The HP 48SX Scientific Expandable
Calculator: Innovation and Evolution

Many of the features of this advanced handheld calculator
have evolved from ils predecessors, the HP 41C and HP
285. Others, such as its unit management system, are new.

by William C. Wickes and Charles M. Patton

INCE THE INTRODUCTION OF THE HP 65 in 1974,
Hewlett-Packard has developed a succession of cus-
tomizable scientific calculators of ever expanding
capability. The HP 483X scienlific expandable caloulator

(Fig. 1) maintains this trend with an unprecedented com-

bination of features and flexibility, Its major features

include;

B An RPN-style calculator interface with a dynamic stack
of arhitrary depth for operations on eighteen types of
mathemaltical or logical objects (plus twelve additional
object types used by system programs)

B Numerous arithmetic, transcendent
functions, applied uniform-
Iy wherever meaningful to
complex as well as real
numbers,

B Vector and matrix opera-

and statistical

tions on real and complex
arrays of arbitrary size. A
spreadsheet-like screen
editor is provided for sim-
plified entry and editing of
drrays

L] ."%:..'ﬂh‘nl]ii: mathematics in-
cluding evaluation, expan-
sion, simplification, sum-
mation, differentiation, and
integration. The Equation-
Writer application provides
graphical, “textbook” entry
of expressions and equa-
tions.

B String manipulations,

B Hinary integer operations,
with arithmetic, hit, and
byle manipulations, and a
variable word size.

® Numerical and symbolic
equation solving.

B Eight types of automatic
mathematical and statisti-
cal plotting, including in-
teractive root finding, cal-
culus, labeling, and digitiz-
ing. There are also interac-
tive and programmatic line Fig. 1. HF 485X scren

the Equationiy

far apphcalon
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and arc drawing and creation of custom text and graphics

displays.

An integrated unit management system. Cuantitics that

include physical units can be used in computations,

solving, and plotting, while the calculator automatically

performs unit conversions and dimension checking,

Time management, including a clock/date display and

appointment and program-execution alarms,

Two-way communications via a wired serial port for con-

nection to personal computers, printers, and other serial

devices orvia infrared light for printing to the HP 82240A/8

printer or for wireless transfers between two HP 485Xs.

® Customization with plug-
in 32K-bvte or 128K-byte
RANM or ROM memory cards,
which may include com-
mand libraries for extend-
ing the built-in feature set.
Libraries can also be im-
ported  inte RAM using
cither [/ mechanism.

® A user-definable keyboard
and custom menus.

® Programming in the RPL
language, which provides

program-flow  struclures,
recursion, global and local
variahles, passing proce-
dures as arguments, il'.|.ll|:
prompling and output la-
beling, user and system
flags, logical tests and oper-
ations, and user-defined
functions.

These features are sup-
ported by a hardware set that
includes a  vertical-format
package with 49 keys, a 131-
by-G4-pixel LCD ::_l-c.pl:u,' with
support for fast scrolling of
virtual displays that are larger
than the phys
plug-in slots for memaory cards,
a four-wire serial communi-
cations port, and an infrared
transmitter and receiver (see
articles, page 25 and 35).
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Design Objectives

The fundamental design objective for the HP 485X was
to create a product that combines the software technology
of the HP 285" with the hardware flexibility and customiza-
bility of the HP 41C.% Although in many respects the HP
2885 was itself a descendant of the HP 41C, its advanced
capabilities and limited hardware have made its applica-
tion and range of customers somewhat different from those
of the HP 41C. For example, in the academic field, the HP
41C was very popular in college engineering departments,
but it had little appeal to mathematics instructors. By con-
trast, the HP 285 has had a significant effect on mathematics
instruction, with many colleges adopting it as a standard
teaching tool. Engineering departments have been much
slower to adopt the HP 285, since it does not have the
software exchange capabilities they are accustomed to with
the HP 410, Similarly, the HP 41C was very popular with
surveyors, but the HP 285 is of limited use in this field
because of its lack of /0 capability.

The HP 485X project started, therefore, with a review of
the strengths of its two predecessors. The HP 410°s include
plug-in memory ports, HP-IL /O capability. a redefinable
kevboard, and a vertical format convenient for handheld
operation. The HP 285's include extensive real and sym-
bolic mathematical capabilities, RPL operating system and
user language, a graphics display. and a menu key system.

At the same time, we focused on common enhancement
requests from HP 285 owners. These include a bigger dis-
play, more graphics and plotting features, IO capability,
especially for importing or saving software, symbolic inte-
gration, and more help from the caleulator in using some
of its more complicated features,

All ofthese strengths and enhancements are incorporated
in the HP 485X, In some cases, the implementation of one
of these items evolved into a major feature that wasn’l
necessarily anticipated from the HP 285/HP 41C combina-
tion or a customer request. For example, the HP 285's pow-
erful numerical integrator was obscured by an arcane syn-
tax for enlering the integration arguments. Consideration
of this problem in the HP 485X investigation led to a review
af the general problem of entering and recognizing mathe-
matical expressions, which ultimately led to the develop-
ment of the EquationWriter application [see article, page
13). This solves the integration problem—one enters an
integral by “drawing” a textbook-like expression on the
screen, including the integral sign, upper and lower limits,
and integrand, all appropriately positioned, However, the
scope and utility of the EquationWriter far exceed what is
needed for this particular use.

The HP 485X also contains important features thal derive
more from “next bench” research than from HP 41C or the
HP 285 strengths or from customer input. The prime exam-
ple of these is the HP 485X’s unit management. Simple
one-to-one physical unit conversions have been available
on calculators for vears, Several HP 41C plug-in modules
improved on this by providing a general-purpose conver-
sion mechanism which could caleulate any conversion fac-
tor from input and oulpul units specified as text strings,
The HI 41 Petroleum Fluids Pac incorporates this mech-
anism into its calculations so that the user can include
units for the values entered for the programs, and ask for

answers in particular units. The HP 485X takes advantage
of its multiple-object-type operating system and symbaolic
manipulations to provide a new level of unit management,
in which numerical quantitics can have physical units
attached to them and carried throughout arbitrary calcula-
tions. The collaction and cancellation of units and conver-
sions between dimensionally consistent different units are
handled automatically by the caleulator. For example, a
problem such as, "How fast is an object traveling after
accelerating at 1 m/s* for half a minute, if its initial speed
was 20 mph?” reduces to

[1_mis" 2}« 5 _min+20_mph EVAL

on the HP 485X, which roturns 8711 _mph. In HF 485X
notation, the underscore _ acts as an ohject type identifier
linking a floating-point number with a unit expression
which can contain arbitrary products, powers, and guo-
tients of physical units, The HP 485X has 121 units built
into ROM, from which the user can construct arbitrary
compound units. Unit objects are supported in numerical
and symbolic calculations, plotting, equation solving, and
integration. This HP 485X capability removes a greal deal
of the drudgery from caleulations involving physical units,

In ane aspect of the HP 485X design it was not possible
to satisfy both HP 41C and HP 285 owners: programming
language. To support its other design objectives, the HP
485X needed to use an RPL operating system and language
similar to that used in the HP 285, Unfortunately, this
meant that the considerable body of programs written for
the HP 41C would not be execulable directly on the HP 485X,
To solve this problem, the plug-in HF 82210A HF 41C
emulator card provides a keyboard emulation of the HP
410 and the ability to execute HP 410 programs, The
infrared port and the HP 82242A infrared printer module
for the HP 41C can be used 1o transmit programs from the
HE 41C to the HP 485X for execution with the emulator
card.

HP 285 users have a smaller problem in program conver-
sion. The great majority of HP 285 commands can be exe-
cuted without modification on the HP 485X, Only a few
commands are different, primarily those associated with
display operations (and the integral command, as men-
tioned previously], and the various system flags have
changed. With optional software, the HP 285 can also use
its infrared printer output to “print” its programs to the
HP 485X, where they can be executed after minor or no
maodification.

Internal Mechanisms

The remainder of this article will discuss some of the
mechanisms the HP 485X uses to support ils feature set.
The memory maps shown in Figs. 2 through 7 illusirate
the concepts discussed inthis article, The implementations
of many of the higher-level applications are discussed in
the article on page 13.

The fundamental basis of the HP 485X system is the RPL
operating system, which occupies about 18K bytes of the
system ROM. This system first appeared in the HP 18C
Business Consultant calculator in 1986, In brief, the system
combines elements of Forth and Lisp, providing a multi-
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object RPN stack and direct and indirect threaded execu-
tion, with both atomic and composite objects, temporary
(lambda) variables, and the ability to pass unevaluated pro-
cedures as arguments. The objects are similar to Forth
waords, containing the address of the executable code that
defines the object and the data that makes up the body of
the object. The object types provided in the initial versions
of BPL were;

® Identificr class: identifiers (global names), temporary
identifiers (local names), and ROM pointers (XLib
names). These objects are used for storing and retrieving
other objects.

® Procedure class: secondary (program) and code objects,
These objects are executable.

® Data class: floating-point real and complex numbers,
character and string objects, hexadecimal strings (binary
integers), real and complex arrays, linked arrays,
extended precision real and complex numbers, lists,
symbolic [algebraic), unsigned short integers, library,
RAM/ROM pair (directory), Under normal execution,
these objects merely return themselves, as passive data,
However, symbolic objects and lists are composite
ohjects, and can be evaluated like procedure class
objects.

The body of a composite object is a sequence of other
objects terminated by an end marker that serves as a pro-
gram return if the body is executed as a procedure,

To support HP 485X operations, several additional data-
class objects were added to the above list:
® Graphics object. These are LCD bit maps, used for storing

and manipulating graphical images.

® Tagged object. A tagged object contains a text string plus
another object. The text is used to label the object. Oper-
ations applied to the tagged object ignore the tag and
apply themselves directly to the “inner” object. Thus, a
program might return the tagged object Speed10_mis,
where Speed is the tag. Executing 10 « (times) then returns
100 _mis,

B Lnit object. This consists of a floating-point real number
combined with an algebraic expression representing
physical units.

® Backup object. This object is designed for the archival
storage of a single object in an independently configured
RAM port. The backup object contains a second object
plus a name, a length field, and a checksum, The HP
485X contains commands for storing and retrieving
objects from within backup objects when the latter are
installed in RAM ports,

m Library data object. This object provides a memaory huffer
for use by plug-in applications that need lo preserve data
between executions.

In addition to the new object types, three object types
that were present in the HP 283 are given more visibility
in the HP 485X:

# Inthe HP 2885, a user can create a directory object stored
in a variable, but has no access to the direclory as an
object. In the HP 485X, a directory has the same status
as other objects—it can be recalled to the stack, edited,
copied, stored, and so on.

B Built-in commands in the HP 285 and HP 485X are
organized in libraries, which are similar to compiled
directories in which the linked list of named objects is
compiled to a table-driven organization. Name resolu-
tion of the objects within libraries is necessary during
parsing, where text names are replaced by ROM pointers.
The latter contain indexes into library object tables,
which in turn provide for fast location of an object's
name and executable code. In the HP 485X, libraries are
available as ordinary objects, so that a user can move
libraries in and out of the caleulator via one of the /O
porls or on plug-in memory cards. When a library is
installed in HP 485X memory, it extends the HP 485X's
language by adding its own internal commands to the
built-in set.

# ROM pointers are visible to the HP 485X user as XLib
name objects, the library analog of the global names that
provide access to objects stored in global variables in
RAM, Executing an XLib name executes the object within
a library that is associated with the name. XLib names
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Fig. 3. Ovenview of the address space layout of the HP 485X
cafculator with ong merged and one iree (unmerged) RAM
card.



can be compiled as stand-alone RPN objects or included
within the definitions of algebraic objects. As long as
the relevant library is present, an XLib name decompiles
to the text name stored in the library. If the library is
removed, the XLib name is decompiled to show the
library number and command number within the library.

As part of the strategy to maximize the use of ROM over
RAM, the RPL system has included, from its inception,
ROM-like structures that are analogs of the user’s program
and variable space [directories). These are called ROM-
PARTSs. By attaching ROMPARTS to subdirectories, the user
can create a context-sensitive customization so that typing
the same thing can have very different results depending
on the context directory. ROMPARTs were designed to
provide context-sensitive customization, localizations of
keywords and messages, system extensions, and run-time
linking.

In the process of developing a set of programs, the user
first creates programs and wtilities in a customizing direc-
tory. When the programs are debugged and ready to keep,
they can be transferred to a ROMPART and loaded into
ROM. Attaching the ROMPART to the same directory pro-
vides the same functionality with less RAM use,

RPL Plug-in Management

While the overall scope and function of plug-in manage-
ment did not change from the original RPL definition to
its first released implementation in the HP 485X, a number
of design details did change in response to outside reviews
of the system. Implementing these changes posed a number
of design challenges.
ROMPART Structure. A large portion of the RPL plug-in
management design is based on the concept of a ROMPART,
which is not a standard RPL object in the same sense as
complex numbers, directories, programs, and so on, but is
instead a set of data-structure conventions.

A ROMPART is a collection of RPL objects together with
a field containing the name of the ROMPART, a ROMPART
ID number which uniquely identifies the ROMPART, a
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pointer to a hash table for use in identifying objects by
name, a pointer to a link table for use in identifying objects
by their unigue object numbers, a pointer to a message
table containing messages specific to this ROMPART, and
a pointer to configuration code which is executed whenever
the ROMPART needs to be configured (see Fig. 2).

The name field can contain any characters and is used
only as information for the user, The ROMPART ID number
uniquely identifies the ROMPART to the system and is in
the range 000-7FE (hexadecimal). ID numbers 000-0FF are
reserved for the RPL kernel and other built-in ROMPARTS.
1D numbers 700-7FE are reserved for use by ROMPARTS
providing application language extensions.

The hash table provides a two-way correspondence be-
tween names and objects in the ROMPART. It is used dur-
ing the process of interpreting the characters typed in by
the user to determine whether the characters name any
object in the ROMPART, and then again to determine if an
object should be displayed as a name rather than according
to its internal structure,

The link table provides a list {in object-number arder)
of all accessible objects within the ROMPART.
Configuration, A ROMPART simply residing somewhere
within the system does not provide for any of the services
described above. The ROMPART needs to be registered
with the system during the configuration process, which
ocours in several stages.

Whenever the machine is first turned on, a routine check
is made to see if any cards have been plugged in or removed
from the system and adjustments are made to compensate
for the changes. Then a number of known areas are scanned
for the presence of ROMPARTs and a list of currently extant
ROMPARTs and their locations is made and compared with
the previous list. If no change is detected, the system con-
tinues the normal process of turning on the display and
resuming the state it had when it was turned off.

On the other hand, if a change is detected, the system
performs its warm-start code. Among other things, the
warm-star! code resets any pointers that could be referenc-
ing ROMPARTS that are no longer present. This includes
the data and return stacks, updateable system pointers, and
the ROMPART pointers connected to the home directory.
The system then rebuilds the table of ROMPARTs and their

ROMPARTLibrary Count

ROMPART Library
Configuration
Table

Fig. 5. The AOMPARTWbrary configuralion lable, Whenever
thae HP 485X turns an, all ROMPARTs and lbraries in ROM,
port O, and other unmerged plug-ins are registered hore.



locations and restarts RPL execution.

ROM Poll. One of the first things done when BPL execution

is restarted is to proceed through the current list of ROM-

PARTS, executing each ROMPART's configuration code in

turn. At this point, the RPL svstem is in a valid, stable state

and the full resources of the system are available for use
by the configuration code.

Although a ROMPART can take over the system at this
point (as is done, for example, by the HP 485X demo ROM).
typical tasks are much less ambitious. More typical exam-
ples of tasks done at the ROM poll include:

B Attaching a ROMPART to the home directory so that the
names of objects within the ROMPART are universally
recognized.

® Keplacing the hash and/or message tables of other ROM-
PARTs with versions localized for a particular language.

® Crealing o custom subdirectory structure for use with
this ROMPART.

ROM Pointers. The RPL svstem’s ROM pointer [ROMPTR)

objects provide a name and location independent method

of specifving an abject within a ROMPART. The data in a

ROMPTE gives both the ROM [D number unigue to a ROM-

PART and the particular object’s object number.

As long as a ROMPART has been registered as being
present in the system, and independent of whether it is
attached to any directory, ROMPTEs referring to a ROM-
PART can be converted to the object or objects they specify.
In this process, the current address of the ROMPART whose
ROM 10 is specified in the ROMPTR is found in the ROM-
PART fable, and the ROMPARTs link table is found. The
object number specificd by the ROMPTR is used as an
index into this table to find the actual current address of
the specified object.

ROMPTRs occupy a middle ground in terms of execution
speed and flexibility between address pointers, which re-
quire no resolution but must be updated whenever memory
moves, and ordinary identifiers, whose value can change
in the course of execution but must be resolved by searching
through the current context. Every programmable function
and operation in the HP 485X has an associated ROMPTR
that specifies it. However, these are not normally used in
programs since the address pointers will suffice. There is
one case in which these ROMPTRs must be used, however.
If the user stores a programmable function in a variable,
what is stored is actually the corresponding ROMPTE,
since storing an address pointer is contrary to the RPL
convenlions, and storing a copy of the object is clearly not
what is desired.

ROMPTRs are normally created in the process of convert-
ing typed-in text to RPL objects (parsing). If the currently
considered picce of text is not an object delimiter. number,
or other fixed-syntax item, it is considered 1o be a name
whose meaning is determined by the current context,
Names, ROMPTRs, and Localization. To determine the
current interpretation of a name, the system first searches
through all the variables in the current directory. 11 the
name maiches any one of these, the name is determined
to be a variable name [ordinary identifier]. If not, the system
searches through the hash tables of the ROMPARTSs attached
to the current directory, if there are anv. If a match is made,
the name is determined 1o be a ROM word name, and it is

converted to the corresponding ROMPTR. If no match is
made, the search is continued with the parent directory,
and so on. If the home directory is searched without a
match, the name is determined to be a formal variable (also
an ordinary identifier).

Every directory except the home directory can have at
most one ROMPART attached to it. The hash table used
in searching such a ROMPART is the one supplied with
the ROMPART. The home directory, on the other hand,
can have multiple ROMPARTs attached to it. Recorded
with any ROMPART attached to the home directory is a
pointer to its hash table. This allows the hash table pro-
vided by a ROMPART to be superseded by another hash
table either in RAM or in another ROM (localization). Only
ROMPARTs attached to the home directory can be so
localized.

Structure of Plug-in Modules. The original RPL design pro-
vided for two kinds of plug-in modules: one associated
with read-only devices [ROM] and one associated with
read/wrile devices [RAM). Whenever a ROM device was
detected, it was assumed that its data consisted of a linked
list of ROMPARTs. The devices would be configured at
some convenient but otherwise arbitrary address and the
individual ROMPARTs would be registered as described
previously, Whenever a new RAM device was detected, it
was assumed that the device contained no viable data and
the device would be configured to be a contiguous segment
of the system's overall RAM., with current RAM contents
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shifted to new positions as necessary. This process is
known as merging RAM, After RAM has been merged, it is
not possible to unplug the module without endangering
the svstem integrity. When a merged BAM is pulled. a large
area of the system and user variables could go with it

To make it possible to have ROMPARTs without read-
only devices, an area within system RAM is set aside and
given the same struclure as a plug-in ROM, that is. a
sequence of ROMPARTs. This RAM-based ROMPART area
is also searched during the configuration of ROMPARTS,
This model for plug-in structure provides almost all avail-
able services automatically and requires only five user-
level commands: to prepare the svstem for removal of a
EAM module [FREE] by reversing the procedure used lo
merge the RAM module, to attach and detach agiven library
from a given directory, to include a ROMPART (given in
some object-coded form) in the RAM-based ROMPART
area, and to remove such a ROMPART,

Design Changes and Challenges

In the evolution of the HP 485X design, it became appar-
ent that RAM modules needed to be used as mass-storage
devices as well as svstem EAM. By analogy to flexible disks,
one would expect that such a mass-storage RAM module
could be removed without first informing the system. These
two tenets had significant impact on the HF 485X plug-in
management design. Other factors that affected the design
ware that the RAM modules have a switch that allows them
to act as KON, that there is no effective way to determine
the size of a ROM module, and that the system cannot
reliably detect the removal ofa plug-inas itis happening,.
Backup Objects and Libraries. To use a BEAM card a5 mass
storage, we need to be able to store name/object pairs in
the RAM card much as they are stored in variables in the
main RAM. In addition, we need to be able to verify that
the data on the card has not been corrupted in some way.
This verification stage must be fast because it must happen
at configuration time, that is. between the time the machine
is turned on and the time the machine is available for use.
Since no stand-alone object consisting of a namefohject
pair existed in the original RPL svstem, a new object tvpe,
the backup object. was invented for the purpose. A backup
object, in addition o its prologue and length, consists of
a name, an object, and a checksum.

Since ROMPARTs can coexist with backup objects in a
plug-in, they are also encapsulated with a prologue and a
checksum to become library objects.

The organization of the data in a ROM plug-in is largely
dictated by the fact thal the system can only determine the
beginning of a ROM and not the end. This means that any
data structure within the ROM must start at the beginning
address and extend from there. The original RPL configura-
tion assumed just such a structure, so that converting the
configuration from a linked sequence of ROMPARTS 1o a
sequence of backup and librarv objects was relatively
straightforward. The svstem determines the end of the
sequence when it finds either an end-of-sequence mark,
an object that is not a backup or library object, or an invalid
checksum. In either of the last twao cases, the user is warned
of Invalid Card Data, but no further remedial action is taken.

Since RAM plug-in cards can be converted to the equiva-

lent of ROM cards by simply changing a switch setting on
the card, we decided that the structure of an unmerged
plug-in RAM card should be the same as a ROM card, that
is, a sequence of library and backup objects with the
sequence starting at the lowest address of the card.

Ports. The RPL directory structure is one of the most tightly
integrated aspects of the system. Having been conceived
of as semipermanent storage which could dominate the
use of free memory in a memory-limited system, it is
implemented as a self-contained unit containing no point-
ers that need to be changed as other parts of memory
change. In addition, it is relegated to the high-address end
of free memory.

This highly integrated structure with no provision for
referring outside itself precludes the inclusion of unmerged
RAM cards as virtual subdirectories of the home directory.
We decided to extend the mass storage analogy further and
have separate data storage space locations analogous 1o
flexible disk drives. Instead of drives A, B, and C, we have
ports 1, 2, and 0. Ports 1 and 2 refer to the data contained
in cards plugged into the corresponding plug-in slots. Port 0
refers toan area in built-in RAM that acts like a permanently
plugged-in card (see Fig. 6). Unlike personal computer mass
storage, however, the current drive is never any of these,
The port specification must be included in the information
given to any operation involving the ports,

The normal 7O, RCL, and PURGE commands, which nor-
mally store, recall, and delete variables in main memory,
are extended to allow transfer of information to and from
the ports. Tagging a name argument with 0, 1;, or :2; indi-
cates to these commands that a port operation is desired.
For example, if ABC is the name of an object in port 0, then
0:ABC RCL will return the object 1o the stack.

Since the only kinds of objects allowed in a plug-in data
area are backup and library objects, anv other kind of object
is first encapsulated as a backup object. Similarly, RCL of
one of the backup objects will pry the object out of the
capsule.

Directory Managemenl Extensions. The fact that the cur-
pent drive is always none of the ports has several conse-

User Yariables

Library or Backup Object

Library or Backup Object Free Plug-in RAM
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Fig. 7. Layvoutof an unmerged {iree) plug-in RAM carg within
the HP 4B5X address space. An unmerged plug-in card is
either port 1 or port 2 and has the same shructure as pon 0.



quences. First, simply transferring a working set of related
programs from a directory to a port will not result in a
working set of programs in the port. This is because of the
port-specific reference for names. If the program calls a
subprogram by including its name, say SubProg! EVAL, then
only the directory is searched when the name is to be
evaluated. On the other hand, if the subprogram is called
by including a port-specific reference, say 0:SubProgl EVAL,
then only the specified port is searched. To compensate
for this, we have included a “wild card” port specifier, &
The sequence :&:SubProgt EVAL will search for the subpro-
gram in all ports and then in the current directory before
giving up. This calling sequence allows programs to be
executed from directories or ports interchangeably.

A second consequence of there being no current drive

is the lack of access to objects contained in directories
stored in a port. Normally, the method of accessing an
object in a directory is first to change context to the direc-
tory and then to use RCL or some other command. Since
it is not possible to change context to a directory stared in
a port, this method is not available without first copying
the directory back to main RAM. This is solved by using
a list as a complete path specifier for recalling a variable.
For example, if A is a directory object stored in port 0 and
it containg a variable B, then 0 A B } RCL will recall the
contents of B to the stack. Similarly, it is possible to recall
from any location without changing the context directory
by using a list to specify the path completely,
Archive and Restore. With a method of mass storage avail-
able, it is natural to provide a means 1o archive the current
contents of the caleulator and later to restore this informa-
tion. The operation ARCHIVE produces a copy of the entire
home directory encapsulated as a backup object. It delivers
this copy either to a specified port or to another machine,

Restoring from a backup copy of the home directory using
the RESTORE operation reverses the archive process.
Because of the potentially greater need for human interven-
tion, RESTORE will not automatically restore from another
machine. Instead, RESTORE will use a backup [or any other)
copy of the home directory no matter how it was obtained.
RAM Recovery, With the large amounts of data that can
be present in the machine, it is clear that additional data
safeguards are necessary. One such safeguard is provided
by the Recover RAM? operation.

Whenever it is found that the structural integrity of RAM
has been violated, the user is given the opportunity to
either start with a clean slate or attempt to salvage some
data. If the user chooses to salvage data, the machine first
searches through RAM, locating library or backup oljects
whose checksums are valid. It collects all of these into a
new port 0.

1t then searches for a directory object having the specific
features of the home directory. If one is found. the RAM
recovery operation verifies its structural integrity, and the
operation is complete. To check the directory’s structural
integrity, the RAM recovery operation checks the structural
integrity of each object within the directory (including
recursively checking subdirectories) and removes any that
are corrupt, If no home directory is found, the RAM recov-
ery operation begins searching for ordinary directory
objects. When it finds a directory it checks the structural

integrity of each object within the directory (including
recursively checking subdirectories) and removes any that
are corrupt. The resulting corrected directories are named
0.0, 0.1, and so on, and are gathered together to form a new
home directory, completing the recovery process.
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HP 48SX Interfaces and Applications

The HP 48SX scientific expandable calculator provides
support for multiple applications, both built-in and externally
developed, with custormized user interfaces. The Equation-
Writer and interactive plotting are two of the built-in

applications.

by Ted W. Beers, Diana K. Byrne, Gabe L. Eisenstein, Robert W. Jones,

and Patrick J. Megowan

scientific expandable calculator is an EPN calculator

designed as an electronic scratchpad for mathemat-
ical calculations. However, the simple user interface used
in the HP 285 would have become overloaded if translated
directly to the more capable HP 483X, Consequently, the
HP 485X contains direct support for developing specialized
user interfaces that can replace or extend the basic cal-
culator interface. The support is used in the built-in appli-
cations such as the EquationWriter and interactive plotting,
and is available for ordinary user programming and for
externally developed applications. [n this article, we will
review the support mechanisms and give several illustra-
tions of their use,

I IKE ITS PREDECESSOR THE HP 285, the HP 485X

Managing Multiple Applications

Early in the development of the HP 485X, it became
apparent that without a common approach to application
interface implementation, the calculator would not present
a consistent methodology to the user. For example. when
an application ends, it is important that the menu displaved
hefore the application was started be restored. If one appli-
cation restored the previous menu while another always
displayed the MATH menu, user confusion would result,

Although a consistent approach to application interface
design is important, so is the freedom of the designer to
incorporate unique features that justify the need for a spe-
cial interface. One of the challenges in developing the
application interface engine for the HP 485X was balancing
consistency of operation with flexible design components.
For the basic, stack-oriented, RPN operation of the
HP 485X, and for stack-oriented applications such as statis-
tics, the user interface is handled by the built-in RPL outer
loop, All other applications use an RPL tool called the
parameterized outer loop, which is designed to customize
a user inlerface,

The designer of an application can be expected 1o know
how its interface should operate, but not necessarily to
know or fully understand how the application should han-
dle the application from which it was started or how to
respond consistently to fatal error conditions and other
unexpecled events. The parameterized outer loop relieves
the designer of these burdens while providing a commaon,
robust method for handling application startup, applica-
tion shutdown, and asvnchronous event handling. The
parameterized outer loop accomplishes this by handling

the following major aspecis of calculator operation;

® Saving the previous application’s user interface

® Updating the application’s display between key presses

® Waiting for and dispatching key presses, alarm inter-
rupts, and unhandled errors

® Exiting the display and key handling loop

® Restoring the previous application's user interface.

Except forsaving and restoring the previous application’s
user interface, the application-specific components of each
step are specified by the application when it starts the
parameterized outer loop.

Before the user can interact with an application such as
the Equation Catalog, the application must set its user inter-
face. The user interface is what makes the interaction with
the application unique. For example, in the Eguation Cat-
alog, the familiar stack display is replaced by a list of equa-
tions, and the ¥ and & keyvs no longer move the character
cursor but instead move a list pointer around the equation
list. An application sets these and other aspects of its inter-
face when started by passing a set of user interface param-
eters to the parameterized outer loop. These parameters
define how the application manages the HP 485X display
and keyhoard and how the application interacts with the
rest of the caleulator environment.

Parameterized Outer Loop Operation
The operation of the parameterized outer loop can be
summarized as follows:

Save the system or current application’s user inerface
If errar in
{ Set the new applicalon's user intarface
While exil condition cbject evaluates to FALSE
[ Evaluate display object
If grror in
Read and evaluate a key
Then
Evaluate ermor handler abject

H
Then

Restore the saved user interface and error
Restore the saved user interface

The application specifies the unique operation compo-
nents, such as the exit condition object and the display



object, when it starts the parameterized owter loop. This is
how the application customizes the interface. The
parameterized outer loop is responsible for the key-display
loop, alarm interrupts, and low-level error handling,
Display Handling. There is no default display in the
parameterized outer loop. The application is responsible
for setting up the initial display and for updating it. The
application display object is the method by which the
application manages the HP 485X display. This object,
which is usually an executable program, can take advantage
of the two main methods of displaying information that
the HP 485X supports: passive display update and active
display update.

Passive Display Update, Passive display update involves
using the display object to update any area of the display
that needs to be changed after a key is handled. In this
display handling model, each key is responsible for implic-
itly passing information to the display object regarding
what areas of the display it hasn’t changed. The display
object then updates all other display areas.

Since the main outer loop itself uses this display update
scheme, applications that use many standard keys, such
as MatrixWriter, take advantage of the display update in-
formation passed by the standard keys to simplify their
own display and key handling logic,

A major benefit of passive display update rests on the
fact that the application programmer can make no display-
related assertions at all in key handling, and still the display
handling will wark properly, albeit more slowly than nec-
essary. As the application develops, the programmer can
add assertions to those keys that do not affect certain dis-
play areas, thus saving time during display update. If the
programmer misses a few combinations of kev-display
interaction, the application stills operates properly.
Active Display Update. The second method supported by
the parameterized outer loop for handling display update
is the more conventional active display update, In this
model, each key that affects the display updates the display
itself. With active display handling, the application display
object can be reduced 1o a simple NOP [no operation). The
major drawhacks of active display update are that all aspects
of display handling must be considered by every key defini-
tion, and the implicit display update information required
by other calculator resources must be determined whenever
these resources are used by the application,

For consistency and robustness, most HP 485X applica-

tions manage the display in the same manner as the main
outer loop, namely with passive display update.
Hard Key Assignments, Any of the HP 485X keys, in any
of their six planes [unshifted, lefi-shifted. right-shifted,
alpha-unshifted, alpha-left-shifted, and alpha-right-shifted)
can be assigned for the duration of a parameterized outer
loop application. The key object parameter specifies the
kevs to assign and their new assignments, In addition, there
are two flag parameters that control how keys not assigned
by the application are handled. Ifa key is not assigned by an
application, and the allow default keys flag is TRUE, then stan-
dard or default key processing occurs, according to the do
standard keys flag.

For example, if user kevs mode is on and the key has a
user key assignment, then the user key is processed if do

standard keys is FALSE, or the standard key is processed if
do standard keys is TRUE. I allow default keys is FALSE, then all
nonapplication kevs beep and do nothing else,

Menu Key Assignments. An application can specify any
initial menu key assignments. in any of three planes (un-
shifted, lefishifted, and right-shifted). to be initialized
when the parameterized outer loop is started. An outer
loop parameter specifies the definition object for the appli-
cation’s menu, and may indicate that the current menu is
te be left intact. When the outer loop is exited, the previous
menu is restored automatically,

Since hard key assignments have priority over menu key
assignments, it is possible to define more exotic behavior
for the menu kevs. To date, no parameterized outer loop
application does so, however, since the menu key handling
is very flexible and customizable itself.

Preventing Suspended Environments, Many applications
need 1o allow arbitrary commands and user objects to he
evaluated. but may not want the current environment to
be suspended by the HALT and PROMPT commands, A pa-
rameterized outer loop flag specifies whether any command
that would suspend the environment instead generates a
HALT Mot Alawed error, Since both HALT and PROMPT actual-
ly restart the main outer loop, which leaves the application
suspended indefinitely without protection for its global
resources, all current applications disallow suspension.
MNesling Applications. One of the powerful features of the
HP 485X is its ability to stack or nest multiple application
user interfaces, effectively allowing an application to run
within another application. For example, while working
within MatrixWriter, one can press T STK to start the interac-
live stack application to copy a value from the stack into
MatrixWriter. Conversely, within the interactive stack, one
can select a matrix and press VIEW to start MatrixWriter,
In both cases, when the second application is finished. the
first resumes where it left off, The parameterized outer
loop makes sure all the details are sorted out.

Application Examples

The interactive stack is an HP 485X application with
which one can browse through the HP 485X data stack and
perform a set of stack-related operations based on the
selected stack levels. Since the interactive stack is designed
for stack operations only (including some object editing
operations), it maintains strict control over the kevhoard
and display. This is accomplished with its key handling
and menu objects. Unlike most applications. the interactive
stack presents a different menu depending on how it is
started, When an edit line does not exist, a full menu of
operations is displaved. When an edit line does exist. the
interactive stack displavs a more restrictive menu, reflect-
ing the fewer operations available. To implement this differ-
ence, the interactive stack passes one of lwo menu objects
to the parameterized outer loop as its menu specification,

MatrixWriter is an HP 485X application that simplifies
the entry of matrix objects. Like the interactive stack, Matrix-
Writer controls certain keys that are redefined for its envi-
ronment, such as &, Unlike the interactive stack, however,
MatrixWriter allows all undefined kevs to operate normal-
ly, since many standard key definitions, such as +, are
useful in MatrisWriter,



Both the interactive stack and MatrixWriter use the pas-
sive display update method for managing their output. In
the case of MatrixWriter, this is especially useful and
impaortant, since the standard edit line interface is used
extensively within the MatrixWriter environment.

Customization by the User

The standard kevboard and display of the HP 485X are
designed for general use, offering direct access to numerical
computation and indirect access to other features. For users
who want direct access to features of their own choosing (or
creation), the HP 485X has a number of toals for customiz-
ing the user interface. The user can redefine kevs, define
a custom menu, customize how kev definitions are exe-
cuted. and maintain a variety of customized environments,

In the HP 285, key definitions are objects of a special
form. For easier customization, we changed the HP 488X
so that any object can be a key definition. For example,
the user can assign the string 5 and the function + to keys,
and those keys will act the same as the normal 5 and + keys.

For each key. the user can assign an object in one of six
key planes: keys can be unshifted, left-shifted, or right-
shifted with alpha on or off. If key assignments are viewed
as vel another shift, this makes 12 kev planes in all. The
user can enable or disable the current assignments by press-
ing tWUSA. or by setting or clearing a flag. The assignments
can be recalled as a list of alternating kev codes and ohjects,
and such a list can be used to make assignments.

Another way to define keys is the custom menu. After
storing a list of objects in a variable named CST, the user
can press CST to put the first six objects in the menu, NXT
to put the next six objects in the menu, and so on. This
method doesn’t involve the key assignments described
above; rather. it uses the standard key definitions that make
the menu svstem wark,

The objects in the custom menu are given the same
shifted interpretations as in built-in menus, For example,
a name is executed, stored into, or recalled, depending on
whether the key is unshifted, left-shifted, or right-shifted,
just as in the VAR menu. Units are multiplied, converted,
or divided, just as in the UNITS menu. Alternatively, the
user can specify separate objects for the menu label and
for unshifted, left-shifted. and right-shifted actions.

The most radical customization is called vectored ENTER.
When the user presses a key in normal operation, the cor-
responding ohject is either written to the command line or
executed, In the latter case, the text already in the command
line must be parsed and executed first, and then the kev-
definition object is executed. The user can customize two
steps in this process by storing programs in variables
a«ENTER and BENTER.

The program in «ENTER takes over parse-and-cxecute
responsibilities, Such a program might either (1) print the
command-line text and then execute 0BJ=, which parses
and execules as usual, [2) EE:@ the text and then execute
OBJ—, or (3) parse the text itself.

After the key-definition object is executed, its text form
is given lo BENTER as an argument. Such a program might
print the text and the contents of the stack, drop the text
and modify the results on the stack, or display status infor-
mation or otherwise prepare for the next input from the

user.

Vectored ENTER is enabled by setting both its own flag and
the flag for user key assignments. The latter condition
allows the user to disable vectored ENTER from the keyboard.
This safety feature is important, since faulty customization
routines can totally disrupt caleulator operation.

Finally, the user can maintain a variety of interfaces cus-
tomized for different purposes. Since the custom menu
and vectored ENTER are defined by variables, switching
directories can cause the interface to change accordingly.
On the other hand, key assignments are independent of
the directory. By assigning directory-switching programs
to keys, the user can readily switch from one interface to
another.

The EquationWriter

The primary design objective of the EquationWriter was
to overcome several factors limiting the ease of use of exist-
ing caleulators. The EquationWriter is the first application
to emerge from advances in display technology, both hard-
ware and software, compared with the HP 285. The general
result of these advances can be seen in the inclusion of the
graphic object data type and the virtual screen of the HP 488X,

The basic idea of the EquationWriter is to show mathe-
matical expressions as they appear in textbooks or as nor-
mally written by hand —for example:

B Numerators above denominators, separated by a harizon-
tal line

B Exponents written as superscripts, in a smaller font

® Parentheses of adjustable height

® The use of standard symbols for integral, summation, etc.

This in itself is novel only in the calculator world. How-
ever, the main challenge, which was felt not to have been
met even by existing desktop systems, was to come up with
a consistent and intuitive way of producing and modifving
these formatted displays as the user enters the expression,
symbal by symbol.

The most obvious limitation on the entry and display of
mathematical expressions in the standard linear format is
that when they get even moderately large, it becomes
extremely difficult to survey the subexpression groupings
visually and sort out all the parentheses. An expression like

JIOARK + Y1141 + (- 172+ X)).2)

is terribly tedious to read and understand, compared to

{
WY 1

2
a (Z-1) +¥
[PARTS] PROE | HYP | MATHIYECTR] ERSE

This problem was especially onerous for the HP 288
FORM interface (renamed RULES in the HP 485X), which
applies operations like commutation, association, and dis-
tribution to subexpressions of a given expression. Locating

dz0




the desired subexpression (which very likely did not even
fit on the screen) amid the plethora of parentheses, and
recognizing its relation to the likewise messy and stretched-
out result, was too much for many users to bother with. In
the HP 485X, the RULES interface is a subsystem of the
EquationWriter, which can be entered any time the expres-
sion typed so far is complete (a+ b is complete, a+ is not] by
pressing the 4 key. This sends the cursor back to the right-
most object (number, variable, or operator) in the expres-
sion, appearing as an inverse-video highlight of that object.

1
R+ 1

Z
a [Z-1) +X
RULES| EDIT | EXPR | SUE | KEPL | EXIT

From here the highlight-cursor can be moved around
with the arrow kevs. Pressing 4, ¥ results in:

d%

1
Y 1 d7

o (2-1)°3
RULES] EDIT | EXPR | SUE | KEPL | ERIT |

(=]

The subexpression selected for an operation is that which
is included in the range of a highlighted operator (if a
variable or number is highlighted, the subexpression sim-
plv consists of that object alone). A menu kev toggles
between highlighting the individual object and the selected
subexpression.

1
AHY dZ

0

RULES] EDIT | EXPR | SUE | REPL | EXIT |

This removes any remaining uncertainty about which
subexpression is selected (although it is not usually needed
because the grouping is so much more apparent, and more
af the expression tends to fit on the screen).

Since the subexpression selection mechanism was in-
cluded for the RULES interface, it made sense o allow edit-
ing of subexpressions as well. Once a subexpression is
selected for editing, a command line is brought up in which
to modify the subexpression in its normal string form. This
is mainly useful for changing the spelling of a name or
number. Other means of modifying and combining expres-

sions are provided by the SUB (substitule), REPL (replace)
and RCL [recall) functions: the first sends a copy of the
selected subexpression out to the data stack, the second
replaces the selected subexpression with the algebraic
object on the data stack, and the third inserts the object
from the stack in the cursor position when in entry mode
(rectangular cursor showing). OF course, it is possible lo
back up with the normal backspace key (4).

Another problem with the standard linear format is
remembering the meaning and order of multiple parame-
ters. A frequent complaint about the HP 285 was that no
one could remember how to type in the parameters 1o the
INTEGRAL function. Did the lower or upper bound come
first? Did one have to type the d that goes with the variable
of integration? In the EquationWriter there can be no such
confusion. Upon pressing the [ key, one immediately sees
an integral sign, with the cursor in the position of the lower
bound.

O

PARTS| PROE | HYP |MATR VECTE] BASE |

Any expression can be entered as the lower bound: it is
terminated by the ® key, which is the general means of
terminating any syntactic piece [exponent. numeralor,
denominator, etc.). The cursor then moves to the upper
bound position.

0

HE

PARTS| PROE | HYP [MATR[VECTR] BASE |

If one of the subexpressions grows verlically [e.g., when
entering a quotient for the upper bound), the integral sign
stretches to accommodate it

1
O

d

A
[PARTS] PROE | HYP |MATE[VECTR] BASE |

After the upper bound and integrand are terminated in
turn, a d appears with the cursor to its right, making it
obvious that a variable name is now required.
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PARTS] PROE | HYP |MATE [VECTE] ERSE |

This is a good place to mention another significant fea-
ture: of the EquationWriter. which is its real-time syntax
checking. With the cursor in the variable of integration
position, the system will not accept any input except a
legal variable name. Pressing + here will immediately
result in the Invalid Syrtax message, with the cursor returned
to the left of the ¢, Similar behavior results from following
a prefix function immediately with an infix function, and
50 forth. The Equation Writer uses the same internal parsing
engine that is used (o parse algebraic expressions typed into
the command line. All graphical events in the Eguation-
Writer {putting up a new symbol, inserting punctuation,
altering the sizes of parts of the picture, and repositioning
the cursor) are triggered by transitions across syntactic
boundaries. as interpreted by the internal parser. The » key
always has the meaning of “go 1o the next syntactic posi-
tion”, so that it not only terminates exponents, denomina-
tors, and so on, but also results in the insertion of any
required token following the current position, such as a
closing parenthesis, or a comma if you are in the first argu-
ment of a function requiring two or more arguments. If the
current syntactic piece is not legally completed, the cursor
will not advance.

This general use of the » key was actually quite contro-
versial during the early phases of development, and this
illustrates the challenge of coming up with an intuitive
entry procedure, as mentioned above. One objection was
that the » key is an unnecessary nuisance when entering
a typical polynomial: after typing the 2 in an expression
like ax®+busc. why can’t [ just type + ? There was no
problem in adopting such a rule. based on operator prece-
dence, but the result would be that the hated parentheses
would start sprouting any time the exponent, numerator,
denominator, or other expression was not typical (i.e., sim-
plel. and the user would have to remember to type the
parenthesis before starting the subexpression (just like in
the old linear format). In the end it was decided to provide
both methods as modes that can be toggled by the user. A
similar problem with respect to division was solved by
providing. in effect, two division operators: one prefix
[press & to initiate a complex numerator) and one infix
[press + to draw a line under the preceding subexpression,
going back 1o an operator of lower precedence than divi-
sion). However, the uniformity of the » kev has proven to
be a contribution to an intuitive interface. Not onlv do all
built-in  operators work similarly, but also all future
operators, with their own distinctive graphical properties
defined by users who write libraries, will also have the
same feel.

The ideal of displaying expressions just as they appear

COS(R)-BdO

in textbooks turned out to be unattainable. mainly because
textbooks were found to follow different rules and ill-
defined conventions. In the expression ax® + bx + ¢, every-
one assumes that a and b are coefficients, but in general,
variable names cannot be limited to one character, nor
should there be something special about the letter x. Thus
we gave up the idea of incorporating implied multiplication
in the display. However, it is present in the entry rules:
tvping 2A automatically creates the display 2°A, and simi-
larly, any sequence of two contiguous tokens functioning
as operands results in the insertion of the multiplication
symbol. The display is unambiguous, but the typing is
simplified.

Graphics and Plotting

Scientists and engineers use graphics for many aspects
of their work: describing problems, studying functions,
working outl solulions, presenting data, and so on. Our
main goal for the HP 485X graphics and plotting system
was to offer plotting tools bevond those of the HP 285,
which provided function plots and statistical scatter plots.
We also wanted to contribute to the overall goal of making
the calculator easier to use. A third goal was better integra-
tion of graphics with other capabilities of the machine.

Our design choices were based on feedback from HP 288
users, guidelines provided by the National Council af
Teachers of Mathematics, consultations with mathematics
educators, and the experience of team members as college
instructors, mathematicians, physicists, and engineers. The
result is the HP 485X graphics and plotting svstem, which
has the following new elements:
® A new RPL object type called a graphics object, or GROB,

along with commands to create and modify GROBs
® An enhanced interactive environment for plotting and

graphics
® Four new mathematical plot types and two new statisti-
cal plot types,

The HP 485X uses a new object tvpe called a graphics
abject, or GROB, to represent graphical images. Like all
objects, GROBs can be placed on the stack, included in
programs, stored in variables, and exchanged with other
calculators. Most graphics commands act on the GROB
stored in a special display region called PICT. The HP 285
used one area of memory for all displays, The addition of
a separate graphics display area in the HP 488X simplifies
mixing graphics and stack operations. Both display areas
are expandable, with scrolling available to view GROBs
larger than the display.

Commands are available to draw geometric shapes.
sketch freehand, or do cut-and-paste operations with small-
er GROBs. Most of these commands are available in both
interactive and programmable forms. For example, geomet-
ric shapes include boxes, circles, and lines:
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The user can press NEW to name a new equation, EDEQ
o edit the current equation, or CAT to show a catalog of
equalions:

{ HOME }
Fa: 'You=n"Y!
Fl: 'SINC1/%)!
BEC: 'ROI-2%R7N2+1/31

PLOTE|SOLVE] Ec+ | EDIT VIEK

The equation specified by EQ can be an expression, an
equation. a program that computes values, or the name of
a variable that contains one of these. Multiple equations
can be plotted simultaneously by combining them into a
list amd storing that list in EQ.

After selecting the equation, the user can press PTYPE to
change the plot type. Other plot parameters control the
plot's scale and the placement and labeling of the axes. To
change the other plot parameters, the user presses PLOTR:

FUNCTION
2¥XT2+1/3!

%3 -6.9 6.3
Y3 -3.1 3.2

ERASE[DRAL| AUTO [HENG] YENG [INDEP

Like the initial plot menu, the PLOTR menu displays the
current values of relevant variables, To avoid interference
with normal stack activity, these displays are maintained
only as long as the commands in the menu are being used
interactively,

When the plot parameters are sel, the user can press
ERASE to clear PICT, or skip this step to superimpose the
plot on the current PICT, The plotting is started by pressing
CRAW or AUTO; the latter attempts to scale one or both axes
automatically, sccording to the plot type.

When the plot is completed., a menu of interactive oper-
ations appears:

Plot tgge
Indep:'H‘

2000 [2-B04] CENT |CODRDILAEEL] FCN |

In the center of the display is a cross-shaped cursor,
which the user moves by pressing the arrow kevs. The
cursor is used to specify locations for a variety of plotting
and graphics operations. Pressing COORD causes a display
of the cursor coordinates to replace the menu labels. If the

PICT GROB is larger than the display, the user can force
the display to scroll by moving the cursor off the edge of
the display.

If the plot needs adjusting, the user can zoom in or out
along either or both axes, or define a new center. If the
plot is satisfactory, the user can press FON to show a menu
of mathematical tools (applicable only to the FUNCTION plot

typel:

RODT |ISECT [SLOPE] RRER | EXTR | EXIT |

With these tools the user can analyze the function with-
out leaving the interactive graphics envirenment, For
example, pressing ROOT invokes the solver to find the
nearest rool (the cursor moves to the root):

gL

+ J + + + .-I/,“\_.'I,

FOOT: 1.90B48291177

Pressing SLOPE invokes differentiation to find the deriva-
tive al the cursor’s location:

SLOPE: 3.23

Pressing EXTR invokes differentiation and the solver to
find the nearest extremum (the cursor moves to the
extremum]:

EXTRM: (1.33333333333.-.B51B51E851A!

Pressing AREA (twice. with the cursor at each limit)
invokes numerical integration:



Fa

;:,U::::

ARER: -.7B5625000003

When EQ contains of list of equations, the user can apply
these tools to any individual equation, or use ISECT to find
the intersection of any pair of neighbors in EQ.

Other Plot Types

Ta the HP 285 plot types FUNCTION and SCATTER the HP
485X adds mathematical plot types COMIC, POLAR,
PARAMETRIC, and TRUTH, as well as the statistical plot types
HISTOGRAM and BaR. The mathematical plot types share
code for the basic steps: selting up the plotting environ-
ment, assigning successive values to the independent vari-
able, evaluating EQ, plotting the corresponding points,
cleaning up the environment, starting the interactive phase,
ard handling errors. Each mathematical plot type requires
its own code to process EQ once at the start and to process
each result of evaluation.

COMIC plots handle circles. ellipses, parabolas, and
hyperbolas. This type turned out to be a simple combina-
tion of existing tools: the code underlving the command
QUAD is used to turn EQ into two branches. Then the code
in the FUNCTION plot type that plots both sides of an equa-
tion is used to plot both branches of EQ. For example, the
equation

G732 = QoY "2 = 2deX = 90+Y - 225

is plotted as:

ﬁf f‘f J
,-/"/I h
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=

POLAR plots show the independent variable as a polar
angle and the dependent variable as the radius. For exam-
ple, the equation

2+(1 ~ COS{X))

is plotted as:

PARAMETRIC plots show a complex-valued function of
one real variable, where the real and imaginary parts are
functions of the independent variable. For each point, the
horizontal coordinate is given by the real part and the ver-
tical coordinate by the imaginary part. For example, the
equation

]

T2 T+i(T"3-3.T)

is plotted as:

TAUTH plots show truth-valued functions of two real vari-
ables. The location of each pixel represents the domain,
and the value of the pixel represents the function value.
Often the truth-valued function is the compostion of a func-
tion of interest, such as a real function of two variables or
a complex function, and a projection function that maps
function values to truth values. For example, consider a
two-argument function. Plotting the expression

[2eX°2 - 3% "2+ X-¥) MOD 168

produces a contour plot of the polynomial with contour
intervals of &

A second example is a complex function. Plotting the
expression

SIGN (RE{Z" 3~ 2-2))= = SIGN (IM[{Z2"3 - 2:Z))

where Z is defined to be X+i¥ produces a quadrant plot of



the polynomial. The black regions are the points mapped
to the first or third quadrants of the complex plane and
the white regions are points mapped to the second or fourth
quadrants.




HP Solve Equation Library Application

Card

The card contains a library of 315 equations, the periodic
table of the elements, a constants fibrary, a multiple
equation solver, a finance application, and engineering

utilities,

by Eric L. Vogel

ISTORICALLY, EVERY HP programmable cal-
H culator has had programs available in some form,

There are application books with printed programs
and kevstroke sequences for machines like the HP 55, 25,
33E, 110, and 325, application pacs with programs on
magnetic cards for the HP 65 and 67, and pacs with pro-
grams in plug-in modules for the HP 41 and 71, These
books and pacs focus on computation-intensive (as
opposed to data-intensive) problems in specific science or
engineering disciplines, Program size and capability are
limited primarily by available memory and the single-line
calculator display,

The HP Solve Equation Library application card provides
this capability for the HP 485X scientific expandable cal-
culator, but without the limitations of previous pacs. The
focus on computation-infensive solutions is preserved, but
for a wider range of disciplines than in individual pacs in

Subjects

Wiz | Pit | $siR] gt |

Equations

the past. Anadditional focus on data-intensive applications

has been added in the form of on-line, electronic reference

information [two thirds of the card contains data). The
128K-byte memory capacity of the card makes these two
emphases possible, and the large display allows improved
usar interfaces for the interactive applications.

The card contains six major applications:

B Equation Library [Fig, 1), This is the primary application
for which the card was named: a collection of 315 equa-
tions organized in a catalog of 15 different subjects, each
containing a catalog of equation titles. For cach title, the
user can examine the equations and catalogs of names,
descriptions. and 51 or English units for its variables. A
key contribution is pictures that describe the physical
situations represanted by the equations. Our goal was
that the subject, title, and reference information would
help a user select an equation to use with the HP Solve

" wariable + Descriplions

T +0

[hds o me ) I
|51 s{EmGL jemat of sk [PukG | £4(T |

_‘_En.ﬁli.sh

FiiiTe

Units

T1 +

Fig. 1. Equalion
irlerface.

Libirary  usey



application or the card’s Multiple Equation Solver [dis-
cussed below).

8 Periodic Table [Fig. 2). This application contains all the
chemical data [such as atomic weight and density] that
appears on a standard periodic table of the elements.
The primary user interface is the universally recognized
grid of elements. The user can move a highlight block
to see anv element and its most-used properties on the
grid. There is also a catalog of 23 properties available
for each of the 106 elements. Properties can be plotted
versus atomic number to reinforce the relationship
between property and atomic structure. A molecular
weight calculator allows typing chemical formulas and
guickly calculating their molecular weights.

# Constants Library. This is a collection of 39 commonly-

used physical constants. These appear in catalogs of sym-

bols, descriptive names, values, and S1or English units.

Multiple Equation Solver, This is a collection of com-

mands that make it possible to use the Multiple Equation

Salver lo interact with the user’s own equations as a

group. rather than just the groups of equations from the

Equation Library.

B Finance. This application duplicates the basic calcula-
tions performed by HP financial caleulators: time value
of money (the relationship between the number of pay-
ments, interest rate, present value, payment, and future
value) and amortization.

® Engineering Uilities. These are engineering functions
that support the computational needs of some of the
equations in the Equation Library.

These applications come in two forms: interactive for

|

.i Maolecular Weight Calculator and Result

am

Fig. 2. Ferodic Table user mteriace

waorking with the application and its data, and noninterac-
tive for programmatic calculations and access to the on-line
data.

Equation Library Evolution

The Equation Library concept stemmed from three obser-
vations, First, students need a wide variety of solutions
because of the number of classes they take. Because appli-
cation pacs are limited to specific areas, students often
need several pacs 1o cover the different disciplines they
study simultaneously. Second, most of the engineering
applications for the HP 41 and its predecessors are pro-
grams that simply solve an equation for a specific variable,
More sophisticated programs of this type allow inter
changeable solutions in which most or all of the unknown
variables can be calculated as long as they can be isolated
algebraically in the equation. Some programs use iterative
techniques to find a solution when an algebraic isolation
is not possible. Later application pacs attempt to allow the
user to select different units for the different variables.

Third, the HP Solve application in the HP 485X takes
an equation and makes it into a small, self-contained appli-
cation. It solves for any variable given the others, allows
unils to be specified for each variable, handles unit conver-
sions automatically, and provides a consistent, straightfor-
ward user interface for interacting with all the variables.

From these three observations, we realized that we could
create a collection of small applications in most of the
science and engineering disciplines of previous application
pacs by combining a collection of equations with HP Solve.
The HP Solve user interface allows each application to
work the same way, and the ability to solve for any variable
and automate unit conversions makes these applications
muore versatile than in previous application pacs.

Interacting with Groups of Equations

As the equation selection proceeded, we found that
related equations were usually needed as a group, rather
than independently (Fig. 3). While there are certainly
instances where only one of the equations is needead, more
often the entire sel is used to find the value for a particular
variable. To provide simplified access to related equations,
we group them together under a single title, such as Linear
Motion or Ohm's Law and Power, rather than forcing the
user to return to the Equation Library to select each equa-
tion individually.

When we examined how a user typically interacts with
a group of equations, we realized that the solution proce-

weieud ek at? V=R

1 2
}"-'.{E*L;-L—?-a'i P=l-]
=i (uBeu) 4 P=1°R
et ol

{a) Linear Mation (B} Ohm's Law and Power

Fig. 3. Examples of common equalion seis.



dure is straightforward, but gets tedious as the number of

equations and variables gets large. Here is the manual pro-

cess for finding all the variables for a sel of equations given

that some of them are known:

® Use the known variables to select an equation containing
only one unknown.

= Solve for the unknown.

® Add the variable just calculated to the set of known
variables,

= Use the combined set of known and calculated variables
toselect another equation containing only one unknown.

m Salve for the unknown.

® Repeat this process until either all the unknowns have
been found or as many unknowns as possible have been
found from the given set of knowns.

To make using the equations more straightforward, we
have automated this manual select-and-solve process by
developing an extension to HP Solve called the Multiple
Equation Solver [MES). The MES selects the appropriate
equation to solve based on whether it has one remaining
unknown, and then solves for that unknown using the same
numerical root finder used by the HP Solve application. It
tracks the variables that have been solved for, and uses
different equations to calculate other unknowns as soon
as there is enough information available.

The barrier to proper functioning of the MES was iden-
tifving whether a variable is known or unknown. The exis-
tence of the variable alone is not sufficient —after a solution
has been determined, all the variables exist, The key under-

Unknowns

{a) Initial menu for Ohm's Law and Power

Knowns  Linknowns

S 55 8 S

(B) After entering values for V and |

Knowns  Unknowns

Solution Solution

(e) After salving tor all unknowns

Knowns  Unknowns

IREEE
T oed

Used during  Caleulated 1 Solutian
Solution during
Selution

{d) After solving for R only

Fig. 4. Muftiple Equation Solver menu key appearance.

Iving principle is that the state of a variable (known or
unknown) is independent of the value of the variable. The
MES uses this state information to select the equations to
be solved and the order in which to solve them.

Displaying Variable States

The MES user interface is similar to that of HP Selve. A
menu of variable names is displayed in the menu key area
at the bottom of the display. The appearance of the menu
keys is used to distinguish the MES state information. An
extra key, ALL, appears at the end of the menu,

Initially all the menu keys are white with black letters
{like HP Solve), indicating that all of the variables are
unknown (Fig. 4a). Typing a value and pressing a menu
key stores the value in that variable and changes the key
1o black with white letters, indicating that the variable is
known (Fig. 4b).

Pressing the aLL key solves for all remaining variables,
or as many as can be found from the given set of knowns.

Messages appear during the solution identifying which
variable is being solved for and its resulting value., After
the solution has completed. each variable retains its initial
state. Correspondingly, each menu key retains its initial
appearance. Black kevs (knowns) remain black, and white
keys [unknowns) remain white, This simplifies solving a
problem using the same knowns and unknowns but with
different values.

Indicating Variable Relationships

After a solution, some of the menu keys will have a small
bleck in them to indicate the roles their variables played
in the solution (Fig. 4c). A block in a black key (known)
indicates that the variable was used to find an unknown
in a particular equation. A block in a white kev [unknown)
indicates a value was calculated for that variable during
the solution, This represents a unique state for a variable—
it is an unknown, vet it has a caleulated value. The next
time this variable is solved for, this caloulated value will
be used as its initial guess.

Pressing the shift key followed by a menu key solves for
that specific variable. regardless of whether it is black or
white (known or unknown). After a variable is solved for,
its menu key is shown in white with a block 1o indicate
an unknown that was solved for with a calculated value
(Fig. 4d]. Other menu keys may have blocks in them based
on the roles their variables plaved in the solution.

Solution Summary

A summary of the solution procedure is available by
pressing the shift key followed by the ALL key (Fig. 5. This
summary shows a catalog of each unknown that was found,

1
[
!
| D e I —— | T T o T

{a) Values Calculated
during Solution

(b} Equations Used
during Solution

Fig. 5. Soiution summarny.



its calculated value, and the equation that was solved to
find it, in the order that the unknowns were determined
by the solution procedure.
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Hardware Design of the HP 48SX Scientific
Expandable Calculator

Leveraging an earlier design resulted in prototypes with
90% production tooled parts only nine manths after the start
of the project. The HP 485X includes an 8-line-by-22-
character super-twisted nematic liquid crystal display, two
expansion ports for ROM or battery-backed RAM cards,

and two /O ports: RS-232 and infrared.

by Mark A. Smith, Lester S. Moore, Preston D. Brown, James P. Dickie, David L. Smith, Thomas B.

Lindberg, and M. Jack Muranami

HE HE NEEDS OF HP HANDHELD CALCULATOR cus-
TE tomers—engineering, math, and science students
| and business and scientific professionals —have rad-

.H:zlll_'l.' ::liﬁr'IHHI.i OVer ”I.l! _'L'EZ":I?'.'}., A5 tl:'ll.?' ]':IE'!]'H(I!'IH] :'.r1r!1]:-|,LI1!r

has become the standard tool of technical students and

professionals. However, the need for convenient, handheld
computation has not disappeared, but simply evolved.

Surveys of our high-end technical calculator customers
reveal that nearly all own or have access to a personal
computer, that they use their calculator daily, that profes-
sionals make up about half of the customers for high-end
technical calculators, and that they need a powerful hand-
held caleulator with graphics and 170 capabilities. The
HP 485X scientific expandable calculator (see Fig. 1 on
page 6] is designed to meet their needs for more advanced
compulation, graphics, customizability, expandability, and
the ability to link to their personal computers.

The G4-row-by-131-column STN LCD (super-twisted
nematic liquid crystal display) provides the means for pre-
senting the power of HP 485X graphics. matrix manipula-
tions, and equation entry. Two plug-in card slots provide
RAM expansion [in 32K-byte or 128K-byte increments) and
customization (plug-in application ROMs such as HP's
Equation Library ROM card described in the article on page
22), A serial /O port provides a means to link 1o an [BM
PC-compatible or Apple Macintosh computer, and an IR
(infrared} port allows sharing of solutions belween

HEP 485X calculators and provides a link to the HP 824408
infrared printer.

Previous Series Leveraged
One of the primary project objectives for the HP 485X
was extensive leverage from the design and manufaciuring

Fig. 1. Fwo expanson pons scoept AODM or battery-backed
AAM cards



development of our current calculator family to minimize
development time and cost. Design leverage was a primary
consideration in every HP 485X part design. This emphasis
on design leverage resulted in laboratory protolype units
built with 90% production tooled parts only nine months
after the start of the project.

The HP 485X is a direct descendant of the series of low-
cost, high-volume, vertical-format caleulators introduced
in January 1988, This series, consisting of the HP 10, 14,
17, 20, 21, 22, 27, 32, and 42 calculators, achieved low
cost and minimal part count through the use of a few highly
integrated designs. These caleulators were designed from
the outset to be built on a highly automated assembly line
al a rate of several calculators per minute.

The designers of the HP 485X leveraged many of the
processes, materials, and even design details from the pre-
vious series. As a result, the HP 485X is able to enjoy the
benefits of an automated assembly line that could not have
been justified by HP 485X volume alone (see article, page
40]. Sixteen oul of seventeen major assembly processes are
commaon to both product lines. Only four parts are shared,
but all raw materials and many suppliers are common to
both families. A subtle benefit resulted from leveraging
design details, since many design decisions were preor-
dained, saving time during the investigation phase. By shar-
ing details, the HP 485X designers were able to proceed
more confidently, capitalizing on the knowledge gained
and improvements made as the earlier series of products
entered production,

It took some time for the designers to accept leveraging
completely, because they were forced to compromise what
they envisioned as optimum. Once the commitmenl was
made, however, many unknowns were eliminated and it
became clear that, in this case, leveraging was the right
way to meet the product and division objectives.

Design Features

The topcase of the HP 485X is a four-color. injection
maolded part. Its 49 kevs are an integral part of the topease;
cach key is attached and guided by two small cantilevers.
This design yields a low-profile key with an excellent con-
trolled feel. The kevboard is made of Mylar with tuned-
resistance carbon graphite traces. This allows a low profile,
reduces cost, and improves reliability because of the inert-
ness of graphite. The battery contacts are engineered to
eliminate fretting corrosion and the loss of memory that
would inevitably result. The liguid crystal display is a
super-twisted nematic [STN) design for improved contrasi
and viewing angle. Two expansion ports accepl ROM or
hattery-backed RAM cards [Fig. 1). These cards are conve-
niently sized to be handled easily and have a thin outline.

Throughout the machine, from the gencrous radius of
the bottom case that allows it to fit comfortably in the hand,
to the seven small openings in the battery compartment
that pick off electrostatic discharges, details are incorpo-
rated into the design of the HP 285X to achieve small size,
reliability, and overall customer satisfaction.

Initial Design
Leveraging the design from the previous calculator
design resulled in less than optimal tooling and design

options.

For the simpler products, the layout of the single display
driver IC on the opposite side of the printed circuit board
from the display made sense. When applicd to the HP
485X, this constraint forced the 202 outputs from three
display drivers to feed through to the display side of the
printed circuit board. This wasted a large amount of board
arca and caused the printed circuit board to be the most
expensive non-1C component in the product.

Initially, the mechanical layout was done around the
same small button cell batteries that were used in the pre-
vious series of calculators. However, electrical system
simulations done early in the design cycle showed battery
life to be unacceptable and the HP 485X was redesigned
around higher-capacity AAA balteries.

Several other iterations occurred. A printed display win-
dow was thrown out in favor of a special hard polarizer
optically bonded to the top surface of the LCD. This reduced
cost, eliminated the window, which is easily scratched,
and resolved a long-standing problem of particles trapped
between the window and display, The biggest benefit of
the windowless design is the 67% reduction in glare.

For a time we considered incorporating only one plug-in
porl. The bwo-port design was eventually selected 1o allow
both ROM and RAM cards to be plugged in at the same time,

Final Design

The HP 485X is manufactured from three subassemblies:
the topease, the printed circuit assembly, and the bottom
case. These assemblies are built from 24 mechanical parts,
four surface mount 1Cs, a 170-pin TAB [lape automated
bonding) IC, five discrete leaded components, and 31 sur-
face mount devices (see Fig. 2).

Topcase Assembly

The topease assembly is designed 1o be as free as possible
of product-specific detail. This was done to allow the basic
topcase assembly to be incorporated into future products.

The top surface of the product consists primarily of a
0.012-inch-thick, seven-color, printed aluminum overlay.
The purpose of the overlay is threefold: [1) to provide a
pleasing surface linish and shape, (2) to carry the nomen-
clature for three shifted functions as well as the product
name and number, and (3) to make the overlay the first
line of defense in a carcfully designed ESD (electrostatic
discharge) protection svstem. Adding to the cosmetic
appearance is an electroformed copper logo which, along
with the overlay. is applied to the topease using pressure-
sensitive adhesive,

The four-color molded topease design represents a major
engineering and process achievement. The HP 485X key
nomenclature is actually a separate molded part for cach
key around which the topease is shot [see Fig. 3). To create
the cavities that form the nomenclature, the legend artwaork
was digitized on a CADSCAM system. Cutter paths are gen-
erated from this data. The cutter paths are used to cut a
positive image of the nomenclature in o carbon electrode.
The cutlers used are special ground cutters as small as
0.001 inch in diameter at the tip. The electrodes are used
for electrodischarge machining of the extremely fine detail
into the first-shot cavities. The tolerances must be carefully
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User Interface Hardware Design

Although the HP 483X approaches compuler powsr and
sophisticalion, it ooerates primarily a5 an apglication with a dedi-
cated keyboard and display imerface. The mast signilicant indus-
trial design challenge was 1o provide visually ordered access to
the 2100 lunclions using anly focy-nine keys plus display menu

The user interface surfage of the HP 485X is divided inlo two
primany Zones! the display and UIE-F.':H".-' bezel and the keyvboard
and keyboard overlay (see Fig. 1 on page 6). The windos
B-line liquid crystal display s framed by a formeg aluminum
averlay, which "cascades”™ down o the keyboard in two sleps
Located in the middle step is a row of six keys which operate in
conunction with menus presented on the bottom row of the dis
play. The cverlay color surrgunding thesa keys is tha same as
the display bezel to reinforce the association of keys with display
manLus ""l:" Sk MENU =ays ang differentialed in size and color
from all ¢iher keys 1o distnguish them as special. At the E
of the second overlay cascade s mainder of the keyboarg
ich provides quick, direcl access o rll::"uaru.rr erig eniry, math
aperations, cursor control, and function sets presented as display
menus, The tolal of 49 kays wasg chosen basad on tha minimum
number required to provide discrete alphanumenc antry. Keys
arg grouped and sized according o lunclion and relalive fre-
ienty of » o arder the keyboard visually

The r".‘-_iiurl-- n::.1 the funclion markings are panted on he
aluminum overlay. Unlike preceding rmadels, including the b AP 410
there was n JC”:}L:';...' Iy o place a second set of function mark-
INgs on the Kays, This is because of the leveraged keyboard
design, which is imited 10 a singke, int EI||‘3,' modded |L.TIC I
miarking. This presented a graphic chal :
a5 L 1o four ma |L'r|t'l ons each. As a result 1"! ;] *E-’L,.-a""
overay is desgned with up to two ghifted functions above each
key. positioned side by side and accessad by colos-caded shift
kews. The shilt keys are alse coded with arrows indicating left or
right for the relative posation of the shifted nomenclature. These
5 ara ysed in the documaniation m place of color 1o reduce
printing cosis. Twenty-six keys also have an alpha character a1
the lowar right comer. accessed by an alpha shift key, Shifted
functions that call up screan menus are dstinguished by a black
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figld behind the text and are grouped in bwo areas of the
kevboard. The overlay has a total of six silk-screened colors and
tin, The keyboard is designad 1o acsepl $nap-in custom
overlays for user-programmed keys, custom application reguirg-
ments, and S0 on,

[#13

Colors

A very dark, high-chroma brown called mercedes black was
chogan 1or he W Mmajor case pars for s cons siency walh the
new calculator ling and strong customer preference in earlier
appearance tests. Because of the integral design of the hinged
=eys, they share the case color A warm gray metallic cotor 5
usad on the display bezel 1o fealure the display area visually
soflen the transition ta the i cryslal deplay, and add nchnass
1o the overall product appearance. The background color of the
weyboard overlay 15 a hghter version of mercedes black called
marcades medium, which providas a subtle contrast lo gree the
keys visual prominence

The most challenging colors to delermine were the light blue
and coral shilt colars on the keyboard overday The shift colors
an all HP calculators arg intended 10 contribule an accent calor
on clherwise neutral platforms, and 1o code the product visually
nlo & product calegory (business. scientific, or RPN scientilic)
The HP 483X ig in the sciantific category. bul functicns in bath
algebraic ang RPN modes a really ina ¢ wory of 1S own

e twiz shifl colors selected were anginally used for the two
scientific categones, but are lightened for re a:ﬁbl ty. In addition
1 thair bath baing "scientiic” colors, thay weare selecled because
of their easily distinguishable hues and their balanced values
and chroma, which help alleviale a spolly appearance All other
[ 1 markings argon lkegend ight gray, selacted for its neu-
trality and readability on the background colors,

Corporate identity is provided by a nickel-plated aleciroformed
ogo, salecied o s high-qualily, Innge-dimansonal appearance
The prodect name s designed for consistency in localion ang
fonis with other current HP calculators, and is printed in a nicke!
metal tint 1o match the logo

Michael Derocher
Senior Indusirial Designer
Corvallis Divigion

contralled because the curved steel surface of the second-
shot cavity must “shut off” against the corresponding
curved plastic nomenclature that was formed in the first.
shot cavity. The raised-plastic nomenclature ribs must be
just touched by the second-shot cavity, The interference
between the two must be large enough to prevent the
nomenclature from being pushed around by the injection
pressure of the second-shot plastic but not so large that the
nomenclature plastic is crushed and distorted by the
clamping force, which can be as high as 400 tons.

The 49 kevs are integrated inlo the topease design to
simplify assembly and eliminate the possibility of misload-
ing a key. To achieve good tactile feel. cach key is sus-
pended on two cantilevers, each 0.016 inch thick by 0L116
inch long, These small beams serve three purposes. They
guide the keyv through a well-controlled arc. they perma-
neatly attach the keyvtops 1o the topease, and they serve
the paths through which the second-shot plastic flows. To
fill the keytops through these small beams, each key has
its own gate. for a total of 60 gates. An ordinary part of

%

this size would have only one gate.
The Triax material used for the topease is a Nvlon-ABS



alloy and was specifically selected for its toughness and
processing characteristics, The most critical aspect of the
topease design is the small cantilever beams, The beams
had to be tough enough to maintain their mechanical integ-
rity through environmental and life testing, vet supple
enough not to degrade the force-deflection characteristics
engineered into the spap domes, The Triax plastic was
found to flow well, which allows a thin beam, and its
toughness was verified in testing over 2.5 million kev cycles
without failure,

The tactile feel of the kevs is a result of painstaking
design. testing, and quality assurance efforts. The 0.004-
inch-thick Myvlar dome sheet contains 49 details, which
provide the snap feel as each kev is depressed. Each key
has an actuator which presses against the top center of the
dome. As the dome is pressed it deflects at its base into a
dome spacer recess. At this stage the force is building
linearly with deflection. As the force builds to the trip
point the dome buckles, causing a sudden drop in force,
Momentum and the resulting imbalance of force between
the finger pushing on the kev and the key no longer pushing
back causes the inside of the dome to impact firmly against
the kevboard contacts. The inside of the dome is printed
with a pad of conductive carbon graphite. Upon switch
closure the dome pad shorts the interdigitated carbon
graphite contact fingers of the kevboard. Below each key
switch is another recess created by a 0.003-inch-thick chas-
sis spacer. This recess allows the keyvboard to wrap around
the depressed dome, resulting in a much more reliable area
contact instead of the point contact of a dome against a
flat plane.

The kevboard is a 0.003-inch-thick Mylar sheet with
screcn-printed carbon graphite traces and contacts. The
feedthroughs of the two-laver keyvboard employ triple
redundancy to improve vield and reliability. The keyboard
lines are multiplexed with the address lines. This scheme
reduces the pin count on the IC and saves printed circuit
board area. both of which lower costs, However, it requires
that kev line resistance be carefully controlled. The exact
sheet resistance of the carbon ink was measured, This infor-
mation was used to hand-tune the area of each of the 98
kev line traces,

The backbone of the HP 485X is the nickel-plated 0.018-
inch-thick stainless steel chassis. The chassis serves several
functions, the most obvious of which is to support the
kevboard and add rigidity to the topcase. Sixty-two
heatstakes clamp the kevboard between the topease and
the chassis. The large number of heatstakes provides an
even preload. which guarantees a consistent key feel.

The chassis also furnishes the negative battery contact.
Incorporating the negative ballery contact as an integral
part of the chassis eliminated the need fora separate contact
and the operations to attach it and its wire. The chassis
serves as the connection between the overlay and the ESD
shield located in the bottom case. Redundant cantilever
contacts are employed in both cases to provide the lowest-
impedance contact under all conditions. Seven snaps
around the perimeter of the chassis maintain a constant
preload between the two case halves. This ensures a good
cosmetic fit along the 0.040-inch-wide seam. It also resists
shear, greatly enhancing the torsional rigidity of the prod-

uct. A closed-cell urethane foam pressure pad provides a
constant force lo maintain the connection between the key
lines and the printed circuit board. The chassis provides
the topcase with two snap details centered on the key line
connections. These prevent the topease from creeping over
time under the constant force of the pressure pad in this
area. A special detail is designed 1o stiffen the chassis
around the liquid crystal display. Basically. the chassis
forms a frame around the glass display to protect it from
impact and bending that ocour as a result of the product’s
being dropped.

Twao narrow strips of double-sided adhesive tape are used
to secure the display in the chassis. The 202 0.013-inch-
wide LCD contact pads must be positioned within =0.003
inch to make proper connection to the printed circuit board.
Two zebra connectors are used to make connection between
the LCD and the printed circuit board. The zebra connectors
consist of two strips of silicon rubber supporting a thin
row of alternating conductive [carbon loaded silicon) and
insulating materials. The conductors are on a 0.004-inch
pitch so that each display line connection is made with a
minimum of two conductors. Tweo precision punched
holes, which are optically registered to the printed circuit
board traces, align the chassis/LCD assembly. Tabs on the
chassis are inserted into the zero-clearance printed circuit
board holes, permanently alligning the printed circuit
board and LCD. Six twist tabs secure the assembly, provid-
ing a constant preload for the zebra connectors.

The eight-line. twenty-two character graphics display is
one of the HP 485X's most valued features. Attempting to
prevent display breakage when the product was drop tested
from up to two meters was one of the more interesting
challenges for the designers.

The glass from which liquid crystal displays are man-
ufactured is fragile. Glass failures are always in tension,
The glass has a theoretical tensile strength of 100,000 psi.
However, flaws within the slass lower its design limit to
10,000 psi. Edge defects, a result of scribing and breaking
the glass to size, cause stress risers which further reduce
its usable strength to only 1,000 psi. Once the design of
the display mounting had been optimized, designers turned
to reducing the variability in the strength of the display
itself, Improving the surface finish at the scribed edge
proved to be the most attractive solution. The display in
the HP 485X has a special polished finish on the glass edge
where the tensile stress is highest during a front drop. This
results in measurably better and more consistent drop test
performance.

Printed Circuit Assembly

The HP 485X printed circuit assembly is a collection of
proven technology and innovation. To be built on the exist-
ing surface mount printed circuit assembly line, both of
the new HP 485X connectors had to be designed as robot-
loadable surface mount devices,

Dominating the printed circuit assembly is the large 80-
pin plug-in card connector. This custom connector accepts
two cards in a staggered formation so that the label on each
card can be seen. The card connector is molded with 40%
glass filled PPS to survive the 225°C (437°F) infrared solder-
ing process. Heatstakes are used 1o secure the card connec-



HP 48SX Custom Integrated Circuit

The HP 1LTE IC is the single custom chip in the HP 485X
caleulator. The 1LTS IC is divided into the follgwing functional
argas:

5 A 4.t CPL wath an B-MHz cleck. The 1LTE CPU is identical
to the CPU used in tha HP 285, which is a leveraged redesign
of the 1LKT CPU. The 1LT8 CPU provides faster insiruchon
exaculion limas bul still maintains full compatibility with the

| 1LF2LKT and the HP 716 bus architecture. The CPU intemal

| and external data paths are 4 bits wide. Memory is accessed
in 4-bit quantities {referred to as nibbles) using 20-bil address.

[ a3, yielding a physical address space of 512K bytes, The CPU

| imarmal word size s 64 bits, Operations are performed on data

[ strings up 1o 18 nibbles in length,

| ® A memory controfler capable of interfacing to five commaercial

byle-wide Raks, ROMs. or plug-in pons. The purpose of the

mamory interface s 10 allow the 1LTE chip o drive commercizl

RAM and ROM ICs, Since commaearncial mamaory parls are byle-

wide, this requires some careful interfacing Lo the 4-bit world

of the CPU. The same lines thal go 1o the memory addrass
are also used Lo scan the keyboard. The keyboard is con-
nected through series resistors to the VO Bnes while the mem-
ony is connected directly. This allows commercial memary 1Cs
1o be connected to the 1LTE chip with a minimum of added

pads. Each memory device can be configured Dy soltware 1o
the required size and placement in the address space.

B A liquid crystal display (LCD) controller capabée of driving a
Bd-way mulliplexed display. This confrolier halts the CPU to
access data in main RAM and then larmals it lar the LCD. It
& capable of handling the soltkeys in a separate memory area
ang scroling the main display.

B A collection of memony mapped contred registers including a
32-bit quartz-crystal-controlled timer, a 1200-10-9600-baud
full-duplex UART capable of driving RE-232 or infrared-level
signals, and a cyclic redundancy check (CRC) genaratar,

= A gollection of analog circuitry ingluding a dual power supply
(4.3 volis lar the system and B.5 volts for the display), a low-bal-
tery indicator, a power-ondresel cirgul, 2 cryslal gscillalor, a
frequency mulliplier (which generates the 8-MHz CPU clock
fram fhe 32-kHz crystal), and a display voltage generalor
The 1LTS IC is manuiactured at the Nohwest IC Dreision of

Hewletl-Packard.

Preston 0. Brown
Development Enginaer
Corvallis Division

tor to the printed cireuit board and to take the preload
exerted by the 80 cantilevered contacts. The contacts con-
sist of two rows of cantilevered phosphor bronze beams
which are angled into the solder paste to form a butt joint.
A butt joint is used because it wicks the solder up high
into a fillet, preventing solder bridging between adjacent
leads and allowing easier inspection. The nominal preload
between the leads and the plane of the printed circuit board
allows for some nonplanarity in the leads, ensuring that
each lead penetrates the 0.004-inch-thick solder paste and
vields a well-wetted solder joint.

The four-pin serial connector uses a similar butt type
solder joint design. Like the card connector, it is a custom
design using heatstakes to fixture the part during infrared
soldering and to prevent the solder joints from being over-
stressed during use. Cantilevered arms are formed with the
body of the connector to provide a slight snap upon inser-
tion of the plug and a retention force 1o resist removal,

The most intensively engineered component on the
printed circuit board is the 170-pin TAB-package I The
capabilities of the IC itself are very impressive. but equally
impressive is the way in which the IC is connected. Gold
bumps are deposited on the 1C at each contact pad. A circuit
consisting of 0.003-inch-thick polyimide film with 0.003-
inch-wide traces is positioned on tap of the [C. The layoul
of the circuit is such that the traces al the inner portion of
the tape actually cantilever off the polvimide substrate.
These tin-plated copper beams are then aligned with the
IC and simultaneously bonded. 170 inner lead bonds with
a 0.005-inch pitch are made in one operation. The advan-
tages of TAR are that its pin count is high. that it can be
gang bonded. and that the polyimide substrate is punched
with holes for 35-mm sprockets just like 35-mm move film
{see Fig. 3 on page 42). The last feature is used 1o place
hundreds of parts with no human intervention. The reels

of burned-in and tested TAB packages are loaded onto an
HP-developed TAB dispensing tool. This tool trims and
forms the outer leads and presents the excised parts (o a
robot for placement on the printed circuit board.

The pitch of the outer leads is 0.020 inch, so accurate
positioning of the TAB package on the printed circuit board
is important. The position of the printed circuit board traces
is determined by reading a target on the board with an
oplical sensor mounted on the robot. The TAB package is
positioned by an annular ring of copper trace which over-
hangs a hole in the polvimide. The hole is exposed and
etched at the same time as the 170 leads that are being
positioned. This allows very accurate positioning of the
leads using a simple mechanical detail. The leads are
formed so they are preloaded into the solder paste. They
have some compliance but the force they exert requires a
TAD clamp to maintain the leads in intimate contact with
the paste during the reflow operation. The steep angle al
which the leads enter the paste is designed to hold the
solder up high into a fillet, easing inspection and prevent-
ing solder bridging between pads.

Much design and testing went into the development of
the TAB process. The results from a technical point of view
far exceed all expectations.

Bottom Case Assembly

Most of the details unigque to the HP 485X are contained
within the bottom case, making it possible for future prod-
ucts to use the HP 488X topoase assembly,

The HP 485X's plug-in cards are guided into the card
connector through the rear of the boltom case. A box is
created within the bottom case to guide the cards and pre-
vent damage to internal components. An infrared-transmis-
sive polvearhonate card door covers this box, keeping the
cards from dislodging during a drop and forming a window



over the LED and phototransistor used for infrared 1/0.

Critical to 0 CMOS product is maintaining power to avoid
losing memory. Particular attention was paid to designing
the battery compartment so power could not be interru pted.
The battery compartment holds three AAA batterics, The
compartment is designed so that if battery leakage ocours
from the vents at the negative terminals, no openings allow
it into the circuit board, The battery contacts are designed
to prevent fretting corrosion, a type of corrosion caused by
micromotions al the contact point, which results in oxide
buildup and eventual loss of contact, Extensive testing was
undertaken at the very start of the project to characterize
this phenomenon. Custom electrical measurement tools
were employed that could detect the very onset of fretting
corrosion. Batteries from U.S., European, and Japanese
suppliers were exhaustively tested for compatibility with
the contacts. Even the battery door was designed to prevent
loss of power. The door employs a multistage snap, which
prevents the batteries from becoming dislodged in drops
up to two meters. The result is a design that ensures
extremely reliable power even under the most extreme con.
ditions,

A 0.006-inch-thick 3003 H18 aluminum ESD shield lines
the inside of the bottom case. The shield contacts the chas-
sis with a large-area contact. This forms a two-dimensional
Faraday cage, protecting the circuitry from exposure to
electric fields, The HP 485X is designed to withstand
repeated discharges with potentials up to 25 thousand valts
while running without hard failures. and 15 thousand volts
without any disruption of its operation. The ESD shield
also provides the ground connection for the piezoelectric
beeper. A single spring makes the positive connection and
provides the force for the ground connection to the ESD
shield. Heatstakes keep the beeper and ESD shield in place.
The conical beeper spring is designed with three closed
coils at the top and hottom. These coils are wider than the
pitch between the open coils, preventing the springs from
tangling so they can be barrel plated and vibratory-bowl-fed
to a robol for totally automated placement directly on the
printed circuit board.

Completing the HP 485X package are four molded feet,
which are sculptured to conform to the bottom case radius.
The feet are press fit into the bottom case while it is still
warm al the molding machine. A small bump on each foot

Fig. 4. HF 485X logie printed cirouit assembly.

provides compliance so that the HP 485X will resist rocking
even if the surface is slightly uneven,

Electrical System

The HP 485X electrical system is considerably more pow-
erful and more complex than those of previous HP hand-
held calculators, With its infrared and RS-232 /O and plug-
in ports, it is also more versatile. The heart of the electrical
system is the 1LT& chip, a 170-pin HP-developed IC [see
box, page 30].

The HP 485X confains two printed circuit boards. The
main logic board is sandwiched between the topease assem-
bly and the bottom case. The Mylar domed kevboard with
carbon graphite traces is housed in the topease assembly,

The 49-key kevboard is scanned hy the 1LT8 chip via
multiplexed BAM and ROM address lines. Address lines
AZ to A7 scan the kevboard while AD Lo AS are inputs to
the 1LTH. The keyboard is read asynchronously every milli-
second when the CPU drives its output register lines, Ag
to A17, all high and reads its input register lines, A0 to A5,
When a key is pressed, contact is made between an inpul
register line and an output register line. putting a high level
on the input register line. This hish level generates an
interrupt, causing software to scan the keyboard 10 deter-
mine which key is pressed. The ON kev is not scanned but
is wired to Vpp. This allows the system to be turned on
while in deep sleep. The ON key is the only kev capahle
of generating an interrupt and waking the system up. All
key lines are isolated from the main system address lines
by built-in 4-ki} carbon graphite resistors.

The logic board contains five ICs: a 256K-byte ROM, o 32K-
bvte RAM, two column drivers and the 1LT&, which con-
tains the CPU. an LCD driver controller, a memory control-
ler, and a UART for RS-232 and IR /O control. Also an
the logic board are 36 discrete components, two 40-pin
card connectors (for plug-in cards), one four-pin RS-232
connector, 202 pads for connection to the display, and 17
pads for keyvboard contact. All of this is on a printed circuit
board that measures 5.1 inches by 2.75 inches (see Fig, 4).

During product development, three logic boards were
designed: the 256K ROM version that was released to pro-
duction, a 32K OTP* EPROM version that contained self-
test code used for initial shakedown and environmental
testing. and a 256K EPROM version that was used for soft-
ware development, debugging. and quality assurance.

For production testing. 77 logic board traces have dual
lest points. These test points are probed by a special test
block that is connected to an HE 3065 test system, The HP
3065 tesis all discrete components and [Cs before the unit
goes to final assembly.

The system is powered by three AAA batteries and has
three power supplies, which are controlled by the 1LTS
chip. The Vi (8.1 to 8.9V) supply is used for the LCD
display and R5-232 vollage swings. Vi (4.1 to 4.5V is the
main logic supply. The Vi, [4.1 to 4.5V) supply is derived
from the Vi, supply and is used to power the ROM and
plug-in cards.

The power supply requires only two discrete diodes, an
inductor, an n-channel power MOSFET, and three filter

SOTIR: One-linfe peagramemsble



Mechanical Design of the HP 485X
Memory Card and Memory Card Connector

The mechanical implementation of the HP 485X memaory card
and mamaory card connector addresses the goal of design and
manufacturing leverage, For the HP 483X, B&D was faced with
the challenge of incorporating plug-in modules into a calculator
for the first timea singe the HP 718 {infroduced in February 1884).
The product required ailher development of a custom moduls
such ag those for the HP 41C, HP 75C, and HP 718, or the
purchase of an OEM module, The decision was macde 10 source
and guality a module produced by an oulside company 1o
minimize HP design efforl. As the search progressed, it Decams
apparent that credit-card-size digital memory modules known
as memory cards were becoming & loosely defined standard
among electronic equipment manufacturers, By choosing this
memaory card form factor, we ware able (o use the experlise and
resources of numerous manufacturers thal wera already in high-
volume production. Other objeclives, such as second-sourcing
aptions and possible adherance o a future industry standard,
could also be addressed.

Selection

The salection of one memary card manufacturer from a list of
a dozen was asssted by other HP divisions. During initial supplier
research, some of the manufacturers commented that the
Rohnart Park, Spokane, Vancouver, Boise, San Diego, and
mMehinnville sites were all investigating mamaory cards. Informa-
tion about card contacl plating and conneclor solderng was
phtained from Rohnert Park, while Spokane provided compara-
tive data regarding reliability and price. After reviewing design
gpacifications, refability data, and quotations, R&D managers
vigited four manufacturers. One was selected fo produce memory
cards for Ihe HP 485X, The chosen design olfers elecirostatic
digcharge protection, mechanical strength, and long insertion
lifa.

All of the suppliers offered memory card conneclors designed
for wave soldering and lor strain reliel using screws. To meet
the goal of manufaciuring leverage, the connector for the HF
483X had 10 be surlace mounted. be suitable for infrared reflow
soldering, and be sirain relieved using heatstakes. Taking into
consideration he added design requirements of low height and
accommaodation of twe memory cards, the need lo tool a custom
connector became apparent. The selecled card manutaciurer
Qave parmission 1o sla engingaring discussion directly with the
connectar company that produced Lthe slandard conneclor
designed for use wilh the card, By developing the new conneclor
with the exisling supplier, we gained access 1o dala regarding
design crileria. matarials, and reliakiity testing without extensive
investigation

Card Design

Basically, (he memary card is an expansion board packaged
to provide protection from environmental factors. It consists of a
prnted circuil baard, a frame. and steel panels. The card design
chosen uses an edge-type contact in which 40 gold-plated fin-
gers on a 0.017-inch-thick FR-4 printed circuit board are Iocated
on a 0.050-inch pitch, To maintain thinness, surface mount dis-
crete devices and chip-on-ooard integraled circuils are mounted
on the printed cirgut board, For rgedity, the card employs a
sandwich construciion. The printed circuit board is laminated 1o
an injection-molded FPET iframe on the noncontact side. Two
0.010-inch full hard stainless steel panels are laminated (o he
frame an one side and 10 the printed circuit board on the ather.

A Q.058-inch-diameter comprassion cail spring mounted through
the printed circuit board electrically ties the two panals together
lo provide ESD protection. The contaci-side panal iraps a 0.005-
inch-thick stainless steel shutler ang two 0.038-inch-diameter
tension coil springs. The springs keep the shulter closed over
the contact fingers when e card 15 unplugged, prenading pro-
tection from ESD and contamination. When the carg is inserted
into a connector, two formed tabs that are part of the shutler are
pushed back 10 exposs the conlacls.

While the ROM card and SRAM card are similar in congtruction,
the SRA&M card incorporates several additonal parts, Two 0.004-
ingh-theck phosphor Bronze flal contacls for a CR2016 Fthiem
cein battery are heatstaked o the frame and make pressure
conlact 1o the primed circuil board. An ingeciion-maelded batlery
tray shdes betwean the two panels and allows installation and
replacement of the coin call. A write protect switch consisting of
a melded button and a flal spring s also rapped balwesen the
panels. The position of the tray and switch on the top edge of
the card allows access while the SRAM card is plugged into the
HP 485X, This is necessary because the 3RAM card must be
powered by the caloulator during battery replacament 1gr mem-
ory felention.

The dimensions of the card are idantical 12 those of a credil
card at 3,370 inghes by 2126 inches, Cverall thickness is 0.094
nch, which allows (ne HP 485X 1o accommodale two stacked
cards in the same lhickness as one HP 41C module. The SRAM
card weighs less than ning lenihs ol an ounce inclucing the
baltery

Alhough produced on the manufacturer's standard assembly
line, memany cards for the HP 4BSX incorporate savaral custom
delails forimproved perlormancs, The geld plating on the lingers
is thicker for increased contact refiability during insertion. The
ground fingear is longer than the standard printed circuit board's
1o provide clean shuldown and startup of the SRAM carg dunng
removal and insertion. An injection-malded ABS grip is applied
by the manufacturer 10 tha front panel. The grip, which facilitates
card remaval fram the caloulator, was tooled and color matchea
by the manufaciurer to HP specifications, The panels are offsar
printed using specified awork films and colors.

The memary carg chosen thus leverages the manulacturer’s
expertise in providing mechanical integrity and ESD protection
Custom design delails are incorporaled which. although availa-
ble through rescurces already in place al the manulfacturer, agd
significantly to customer satigfaction.

Connector Design and Assembly

The memary card conneclor serves as the inlerface between
two cards and the HP 485X logic printed cirguit board. It consists
of a body, contact pins, ground pins, and an alignmen comb
The body requires an injection mold with four shdes from which
air is evacuated before injaction of the heat-resistant 40% glass-
filled PPS 1o facilitate filling such details as the 0.012-inch-thick
ribs that fit between each contact pin. The body holds two meme
ony cards in stacked configuration, offsel 0.350 inch to expose
both card grips. Four heatstake-pinfreintorcing-ri pairs fit intg
matching printed circuit board sk21s to hold the connecior against
the printed circuil board during the 437°F infrared reflow process
and to provide sirain relel for the solder joints when cards are
inserled. The 80 comact ping are arranged in two rows of 40
each. The full hard phosphor bronze ping, each 0.010 inch wide
by 0010 inch thick, are press it inlo holes in the body on a




0.050-inch pitch. Towards the memaory card, the ping are gold-
plated and cantileverad to provide a contact force of 30 grams
to 7O grarns each, Towards the HP 485X printed circuit board,
the contacls are solder-plated and lerminate in either a vertical
or 35*-off-vertical surface mount butt joint. Since the two mamory
cards can share all but five pins, 35 pairs of ping are soldered
1o one primad circuil board pad each, The two copper ground
pins, which are press fit inte the body, push open the memory
card shutter and provide a path for ESD from the card panels
girectly 1o the printed circuit board ground plana. The 40 glass
PPS arignrnant comb s press it onlo the body alter all 80 ping
are inserted and formed, providing alignment of the pin tips onto
the printed circuil board pads.

Owerall, the conneclor measures 2 378 inches wide by 1.555
inghes long and stands 0.556 inch off the printed ircuil board,
Allhcugh two cards are held stacked, the cusiom connecior is
less than 1.5 times the thickness of Lthe manulacturer's original
single-card connector.

While design details pertaining to body strength, pin geomairy,
and pin Pating were adapled from the original connector, the
heatstaking process to which the HP 483X memary card conneac-
tor had to conform was a chalienge. Basically, after ingertion
through the printed circuit board, the heatstake pins are flattened
USing lempearature and pressure, thus prevenling removal. The
flattened porion, called the healstake "head”, consisis of very
rigid and brillle glass fibers in a matrix of remelied PPS. The
head must ngt delorm under the force of the B0 preloaded contact
pins during reflow soldering. of solder defects will resull from
lifted pin tips. In addition, the head must be tough enough 1o
andure repeated shear stress during card insertion testing and
repeated tensile siress during drop testing. To complicate mal-
ters further, the heater block on the printed circuit board assembly
line needed 1o heatstake the memaory card connector, serial con-
nactar, ang TAB clamp simultanagusly to minimize cycle time,
To establish optimum hegtstake head geomelry, heater block
pressure. heater temperature, and mell ime, repeated staking

and subsequent drop testing were conducted. Initially, ten stakes
of 0.062-inch diameter were used but proved 10 be britila in drop
testing. MWexl, the stake diameter was ingreased to 0.118 inch
bt the resulling force imbalance on the healer block caused
the serial connactor heads to be loose. After much tial and arror,
the combination of four 0.1 18-inch-diameter heatstakes, 20,147
inch head diameter, a 440'F heater temperature, and a 13-sec-
and melt ime produced the toughes! heatstake heads.

The memary card connector thus implemented combines the
bpenefit of the manulacturer's proven design with customn details
incorporaled to produce the highest-perfarmance parl using pre-
determined assembly processes

Performance

Tests proved the memaory card and connector for the HP 485X
lested be a reliable combination. No functional problems devel-
aped after 20,000 cycles of inseron/remaval life testing consist-
ing of 1000-insartion sequenceas alternating with 24-hour periods
in a supersoak chamber, The card survived one-matar drop last-
ing, beth alone and plugged into the calculalor, as did the con-
neclor. The card also experienced no mechanical damage when
exposed o 25,000-voll ESD, bath alone and plugged in,

Conclusion

The goals of design and manufaciuning leverage were met by
uging an OEM memary card and incorporating off-the-shelf con-
necler design details where applicable. Cuslom features were
added. however, when increased reliability and manufacturatility
were deemed necessary. Thus the best solution for bath cus-
tomer and project was implemented in the HP 485X memaory
card and connacior

M. Jack Muranami
Mechanical Engineer
Corvalbs Division

capacitors {see Fig. 5]. This is a boost-switching power
supply in which the 1LT8 chip controls the current in an
inductor, which is connected to the batteries, via the MOS-
FET. When one of the supplies [V or Vi) is low, the
1LTR pulses the MOSFET at a 122.84-kHz rate, increasing
the inductor current, The current from the inductor is then
dumped through one of the diodes, charging its filter
capacitor. If both supplies are low the 1LTS switches the
charge between them at a 30.72-kHz rate.

To conserve hattery life, the power supplies (and the
product) have three modes of operation:
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Fig. 5. HF 485X power supply schematic diagram.

® Running. The 1LTS, column drivers, RAM and ROM,
power supplies, and plug-in ports are all powered. Bat-
tery current is 9 ma,

u Light sleep. [n this mode the 1LT8 turns off and battery
current drops to 4 mA. This mode is entered whenever
the CPU is inactive and a kev is not being pressed. The
1LT#'s display controller accesses memory every 244 ps
1o update the display. When the update is complete, the
address lines switch and check to see il a key is pressed.
Pressing any kev will turn the CPU on.

B Deep sleep. All supplies are turned off and battery cur-
rent drops to 12 pA. The Vi, supply floats to the battery
valtage (Vi 4r) which supplies power to the ON key, 1LTa,
and BEAM. This mode is entered when the CPU has been
inactive for ten minutes or the unit has been turned off,
To wake the system, the ON kev must be pressed.

The 1LT8 chip also monitors the battery voltage. When
the voltage falls to between 3.4 and 3.0 vaolts, the low-bat-
tery annunciator is turned on. If the balleries are not
changed and the battery voltage falls below 1.5 volis, the
system turns off. A 1000-pF capacitor maintains the Vg
supply for several minutes while the batteries are being
changed.

The 64-row-by-131-column STN LCD is driven by two
commercial column drivers, each driving 64 columns, and
the 1LT8# which drives 64 rows, 3 columns, and 7 annun-



ciator lines. The column drivers receive their data, timing
and control signals. and voltage levels from the 1LT8. One
of the problems with the commercial column drivers is
that they require a negative voltage. To overcome this, we
connect their =V line to our Vi {+ 8.5V) supply, their GND
10 Vpp [+4.4V) and their negative supply to GND. This
requires all data and control signals received from the 1LTS
to swing from 4.4V to 8.5V, Display data is stored in system
RAM, and the 1LT# display controller interrupts the CPU
for 22 to 23 us everv 244 us to access it As display data
is received, it is serially shifted to the column drivers,
When the column drivers have received 128 bits of data,
they store it and output it to the display synchronously
with a row driver output from the 1LT8H.

For ease of expanding the HP 485X's capabilities. dual
40-pin connectors are installed on the logic board. These
connectors will accept credit-card-size plug-in RAM or
ROM cards. Each connector has its own chip select line but
all address and data lines are common to the internal 1Cs,
Each connector can accepl up o 128K bytes of memory,

The 1LT# tests the connectors to determine if a card is
present and if it is write protected. It does this by checking
the card’s write protect output. If the write protect signal
is high, a card is plugged in and can be writlen 1o [RAM).
If the outpul is low, a card is present and is write protected
[RAM or ROM]). If the line is floating, no card is present.

RAM cards have their own lithium keep-alive batteries.
When the HP 485X goes into deep sleep, the power supply
to the cards (Vi supply) is turned off. When the supply
drops to between 3.9 and 3.5V, the RAM switches to its
internal battery. The lithium voltage is sampled by the
1LT8, and when it drops to between 2.5 and 2.2V, a low-bat-
tery annunciator is turned on.
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The HP 48SX Calculator Input/Output

System

An RS-232 link alfows communication with personal
computers. An infrared link provides for printing and for
two-way calculator-to-calculator communication.

by Steven L. Harper and Robert S. Worsley

HEN HANDHELD CALCULATORS were first

introduced in the early 1970s, they provided por-

table computation without much memory. The
limited keyboard and one-line numeric display provided
just about all the input/foutput needed to use this capability
effectively. As the incorporation of advancing memory
technology made possible the storage of larger amounts of
data and even programs created by the user in these handy
little machines, the keyboard and display became an intol
erable bottleneck. The need to enter a thousand or so key-
strokes manually to use a program that someone else has
written is quite an effective barrier.

The first solution to this problem was to use small mag-
netic cards 1o store the data and programs. There were
some difficulties with power consumption, physical size,
mechanical wear and tear, and cleanliness, but this mode
of input/output was the accepted standard for some time.
Eventually, however, larger and larger memories began to
oulstrip the capacity of the cards. This, combined with a
need to communicate with other types of devices that did
not use magnelic cards, necessitated a new approach.

The HP-IL (Hewlett-Packard Interface Link) was an elec-
tronic interfacing system that was designed with the needs
of calculators in mind. It allowed systems with several
devices to be configured automatically and controlled by
a calculator. These devices included printers, mass storage,
adapters o ather interface systems, and even instruments.,
In many ways, it was superior lo existing electronic inlee-
faces, but this was not sufficient to overcome the inertia
of the massive installed base of these other devices. Prices
of calculators continued to drop and patterns of use
changed as personal computers became ubiguitous. For
these and other largely nontechnical reasons, HP-IL was
no longer the ideal input/output medium for the majority
of HP calculator users.

One arca of serious complaint with calculators and elec-
tronic interfaces had been the cost and inconvenience of
the cables. In addition, some calculators were so thin that
even the HP-IL connectors, designed for small size, were
unaceeplably large, The most pressing need for these
machines was to provide some form of hard-copy output
ta a low-cost portable printer. Drawing upon technology
similar to that used in infrared remote control of TVs and
VCRs, HP introduced a printer and a line of caloulators
that met the basic need with an interface that gave custom-
ers what thev wanted: no cables at all. The only disadvan-
tage was that this infrared connection was output-only,

Input/Output Needs of the HP 485X

Market research indicated that an overwhelming major-
ity of high-end calculator users either owned or had access
lo a personal computer. Clearly, it would be an advantage
to be able to perform the data-entry-intensive tasks with
the large kevboard and display of the personal computer
and the computation-oriented work with the simple and
powerful applications resident in the calculator, In other
cases, the portability of the calculator was essential for part
of the job and the speed and capability of the personal
computer and its associated peripheral devices satisfied
the rest of the need. These considerations forced the pri-
mary objective for the input/output capability of the HP
485X scientific expandable calculator: an easy-to-use con-
nection to existing personal compulters,

In addition, there were two secondary objectives. While
most users would choose to satisfy their needs for hard
copy with the printer connected to their personal computer,
there would be some applications where portable printing
was essential, and perhaps some users who needed simple
hard copy without access to a personal computer sysiem.
Also, our experience with the HP 41 calculators had shown
that users of this class of machines do a lot of sharing of
programs and data. In consequence, it was felt necessary
that the HP 485X be compatible with the existing infrared
printer and that there be a convenienl way to do input/out-
put directly belween caleulators. Fig. 1 illustrates the
desired inpulfoutput connections,

The most commen interface on personal computers is
the RS-232 serial port. It would be much too costly and
inconvenient to require the customer to buy a special card
for the personal computer, such as an HP-IL or infrared
interface, to connect to the caleulator. Development of these
cards would be costly, too, since there are several different
types of personal computers. These considerations quickly
led to the decision to design into the HP 485X the capability
to connect directly to the serial port already in nearcly all
personal computers. This required a custom connector and
cable, since the traditional DBY or DB25 connectors used
with R5-232 were much too large.

The requirement for progeam and data sharing between
calculators could also be satisfied with RS-232, but the
need to have the cable and/or some special caleulator-to-
calculator adapter was a severe drawback in this situation,
A one-way infrared interface was already needed to main-
tain compatibility with the infrared printer. Would some
enhancement of this interface fill the need without requir-



ing the user to carry around a cable? Some investigation
showed that a simple infrared receiver circuit for very short
distances could indeed be included with minimum impact
on the design.

The inputfoutput solution for the HP 485X is really two
solutions, each optimized to particular requirements: the
serial port for the important connection to personal com-
puters, and a new two-way infrared interface for compati-
hility with the portable printer and for caleulator-to-cal-
culator communication. The plug-in memory cards, which
are essential for memory expansion, might also be consid-
ered part of the solution. The RAM cards with built-in
battery can be used for archiving and backup purposes and
for program and data sharing between calculators as well.
This provides only a partial solution, however, and the
relatively high cost of the cards makes it very desirable to
provide these functions in other ways also.

The input/output capability consists of not only the elec-
tronics, but the protocol and software to allow the user lo
move data easily. Here again, what was widely available
for the personal computer was the important consideration.
The Kermit protocol' was chosen because it provides auto-
matic retransmission 1o correct errors, is widely used, and
is available essentially free of charge for all the major Ly pes
of personal computers. [t was decided to include the Kermit
protocol as one of the built-in applications in the HP 485X,
The Kermit protocol is applied 1o both the serial interface
and the infrared interface, so the user only needs to learn
one simple application for most input/output needs.

The Serial Interface

E5-232 uses bipolar signaling. that is, different logic
states are indicated by voltages that swing both above and
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Fig. 1. The HF 485X caicuiator
can communicale with parsonal
comuiiers or other AS-232 de-
vices, with the HP 82240 poriable
infrared peindar, and with another
HP 485X viz & short-range wo-
way infrared fnk.

below the ground reference level. The HP 485X does not
otherwise need to generate a negative voltage, and it would
seriously complicate the system design to have to do so.
While integrated circuits are available to perform this func-
tion, their cost and power requirements are prohibitive in
the calculator. One possible solution was to use unipolar
signaling. While this is not really RS-232, most receiver
circuits change the indicated logic state at about one vall
positive, and will therefore function acceptably with a
unipolar input. There are a few serial interfaces on personal
computers, however, with input thresholds that really are
set at zero volts, These would not work reliably with uni-
polar signals. and worse yet, customers have no easy way
to tell which type of interface they have.

The solution to the problem was found in clever use of
the voltages the HP 485X generates to drive the LCD dis-
play. The logic in the calculator works between zero volts
and the Vi supply, about 4.3 volts. The display works
between zero volts and the Vi supply, about 8.4 vaolts,
Because the calculator has no external ground connection
to any other device, it does not matter what voltage level
we use as the ground reference for the serial port. By using
the Vi supply as the signal ground. we can drive the TXD
(transmit data) line to calculator ground and it will be at
—4.3 volts as viewed by the receiving device. Likewise,
driving the line to Vi will make it appear as +4.7 volts
(Vi — V) at the serial port. The result is a bipolar signal
that will work with all serial ports without the additional
expense and power of special integrated circuits.

Technically, an RS-232 device is required to swing at
least 5.0 volts above and below signal ground. After various
circuit losses, the HP 485X voltage swing is only a little
more than three volts positive and negative under worst-



case conditions, It would have been convenient if the power
supplies were at a slightly higher voltage, but this was not
possible since the CPU integrated circuit has a maximum
voltage limit of about nine volts. Even though this does
not strictly comply with the requirement, it works quite
well with short cables since an RS-232 receiver is required
to indicate a logic zero for + 3.0 volts or more and a logic
ong for = 3.0 volts or less. The slightly reduced noise mar-
gin has had no noticeable effect.

It would have been convenient, though slightly more
costly. to use a standard driver/receiver integrated circuit
to provide the necessary short-circuit protection and com-
plv with other interface requirements. Unfortunately, these
parts are not specified at the low voltages used by the HP
485X and their higher voltage drop would have caused the
oulput to be less than what was needed. Strict limitations
on the amount of current that the two power supplies in
the HP 485X can source or sink also mandated a discrete
circuit to satisfy all the needs.

Considerable experimentation resulted in the circuit of
Fig. 2. When the Tx line from the CPU is driven high (V).
current flows through R2, Q8. and CRS5 to the TXD pin and
the Ioad in the receiver of the other serial device, If this
current exceeds about 4 milliamperes, the voltage drop
across B2 will turn on Q7. This will cause the voltage at
the base of Q8 to rise, tending to turn Q8 off. Thus the
current that will flow is limited regardless of the voltage
on the TXD pin. Because the circuil is symmetrical, pre-
cisely the same action occurs with Q2 and Q3 when TX is
driven low [calculator ground). The Schottky diodes, cho-
sen for their low forward voltage drop, are necessary to
prevent reverse conduction through whichever side of the
circuit is off. The capacitor on the TXD pin slows the rise
and fall times of the signal to minimize electrical noise
generation. The 12-volt Zener diode on the 7 line provides
additional protection to the CPU from electrostatic dis-
charges. Capacitor C4 is needed to provide de isolation
between the calculator shield, which is at calculator ground
potential, and the shield of the other device, which is likely
connected to signal ground, which is connected to the cal-
culator Vi, supply. Without this capacitor, the caleulator
Vi power supply would be short-circuited,
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Receiving RS-232 signals in the calculator is a relatively
simple matter. When the RXD (receive data) line swings
positive, the 2.4V Zener diode allows the voltage to rise
above the logic threshold of the AX input on the CPU chip
[about one volt above V), but clamps it below the CPU
Vi power supply s0 that excessive current cannot flow. A
similar situation oceurs for negative swings as the diode
conducts in the forward direction. The 5.6-kilohm resistor
limits current and presents the proper impedance for an
RS-232 input. The 1.5-kilohm resistor adds additional
short-circuit and ESD protection for the CPU RX input, The
75-0hm resistor merely provides a protective current limit
between signal ground and the Vg, supply.

The Infrared Interface

Transmitting infrared light is relatively simple from the
viewpoint of the hardware. Fig. 3 shows the schematic
diagram for the infrared transmitter and receiver circuits,
Because of the high eurrent pulses needed to drive the
infrared LED, it is connected directly 1o the batteries,
greatly reducing peak demand on the calculator power sup-
ply. The other end of the LED is driven low by a special
constant-current driver circuit integrated on the CPU chip.
Pulse duration and timing are controlled by a combination
of hardware in the CPU and firmware.

A phototransistor was chosen as the receiving element.
While much slower than a photodiode, it is fast enough
for the data rate of 2400 bits per second, and the sensitivity
is much greater. Since high ambient light levels can cause
relatively large currents 1o flow in the phototransistor, 4,
some means had to be found to reduce or stabilize the bias
current. It would not be acceptable for battery life to be
considerably shorter in sunlight than in the office. For this
reason, the phototransistor chosen is one that has all three
terminals accessible. The combination of this feature and
transistor Q5 provides the needed stabilization. [f the quies-
cent current of 4 increases, this increase goes into the
base of Q5, which in turn conduets more current away from
(J4"s base terminal, tending to reduce its quiescent current.
In the office, the total current resulting from the infrared
receive circuit is only about seven microamperes. In direct
sunlight, this value rises to nearly 200 microamperes. This

Fig. 2. The discrete circuilny for
the HP 485X serial port provides
orelection for the calcwator and
compatibifity with RS-232
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seems like a large change, but without the stabilization
circuit the sunlight value would be several milliamperes,
and the circuit would saturate and not function,

Capacitor C3 is necessary to bypass the stabilization cir-
cuit at the signal frequency. 10 and R11 form a bias net-
work and threshold-setting mechanism for 6, the output
amplifier and buffer. (6 drives the IR pin on the CPU,
which includes a pull-up device. If the circuit were to draw
current even while the caleulator is turned off. high
ambient light would result in a significant reduction of
battery life. For this reason, the infrared receiver is powered
by Vg, a gated version of the Vi, supply which is switched
off when the calculator is off.

While this system is limited to a range of only two or
three inches, it is low in cost and provides the user a very
convenient means of sharing programs and data.

The infrared coding for the printer has been discussed
previously.? Coding for the two-way infrared data for cal-
culator-to-calculator communication is very similar to cod-
ing of data from the serial port. First is a start bit {logical
zero). which triggers the asynchronous receiving circuitry.
Then follows the least-significant bit of data and so on to
the most-significant data bit, for a total of eight data bits.
If parity is enabled, the cighth data bit is replaced by the
parity bit. The HP 485X sends slightly more than two stop
bits [logical one hits), but only requires one stop bil when
receiving. Fig. 4 shows the bit coding for both the serial
link and the two-way infrared link. A logical zero is rep-
resented by a single pulse of infrared light about 50 micro-
seconds long. A logical one bit has no light pulse. When
these pulses are received, a latch-and-sample circuit in the
CPU converts this format into logic levels, which can then
be routed into hardware shared with the serial port. Note
that two-way infrared data is only sent at 2400 bits per
second, whereas serial data can be sent at 1200, 2400, 4800,
or 9600 bits per second.

Fig. 3. The infrared circuiry frans-
muls 1o the portabie infeared prirter
and ofoviges wo-way COmriury-
cator with another HP 485X,

The User's Point of View

As anyone who has used RS-232 knows, plugging the
cables together is only the beginning, Even for RS-232 ports
that don't require a response on the hardware handshake
lines, the transmit data and receive data lines may need to
be reversed. After getting the cable wiring right. the baud
rate, parity, and software handshaking such as XONXOFF
must be set identically for both the transmitter and the
RCEIVEr.

The HP 485X design attempts to minimize cabling prob-
lems by using only the minimum three-wire RS-232 con-
nection [transmit data, receive data, and signal ground)
and matching the cable pinout to the most commonly used
R5-232 porls. A setup menu is included in the first row of
the I/0 menu to allow the user to see and modify the current
selting for baud rate, parity, and other parameters, Since
the HIP 485X uses XONMOFF handshaking only for low-level
/0 commands, the XONXOFF setting isn't included in the
setup menu. Most of the parameters in the setup menu are
stored ina variable named 12PAR, which also contains sepa-
rate XOMXOFF handshaking flags for receive and transmit,

Character “e”. Hexadecimal 65, Decimal 101

Data Bits e 1T 0 8 11 0

Serial
Voltage

Infrared
Pulses

Start Data Data Stop
Bit LSB MSB Bit(s)
[or Parity)

Fig. 4. Coding of dafa in the wo-way ilrared protocod i5
simiar to that in the senal link, A jogic zerc has a puise af
e beginming of the bt time, a logic ong bt has no puwise.



The higher-level /0 commands don't use XONXOFF hand-
shaking since they follow the Kermit protocol, which has
packels of at most 96 bytes.

The simplest /O interface for the user is the two-way
infrared interface, which has no wires to mix up, doesn’t
use XOMXOFF handshaking, and is fixed at 2400 baud and
no parity.

All YO commands on the HP 485X automatically turn
on and initialize the appropriate /O port (RS-232 or
infrared) based on the data from 10PAR. Once the port is
ready, the HP 485X interrupt system receives bytes for
either R5-232 or two-way infrared /O, The HP 485X can
respond quickly enough to incoming bytes so that even at
9600 baud the interrupt system will read the first byte
before it is overwritten by the next one. Incoming bytes
are placed in a 255-byte input buffer, The interrupt system
waits for about four byte times before concluding that the
incoming byte stream has ended. Then, before exiting, it
checks for other sources of interrupts such as cursor blink,
clock ticks {if the clock is ticking in the display]. alarms,
cards pulled out or added, or kevs down or up.

All of these checks can make the time required to exit the
interrupt system and then reenter long enough that incoming
bytes may be missed. For this reason, alarms, key presses,
and the clock display should be avoided during 1/0.

Low-Level 'O Commands

The HP 485X provides a triplet of low-level VO com-
mands: XMIT {transmit), BUFLEN (buffer length), and SRECY
[serial receive), They are intended for use in programs, so
instead of stopping the program when an /O error occurs,
they simply return a succeed/fail flag to level 1 of the stack.
This allows the programmer the option of handling the
error without having to use IFERR. XMIT transmits a string
from the stack, using XONXOFF handshaking if transmit
pacing is enabled. BUFLEM tells how many bytes are in the
input buffer. SRECY reads a specified number of bytes from
the input buffer [waiting for more to come in if necessary)
and returns them as a string to the stack,

Supporting commands are STIME (serial timeout], SBRE
[serial break), OPEMIO [open I/ port), and CLOSEID [close
/O port]. STIME sets the length of time that XMIT [XOFF
received, transmit pacing enabled) or SRECYV will wait
before giving up if the data flow is interrupted. SBRK sends
a serial break. OPEMIO and CLOSEID turn the /O port on
and off,

As pointed out carlier, bytes can be lost during /O trans-
missions. If the /0 connection is noisy, bytes can be gar-
bled. 1t is also possible that some communication channels
will remove certain bytes (usually control characters) from
the data stream. The low-level 1/0 commands have no pro-
tection from this type of data corruption except for parity
checking. The Kermit protocol chosen for higher-level 110
commands overcomes these problems to give more reliable
communication for transferring programs and data.

The Kermit Protocol

The Kermit protocol encodes control characters as
sequences of ordinary printable characters so they can pass
safely through to the destination. Garbled data is detected
by the checksums on each packet and lost packets are

detected by the sequence number on each packet. A Kermil
protocol packet consists of a mark byte to mark the start
of a packet, a length byte, a sequence number byie, a type
byte. data byles, and finally one to three checksum bytes.
The type byte defines the type of the packet,

Atypical Kermit protocol transmitter sends the following
packet sequence. After sending each packet it waits far the
receiver to send either an ACK packet (lype Y) to indicate
successful receipt of the packet or a NAK packet [type N)
to indicate a garbled packet. If the receiver doesn’t respond,
the transmitter can time oul and resend.

Sequence Packet

Number Type Description
] 5 Megotiates parameters such as
maximum packet length, time-out,
and control character encoding.
1 F Contains the name of the file
to be sent.
2 D Data (as many packets as necessary).
D
D
n [3
n+1 Z Marks the end of this file. May be
followed by another F.D,...D.Z
sequence or by B,
n+2 B Marks the end of the whole transfer.

The packet sequence numbers wrap back to 0 after packet
63. If either the transmiller or the receiver encounters a
fatal error, it can send an error (tvpe E) packet 1o tell the
other unit to give up also.

The Kermit protocol has another mode setting in addition
to parity and baud rate: text versus binary. Computers send-
ing text files are required to end each line of text with a
carriage return character followed by a linefeed character,
If a computer normally uses some other line terminator,
such as a single linefeed, it must transform linefeed 1o
carriage return plus linefeed when sending text files, and
must translate carriage return plus linefeed to linefeed
when receiving text files. [fa computer normally terminates
text lines with carriage return plus linefeed, no teansforma-
tions are needed. This works fine for text files but not for
binary files like compiled programs unless the transmitter
and receiver both do the transformations or both don’t do
them. Therefore, 10 send a binary file, 8 computer that has
text and hinary modes must be set to binary.

The HP 485X greatly extends this concept of text [ASCII)
versus binary files by automatically converting an object
to string form when sending in ASCI mode, thus convert-
ing a hinary object into its text form. [n addition, the HP
485X has a 256-character character set based on the 180
8859 Latin 1 character sel. This is not compatible with
many current PC character sets, so translation modes were
added to ASCII transmission to convert the new character
codes 1o sequences of normal ASCI characters, To ensure
the accurale interpretation of the automatically generated
text form of objects, a header string is prepended to the
object. This string conlaing the modes in effect when the
text form of the object was created. The modes are the



translate mode (to allow proper “untranslation™), angle
mode [in case the object contains a complex number in
polar form), and fraction mark (to distinguish decimal
points and argument separators]. The header string also
allows a receiving HP 485X 1o know that it should receive
this object in ASCII mode. A short header is also prepended
to binary objects to instruct a receiving HP 485X to receive
in binary mode. Al the cost of this small amount of extra
overhead, a receiving HP 485X can correctly interpret an
incoming file even if its modes are set differently than
would be required for that file.
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Manufacturing the HP 48SX Calculator

Sharing manufacturing processes with earlier, simpler
calculators shortened development time and improves
manufacturing efficiency. The HP 485X and the simpler
calculators also share the same production line at the same

time—a concept known as coproduction.

by Richard W. Riper

entific calculator that reaches new levels of capahil-

ity and performance. Rather than start with a clean
sheet, the design team looked to simplify HF's caleulator
line when developing the HP 485X, in particular by making
use of common manufacturing processes. This reduced the
time to develop the calculator. Sharing common assembly
techniques with other HP calculators has also led to
improved production efficiency and increased flexibility.

T HE HEWLETT-FACKARD 485X is an advanced sci-

Commaon Processes

When work started on the HP 485X, design engineers
were given the goal to use as many of the design concepts
from a 1-and-2-line display family of calculators (HP 10,
14, 17, 20, 21, 22, 27, 32, and 42) as possible. This was
done to reduce the amount of new development needed
and to allow the new machine to be built on the same
production line as its simpler cousins. The 1-and-2-line
family set new standards in HP for calculator manufactur-
ing efficiency and we wanted to extend this efficiency to
the HP 485X. Using proven designs shortened the typical
design/build/testiredesign cycle, shortening the whole
design process. It also meant that there were no new man-
ufacturing processes to develop. This reduced the cost and
delivery time for the assembly tooling. Since these tools
were for familiar tasks, experience gained from the first sl
of tools led to better, more refined tools for the HP 485X,

Mixed Production

The majar difference hetween the 1-and-2-line family of
calculators and the HP 485X is in the complexity of the
electronics. Most of the assembly steps needed to build the
HE 485X happen as quickly as thev do for the simpler
calculators. However, the HP 485X's complexity requires
inspection and test times three to four times those of the
simpler machines. Since the HP 485X is designed 1o be
built on the same production line as the simpler models,
this could have led to some major line balancing problems.

One solution to this problem would be to duplicate the
inspection and test stations so that the whole line could
run at the same high rate as it does for the simpler cal-
culators. This would cost a great deal for duplicate test
equipment. Also, more people would be required when
building the HP 485X, who would not be needed when
the simpler product was being produced.

Another solution would be to run the whole line at a
slower rate lo match the longer test and inspection times,
This would lead 1o lower efficiency, since many of the
faster operations would sit idle through part of the longer
cvcle time.

Tao solve this problem, we decided to build both the HP
485X and the simpler calculators at the same time using
a process we call coproduction. One of the 1-or-2-line cal-
culator models is built at the same time and on the same
assembly line as the HP 485X, The products are mixed



uniformly, in the desired quantity ratio, The assembly steps
shared by both machines run at the higher rate of the orig-
inal 1-or-2-line assembly line. Since the test and inspection
stalions are peculiar to each product, the more complex
HP 485X can spend the longer time needed for testing,
while several of the simpler products get tested at the same
time.

The overall result is a line that builds almost as many
combined units as the simpler line did by itself. [t can run
this mix constantly, rather than building one model of cal-
culator for a time and then switching to the other. This
eliminates large changes in the number of people required
on the line and leads to better use of expensive equipment.
The mix ratio is not fixed, so changes in the number of
each product produced can be made to suit changes in
arders.

Conveyor Production

The production of the HP 485X is divided into two main
areas: printed circuit assembly, where the circuit board is
loaded, soldered, and tested. and final assembly, where
the loaded circuit board is brought together with the case
parts, display, and keyboard. In both areas a pallet conveyor
is used to move the unit from station to station. The pallets
are rectangular steel plates surrounded by plastic frames
(Fig. 1). The plates have details to hold the parts in position.

The pallets ride on plastic belts, which never stop mov-
ing. Al each station a stop mechanism halts the pallet while
the flat belts continue to slide by underneath. At stations
where accurate part location is required, the pallet is lifted
off the belts and registered by the precision bushings that
hold the pallet together,

Each conveyor system is made up of two sections of belt
side by side. The assembly steps are done on the side
neares! the operator, while the conveyor on the back side
is used 1o move empty pallets back to the head of the line.
The pallets follow this flat, rectangular loop and never
need to be removed from the conveyor.

ER

Fig. 1. Assembies are cared on palfels thal rde on con-
The ine has seven robol slalions

Printed Circuit Assembly

Printed circuit assembly starts with an operator applying
solder paste to the bare circuit board. This paste is made
up of small balls of selder held in a solvent base. A printer
pushes the paste out though a stencil (0.004-inch-thick
brass) onto the pads for the component leads. The operator
then loads the board onto an empty pallet on the conveyor
[Fig. 2). All of the pallets on this convevor are the same,
and can hold the HP 485X boards as well as those for the
simpler products. The pallet then moves into the first of
seven robot stations, Each station has a sensor to determine
if the board on the pallet is an HP 485X board or a board
for a 1-line or 2-line calculator, so that the robot will load
the correct parts.

The first robot loads the 1LT8 CPU (central processing
unit) onto the HP 485X board. Instead of using the tradi-
tional integrated circuit package consisting of a plastic body
with leads, the CPU is packaged on a continuous tape (Fig.
3). This is known as TAB [lape automated bonding). Not
only is this package style thinner than plastic bodies, but
part handling is reduced. The 1Cs are simply rolled up on
this reel of tape like 35-mm movie film, This tape is fed
through a machine that shears the leads outl from the tape
and reforms the lead ends to the optimum shape for solder-
ing. The robot first uses a reflective optical sensor in its
gripper 1o locate the gold-plated traces and solder pads
accurately on the printed circuit board, It then picks up
the IC from the feeder and places it on the board, correcting
its position based on the optical search,

At the second robat, connectors for the plug-in cards and
input/output port are loaded. Also loaded isa TAB clamp,
which will hald the leads on the TAB IC down while the
solder paste is reflowed, ensuring a high-quality solder
joint, After this robot the board moves into a heated press
that forms rivel-type heads on plastic bosses, which will
hold the connectors and the TAB clamp tightly to the board.
At the third robot, the random-acecess memory (RAM)] is
loaded, along with a small coil spring that will make contact
with a piezoelectric beeper. This spring eliminates the need
for hand-soldered wires to the beeper. The fourth robot
doesn’t load any parts on the HP 485X board, but is used
on some of the simpler products.

At this point the simpler boards are completely loaded,
The pallets carrving these boards are moved to the bhack
belt, where they travel up (o the second robot's area, There
the second robot takes the board off the pallet and places
it on a simple flat bell conveyor to move it to the solder
reflow machine.

The pallets holding boards for the HP 485X continue
down torobols 5,6, and 7, where the rest of the components
are loaded. Since only a fraction of the total pallets continue
on, the cyele time at these last three robots can be longer.
This is a good example of where the coproduction scheme
pavs off. These robots can load many more parts than if
they were limited to the shorter cyele time of the first four
rohots., Alter the final robot, the pallets move to the back
helt, where they travel up to the second robot. As in the
simpler product, the HP 485X boards are off-loaded to sol-
der reflow, The emply pallels continue to the head of the
convevor line, ready to repeat the process.

After loading, the boards pass down a convevor bell to
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an infrared reflow machine. The boards are then inspected
under a microscape for solder joint quality and component
alignment. Next the TAB clamps are removed, because
there isn't room for them in the final product. A few com-
ponents that are not surface mounted are added to the
board by hand, and then the boards are washed to remove
solder flux and other contaminants, The boards are next
tested on an HP 3065 board test svstem, then passed on to
final assembly.

Final Assembly

The final assembly line is similar to the conveyor used
for printed circuit assembly, but the pallets are larger. Also,
different pallets are needed for the HP 485X and the simpler
1-and-2-line products. Sensors al each station read the pal-
let type and act accordingly. Instead of being totally auto-
mated, the final assembly line is a mix of manual stations
with robots and other automated stations [Fig. 4].

The first station is a robot that loads plastic top and
bottom cases into the pallet for the simpler calculators,
This station is not used for the HP 485X because the case
parts are larger and could not be fed to the robat in the
same way, At the next two stations, operators place case
parts for the HP 485X into the pallet and load keyboard
parts for both products.

The next station is a pair of robots that work together to
align and load the liquid crystal display [LCD) into the
metal chassis and then load the chassis into the topcase,
which is waiting on the pallet. One robot picks the LCD
up from its shipping tray and places thin strips of double-
stick tape along both long edges. It then passes the LCD
off 1o the other robot. This second robot locates the LCD's
contact pads under a reflective sensor and uses this search
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information to place the LCD accurately into the metal
chassis. Locating details on the chassis accurately carry
this alignment to the pads on the circuit board.

Fig. 3. 1LTE ICs are packaged for lape aulomated bording
(TAB} and can be handled ke movie fim

The pallet then travels into the first of four heated presses
used to hold the caleulator together; no screws are used.
Three of these four heatstakers work on both product types,
so the product type is sensed and the top portion of the
tool automatically shifts the correct heater block into place.
The fourth heatstaker is only used on the 1-and-2-line prod-
ucts, so the HP 485X pallets simply pass through. The first
heatstaker forms rivet-style heads on bosses in the topcase,
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holding the chassis and keyboard parts tightly together.

The pallet now moves into a set of manual stations where
the printed circuit assemblies are added. Elastomeric con-
nectors known as zebra strips (for the alternating black
carbon conductor bars), which make the electrical connec-
tion between the LCD and the printed circuit assembly,
are loaded onto the LCD, and then the printed circuit assem-
bly is added.

Automated Vision and Functional Tests

The pallet then moves to a series of testers. The testers
for the 1-and-2-line family are located on the conveyor,
and the HP 485X pallets pass through these without stop-
ping. The testers for the HP 485X are located to the side
of the main conveyor line just past the simpler testers, The
HP 485X pallets are automatically moved off the main line
into the testers. This allows them to take longer to test
without holding up movement of the simpler products,
which test much more quickly. After testing, the HP 485X
pallets are moved back onto the main line to continue to
the next station.

In each tester, the pallet is raised up against a test block
(Fig. 5). This block contains spring-loaded probes which
make electrical contact to test pads on the circuit board.
Small air-powered cylinders can press on each key on the
kevboard of the upside-down calculator, both to test the
keyboard and to start a number of self-tests that are built
into each calculator. Cameras mounted at the bottom of
the tester look up at the display and an automated vision
system checks to ensure that the whoele display “lights up”
as the caloulator runs through its self tests. HP instruments
check current levels and measure the operating frequency.

Onee the calculator passes these tests, metal tabs formed
as part of the chassis are automatically twisted to hold the
printed circuit assembly, zebra strips, and LCD together,
If the unit fails the test, a mechanical test failed code is
set on a code block mounted on the pallet. Following the
test slations is a mechanism to move failed pallets to the
back belt, where they will loop back to the stations where

Fig.5. This losfor uses wo cameras and an automaled wision

system (o insoa o calcwalor's display

the printed circuit assembly was loaded for evaluation. To
aid rework,
personal computer lets the operator at that station
which test the unit failed.

The pallets then pass through a heatstaker to stake inan
aluminum electrostatic discharge shield and the piezoelec-
tric beeper. At the next manual station, additional shielding
parts are added by an operator and the cases on the HP
485X are joined together, The cases are joined on the sim-
pler products automatically. The calculators then pass
through a pair of heatstakers to join the cases together per-
manently. Again, no screws are used.

MNext, an operator places a printed overlay over the
keyvboard, which is pressed on at the next station. At the
last set of stations, operators load the batteries and doors,
and perform cosmetic and functional tests. The calculators
are now ready to be packaged with the instruction manual
in the box for shipment to the dealer.

error reporting system using an HP Ve

ALELLY

Conclusion

As described above, many of the assembly steps for the
HP 485X are shared with similar steps for the simpler 1-
and-2-line series of calculators. By basing the design of the
HP 485X on this earlier product line, the same production
line can be used to b bath type of products. By using
the coproduction techniques described above, both prod-
ucts can be built at the same time, leading to better produc.
tion efficiency and people balancing.
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