when either f(x)=0 or f(x)-f(y)<0 for some y
differing from x only in their last (10th) significant dec-
imal digit.

4. They may claim that no root exists when they should
admit that no root was found. $CGLVE will not abandon
its search unless it stumbles into a local minimum of |f],
namely an argument x for which f(y)}/f(x)=1 at all other
(usually at least nine) sampled arguments y on both
sides of x.

5. They may deny to the program that calculates f(x) certain
of the calculator’s resources; for instance ’

“begin with no label other than A"”

““do not use storage registers 0 through 8”

“do not use certain operations like CLR or ="".
SOLVE allows the f{x) program to use everything in
the calculator except the 30LVE key. Moreover, SOLVE
may be invoked from another program just like any other
key on the calculator; and f(x) can use the HP-34C’s
powerful f;,‘ key.

A lot of thought has gone into making 30OLYE conform to

Albert Einstein’s dictum: “As simple as possible, but no

simpler.”

How Does SOLVE Work?

The SOLVE key’s microprogram uses very little of the
HP-34C’s resources. Reserved for SOLVE’s exclusive use are
just five memory registers for data and a handful of other
bits. Those five memory registers hold three sample argu-
ments «, 8, and y and two previously calculated sample
values f(a) and f{8) while the user’s f(x} program is calculat-
ing f(x) from the argument x = y, which it found in the stack.
How does SOLVE choose that argument y?

Suppose a and B both lie close to a root x = { of the
equation f{x)=0. Then a secant (straight line) that cuts the
graph of f at the points [x=a, y=f[a)] and [X=B , yzf(ﬁ)]
must cut the x-axis at a point [x: Y, y=0] given by

y =B — (B—a)-f(BY(f(B)—f(a)) (1)

Provided the graph of f is smooth and provided { is a
simple root, i.e., f{{) = 0 # {'{{}, then as Fig. 4 suggests,y
must approximate { much more closely than do « and 8.
In fact the new error y—{ can be expressed as
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f(x) = exp(x) + x — 2

(a) —20r
_30 .

f(x) = exp(x) = 4x — {4 — 4in 4)

18.00 +

16.00

T

14.00

12.00 -1

10.00 ~

T

2.00 —\
-1 1 | | I i !

|
r I T 1 1 T 1 T 1
-5.00 —4.00 -3.00 —2.00 -1.00 0.00 1.00

(c)

0.50 —

0.40
f(x) = exp(x) — 5x + 3
0.30 -
0.20 i~
0.10 -
1.50 1.60 1.70
I | | L | ] |
0.00 T 1 N T T 1 T 1
1.30 1.40 1.80 1.90 2.00
-0.10
-0.20 -
(b)
300.00

f(x) = exp(x) — 20x + 90

50.00

! It ] | 1 1 I i |
-6.00 —2.00 2.00 6.00 10.00

|-
-10.00

(d)

Fig. 3. Examples of soLveresults for different values of C; and C, and different first guesses for
the root x in the program of Fig. 2. (a) If the first guess is —99 the root x = 0.442854401 is found in
25 seconds. The graph of f(x) on the negative-x side is relatively straight, SO SOLVE WOrks quickly.
If the first gquess is 99 the root is found in 190 seconds. soLVE takes longer to get around a sharp
bend. (b) With first guesses 0 and 2 the root 1.468829255 is found in 30 seconds. With first
guesses 2 and 4 the root x = 1.74375199 is found in 20 seconds. Many root finders have trouble
finding nearby roots. (c) With first guesses 0 and 2 the double root 1.386277368 is found in 50
seconds. Many rootfinders cannot find a double root at all. (d) Since no root exists, soLvedisplays
£rROR 6. With first guesses of 0 and 10, SOLVE displays £RROR 6 in 25 seconds. After the error is
cleared soLve displays 2.32677...., which approximates the place x = 2.99573.... where f(x) takes
its minimum value 50.085.....

y—{=K(a=§(B-0

where K is complicated but very nearly constant when «
and 8 both lie close enough to {. Consequently the secant
formula, equation 1, improves good approximations to {
dramatically, and it may be iterated (repeated): after f(y) has
been calculated « and f(«) may be discarded and a new and
better guess & calculated from a formula just like equation 1:

8 =y — (y=B)-f(y)(fy)—£(B)) (2)

This process repeated constitutes the secant iteration
and is the foundation underlying the operation of
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the SOLVE key.

A lot could be said about the secant iteration’s ultimately
rapid convergence, but for two reasons the theory hardly
ever matters. First, the theory shows how strongly the se-
cant formula (equation 1) improves good estimates of a root
without explaining how to find them, even though the
search for these estimates generally consumes far more time
than their improvement. Second, after good estimates have
been found, the secant iteration usually improves them so
quickly that, after half a dozen iterations or so, the tiny
calculated values of f(x) fall into the realm of rounding error
noise. Subsequent applications of equation 1 are con-
founded by relatively inaccurate values f(a) and f(8) that



Fig. 4. Given guesses a and B with corresponding function
values f{a) and f( B) the secant iteration produces a new guess
v by the formula vy = 8 — (ﬁ—a)~f(ﬁ)/(f([3) —f(a)).

produce a spurious value for the quotient f(B]/(f(,B)—f[a)).
For these reasons the secant iteration is capable of dithering
interminably (or until the calculator’s battery runs down).
Figs. 5a-5b show examples where the secant iteration cycles
endlessly through estimates «, 8, v, 8, &, 8, v, J, ...

Therefore, the secant iteration must be amended before it
can serve the SOLVE key satisfactorily.

SOLVE cannot dither as shown in Fig. 5a because, having
discovered two samples of f(x} with opposite signs, it con-
strains each successive new guess to lie strictly between
every two previous guesses at which f(x) took opposite
signs, thereby forcing successive guesses to converge to a
place where f vanishes or reverses sign. That constraint is
accomplished by modifying equation 2 slightly to bend the

f(x)

®
@

— ™
2

(a)

» f(x)

(b)

Fig. 5. £xamples of how the secant iteration can cycle end-
lessly through the values «, B, v, 8. (1) o 8=y (2) B, y—8 (3)
y, &>a (4} 8, a—>f3 and so forth.

Why Is Equation Solving Provably
Impossible?

“The merely Difficult, we do immediately; the Impossible will take
slightly fonger.” Oid British naval maxim.

What makes equation solving merely difficult is the proper caicula-
tion of #(x) when the equation f(x) = 0 has to be solved. Sometimes the
calculated values of f(x) can simultaneously be correct and yet utterly
misleading. For example, let g(x) = x+2-(x=5); this is the function
whose calculated values change sign but never vanish. Next let the
constant ¢ be the calculated value of (g(10/3))?; this amounts to ¢ =
107 '8 on an HP handheld calculator, but another calculator may get
some other positive value. Finally, let f(x) =1-2 exp(—g2(x)/c?). The
graph of f crosses the x-axis despite the fact that the correctly
rounded value calculated for f(x) is always 1. None of the arguments x
for which f(x) differs significantly from 1 can be keyed into the cal-
culator, so it has no way to discover that f(x) vanishes twice very near
10/3, namely at

x = 10/3 £ cVIn 2/3

No numerical equation solver could discover those roots.

Worse, perhaps, than roots that can't be found are roots that aren't
roots. Here is an example where the calculator cannot know whether
it has solved f(x) = 0 or f(x) = . Consider the two functions

f(x) = 1/g(x) and f(x) = 1/(g(x) + cg(x))

where g(x) and ¢ are defined above. These two functions have
identical calculated values, after rounding, for every x that can be
keyed into the calculator, which consequently can't tell one from the
other despite the fact that at x = 10/3 the first has a pole, {(10/3) = «,
and the second a zero, f(10/3) = 0. Starting from straddling initial
guesses x = 1 and x = 10 the soLve key finds a “root” of both
equations f(x) = 0tolie between 3.333333333 and 3.333333334 after
only 49 samples. The user, not the caiculator, must decide whether
the place where f(x) changes sign is a root of f(x) = 0 or not. A similar
decision arises when both initial guesses lie on the same side of 10/3,
in which case sorve ultimately finds a "root” of f(x) at some huge x
with }x| > 3.33 x 1098, where the calculated value of f(x) underflows
to zero. That huge x must be regarded as an approximationtox = + o«
where both functions (=) = 0.

The foregoing examples illustrate how our inability to perform cal-
culations with infinitely many figures makes equation solving difficult.
What makes equation solving impossible, even if rounding errors
never happened, is our natural desire to decide after only finitely
many samples of f(x) whether it never vanishes. Any procedure that
claims to accomplish this task in all cases can be exposed as a fraud
as foilows:

First apply the procedure to “solve” f(x) = O when
f(x) = —1 everywhere, and record the finitely many
sample arguments X1, X2, X3 ..., Xn at which f(x) was
calculated to reach the decision that f(x) never van-
ishes. Then apply the procedure again to f(x) = (x—x1)-
(x—x2) (x=x3) (...} (x=xn)—1. Since both functions
f(x) take exactly the same value, —1, at every sample
argument, the procedure must decide the same way for
both: both equations f(x) = 0 have no real root. But that
is visibly not so.

So equation solving is impossible in general, however necessary it
may be in particular cases of practical interest. Therefore, ask not
whether soLve can fail; rather ask, “When will it succeed?”

Answer: Usually.
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Fig. 6. /In the HP-34C, once two samples of f(x) with opposite
signs have been discovered, the secant line (1) is bent to (2)
whenever necessary to prevent an iterate 8 from escaping out
of the shortest interval known to contain a place where f(x)
reverses sign.

secant occasionally as illustrated in Fig. 6. Another small
modification to compensate for roundoff in the secant for-
mula (equation 1) protects it from the premature termina-
tion illustrated in Fig. 7. Although SOLVE can now guaran-
tee convergence ultimately, that might not be soon enough
since ultimately we all lose patience. Fortunately, con-
vergence cannot be arbitrarily slow. At most six and nor-
mally fewer iterations suffice to diminish either successive
errors 1x—§| or successive values [f(x)] by an order of
magnitude, and rarely are more than a dozen or two itera-
tions needed to achieve full ten-significant-digit accuracy.
So fierce is the bent-secant iteration’s urge to converge that
it will converge to a pole (where f(x) =) if no zero (where
f(x) = 0) is available, and this is just as well because poles
and zeros cannot be distinguished by numerical means

R

{ " Np

Fig. 7. With a wild initial guess a the rounded value of vy
may coincide with 8. This convinces some equation solvers
that vy is the root. sSOLVE perseveres until it locates the
root ¢ correctly.
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Fig. 8. These three equations all have the same roots, but (a)
is easy to solve, (b) with a bad initial guess gets worse, and
equation (c) is defined only close to its roots.

alone (see page 23).

What does SOLVE do when all the values f(x} sampled so
far have the same sign? As long as successive samples f(x]
continue to decline in magnitude, SOLVE follows the secant
formula (equation 1) with two slight amendments. One
amendment prevents premature termination (see Fig. 7).
The other deals with nearly horizontal secants, when f(«)
=f(B) very nearly, by bending them to force ly—B|=



100{B8—a/, thereby diminishing the secant iteration’s ten-
dency to run amok when roundoff becomes significant.
Convergence now cannot be arbitrarily slow. As long as
successive samples f{x) continue to decline in magnitude
without changing sign they must decline to a limit at least
as fast, ultimately, as a geometric progression with common
ratio 1/2, and usually much faster. When samples f(x) de-
cline to zero, SOLVE finds a root. When they decline to a
nonzero limit, as must happen when f(x}) = 1 + ¢* or other-
wise declines asymptotically to a nonzero limit as x— %=,
SOLVE discovers that limit and stops with either ERROR 6,
meaning no root was found, or +9.999999999 x 10°, mean-
ing overflow, in the display.

A different approach is needed when a new sample f(y)
exhibits neither a different sign nor a diminished mag-
nitude. To avoid the dithering exhibited in Fig. 5b, SOLVE
sets the secant formula (equation 2) aside. Instead, it inter-
polates a quadratic through the three points [a.fla)],
[B,f(B]], [y,f(y)] and sets & to the place where that quadra-
tic’s derivative vanishes. In effect, § marks the highest or
lowest point on a parabola that passes through the three
points. 30LYE then uses & and 8 as two guesses from which
to resume the secant iteration. At all times 8 and f{8) serve
as a record of the smallest |f(x)| encountered so far.

But the parabola provides no panacea. Roughly, what it
does provide is that if !f(x)| has a relatively shallow
minimum in the neighborhood of 8 and 8, the calculator
will usually look elsewhere for the desired root. If }f(x] | has
a relatively deep minimum the calculator will usually re-
member it until either aroot is found or SOLVE abandons the
search.

The search will be abandoned only when |f(8)| has not
decreased despite three consecutive parabolic fits, or when
accidentally 8 = 8. Then the calculator will display ERROR 6
with g inthe X register, f(8) in the Z register,and y or  in the
Y register. Thus, instead of the desired root, SCLYE supplies
information that helps its user decide what to do next. This
decision might be to resume the search where it left off, to
redirect the search elsewhere, to declare that f(x) is negligi-
ble so x is a root, to transform f(x)=0 into another equation
easier to solve, or to conclude that f(x) never vanishes.

When invoked from a running program SOLVE does
something more useful than stop with ERROR 6 in the dis-
play: it skips the next instruction in the program. The cal-

»

T -

culator’s user is presumed to have provided some program
to cope with SOLVE’s possible failure to find aroot, and then
SOLVE skips into that program. This program might calcu-
late new initial guesses and reinvoke SOLVE, or it might
conclude that no real root exists and act accordingly. There-
fore, SOLVE behaves in programs like a conditional branch:
if soLVE finds a root it executes the next instruction, which
is most likely a GTO instruction that jumps over the program
steps provided to cope with failure. Therefore the HP-34C,
alone among handheld calculators, can embed equation-
solving in programs that remain entirely automatic regard-
less of whether the eguations in question have solutions.

Some Problem Areas

Equation solving is a task beset by stubborn pathologies;
in its full generality the task is provably impossible (see
page 23). Even though equations that matterin practice may
notfall into the Chasm of the Impossible, yet they may teeter
on the brink. Rather than leave the user teetering too, the
HP-34C Owner’s Handbook devotes two chapters to SOLVE,
one introductory and one more advanced. The second chap-
ter discusses equation solving in general rather than the
SOLVE key alone, and supplies the kind of helpful advice
rarely found in textbooks. Here follow examples of things
that users might need to know but are unlikely to have
learned except from bitter experiences, which the Hand-
book tries to forestall.
Hard versus Easy Equations. The two equations f(x)=0and
exp(f(x))—1=0 have the same real roots, yet one is almost
always much easier to solve numerically than the other. For
instance, when f{x)=6x—x*—1 the first equation is easier.
When f(x)=In(6x—x*) the second is easier. See Figs. 8a-8c.

In general, every equation is one of an infinite family of
equivalent equations with the same real roots, and some of
those equations must be easier to solve than others. If your
numerical method fails to solve one of those equations, it
may succeed with another.
Inaccurate Equations. Numerical equation solvers have
been known to calculate an equation’s root wrongly. That
cannot happen to SOLVE unless the equation is wrongly
calculated, which is what happens in the next example.
This example resembles equations that have to be solved
during financial calculations involving interest rates or
yields on investments. For every p = 0 the equation

Fig. 9. The jagged solid line is a
graph of the ostensible roots of
x~—(1—exp(—xp))ixp = 0 calcu-
lated carrying ten significant di-
gits. The coloredline s a plot of the

correct root x = 1 (to nine signifi-

1x10°1° 2x10-1° 3x10-1

e > p cant digits) obtained by a re-
4x10 arranged calculation.
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x — h(px) = 0,

where h(0) = 1 and h{z) = (1 — exp(—2))/z if z # 0, has just
onerootx, and 0 < x =< 1. The colored line in Fig. 9 plots this
rootx against p, and shows how smoothly x—1 as p—0. But
when that root x is calculated numerically for tiny values of
p using the most straightforward program possible, some-
thing awful happens, as shown by the black graph in Fig. 9.
That serrated graph reflects the capricious way in which
the calculated equation’s left-hand side changes
sign—once for p=10"11at “root” x = 10788, seven times for
pP=2.15 x 10710 at “roots” x=4.65 x 1079, 0.233, 0.682,
0.698, 0.964, 1.163 and 1.181. All those “roots’’ are wrong;
the correct root is x = 0.999999999... . These aberrations are
caused by one rounding error, the one committed when
exp(—px) is rounded to 10 significant digits. Carrying more
figures will not dispel the aberrations but merely move
them elsewhere.

To solve x—h(px) = 0 correctly one must calculate h(z)
accurately when z is tiny. Here is the easiest way to do that:
if exp(—z) rounds to 1 then set h{z) = 1, otherwise set h(z) =
(exp(-z) — 1)/ln exp(—z). This reformulation succeeds on
all recent HP handheld calculators because the LN key on
these calculators retains its relative accuracy without de-
gradation for arguments close to 1 (see reference 1). Con-
sequently, In exp(—z) conserves the rounding error in the
last digit of exp(—z) well enough for that error to cancel
itself in the subsequent division, thereby producing an ac-
curate h(z) and a trustworthy root x.

Generally, wrong roots are attributable more often to
wrong equations than to malfunctioning equation solvers.

The foregoing example, in which roundoff so contaminated

the first formula chosen for f(x) that the desired root was
obliterated, is not an isolated example. Since the SOLVE
key cannot infer intended values of f(x) from incorrectly
calculated values, it deserves no blame for roots that are
wrong because of roundoff. Getting roots right takes care-
fully designed programs on carefully designed calculators.
Equations with Several Roots. The more numerous the
roots the greater is the risk that some will escape detection.
Worse, any roots that cluster closely will usually defy at-
tempts at accurate rescolution. For instance, the double root
in Fig. 3c ought to be x = ln 4 = 1.386294361 instead of
1.386277368, but roundoff in the 10th decimal causes the
calculated f(x) to vanish throughout 1.386272233 < x <
1.386316488, thereby obscuring the last half of the double
root’s digits. Triple roots tend to lose 2/3 of the digits car-
ried, quadruple roots 3/4, and so on. All these troubles can
be attacked by finding where the first few derivatives f'(x),
f"{x), etc. vanish, but nobody knows how to guarantee
victory in all cases.

What Have We Learned?

Thereader will recognize, first, how little the pathologies
illustrated above have to do with the specifics of the
SOLVE key, and second, how nearly certain is the user of so
powerful a key to stumble into pathologies sooner or later,
however rarely. While the SOLVE key enhances its user’s
powers it obliges its user to use it prudently or be misled.

And here is Hewlett-Packard’s dilemma. The company
cannot afford a massive effort to educate the public in nu-
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merical analysis. But without some such effort most poten-
tial purchasers will remain unaware of SOLVE’s value to
them. And without more such effort many actual purchas-
ers may blame their calculator for troubles that are intrinsic
in the problems they are trying to SOLVE . To nearly
minimize that required effort and its attendant risks,
SOLVE has been designed to be more robust, more reliable
and much easier to use than other equation sclvers previ-
ously accepted widely by the computing industry. Whether
that effort is enough remains to be seen. Meanwhile we
enjoy the time SOLVE saves us when it works to our satisfac-
tion, which is almost always.
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