
The HP 48$X Scientific Expandable
Calculator: Innovation and Evolution
Many of the features of this advanced haneneiet caicuiater
have evolved from its predecessors, the HP 47C and HP
288. Others. such as its unit management system, are new.

by William C. Wickes and Charles M. Patton

lNCE THE lNTRUDUC'l'lDN UP THE HP HF: in ii-IF4.
Hewlett—Parked. has developed a succession of cus-
tomizable scientific calculators of ever expanding

capability. The HP 4353' scientific expandable calculator
li-‘ig. t] maintains this trend with an utn'Jrecedented emu-
binalion of features and flexibility. lls major features
include:
I An RPM-style calculator intt-irl‘ace with a dynarnit': stack

of arl'iitrary depth for operations on eighteen types of
mathematical or logical uhiects {plus twelve additional
object types used. by system programs].
Numerous arithmetic. transcendental. and statistical
functions. applied uniform—
ly wherever meaningful to
complex as well as real
numbers.
Vector and matrLs opera-
tions on real and complex
arrays of arbitrary size. it
s l ireat lsh eet -l il-{t-i scree n
editor is provided for sim-
plified entry and editing of
arrays.
Symbolic mathematics in—
cluding evalual ion. expan-
sion. simplification. sum-
mation. differentiation. and
integration. The Equations
tu'Vriter application provides
graphiiail. “textbook" entry
of espressitms and equa-
lions.
String nmnipttlations.
Binary integer nperatirms.
with arithmetic. bit. and
byte manipulations. and a
variable word size.
Numra'ical and symbolic
etation solving.
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 litre

1'.-tbe E ouaaen l-‘r. tier annitcation

B HEWLEl—T tecsaaa rouann. res-s list-El?

Fig. 1- HP "13597 EEC-iconic:- E'IBFRFIU

and arc drawing and creation ofcusiom test and graphics
displays.
An integrated unit management system. Quantities that
include physical units can he used in cemputatitms.
solving. and plotting. while the calculator autrmtatically
performs unit conversions and dimension checking.
Time management. including a clecl-a'date display and
appointment and program-esecution alarms.
Tyvo-e-'r1y cumnulnicalions via a wired serial port for con-
nection to personal ct'tntpulers. printers. and other serial
devices or via inlraretl light l'urpriuting to the HfI tiEE-iiiAt'B
printer or lor wirelr—rss lransters between two HI’ 4-H5Xs.

I Customization with plug—
in IiEK-byte or lEHK-byte
Rr'tM er RUM memory cards.
which may include cone
maud libraries for estend-
ing the built-in feature set.
Libraries can also be im—
ported into Rr'tlyl using
either NU mechanism.

'5 Pt Litif_tl‘-[‘lfiflI'iEt.l'.tlt-t keyboard
and custom means.

"I Prt'tgrantming in the Rl‘l.
language. t-vhicl't prrn-‘ides
program-flow structures.
recursion. global and local
variables. passing proce-
dures as arguments. input
prrimpting and output la—
beling. user and system
flags. logical tests and oper-
ations. and user—defined
functions.
These features are stip—

ported by a hardware set that
includes a yertical-l't'irmat
[recharge with slit keys. a 13]—
by—B-i—pisel LCIJ display with
support for fast scrolling of
virtual displays that are larger
than the physical screen. two
plug—in slots for nnrniury cards.
a four-wire serial communi-
cations port. and an infrared
transmitter and receiver tsee
articles. page 115 and 35].
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Design Objectives
The fundamental design objective for the HP 4353: was

to create a product that combines the software technology
oftbe HP 235' with the hardware flexibility and customisa-
bility of the HP 41C.I Although in many respects the HP
288 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 men—uterus. By con-
trast. the HP 238 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 41C. 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 U0 capability.

The HP 4BSX project started. therefore. with a review of
the strengths of its two predecessors. The HP 41G‘s include
plug-in memory ports. HP-IL U0 capability. a redefinable
keyboard. and a vertical format convenient for handheld
operation. The HP 235‘s include extensive real and symv
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. 1/0 capability.
especially for importing or saving software. symbolic inte-
gration. and more help from the calculator in using some-
of its more complicated features.

All of theSe strengths'and enhancements “are incorporated
in the HP wax. to some cases. the implementation of one
of these items evolved into a major feature that wasn't
necessarily anticipated from the HP EBSIHP 41C combina-
tion or a customer request. For example. the HP 233's pow-
erful numerical integrator was obscured by an arcane syn-
tax for entering the integration arguments. Consideration
ofthis problem in the HP 485K investigation led to a review
of 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 EquationWriler far exceed what is
needed for this particular use.

The HP 488K also contains important features that derive
more from ”next bench" research than from HP 41C or the
HP 235 strengths or from customer input. The prime exam-
ple of these is the HP sasxa unit management. Simple
one-to-one physical unit conversions have been available
on calculators for years. Several HP 41C: plugvin modules
improved on this by providing a general-purpose conver-
sionmechanism which could calculate any conversion fac-
tor from input and output units specified as text strings.
The HP 416' Petroleum Fluids Poe incorporates this mech-
anism into its calculations so that the user can include
units for the values entered for the programs. anti ask for

answers in particular units. The HP 435x takes advantage
of its multiplevcbject-type operating system and symbolic
manipulations to provide a new level of unit management.
in which numerical quantities can have physical units
attached to them and carried throughout arbitrary calcula~
tions. The collection and cancellation of units and conver~
sions between dimensionally consistent different units are
handled automatically by the calculator. For example. a
problem such as. “How fast is an object traveling after
accelerating at 1 this3 for half a minute. if its initial speed
was 2!] mph?" reduces to

(1_mfs‘2}-.5_rnin +- 20_mph EVAL

on the HP 435K. which returns B?‘t.1_rnph. In HP 4852i
notation. the underscore _ acts as an object type identifier
linking a floating-point number with a unit expression
which can contain arbitrary products. powers. and quo-
tients of physical units. The HP 4BSX 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 435): capability removes a great deal
of the drudgery from calculations involving physical units.

In one aspect of the HP 458K design it was not possible
to satisfy both HP 41C and HP 288 owners: programming
language. To support its other design objectives. the HP
435x 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 4i C would not he executable directly on the HP- 488x.
To solve this problem. the plug-in HP BZHJOA HP 41C
emulator card provides a keyboard emulation of the HP
41C and the ability to execute HP 41C programs. The
infrared port and the HP 82242A infrared printer module
for the HP 41C can be used to transmit programs. from the
HP 41C to the HP 483K 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.
culed without modification on the HP 4853.. 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 233 can also use
its infrared printer output to "print” its programs to the
HP 483K. where they can be executed after minor or no
modification.

Internal Mechanisms
The remainder of this article will discuss some of the

mechanisms the HP 43324 uses to support its feature set.
The memory maps shown in Figs. 2 through 7 illustrate
the concepts discussed in this article. The implementations
of many of the higher-level applications are discussed in
the article on page 13.

The fundamental basis of the HP 4335‘. system is the RPL
operating system. which occupies about 13K bytes of the
system ROM. This system first appeared in the HP 131:“.
Business Consultant calculator in 1985.“ In brief. the system
combines elements of Forth and Lisp. providing a multi-
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Fig. 2. Structure of a ROMPART.

object RPN stack and direct and indirect threaded execur
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
words. 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 RPI. were:
I Identifier class: identifiers {global names]. temporary

identifiers [local names]. and ROM pointers [)CLib
names). These objects are used for storing and retrieving
other objects.

I Procedure class: secondary [program] and code objects.
These objects are executable.

I 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.
RAMIROM pair [directory]. Under normal execution.
these objects merely return themselves. as. passive data.
However. symbolic objects and lists are composite
objects. and can be evaluated like" procedure class
objects.
The body of a composite object is a sequence of other

objects terminated by an and marker that serves as a pro~
gram return if the body is executed as a procedure.

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

and manipulating graphical images.
I Tagged object. A tagged object contains a text string plus

another object. The text is used to label the object. Opera
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 Speed:1o_nvs.
where Speed is the tag. Executing 1o - [times] then returns
100_mts.

l Unit object. This consists of a floating-point real number
combined with an algebraic expression representing
physical units;

l 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
488K contains commands for storing and retrieving
objects from within backup objects when the latter are
installed in RAM ports.

3 newton-Pacesao JOURNAL JUNE 1991

I Library data object. This object provides a memory buffer
for use by plug~in applications that need to preserve data
betvveen executions.
in addition to the new object types. three object types

that were present in the HP 233 are given more visibility
in the HP 488K:
I In the HP 285. a user can create a directory object stored

in a variable. but has no access to the directory as an
object. In the HP 4BSX. a directory has the same status
as other objects—it can be recalled to the stack. edited.
copied. stored. and so on.

I Built-in commands in the HP 288 and HP 485X are
organised in libraries. which are similar to compiled
directories in which the linked list of named objects is
compiled to a table-driven organisation. 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 4333.. libraries are
available as ordinary objects. so that a user can move
libraries in and out of the calculator via one of the UK]
ports or on plug-in memory cards. When a library is
installed in HP 483E memory. it extends the HP eBSX's
language by adding its own internal commands to the
built-in set.

I ROM pointers are visible to the HP 488x 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 XLih name executes the object within
a library that is associated with the name. XLib names
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Fig. 3. Overview of the address space rayon! of the HP JSSX
calculator with one merged and one tree {unmergeo'} RAM
card.



can be compiled as standalone RPN objects or included
within the definitions of algebraic objects. its 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 maximise 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~
PARTS. By attachingRDMFfiRTs to subdirectori es. the user
can create a contextssensitive customization so that typing
the same thing can have very different results depending
on the contest directory. RDMCFARTs 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 utilities 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 ROWART 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 4333. 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 ofa RDMPART.
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 RDMPART is a collection of RPL objects together with
a field containing the name of the ROMPART. a ROMPART
iD number which uniquely identifies the RUMPART. ait Address room

System Variable:
HOMPAHTllraryConfiguration Tabla (m Fig' 5’

Built-in {
HAM

? ________________

Available “emery
"am“ <

Plug-in HAM {m Fig. 5}

{see Fig. 6}
‘— End at Merged

HAM

Fig. 4. Overview of the layout of HP 485K main RAM with
one merged HAM card.

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 unique object numbers. a pointer to a message
table containing messages specific to this RDMPART. and
a pointer to con figuration 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 RDNiPART [D number
uniquely identifies the RtlhiPART to the system and is in
the range UOG—FFE [hexadecimal]. [[1 numbers 000431317 are
reserved for the RPL kernel and other built-in ROlvfli’ARTs.
ID numbers FUDJFE are reserved for use by ROMPART‘S
providing application language extensions.

The hash table provides a two-way correspondence be-
tween names and objects in the RDMPART. 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 RDMPART. 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 order]
of all accessible objects within the RDMPART.
Configuration. A RDMPART simply residing somewhere
within the system does not provide for any of the services
described above. The RDNIPART needs to be registered
with the system during the configuration process. which
occurs in several stages.

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

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

HOHPARTMbrary Count

Starting Address

HDMPAFITr’Ubrary
Configuration

Table

Starting Addma

Starting Addraaa

Fig. 5. The HDMPARTrh‘hrary configuration table. Whenever
the HP 483% turns on. ail HOMPARTs and Hbran‘es in ROM.
port 0. alsor other cornergeo' ping-ins are registered here.
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locations and restarts RPL execution.
RUM Poll. One of the first things done when RPL execution
is restarted is to proceed through the current list of ROM-
PARTs. executing each ROMPART’s configuration cede in
turn. At this point. the RPL system 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 483K demo ROM].
typical tasks are much less ambitious. More typical exam-
ples of tasks done at the ROM poll include:
I Attaching a ROMPA RT to the home directory so that the

names of objects within the ROWART are universally
recognized.

I Replacing the hash andfor message tables of other ROM—
PARTs with versions localised For a particular language.

I Creating a custom subdirectory structure for use with
this RDMPA'RT.

ROM Pointers. The RPL system's RID-M pointer {RUMEFTR}
objects provide a name and location independent method
of specifying an object within a ROMPART. The data in a
ROMPTR gives both the ROM ID number unique to a ROM-
FART and the particular object‘s object number.

As long as a RDMPART has been registered. as being
present in the system. and independent of whether it is
attached to any directory. RUMP'T'Rs referring to a ROM-
PART can be converted to the object. or objects they specify.
in this process. the current address of'the RGMPART whose
ROM ll] is specified in the RDMPTR is found in Lhe ROM-
FA'RT table. and the RDMPART's link table is found. The
object number specified by the RDMPTR is used as an
index into this table to find the actual current address of
the specified obieci.

ROlvtPTRs occupy a middle ground in terms ofexecution
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 ofexecution but must be resolved by searching
through the current context. Every programmable function
and operation in the HP eBSX has an associated .RDNEPTR
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.
it the user stores a progranunahle function in a variable.
what is stored is actually the corresponding RUMPTR.
since storing an address pointer is contrary to the RPL
conventions. and storing a copy of the object is clearly not
what is desired.

ROMPTRs are normally created in the process niconvert-
ing typed-in text to RPL objects [parsing]. IF the currently
considered piece oftext is not an object delimiter. number.
or other fixed—syntax item. it is considered to 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. If the
name matches any one of these. the name is determined
to be a variable name [ordinary identifier}. tfoot. the system
searches through the hash tables of Lhe RUMPAR'l's attached
to the current directory. if there are any. [to match is made.
the name is determined to be a ROM word name. and it is
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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 borne directory can have at
most one RUIN/[PART attached to it. The hash table used
in searching such a RDMPART is the one supplied with
the ROWART. The home directory. on the other hand.
can have multiple ROWARTs attached to it. Recorded
wifll any ROMPART attached to the home directory is a
pointer to its hash table. This allows the hash table pro-
vided by a RGWART to be superseded by another hash
table either in RAM or in another ROM [localisation]. lOnly
ROWARTs attached to the home directory can he so
localised.
Structure of Ping-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
readlwrite devices [RAM]. Whenever a. ROM device was
detected. it was assumed that its data consisted ol'a linked
list of RUMPARTs. The devices would be conflgtued at
some convenient but otherwise arbitrary address and the
individual RUMPARTs 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 he a contiguous segment
of the system's overall RAM. with current RAM contents

Home
Directory

HDMPAFIT
Attachment

Table
Directory Prologue Address r’

HDHPAHTtLibrery Count

ID # Hash Table Addreee Heeeege Table Address

Heeh Table Addreeae Message Tebte Addreee

Ueer Variables

Library or Backup Object "1:23
Library or Backup Obtect

*- P'Dr‘t U

/-.._.r:c

Fig. 6. Layout of the USEeoe area and port 0 A library or
ROMPART attached to the home directory HGMPAHT attach—
ment table. either by the ATTACH command or during the
ROM oott, will have rts keywords recognized by the system
and can have both its keywords and its messages locatr'zed
(for example. translated lflitJ other tanguagesl.

RAH



shifted to new positions as necessary. This process is
known as merging RAM. :‘ifter Finis-t has been merged. it is
not possible to unplug the module without endangering
the system integrity. When a merged RAM is pulled. a large
area of the system and user variables could go with it-

To make it possible to have ROMP;s without read-
only devices. an area within system RAM is set aside and
given the same structure as a plug—in RUM. that Is. a
sequence otRUMPAR’l—"s. This RAM‘based RDMPART area
is also searched during the configuration of HDh-fPARTs.
This model for plug+in structure provides almost all avail-
able services automatically and requires only five user-
level commands: to prepare the system for removal of a
RAE-t module [FREE] by reversing the procedure used to
merge the RAM module. to attach and detach a given library
from a given directory. to include a RUhtPART [given in
some object‘coded form] in the RAM-based RDMPART
area. and to remove such a RONTF'ART.

Design Changes and Chattanges
In the evolution of the HP 4853. design. it became appar-

ent that RAM modules needed to be used as mass-storage
devices as well as system as M. By analogy to flexible dislts.
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 HP 4BSX plug-in
management design. Other factors that affected the design
were that the RAM modules have a switch that allows them
to act as ROM. 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—in as it is happening.
Backup Objects and Libraries. To use a RAM card as mass
storage. we need to be able to store namefobject pairs in
the RnM 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 cmit'iguratitm time. that is. between the time the machine
is turned on and the time the machine is available for use.
Since no stand-alone objer.:t consisting of a aamenibiect
pair existed in the original RPL system. a new object type.
the backup object. was invented for the purpose. A backup
objei'd. in addition to its prologue and length. consists of
a name. an object. and a checksnm.

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

The organisation of the data in a ROM plug-in is largely
dictated by the fact that 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 RDMPARTs to a
sequence of backup and library objects \vas relatively
straightforward. The system determines the end of the
sequence when it finds either an rmdvoLsequencu mark.
an object that is not a backup or library object. or an invalid
i.‘:hecksum. In either ofthe last two cases. the user is warned
of levels! Card Data. but no Further remedial action is taken.

Since RAM plugsin cards can be converted to the orptiva‘

tent of ROM cards by simply changing a switch setting on
the card. we decided that the structure of an unmerged
plugvin RAM card should he the same as a. ROM card. that
is. a sequence of library and backup obiects 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
oi as semipermanent storage which could dominate the
use of free memory in a memoryvlimited 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 outsideitself precludes the inclusion of unmerged
new 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 to
flexible disk drives. Instead of drives A. B. and C. we have
ports 1. 2. and t]. Ports 1 and 2 refer to the data contained
in cards plugged into the corresponding plug-in slots. Port [1
refers to an area in built-in RAM that acts likes permanently
plugged-in card [see Fig. ti]. 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 STD. HCL. and F’UfiGE commands. which nor-
mally store. rec-all. and delete variables in main memory.
are extended to allow transfer of information to and from
the ports. Tagging a name argument with :e:. :t:. or :2: indi-
cates to these commands that a port operation is desired.
For example. if ABC is the name ofan object in port D. then
ease FtCt. will return the object to the stack.

Since the only kinds ofobjects allowed in a plug—in data
area are backup and library objects. any other kind of object
is first encapsulated as a backup ohiect. Similarly. HCL of
one of the backup objects will pry the object out of the
capsule.
Direclory Management Extensions. The fact that the cur—
rent drive is always none of the ports has several conse-

.‘
User Variables

—
Library or Backup Obiact

Library or Backup Object > Free Plug-In RAM
or

Eod-ot- manna Marl:
f r ’, .

f

Address FFFFF

Fig. 7. Layout of an unmerged (free) plug-in HAM caro’ within
the HP 435K address space. An raves-road otug-r‘n card is
eitherpon I or can 2 and has the some structure as port 0.
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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
suhprogram by including its name. say Sa'rogt EVAL. then
only the directory is searched when the name is to be
evaluated. [in the other hand. if the subprogra-m is called
by including a port-specific reference. say :0:SubProgt EVAL.
than only the specified port is searched. To compensate
for this. we have included a ”wild card" port specifier. :s:.
The sequence :&:SubProgt EVAL will search for the suhpro—
gram in all ports and then in the current directory before
giving up. This calling sequence allows programs to he
executed from directories or ports interchangeably.

A second consequence of there being no current drive
is the lack of at':cess 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 FtCL or some other command. Since
it is not possible to change contest to a directory stored in
a port. this method is not available without first copying
the directory hack 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 [1 and
it contains a variable B. then :tt:t_ A B t FtCL will recall the
contents ofB to the stack. Similarly. it is possible to recall
from any location without changing the contest 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 to archive the current
contents cftha calculator 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 hem a backup copy ofthe home directory using
the RESTORE operation reverses the archive process.
Because ofthe potentially greater need for human interven-
Lion. FtESTCtFtE will not automatically restore from another
machine. Instead. HESTDHE will use a backup [or any other]
copy ofthe 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 Hanover HAM? operation.

Whenever it is found that the structural integrity of Hr‘tM
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 objects
whose checksums are valid. it collects all of these into a
new port 0.

It 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 crmtplete. To check the directory's structural
hitegrity. the RAM recovery operation checks the structural
integrity of each object within the directory [including
recursively checking subdirecteriest and removes any that
are corrupt. If no home directory is found. the Rita-t recov-
ery operation begins searching for ordinary directory
objects. When it finds a directory it checks the structural
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integrity of each nbiect within the directory {including
recursively checking subdirectories] and removes any that
are corrupt. The resulting corrected directories are named
DD. llt. and so on. and are gathered together to form a new
home directory. completing the recovery process.
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HP 48$X Interfaces and Applications
The HP 488x scientific expandable calculator provides
support for multiple applications, both omit-in and externally
developed with customized user interfaces. The Edilation-
Writer and interactive ptortmg are two of the Don’t-re
applications.

by Ted W. Beers. Diana K. Byrne. Gabe L. Eisenstein. Robert W. Jones.
and Patrick J. Megowan

scientific expandable calculator is an RPN calculator
designed as an electronic scratchpad for mathemat-

ical calculations. However. the simple user interface used
in the HP 235 would have become overloaded iftranslated
directly to the more capable HP 4851K. Consequently. the
HP 4BSX contains direct support for developing specialised
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 Eq uarionWriter and interactive plotting.
and is available for ordinary user programming and for
externally developed applications. in this article. we will
review the support mechanisms and give several illustra-
tions of their use.

I lKEI ITS PREDECESSOR THE HP 233. the HF 4883i

Managing Multiple Applications
Early in the development of the HP 435x. 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 displayed
hefore the application was started be restored. lfone 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 fora spa»
cial interface. Doe of the challenges in developing the
application interface engine for the HP 4853 was balancing
consistency of operation with flexible design components.
For the basic. stack~oriented. RPN operation of the
HP 48824. 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
parameterieed outer loop. which is designed to customize
a user interface.

The designer of an application can be expected to knot-v
how its interface should operate. hut not necessarily to
know or fully understand how the application should han‘
die the application from which it was started or how to
respond consistently to fatal error conditions and other
unexpected events. The parameterieed outer loop relieves
the designer of these hurdcns Wl‘lllt-i providing a common.
rohust method for handling application startup. applica-
tion shutdown. and asynchronous event handling. The
para-irnoterisod outer loop accomplishes this by handling

the following major aspects of calculator operation:
I Saving the previous application's user interface
I Updating the application‘s display belt-veer] key presses
I t-‘t’aiting for and dispatching key presses. alarm inter—

rupts. and unhandlecl errors
I Exiting the display and key handling loop
I Restoring the previous application's user interface.

Except for saving and restoring the previous application's
user interface. the application-specific components of each
step are specified by the application when it starts the
parameteriaed 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 Equation Cat~
sing. the familiar stack display is replaced by a list of equa-
tions. and the Y and A keys on longer move the character
cursor hut instead move a list pointer around the equation
list. on application sets these and other aspects of its inter-
face when starled by passing a set of user interface param-
eters to the parameterized outer loop. These parameters
define how the application manages the HP eoSX display
and keyboard and how the application interacts with the
rest of the calculator environment.

Parameterlzed Duter Loop Operation
The operation of the parameteriaed outer loop can be

summarized as follows:

Save the System or current application's user Interface
if error to

t Set the new application's user interface
While exit condition object evaluates to FALSE

l Evaluate display object
It error in

Head and evaJUata a key
Then

Evaluate error handler obiect

t
Then

Ftestore the saved user interface and error
Ftestore the saved user intedace

The application specifies the unique operation compo-
nents. such as the exit condition object and the display
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object. when it starts the parameteriaed outer loop. This is
how the application customizes the interface. The
parameteriaed outer loop is responsible for the keyvdisplay
loop. alarm interrupts. and low'level error handling.
Display Handling. There is no default display in the
parameteriaed 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 488K display. This object.
which is usually an executable program. can take advantage
of the two main methods of displaying information that
the HP 485E 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 diSpIay 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 diaplay 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 work 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 llt't‘tF! during display update. If the
programmer misses a few combinations of key-display
interaction. the application stills operates properly.
active Display Update. The second method supported by
the parameteriaed 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 to a simple HOP [no operation}. The
major drawbacks of active display update are that all aspects
ofdisplay 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 488K 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 435K keys. in any
of their six planes [unshifted left~shifted. right-shifted.
alpha'unshifted. alphasleft-shifted. and alpha-right-shifted}
can be assigned for the duration of a parameterised outer
loop application. The key object parameter specifies the
keys to assign and their new assignments. In addition. there
are two flag parameters that control how keys not assigned
by the application are handled. [fa 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 keys mode is on and the key has a
user key assignment. then the user key is processed if do
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standard keys is FALSE. or the standard key is processed if
do standard keys is TRUE. If allow default keys is FALSE. then all
nonapplication keys beep and do nothing else.
Menu Key Assignments. An application can sj'iectfy any
initial menu key assignments. in any of three planes lun-
shifted. loft-shifted. and rightvshihed]. to be initialized
when the parameter-iced outer loop is started. An outer
loop parameter specifies the definition object for the appli-
cation’s menu. anrl may indicate that the current menu is
to he left intact. When the outer loop is exited. the previous
menu is restored automatically.

Since hard key assignments have priority over menu keyr
assignments. it is possible to define more exotic behavior
for the menu keys. To date. no parameteriaed outer loop
application does so. however. since the menu key handling
is very flexible and customizable itself.
Preventing Suspended Environments. Many applications
need to allow arbitrary commands and user objects to be
evaluated. but may not i-vant the current environment. to
be suspended by the HALT and PROMPT commands. A par
remeteriaed outer loop flag specifies whether any crnnlnaud
that would suspend the environment instead generates a
HeLT Not Allowed 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.
Nesting Applications. One of the powerful features of the
HP aE-SX 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 I STK to start the interac-
tive 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 Matrix'viiritor.
in both cases. when the second application is finished. the
first resumes where it left off. The parameteriaed outer
loop makes sure all the details are sorted out.

Application Examples
The interactive stack is an HP 4BSX application t-vith

which one can browse through the HP 485): 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 keyboard
and display. This is accomplished with its key handling
and menu objects. Unlike most applications. the interactive
stack presents a different rnenu depending on how it is
started. When an edit line does not exist. a full menu of
operations is displayed. When an edit line does exist. the
interactive stack displays a more restrictive menu. reflect-
ing the fewer operations available. To implement this differ-
ence. the interactive stack passes one of two menu objects
to the parameteriaed outerloop as its menu specification.

Matrixir‘i'riter is an HP 43831 application that simplifies
the entry ofmatrix objects. Like the interactive stack. Matrix-
Writer controls certain keys that are redefined for its envi-
ronment. such as 1.. Unlike the interactive stack. him-ever.
h-tatrixlalriter allows all undefined keys to operate normal-
ly. since many standard keyr definitions. such as +. are
useful in MatrixWriter.



Both the interactive stack and Matrixii'riter use the pas-
sive display update method for managing their output. in
the case of MatrixWriter. this is especially useful and
important. since the standard edit line interface is used
extensively within the Matrix's’l’riter environment.

Customization by the User
The standard keyboard and display of the HP and}; 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 lor
creation}. the HP 4883 has a number of tools for customiz-
ing the user interface. The user can redefine keys. define
a custom menu. customize how key definitions are exe+
outed. and maintain a variety of customized environments-

in the HP 235. key definitions are objects of a special
form. For easier customization. we changed the HP 4333
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 Sand + keys.

For each key. the user can assign an object in one of six
key planes: keys can he unshifted. left-shifted. or right-
shifted with alpha on or off. If key assignments are viewed
as yet another shift. this makes 12 key planes in all. The
user can enable or disable the current assignments by press—
inghUSFt. or by setting or clearing a flag. The assignments
can he recalled as a list of alternating key codes and objects.
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. HIT
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 system work.

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 UAR menu. Units are multiplied. converled.
or divided. just as in the UNFTS menu. Alternatively. the
user can specify separate objects for the menu label and
for unshifted. left-shifted. and right-shifted actions.

The most radical customisation is called ventured ENTER.
When the user presses a key in normal operation. lhe cor-
responding object 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 than the key-
definition object is executed. The user can customise two
steps in this process by storing programs in variables
nENTEFt and BENTEFL

The program in nENTEFt takes over parse-and-execute
responsibilities. Such a program might either [1] print the
commanddine text and then execute GBJ -r. which parses
and executes as usual. {2] modify the text and then execute
OBJ-r. or [3} parse the text itself.

After the key~definition object is executor]. its text form
is given to BENTEFI 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 calculator operation.

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

The EquationWriter
The primary design objective of the Equation Writer was

to overcome several factors limiting the ease of use ofexist-
ing calculators. The EquationWriter is the first application
to emerge from advances in display technology. both hard-
ware and software. compared with the HP 233. The general
result of these advances can be seen in the inclusion of the
graphic object data type and the virtual screen ofthe H? was.

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:
I Numerators above denominators. separated by a horizon-

tal line
I Exponents written as superscripts. in a smaller foot
I Parentheses of adjustable height
I The use ofstandard 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 modifying
these formatted displays as the user enters the expression.
symbol 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 suhexpression groupings
visually and sort out all the parentheses. An ex p ression like

fto.1ax+v).m1 +uz— tramps]

is terribly tedious to read and understand. compared to

1
W I den.2 e

a [Z-—1_J +H
mremnnsnonna

This problem was especially onerous for the HP res
FORM interface [renamed RULES in the HP sass). which
applies operations like commutation. association. and dis-
tribution to subexpressions ofa given expression. Locating
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the desired suhexpression [which very likely did not even
[it 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 48837.. 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 ~— isnot] by
pressing the '1 key. This sends the cursor back to the right-
most object [numhen variable. or operator] in the expres-
sion. appearing as an inverse—video highlight of that object.

1rev 1
.e

. a (Z—iJ +H

mmrmamnmlnn
From here the highlight-cursor can be moved around

with the arrow keys. Pressing 4. 7 results in:

oil

. 1 1

e+f d7
2 it...

a [2-1) as
m-mmmlflfl

The suhexpression selected for an operation is that which
is included in the range of a highlighted operator {if a
variable or number is highlighted. the snbexpression aim-
ply consists of that object alone]. A menu key toggles
between highlighting the individual object and the selected
suhexpression.

1
x7? 1 d

a
mass“WWW

[“-
]

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
of the expression tends to fit on the screen).

Since the subexpression selection mechanism was in-
cluded for the RULES interface. it made sense to 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—
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sions are provided by the SUB [substitute]. FtEFL {replace}
and ESL {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 to
back up with the normal backspace key [it].

Another problem with the standard linear format is
remembering the meaning and order of multiple parame‘
ters. A frequent complaint about the HP 283 was that no
one could remember how to type in the parameters to the
INTEGRAL fimction. 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 thej' key. one immediately sees
an integral sign. with the cursor in the position ofthe lower
bound.

El

Pestsmil- t-tfl‘lli E13513 sass

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

El

FIE

monamennermm
If one of the suhexpressions grows vertically [e.g.. when

entering a quotient for the upper bound]. the integral sign
stretches to accommodate it.

.1.a
-E
H

”easternmost;
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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This is a good place to mention another significant fea-
ture of the Equationie'iiriter. which is its realvtime syntax
[filed-ting. 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 Syntax message. with the cursor returned
to the left of the d. Similar behavior results from following
a prefix function immediately with an infix function. and
so forth. The EquationWriter uses the same internal parsing
engine that is used to parse algebraic expressions typed into
the command line. All graphical events in the Equation-
Writer (putting up a new symbol. inserting punctuation.
altering the sizes of parts of the picture. and repositioning
the cursor} are triggered by transition-s across syntactic
boundaries. as interpreted by the internal parser. The i key
always has the meaning of “go to 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 Ir key was actually quite contro-
versial during the early phases of develop-meat. and this
illustrates the challenge of coming up with an intuitive
entry procedure. as mentioned above. [line objection was
that the h- key is an unnecessary nuisance when entering
a typical polynomial: after typing the 2 in an expression
like ax2+bx+e. why can't [ just type 4- 'i' 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-
ple]. 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 A to initiate a complex numerator] and one infix
[press -Z- to draw a line under the preceding suboxpression.
going back to an operator of lower precedence than. divi‘
sion]. However. the uniformity of the I- key has proven to
he a contribution to an intuitive interface. Not only do all
built-in operators wort-i 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 idea] of displaying expressions just as they appear

in textbooks turned out to be unattainable. mainly because
textbooks were found to follow different rules and ill-
defined conventions. In the expression as2 *bx+c. everys
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:
typing EA automatically creates the display as. and simi-
larly. any sequence of two contiguous tokens fonctioning
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 out solutions. presenting data. and so on. Our
main goal for the HP 433K graphics and plotting system
was to offer plotting tools beyond those of the HP 233.
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—
firm of graphics with other capabilities of the machine.

Our design choices were based on feedback from HP 235
users. guidelines provided by the National Council of
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 43351 graphics and plotting system. which
has the following new elements:
I A new RPL object type called a graphics object. or GRUB.

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

graphics
I Four new mathematical plot types and two new statisti«

cal plot types.
The HP 4853. uses a new object type called a graphics

object. or GRUB. to represent graphical images. Like all
objects. GRUBs can he placed on the stack. included in
programs. stored in variables. and exchanged with other
calculators. Most graphics commands act on the GRUB
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 4331K 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-andapaste operations with smalls
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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Freehand sketches include arbitrary curves and indi-

vidual pixels:

if D
The FIEPL [replace] command takes a GRUB from the

stack and pastes it into the PICT GRUB. The next example
includes a label made from a string [by the aGHGB com-
mand] and a picture imported from a computer.
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Adding a modify step to cut-and-paste leads to a rudir
mentary but entertaining form of animation.

The calculator itself uses GRDBs for all display—related
tasks. Graphic applications such as plotting use (351035. of
course. but text must also be converted to pixels before it
can be displayed. For example. the components of the nor-
mal display (status information. stack objects, command
line. menu labels) are created as individual GROBs and
then pasted onto the GRUB in the stack display area. Appli—
cations such as EquationWriter and MatrixWriter similarly
construct and combine GRUBs.

Much of the benefit of GRUHS. like other object types.
is in having standard tools for standard objects used by
both the system and the user. This uniformity leads to
smaller code with fewer defects.

An example of the internal structure of a GRUB can be
seen in the PARTS menu label in the MATH menu. The cal-
culator creates a small GRUB for this label and than pastes
that GRUB onto the larger GRUB for the whole display.
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The command-line form of this GRUB is:

t—
‘F‘

CI
LIJ

—
Cl

""

sees 21 a Esmaar—‘FFFH 11391 31 555301 1 193310553?1DSEBQ‘I FFFFFt

where 21 and it are the width and height in pixels. and the
hexadecimal digits represent the graphical data. starting
left to right across the top row:

Ei-‘Ji i' .‘ll
rrsrri
|Ev'_i1'1i

.~',-_'.F..‘.1

-- ea:-
c: a 2' 1
[TH-HEM
cc: : ;' -

Each hexadecimal digit rapresents a horizontal sequence
of four pixels. with the least-significant hit representing
the leftmost pixel. For example. the hexadecimal digit E.
written as me in base two. represents four pixels: off. on.
on. on.

Each row is represented by an even number of hexadec+
imal digits because the display hardware reads one byte
[two hexadecimal digits] at a time. This requires up to
seven hits of padding at the end of each row: in this exam-
ple. three hits of padding are required.

Function Plots
Like the HP BBS. the HP 433x uses the variables E0

{equation} and FPAH [plot parameters] to control plotting.
The user can maintain multiple plotting environments by
creating multiple directories. each with its own E0 and
PPAR. When the user presses h PLOT. the plot application
first shows the current equation tee] and plot type {one of
the plot parameters}:

Plot type: FUHETIUH
an: 'X 3-2*H“2+1f3'

I—
~l'

:-Z
I

LI.
)

4':-

EEIEHHEEEEHHEEJEHEJIEHI
We first demonstrate the plot type FUNCTION. which is an
enhanced form of the HP 235 plot type. Later we will show
the results from other plot types.



The user can press HEW to name a new equation. EDEG
to edit the current equation. or CAT to show a catalog of
equations:

{ HUME }
F2: 'TAH—Hevf
F1: ISIHCIKH}:

FEE= 'Hrs—seacs+1xe'

PLIJTF:“Bill--
The equation specified by ED 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 and storing that list in EU.

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 labelingflof the axes. To
change the otherplot parameters. the user presses PLDTR:

FUHCTIDHPlot tgge:
-2*X“2+1/3'

Indep: 'X'
s= -6.5 6.5
g: ”3.1 3.2

Bataan-m1] sum vans [1113133]

Like the initial plot menu. the PLDTFt 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 set. the user can press
ERAS'E to clear PICT. or skip this step to superimpose the
plot on the current PtCT. The plotting is started by pressing
DRAW or AUTO; the latter attempts to scale one or both axes
automatically. according to the plot type.

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

1t

Hanna-ass cam cause LasELHJIl

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

PtCT GRDB 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 FCN to show a menu
ofmathematjcal tools (applicable only: to the FUNCTION plot
tear

..+lv r
"—‘

m ISECT ELEFEM EHTF: HEB

With these tools the user can analyze the function with-
out leaving the interactive graphics environment. For
example. pressing ROOT invokes the solver to find the
nearest root [the cursor moves to the root]:

q-

I ‘I

FilIIIIITI 13034525113?

Pressing ”SLOPE invokes differentiation to find the deriva—
tive at the cursor's location:

$LBFE= 3.33

Pressing EXTFt invokes differentiation and the solver to
find the nearest extra-mum (the cursor moves to the
extremum):

EXTBHI (1.33333333333s-351351BSlE!

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

JUNE 1391 HEWLETT-PACKARD soonest 19
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When EU 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 ED.

Dther Plot Types
To the HP 233 plot types FUNCTION and SCATTEFt the HF

sflSX adds mathematical plot types CONIC. POLAR.
PAHAMETHIC. and TFtUTH. as well as the statistical plot types
HISTDGFI'AM and BAR. The mathematical plot types share
code for the basic steps: setting up the plotting environ-
ment. assigning successive values to the independent vari-
able. evaluating EO. plotting the corresponding points.
cleaning up the environment. starting the interactive phase.
and handling errors. Each mathematical plot type requires
its own code to process ED once at the start and to process
each result of evaluation.

CONIC plots handle circles. ellipses. parabolas. and
hyperbolas. This type turned out to be a simple combina—
tion of existing tools: the code underlying the command
QUAD is used to turn EG 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 E0. For example. the
equation

4*X‘2-9rY'2-24fi—90W—225

is plotted as:

flk-Lfi“; f I HIP:—
I.

l,-

.’
‘.-‘-I

.r“ '-.
A." -_

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:

2D HEWLElT-PACHAHD JOURNAL sues 1am
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FARAMETHIC 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
horieontal coordinate is given by the real part and the ver-
tical coordinate by the imaginary part. For example. the
equafion

T‘2 - T + en‘s—3m

is plotted as:

TFiLITH plots show truth-valued functions oftwo 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~argtunent function. Plotting the expression

(2*X'2—3-Y‘2+X-Y} moo 162:3

produces a contour plot of the polynomial with contour
intervals of 8:

it second example is a complex function. Plotting the
expression

SIGN (Heirs—e2) = =sto1v entree-2n

where Z is defined to be tum-Y produces a quadrant plot of



the polynomial. The black regions are the points mapped
to the first a: third quadrants of the complex plane and
the white regions are points mapped to the second or fourth
quadrants.
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HP Solve Equation Library Application
Card
The card contains a library of315 equations. the periodic
table of the eternents. a constants library, a muttt'pte
equation solver, a finance application. and engineering
utilities.

by Eric L. Vogel

culator has had programs available in some form.
There are application books with printed programs

and keystroke sequences for machines like the HP 55. 25.
:iIiE. 11C. and 323. application pace with programs on
magnetic cards for the HP 65 and B7. and pace with pro-
grams in plug~in modules for the HP 4'] and F1. These
books and pace focus on computation-intensive [as
opposed to data-intensive) problems in specific science or
engineering disciplines. Program sine 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 4853K scientific expandable cal-
culator. but without the limitations of previous pass. The
focus on computationvintensive solutions is preserved. but
for a wider range of disciplines than in individual pace in

I I ISTORICr‘tLLY. EVERY HP programmable cal-

Subjects

the past. An additional 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
128Kvbyte memory capacity of the card makes these two
emphases possible. and the large display allows improved
user interfaces for the interactive applications.

The card contains six maior applications:
I Equation Library [Fig 1}. This is the primary applicatirm

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 each title. the
user can examine the equations and catalogs of names.
descriptions. and S] or English units for its variables. A
key contribution is pictures that describe the physical
situations represented 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

V _
| eta tc :g-
l'_' '. a a: '. ‘ g.-

|" r :f 1 " '— -
. -I

|

. 'i'mlF-‘HSE.
. ’ mm:Joe-nanIn:

.- "I .

Equaflnna Ir Variable rtpfiens . a. Plum”
|——_'l?—: — — I ' r-r. ‘ 1.3:-” I. :7? Z— " ' '— t . '

. I ___' #- '_. l- ;E -: .E I-

H - :I' H F- I1”.."' i i' in '.
1: I I 1 _ _, 4 | r .- '_,| I - ___.I'_-...-...?_..--..-.é..—.---.i.— . .T

_ '-—_ _ _ :'_'.+___ Elvg'I-r _ _ 7!..i'_._: Filo-il'

I r; -'-. ._ . - l-:: _.L_._:,_....; __':_ "t - '

mtfltcmlnirfnalafl EfifiaflrmInt-internal realm. EEIF Hil-

Si Units . En lish Units__. . ...... t 1.9- - _ ..
.-.". I -' * l'1' “.'E 'T' ..'.'+I:‘."v- -- .'-'arm“ I?“IT_ 1,- I l ;: 'F

iii ii i: 3i i i. [in E5 “5 '1' I :i » E: *‘r 1 Fig. 1. EQUEIJDF‘J Ln'iTv'EH'fv' user
rmnaa""..mtm__nnnlnfll [It-FmMESH-Elia! interface
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application or the card's Multiple Equation Solver (dis-
cussed below).
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 15 the universally recognized
grid of elements. The user can move a highlight bloc k
to see an}.- eiernent and its most-used properties on the
grid. There is also a catalog of 33 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
quickly calculating their molecular weights.
Constants Library. This is a collection of as commonly-
used physical constants. These appearin catalogs of sym-
bols. descriptive names. values. and SI or English units.
Multiple Equation Solver. This is a collection of com—
mands that make it possible to use the Multiple Equation
Solver to interact with the user's own equations as a
group. rather than just the groups of equations from the
Equation Library.
Finance. This application doplicates the basic calcula-
tions performed by HP financial calculators: time value
of money [the relationship between the number of pay-
ments. interest rate. present value. payment. and Future
value] and amortization.
Engineering Utilities. 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

Grid
.. It'll-«I -. |-__‘
l"' . f— I-.._,. __.. En

i' .131-.- “r ..r

‘1 EELlh'

n: '51 +--l_-Hll--1TT lit-'1'
;ifl3liljjimi.mflifijiffifll

Property Catalog 7
I it H. T r I

Jam
I .: HI... ' * _

Jail-mutt? T‘IEIfI—lllilil
l

|
_ Y Property Plot

_-_'h. I'.

'r—n—u
._
1-,".

inf '4‘! 4|. 1. n I r- l.... nsiI‘ _. h. +i....l.i.._........ .. =I.-H-
v—---1- 1—-- I'Eu'n" _ .7". .......... I'N 1

t'l1l-+— .l..._t.|:. l- ' i

"'t's'i—‘I " .-'.;*it I.-.'fi.l.'-_-'_. _u:-::i
Es.

Fig. 2. Periodic Table user interface.

working 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 pace to 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 435E takes
an equation-and makes it into a small. self-contained appli-
cation. 11 solves for any variable given the others. allows
units 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
more 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 needed. more
often the entire set 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 Ohio'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 realised that the solution proce-

l l l.ills-5: :11'H1-i-I .| + f'Zl i.-
L

.-
_ _ P'-|_.'1.1¢.I_:1 r:

in] Linear Motion (to Ohm's Law and Power

Fig. 3. Esampies of common E‘Q‘Ufififlfl sets
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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 fora set of equations given
that some of them are known:
I Use the known variables to select an equation containing

only one unknown.
l Solve for the uni-mourn.
I Add the variable just calculated to the set of known

variables.
I Use the combined set of known and calculated variables

to select an other equation containing only one unknown.
I Solve for the unknown.
I 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—selve 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
on known. 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-
tifying 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

' "all ' 1. 'II—r—"l— _llfill

[at initial menu for flhm's Law-and Power

Knowns Unknowns

l i |._| . ,_l_I. '._i._ _F_. -_JIZII

{b} After entering values for ti and t

Knowns Unknowns

l_ll—l
I_=_._s_f‘ -'— 121!

Used Calculated
During During

Solution Solution

[L

to) Alter solving tor all unknowns

Knowns Unknowns

:1 l7 --._..
i ffi f— Not Involved

Used during Calouiated "1 Solution
Solution during

Solution

id] After solving for Ft only

Fig. 4. Multiple Eoeaaon Solver menu trey appearance-

24 HEWLETT-PACKARD JOURNAL JUNE 1991

lying 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 Solve. 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 and of the menu.

Initially all the menu keys are white with black letters
[like HP Solve}. indicating that all of the variahles are
unknown (Fig. Ila}. Typing a value and pressing a menu
key stores the value in that variable and changes the key
to 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 ofknowns.

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. ISorrespondingly. each menu key retains its initial
appearance. Black keys [knewns] 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 ofthe menu keys will have a. small

block in them to indicate the roles their variables played
in the solution (Fig. sic]- 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 key [unknown]
indicates a value was calculated for that variable during
the solution. This represents a unique state for a variable—
it is an unknown. yet it has a calculated value. The next
time Lhis variable is solved for. this calculated value will
he 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 [kflflt-‘t'l'l or unknown}. After a variable is solved for.
its menu key is shown in white with a block to 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 played 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.

r-I l—II- - |-
IW : _..... | ; ...-- -: .__..; l

|

|
5.21373323334- "' i--DELI. firs—int:Ear_!.-ran;

[at Values Calculated
during Solution

[bi Equations Used
during Solution

Fig. 5. Solution summary.
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Hardware Design of the HP 4BSX Scientific
Expandable Calculator
Leveraging an eariier design resulted in prototypes with
90% production tooied parts oniy nine months after me start
of the project. The HP 488K ineiudes an 8—iine—byu22-
character super—twisted nematio iiguid crystai dispiay. two
expansion ports for ROM or battery—packed RAM cards,
and two HO ports: 98232 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
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development of our current calculator family to minim iae
development time and cost. Design leverage was a primary
consideration in every HP sass pert design. This emphasis
ou design leverage resulted in laboratory prototype units
built with 90% production tooled parts only nine months
after the start of the protect.

The HP 488K is a direct descendant of the series of low-
cost. highsvolume. vertical-format calculators introduced
in lanuary 1985. This series. consisting of the HP it}. 14.
1?. EU. 21. 22. 2?. 32. and 42 calculators. achieved low
cost and minimal pert count through the use ofa few highly
integrated designs. These calculators were designed from
the outset to he built on a highly automated assembly line
at a rate of several calculators per minute.

The designers of the HP 485X leveraged many of the
processes. materials. and even design details front the pre—
vious series. As a result. the HP stiSX is able to enjoy the
benefits of an automated assembly line that could not have
been justified by HP 488x volume alone [see article. page
40]. Sixteen out ofseventeen major assembly processes are
common 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-
dai ned. saving time during the investigation phase. Hy shar-
ing details. the HP 483x designers were able to proceed
more confidently. capitalizing on the knowledge gained
and improvements made as the earlier series of products
entered prodtiction.

It took some time for the designers to accept leveraging
completely. because they were forced to compromise what
they envisioned as optimum. Once the commitment 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 obiectives.

Design Features
The topcase of the HP 435): is a four-color. iniection

molded part. Its 49 keys are an integral part of the topcase:
each key is attached and guided by two small cantilevers.
This design yields a low-profile key with an escellent con—
trolled feel. The keyboard 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 liquid crystal display is a
super-twisted oemetic {STN} design for improved contrast
and viewing angle. Two expansion ports accept RUM or
batterysbacked RAM cards (Fig. 1). These cards are conve—
niently sized to he handled easily and have a thin outline.

Throughout the machine. from the generous 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 4853: to achieve small size.
reliability. and overall customer satisfaction.

Initial Design
Leveraging the design from the previous calculator

design resulted in less than optimal tooling and design
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options.
For the simpler products. the layout of the single display

driver it". on the opposite side of the printed circuit board
from the display made sense. When applied to the HF“
488K. this constraint forced the EUR outputs from three
display drivers to feed through to the display side of the
printed circuit board. This wasted a large amount of board
area 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 483K was redesigned
around higher-capacity AAA batteries.

Several other iterations occurred. A printed display win-
dow was thrown out in favor of a special herd polariaer
optically bonded to the top surface ofthe 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 fj?"/o reduction in glare.

For a time we considered incorporating only one pIUgsin
port. The two-port design was eventually selected to allow
both ROM and RAM cards to be plugged in at the same time.

Final Design
The HP 485K is manufactured from three suhassemblies:

the topcase. the printed circuit assembly. and the bottom
case. These assemblies are built from 24 mechanical parts.
four surface mount ICs. a tTO-IJin TAB [tape automated
bonding} [[3, five discrete leaded components. and 3“! sur-
face mount devices {see Fig. 2}.

Topcase Assembly
The topcase assembly is designed to 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
[1.01 2-inch-thick. seven—color. printed aluminum overlay.
The purpose of the overlay is threefold: [t] to provide a
pleasing surface finish 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 carefully designed ESD [electrostatic
discharge} protection system. Adding to the cosmetic
appearance is an electroformed copper logo which. along
with the overlay. is applied to the topcase using pressure-
sensitive adhesive.

The four-color molded topcase design represents a major
engineering and process achievement. The HP 483}; key
nomenclature is actually a separate molded part for each
key around which the topcase is shot [see Fig. 3]. To create
the cavities that form the nomenclature. the legend artwork
was digitised on a CADJEAM system. Cutter paths are gen-
erated from this data. The cutter paths are used to cut a
positive image of the nomenclature in a carbon electrode.
The cutters used are special ground cutters as small as
itt'it'tt 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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alloy and was specifically selected for its toughness and
processing characteristics. The most critical aspect of the
topcase design is the small cantilever beams. The beams
had to be tough enough to maintain their mechanical integ-
rit_‘_.r through environmental and life testing. yet supple
enough not to degrade the forcesdeflection characteristics
engineered into the snap domes. The Tries plastic was
found to flow well. which allows a thin beam. and its
toughness was verified in testing over 2 .5 million key cycles
without failure.

The tactile feel of the keys is a result of painstaking
design. testing. and quality assurance efforts. The 0.004—
inch-tbick Mylar dome sheet contains 49 details. which
provide the snap feel as each key 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 key and the key on longer pushing
back causes the inside of the dome in impact firmly against
the keyboard 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 keyboard. Below each key
switch is another recess created by a 0.003—inch—thick chas-
sis spacer. This recess allows the keyboard 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 keyboard is a 0.003-inch-thick lvtylar sheet with
screen-printed carbon graphite traces and contacts. The
feedthroughs of the two-layer keyboard entploy triple
redundancy to improve yield and reliability. The keyboard
lines are multiplexed with the address lines. This scheme
reduces the pin count on the IE and saves printed circuit
board area. both of which lower costs. However. it requires
that key line resistance be carefully controlled. The exact
sheet resistance ot'the carbon ink was measured. This in for-
mation was used to hand‘tune the area of each of the 90
key line traces.

The backbone of the HP 433?» is the nickelvplated 0.013«
inch-thick stainless steel chassis. The chassis serves several
Functions. the most obvious of which is to support the
keyboard and add rigidity to the topcase. Sixtystwo
heatstakes clamp the keyboard bt-ttween the topcase 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 battery contact as an integral
part ofthe 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 soaps
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 to 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 topcase from creeping over
tirue under the constant force of the pressure pad in this
area. ."‘i special detail is designed to stiffen the chassis
around the liquid crystal display. Basically. the chassis
forms a frame around the glass d'mplay to pretend it from
impact and bending that occur as a result of the product's
being dropped.

Two narrow strips of double-sided adhesive tape are used
to secure the dis-play in the chassis. The 202 0.013sinch-
wide LED contact pads must be positioned within 1-0003
inch to make proper connection to the printed circuit board.
Two aehra connectors are used to make connection between
the LCD and the printed circuit board. The eebra 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. Two precision punched
holes. which are optically registered to the printed circuit
board traces. align the chassisCD assembly. Tabs on the
chassis are inserted into the aero~clearance printed circuit
board holes. permanently alligning the printed circuit
board and LCD. Sis 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 dBSX's tnost valued features.- Attetnpting 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 whit'di liquid crystal displays are men-
ufactured is fragile. Glass failures are always in tension.
The glass has a theoretical tensile strength of 100.000 psi.
However. flaws within the glass lower its design limit to
10.000 psi. Edge defects. a result of scribing and breaking
the glass to sine. cause stress risers which fmther reduce
its usable strength to only 1.000 psi. Once the design of
the display mounting had been optimised. 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 4855K 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 4851*: 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 433K connectors had to he designed as robot-
loadable surface mount devices.

Dominating the printed circuit assembly is the large 80-
pin ping-in card connector. This custom connector accepts
two cards in a staggered formation so that the label on each
card can he seem. The card connector is molded with 40“.:
glass filled PPS to survive the 225°C (43??) infrared solder-
ing process. Heatstakes are used to secure the card cmuiec-
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l HP 435): Custom Integrated Circuit

The HP 1LTB IC is the single custom chip in the HP assx
calculator The 1LTB IC is divided into the following functional

‘ areas
9 A 4-bit CPU wrth an B—MHZ clock The ‘lLTB CPU is identical

to the CPU used in the HP 288. which is a leveraged redesign
of the 1LKT CPU. The iLTEt CPU provides taster instruction
execution times but still maintains tull compatibility with the
tLFEr't LK? and the HP T’tEt bus architecture- The CPU internal

l and external data paths are 4 bits wide. Memory is accessed
in 4-bit quantities {referred to as nibbles) using 20-bit address-
es. yielding a physical address space of 51' BK bytes- The CPU

‘ internal word size is 64 bits. Operations are performed on data
strings up to 16 nibbles in length

r I A memory controller capable of interfacing to five commercial
byte-wide sans. RDMs. or plug-in ports. The purpose at the
memory interface is to allow the lLTB chip to drive commercial
Field and BUM l. Since commercial memory parts are byte—
Wrde. this requires some careful intertaCing to the 4—bit world

' of the CPU. The same lines that go to the memory address
\ are also used to scan the keyboard The keyboard is con-

nected through series resistors to the lit") lines while the mem-
I cry ls connected directly. This allows commercial memory l

to be connected to the tLTB chip with a minimum of added

pads. Each memory device can be configured by software to
the recurred size and placement in the address space.

I A lrouid crystal display {LCD} controller capable of driving a
B4—way multiplexed display This controller trails the CPU to |
access data in main RAM and then formats it for the LCD. it
is capable of handling the sottkeys in a separate memory area |
and scrolling the main display.

I A collection of memory mapped control registers including a
32-bit guadz-crystal-controtled timer. a 12GD-to-QBDO—baud
full-duplex UAFlT capable of driving Fifi—232 or infrared—level
signals. and a cyclic redundancy check (CBC) generator

I a collection of analog circuitry including a dual power supply
{4.3 volts tor the system and 8.5 volts tor the display}. a low—bat—
tery indicator. a power-entreset circuit. a crystal oscillator. a
tregUency multiplier {which generates the B—MHz CPU clock
from the (BE—kHz crystatl. and a display voltage generator
The 1LTB 1C is manufactured at the Northwest lC Division of

Hewlett-Packard.

Preston D. Browe
Development Engineer

Corvallis Division

tor to the printed circuit board and to take the preload
exerted by the St] 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 adiacent
leads and allowing easier inspection. The nominal preload
between the leads and the plane olthe printed circuit board
allows for some nonplanarity in the leads, ensuring that
each lead penetrates the ones-mch-tmck solder paste and
yields 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 inl'Tared
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 to resist removal.

The most intensively engineered component on the
printed circuit board is the WEI-pin TAB-package 1C. The
capabilities of the IC itsellare very impressive. but equally
impressive is the way in which the IC is connected. Gold
bumps are deposited on the [C at each contact pad. A circuit
consisting of 0.003vinch—tbick polyiniide film with D.t]t]3-
inch—wide traces is positioned on top of the 1C. The layout
of the circuit is such that the traces at the inner portion of
the tape actually cantilever off the polyimide substrate.
These tin-plated copper beams are then aligned with the
1C and simultaneously bonded. 17ft] inner lead bonds with
a [limit-inch pitch are made in one operation. The advan-
tages of TAB are that its pin count is high. that it can he
gang bonded. and that the polyimide substrate is punched
with holes for 35-11111] sprockets just like 35*mm move film
[see Fig. 3 on page 42]. The last feature is used to place
hundreds of parts with no human intervention. The reels
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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 to a
robot for placement on the printed circuit board.

The pitch of the outer loads is 0.020 inch. so accurate
positioning ofthe TAB package on the printed circuit board
is important. The position ofthe printed circuit board traces
is determined by reading a target on the board with an
optical sensor mounted on the robot. The TAB package is
positioned by an annular ring of copper trace which over-
hangs a hole in the polyimide. The hole is exposed and
etched at the some time as the 1170 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
TAB clamp to maintain the leads in intimate contact with
the paste during the reflow operation. The steep angle at
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
tvtost of the details unique to the HP 485K are contained

within the bottom case. making it possible for future prod-
ucts to use the HP 485K toprnse assembly.

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



ever the LED and phototransistor used for intrared [it].
Critical to a CMDS product is maintaining power to avoid

losing memory. Particular attention was paid to designing
the battery compartment so power could not be interrupted.
The battery compartment holds three AAA batteries. The
compartment is designed so that i! battery leakage occurs
from the vents at the negative terminals. on openings allow
it into the circuit board. The battery r. t'tlliiit is are designed
to prevent netting corrosion. a type ot corrosion caused by
micnimolions at the contact point. which results to oxide
buildup and eventual loss of contact. Extensive testing was
undertaken at the very start of the protect to characterize
this phenomenon. Custom electrical measurement tools
were employed Lhat could detect the very onset of trotting
corrosion. Batteries from Ufa” European. and Japanese
suppliers were exhaustively tested for compatibility with
the contacts. Even the battery door was designed to prevent
less of power. The deer employs a multistage snap. which
prevents the batteries from bet':onting dislodged in tirmiis
up to two meters. The result is a design that ensures
extremely reliable power even under the most extreme con-
ditions.

A tiltOfi-inch-thick 3003 Hi 8 aluminum ESD shield lines
the inside of the bottom case. The shield contacts the aims
sis with a large-area contact. This forms a two-dimensional
Faraday cage. protecting the circuitry from exposure to
electric fields. The [{P 483K is designed to withstand
repeated discharges with potentials up to 25 thousand volts
while running without hard failures. and 15 thousand volts
without any disruption of its operation. The HSD shield
also provides the ground connection for the pieeoelectric
beeper. A single spring makes the ptjisilive (Eminetdion and
provides the force For the ground contraction to the BSD
shield. Heatstaltes keep the beeper and EST.) shield in place.
The conical beeper spring is designed with three closed
coils at the top and bottom. These coils are wit'ler than the
pitch between the open coils. preventing the springs from
[angling so they can be barn-it plated and vibratory-howlvfed
to a robot for totally automated placement directly on the
printed circuit board.

Completing the HP 488K package are four tnolded feet.
which are sculptured to confornt to the bottom case radius.
The feet are press fit into the bottom case while it is still
warm at the molding machine. A small bump on each foot

Fig. 4. HP 4835-: logic printed escort assembly

provides compliance so that the l'TiBSX will resist rocking
even if the surface is slightly uneven.

Electrical System
The HP tat-iii; electrical system is considerably more pew—

erf'ul and more complex than those of previous HP hand—
held calculators. With its intrarect and RES-232 lit.) and plug-
ll'; pr rrts it :s also n'mrr- ‘t'ersatile. The linear! oi the el:—'t'tru at
system is the tLTtt corp. a tJ-pm HP-developed if; Isee
box. page Bill.

The HP 4583' contains two printed circuit boards. The
main h igic hoard is sandwiched between the topcase assem—
bly and the bottom case. The Mylar domed keyboard with
carhon graphite traces is housed in the topcase assembly.

The sit-key keyboard is scanned by the 1LT8 chip via
multiplexed RAM and ROM address Lines. Address lines
as to a1? scan the keyboard while so to A5 are inputs to
the tLTtt. The keyboard is read asynchronously every milli-
second wben the CPU drives its output register lines. A9
to A17. all high and reads its input register lines. an to A5.
When a key is pressed. contact is oracle between an input
register line and an output register line. putting a high level
on the input register line. This high level generates an
interrupt. causing software to scan the keyboard to deter—
mine which key is pressed. The UN key is not scanned but
is wired to Van This allows the system to be turned on
while in deep sleep. The UN key is the only key capable
of generating an interrupt and waking the system up. All
key lines are isolated from the main system address lines
by built-in 4-bit carbon graphite resistors.

The logic board t'aJtitait.ts five iCs: a BEER-byte RBIs-1e 32K-
hyte RAM. two column drivers and the 1LT8. which con-
tains the CPU. an LCD driver contrt'iller. a memory etjmlrol-
ler. and a HART for RES-232 and 1R Lit") control. Also on
the logic board are 3H discrete cmnpnnents. two slit-pin
card connectors [for plug—in cards}. one four-pin RS-ESE
connector. 202 pads for connection to the display. and '1?
pads for keyboard contact. All of this is on a printed circuit
board that measures 5.1 inches by 2.?5 inches [see Fig. 4].

During product development. three logic boards were
designed: the filth". RUM version that was released to pro—
duction. a 32K UTF* EPHUM v :rsion that contained self—
test code used for initial Shakedown and environmental
testing. and a 256K EPRUM version that was need for sefl~
ware development. debugging. and quality assurance.

For prt'iductirut testing. 7'? logic ltiti'll'il traces have dual
test points. These test points are probed by a special test
block that is connected to an HP Ittttii‘: test system. The HP
3fl65 tests all discrete components anti [Cs before the unit
goes to final assembly.

The system is powered by three sea batteries and has
three power supplies. which are controlled by the iLTFt
chip. The V” [8.1 to 3.9V] supply is used for the LCD
display and Rtiuiiiifl voltage swings. ‘v’m, (4.1 to 4.5V} is the
main logic supply. The V”. [4.] to 4.5‘v'] 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-chaonel power MOSFHT. and three filter

't'_t'll'-' L-Jttif Hltllf: pluutnrtltt .Ttltit'r
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Mechanical Design of the HP 435):
Memory Card and Memory Card Connector

The mechanical implementation of the HP 483x memory card
and memory card connector addresses the goal of design and
manufacturing leverage. For the HP 488K. esp was faced with
the challenge of incorporating plug-in modules into a calculator
for the first time since the HP TlB (introduced in February 1084).
The product required either development of a custom module
such as those for the HP 410. HP T50. and HP 71B. or the
purchase of an DEM module. The decision was made to source
and qualify a module produced by an outside company to
minimize HF' design effort. As the search progressed, it became
apparent that credit-cardrsize digital memory modules known
as memory cards were becoming a loosely defined standard
among electronic equipment manufacturers. By choosing this
memory card form factor. we were able to use the expertise and
resources of numerous manufacturers that were already in high-
volume production. Clther objectives. such as second-sourcing
options and possible adherence to a future industry standard.
could also be addressed.

Selection
The selection of one memory card manufacturer from a list of

a dozen was assisted by other HP divisions. During initial supplier
research, some of the manufacturers commented that the
Ftohnert Park. Spokane. 1trancouver. Boise. San Diego. and
McMinnville sites were all investigating memory cards. Informa-
tion about card contact plating and connector soldering was
obtained from Fiohnert Park. while Spokane provided compara-
tive data regarding reliability and price. After reviewing design
specifications. reliability data. and quotations. B&D managers
visited four manufacturers. One was selected to produce memory
cards for the HP 488K. The chosen design offers electrostatic
discharge protection. mechanical strength. and long insertion
life.

All of the suppliers offered memory card connectors designed
for wave soldering and for strain relief using screws. To meet
the goal of manufacturing leverage. the connector for the HP
403): had to be surface mounted. be suitable for infrared reflow
soldering. and be strain relieved using heatstakes. Taking into
consideration the added design requirements of low height and
accommodation of two memory cards. the need to tool a custom
connector became apparent. The selected card manufacturer
gave permission to start engineering discussion directly with the
connector company that produced the standard connector
designed for use with the card. By developing the new connector
with the existing supplier. we gained access to data regarding
design criteria. materials. and reliability testing without extensive
investigation.

Card Design
Basically. the memory card is an expansion board packaged

to provide protection from environmental factors- it consists of a
printed circuit board. a frame. and steel panels. The card design
chosen uses an edge-type contact in which 40 gold—plated find
gets on a 0.01T-inch-thick Filip-fl printed circuit board are located
on a 0.050-lnch pitch. To maintain thinness. surface mount dis—
crete devices and chip—on-board integrated circuits are mounted
on the printed circuit board. For rigidity. the card employs a
sandwich construction. The printed circuit board is laminated to
an injection—molded PBT frame on the noncontact side. Two
0.010-inch full hard stainless steel panels are laminated to the
frame on one side and to the printed circuit board on the other.

A 0.050-inch-diameter compression coil spring mounted through
the printed circuit board electrically ties the two panels together
to provide ESD protection. The contactvside panel traps a 0.005—
inch-thick stainless steel shutter and two 0.039-inch-diameter
tension coil springs. The springs keep the shutter closed over
the contact fingers when the card is unplugged. providing pro-
tection from E80 and contamination. When the card is inserted
into a connector. two formed tabs that are part of the shutter are
pushed back to expose the contacts.

While the ROM card and SBAM card are similar in construction.
the BBAM card incorporates several additcnal parts. Two 0004—
inch—thick phosphor bronze flat contacts for a CBE01B lithium
coin battery are heatstaked to the frame and make pressure
contact to the printed circuit board. An injection-molded battery
tray slides between the two panels and allows installation and
replacement of the coin cell. A write protect switch consisting of
a molded button and a flat spring is also trapped between the
panels. The position of the tray and switch on the top edge of
the card allows access while the SBAM card is plugged into the
HP 438K. This is necessary because the SRAM card must be
powered by the calculator during battery replacement for mem—
ory retention.

The dimensions of the card are identical to those of a credit
card at 3.370 inches by 2.126 inches. Overall thickness is 0.094
inch. which allows the HP 488)( to accommodate two stacked
cards in the same thickness as one HP 410 module. The SBAM
card weighs less than nine tenths of an ounce including the
battery.

Although produced on the manufacturer's standard assembly
line. memory cards for the HP 488)! incorporate several custom
details for improved performance. The gold plating on the fingers
is thicker for increased contact reliability during insertion. The
ground finger is longer than the standard printed circuit board‘s
to provide clean shutdown and startup of the SRAM card during
removal and insertion. An injection-molded ABS grip is applied
by the manufacturer to the front panel. The grip. which facilitates
card removal from the calculator. was tooled and color matched
by the manufacturer to HP specifications. The panels are offset
printed using specified artwork films and colors.

The memory card chosen thus leverages the manufacturer's
expertise in providing mechanical integrity and E80 protection.
Custom design details are incorporated which. although availa—
ble through resources already in place at the manufacturer. add
significantly to customer satisfaction.

Connector Design and Assembly
The memory card connector serves as the interface between

two cards and the HP 435K logic printed circuit board. it consists
of a body, contact pins. ground pins. and an alignment comb.
The body requires an injection mold with four slides from which
air is evacuated before injection of the heat-resistant 40% glass-
filled PPS to facilitate filling such details as the 0.012—inch-thick
ribs that fit between each contact pin- The body holds two mem—
ory cards in stacked configuration. offset 0.390 inch to expose
both card grips. Four heatstake—pinr’reinforcing—rib pairs fit into
matching printed circuit board slots to hold the connector against
the printed circuit board during the 43?°F infrared reflow process
and to provide strain relief for the solder joints when cards are
inserted. The 80 contact pins are arranged in two rows of 40
each. The full hard phosphor bronze pins. each 0.010 inch wide
by 0.010 inch thick. are press fit into holes in the body on a
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dose-inch pitch Towards the memory card. the pins are gold-
plated and cantilevered to provide a contact force of 30 grams
to T0 grams each. Towards the HF 4833): printed circuit card
the contacts are solder-plated and terminate in either a verticai
or Beach—vertical surface mount butt lornt. Since the two memory
car s can share as but five pins 35 pairs of pins are soldered
to one proted circuit board pad each The two cooper ground
p-ns. which are press to into the body. push open toe overt-ion.-
card shutter and provide a cam for E33 item the card panels
directty to the printed circuit board ground plane. The 40‘s glass
PP’S atignmant comb us press fit onto the body after all so pins
are inserted and formed. providing alignment at the pin tips onto
the printed circuit board pads.

Dvorati. the connector measures 2 3TB inches wide by 1.555
inches tong and stands 0.556 inch off the printed circuit board.
Although two cards are held stacked, the custom connector is
less than t 5 times the thickness of the manufacturer‘s original
singtevcard connector.

While design details pertaining to body strength. pin geometry.
and pin plating were adapted from the original connector. the
heatstal-ting process to which the HP 4351-: memory card connec-
tor had to conform was a challenge. Basically. after insertion
through the printed circuit board. the heatsteke pins are flattened
using temperature and pressure. thus preventing removai. The
flattened portion. called the heatstake “head”. consists of very
rigid and brittle glass fibers in a matrix of remelted PPS. The
head must not deform under the force of the an preloaded contact
pins during reflow soldering. or solder defects will result from
titted pin tips. in addition. the head must be tough enough to
endure repeated shear stress during card insertion tasting and
repeated tensile stress during drop testing. To complicate mat-
tars turther. the heater block on the printed circuit board assembly
line needed to heatstatte the memory card connector. serial con-
nector. and TAB clamp simultaneously-to minimize cycle time.
To establish optimum heatstake head geometry. heater block
pressure. heater temperature. and melt time. repeated staking

and subsequent drop testing were conducted Initially. ten stat-res
ol HOSE-inch draft-”timer were user] but proved to be bottle in drop
testing Net-rt the stake diameter was increased to {i 118 inch
but the resulting force impotence on the costar bioci-r caused
the'seriai connector heads to be loose. After much trial and error
the combination or fflul' o t lB-tfi-Ch-flififfifiifif cemeteries a o tor-
inch bead diameter a 44bit: heater temperature. and a iii-sec-
ond melt time etc need the toughest tr-s-arstalte heads

Toe memory card connector thus .mplernenrec CCtHT'Dtr'lES the
benefit of the manufacturer's proven design with custom details
incorporated to produce the highestdpertormance Dart using prev
determined assembly processes.

Performance
Tests proved the memory card and connector for the HP 485):

tested be a reliable combination. No functional problems devel-
oped aher 20.0010 cycles of insenionrremoval lite testing consist-
ing of tend-insertion sequences alternating with 24-hour periods
in a supersoatt chamber The card survived one-meter drop test-
ing. both alone and plugged into the calculator. as did the con—
nector The card also experienced no mechanical damage when
exposed to aided-volt ESD. both alone and plugged in

Conclusion
The goals of design and manufacturing leverage were met by

using an OEM memory card and incorporating ottrthe—shelt con-
nector design details where applicable Custom toatures were
added. however. when increased reliability and manutaoturablllty
were deemed necessary. Thus the best solution for both cus—
tomer and protect was implemented in the HP LIBSX memory
card and connector

M. Jaclr Muranaml
Mechanical Engineer

Corvallis Division

capacitors [see Fig. 5]. This is a boost—switching power
supply in which the 1LTB chip controls the current in. an
inductor. which is connected to the batteries. via the M05-
FET. When one of the supplies [VH or VD”) is low. the
‘tLTtt pulses the MDSFET at a 122.com: rate. increasing
the inductor current. The current from the inductor is than
dumped through one of the diodes. charging its filter
capacitor. If both "supplies are low the tLTtt switches the
charge between them at a 30.72-ld-Ia rate.

To conserve battery life. the power supplies [and the
product] have three modes of operation:

. _ _‘ m_. _ _ _

__ _.._ ca. ' Li ' ' AAA
C: I at C2 . A —:

0.1 “F 109“ pF I33 “F . Dd ICE: «a...

_ [ Lo. ssv l
I. ._ ._ one 4. _.

Fig. 5. HP :1d power supply schematic diagram.

l Running. The tLTB. column drivers. RAM and ROM.
power supplies. and plug-in ports are all powered. Bat-
tery current is 9 run.

I Light sleep. In this mode the 1LTB turns off and battery
current drops to 4 out. This mode is entered whenever
the CPU is inactive and a key is not being pressed. The
1LT3's display controller accesses memory every 244 as
to update the display. When the update is complete. the
address lines switch and check to see if a key .is press-ed.
Pressing any key will turn the CPU on.

I Deep sleep. All supplies are turned off and battery cur-
rent drops to 12 pin. The TDD supply floats to the battery
voltage [VET] which supplies power to the ON key. ‘1 LTEi.
and RAM. 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 key must be pressed.
The tLTs chip also monitors the battery voltage. When

the voltage falls to between 3.4 and 3.0 volts. the low-bat-
tery annunciator is turned on. If the batteries are not
changed and the battery voltage falls below 1.5 volts. the
system turns off. A infill-p.17 capacitor maintains the Von
supply for several minutes while the batteries are being
changed.

The fis~rowvby431-cnlumn STN LCD is driven by two
commercial column drivers. each driving 64 columns. and
the tLTB which drives as rows. 3- columns. and ‘3 annua—
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ciator lines. The column drivers receive their data. timing
and control signals. and voltage levels from the TLTH. 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 UH [+3.5V] supply. their GND
to VD“ [+4.4V] and their negative supply to GND. This
requires-all data and control signals received from the 1LTB
to swing from 4.4V to 8.5V. Display data is stored in system
RAM. and the 'tLTB display controller interrupts the CPU
for 22 to 23 us every 244 as to access it. As display data
is received. it is serially shifted to the column drivers.
When the column drivers have received 128 hits of data.
they store it and output it to the display synchronously
with a row driver output from the ILTH.

For ease of expanding the HP 488X's capabilities. dual
4tt~pin connectors are installed on the logic board. These
connectors will accept creditacard-size plug-in RAM or
RUM cards. Each connector has its own chip select line but
all address and data lines are common to the internal ICs.
Each connector can accept up to 128K bytes of memory.

The 1LT8 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 written to {RAM}.
lithe output 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 4ssx goes into deep sleep. the power supply
to the cards Woo 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
'ILTB. and when it drops to between 2.5 and 2.2V. a low-hat-
tery annunciator is turned on.
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The HP 488)( Calculator Input/Output
System
An res-232 one allows communication with oersonai
computers- An Infrared line provides for anchor; and for
two—way catcotator-to-catcotator communication.

by Steven L. Harper and Robert S. Worsley

introduced in the early tQTDs. they provided per-
table computation without much memory. The

limited keyboard and one-line numeric display provided
just about all the inputl'output needed to use this capability
effectively. As the incorporation of advancing memory
technology made possible the storage of larger amounts of
data anrl even programs created by the user in these handy
little machines. the keyboard and display became an intel-
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 prohlem was to use small mag-
netic cards to store the data and programs. There were
some difficulties with power consumption, physical size.
mechanical wear and tear. and cleanliness. but this mode
of inputt’output was Lhe accepted standard for some time.
Eventually. however. larger and larger memories began to
outstrip the capacity of the cards. This. combined with a
need to communicate with other types of devices that did
not use magnetic cards. necessitated a new approach.

The HP‘lL [l-iewlett—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 autonmticalIf.r and controlled. hy
a calculator. These devices included printers. mass storage.
adapters to other interface systems. anrl even instruments.
ln many ways. it was superior to existing electronic inter-
faces. but this was not sufficient to cwerrxnne the inertia
of the massive installed lease of tin-tee other devices. Prices
of calculators continued to drop and patlerns of use
changed as personal computers lurcame ubiquitous. For
these and other largely nonlechnical reasons. HP-IL was
no longer the ideal inpultoutput medium for the majority
of HP calculator users.

One area of serious complaint with calculators and elec+
ironic interfaces had been the cost and inconvenir-mce oi
the cahles. In adrlition. some calculators were so thin that
even the HP-lL connectors. designed for small size. were
unar.:cr-iptah|y large. The most pressing need for these
machines was to provide some form of l1ard~copy output
to a low-cost portable printer. Drawing upon technology
similar to that used in infrared remote control of TVs and
1tv'L'Rs. HP introduced a printer and a line of calculators
that met the hasic need with an interface that gave custom-
ers what they wanted: no cables at all. The only disadvan-
tage was that this infrared connection was output-rudy.

w I-[El'xT HANDHELB CALCLMTDHS were first lnpuUOutput Needs of the HP 4882'.
Market research indicated that an overwhelming major-

ity of high—end calculator users either owned or had access
to a personal computer. Clearly. it would be an advantage
to be able to perform the data-entry-intensive tasks with
the large keyboard 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 ofthe calculator was essential for part
of the iob 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 ehiective for the inputtoutput capability of the HP
483}: scientific expandable calculator: an easy-to—use con-
nection to existing personal computers.

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 crm'ipuler system.
Also. rmr 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 4853'. be compatible with the existing infrared
printer sort that there be a convenient way to do inputt'out-
put directly between calculators. Fig. 1 illustrates the
desired irmutlontput connections.

The most comn'mn interface on personal computers is
the RS-Eilii serial port. It would he much too costly and
lrtr:r'.tnt.-'enit=tttl to require the customer lo hny a special card
for the personal raunputer. such as am HP-[L or infrared
interface. to mothers to the calculator. Development ofthese
cards would he costly. trm. since there are set-"oral different
types of personal computers. These considerations quickly
led to the decision to design into the HP 48531 the capability
to connect directly to the serial port already in nearly all
personal cmnputers. This required a custom connector and
cable. since the traditional BBQ or D825 connectors used
with RES-232 were much too large.

The requirement for program and data sharing between
calculators could also be satisfied with its-232. but the
need to have the cable andfor some special calculator-to-
calculetor adapter was a severe drawlu-ick in this situation.
A. one-way infrared interfarx: was already needed to main—
tain compatibility with the infrared printer. Vt’otdd some
I-mhancement of this interface fill the need without requir-
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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 4833: 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-
bility with the portable printer and for calculator-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 inputr‘output capability consists of not only the elec-
tronics. but the protocol and software to allow the user to
move data easily. Here again. what was widely available
for the personal computer was the important consideration.
The Kermit protocolI was chosen because it provides auto-
matic retransmission to correct errors. is widely used. and
is available essentially free of charge for all the major types
ofpersonal computers. It was-decided to include the Kermit
protocol as one of the built~in applications in the HP 4853.
The Kermit protocol is applied to both the serial interface
and the infrared interface. so the user only needs to learn
one simple application for most inputfoutput needs.

The Serial Interface
113-232 uses bipolar signaling. that is. different logic

states are indicated by voltages that swing both above and
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_—_ - l; i- Fig. 1. The HP 485): c-atcutator
2 can communrcate Willi persona!

I" computers or other 88—23.? ole—
:I ' ' wces. with the HP eases portaote

: | | lflfFEI‘EU printer. and with another
HP 485%.” via a short—range two-

i way infrared link.

below the ground reference level. The HP 438K 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 RES-232. most receiver
circuits change the indicated logic state at about one volt
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 1t-vorse 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 483K generates to drive the LCD dis-
play. The logic in the calculator works between zero volts
and the V131] supply. about 4.3 volts. The display works
between zero volts and the VH supply. about 8.4 volts.
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 ting 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 V“ will make it appear as +4.1 volts
{VH — lion} 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 4883'. 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 REE-232 receiver is required
to indicate a logic zero for +3.0 volts or more and a logic
one for — :5.“ 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 driveri'receiver integrated circuit
to provide the necessary short-circuit protection and com-
ply with other interface requirements. Unfortunately. these
parts are not specified at the low voltages used by the HF
485K and their higher voltage drop would have caused the
output to be less than what was needed. Strict limitations
on the amount of current that the two power supplies in
the HP 433x 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 NH}.
current flows through R2. Q8. and CR5 to the TXD pin and
the load in the receiver of the other serial device. If this
current exceeds about 4 milliamperes. the voltage drop
amass R2 will turn on Qt. This will cause the voltage at
the base of Q3 to rise. tending to turn Q3 off. Thus the
current that will flow is limited regardless of the voltage
on the TXD pin. Because the circuit is symmetrical. pre—
cisely the some action occurs with Q2 and Q3 when Tit is
drive-n 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 oil”. The capacitor on the TXD pin slows the rise
and fall times of the signal to minimise electrical noise
generation. The 12-voltZener diode on the TX line provides
additional protection to the CPU from electrostatic dis—
charges. Capacitor C4 is needed to provide dc 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 Vgn supply. Without this capacitor. the calculator
VD” power supply would he short-circuited.

Receiving Fifi-232 signals in the calculator is a relatively
simple matter. When the Flt-to [receive data} line swings
positive. the 2.4V Zener diode allows the voltage to rise
above the logic threshold of the Ftit input on the CPU chip
[about one volt above Vnnl- but clamps it below the CPU
‘t-‘H power supply so that excessive current cannot flow- :1
similar situation occurs for negative swings as the diode
conducts in the forward direction. The ifidtilohm resistor
limits current and presents the preper impedance tor an
RES-232 input. The l.5—l<ilehrn resistor adds additional
short-circuit and ESD protection for the CPU as input. The
TS-ohm resistor merely provides a protective current limit
between signal ground and the VDD 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 current pulses needed to drive the
infrared LED. it is connected directly to the batteries.
greatly reducing pealc 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 hits per second. and the sensitivity
is much greater. Since high ambient light levels can cause
relatively large currents to flow in the phototransistor. Q4.
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 stabilisation. If the quies-
cent current of Q4 increases. this increase goes into the
base oi‘Qfi. which in turn conducts more current away from
Q4‘s base terminal. tending to reduce its quiescent current.
In the office. the total current resulting from the inErared
receive circuit is only about siweo microamperes. In direct
sunlight. this value rises to nearly BUD microamperes. This

Fig. 2. the discrete crrcuatry for
| the HP «tBSX serial port provides
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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 foruztion.

Capacitor C5 is necessary to bypass the stabilization cir-
shit at the signal frequency. Eli] and R11 form a bias net—
work and threshold‘setting mechanism for Q6. the output
amplifier and buffer. QB drives the IR! pin on the CPU.
which includes a pull-u p device. lithe circuit were to draw
current even while the calculator is turned off. high
ambient light would result in a significant reduction of
battery life. For this reason. the infrared receiver is powered
hy Vco- a gated version ofthe Von 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
1‘lre‘r.-'ir:iuslj§.'.2 Coding for the tworway infrared data fer calv
culator-to-calculator communication is very similar to cod‘
ing of data from the serial port. First is a start hit [logical
zero]. which triggers the asymchronous receiving circuitry.
Then follows the least-significant bit oi data and so on to
the mostvsignificant data hit. for a total of eight data bits.
if parity is enabled. the eighth data hit is replaced by the
parity hit. The HP 483}: sends slightly more than two step
hits [logical one hits]. but only requires one stop hit 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 hit. 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
he routed into hardware shared with the serial port. Note
that two-way infrared data is only sent at 2400 hits per
second. whereas serial data can be sent at 1200.2400. 4800.
or seen hits per second.

38 HEWLETT-PACKARD JOURNAL roar 1991

Fig. 3. The infrared circottrv trans-
mits to the portable infrared Ion'ntEtr
and provides two—wayr commonl-

'- . -' ' cation with another HP ease.

The User‘s Point of View
As anyone who has used IRS-232 knows. plugging the

cables together is only the heginning. Even for 1113-23 1?. ports
that don‘t require a response on the hardware handshake
lines. the transmit data and receive data litres may need to
be reversed. After getting the cable wiring right. the baud
rate. parity. and software handshaking such as KDNIXDFF
must he set identically for hoth the transmitter and the
receiver.

The HP 433.1 design attempts to minimise cabling prob-
lems hy using only the minimum threeswire its-232 con-
nection {transmit data. receive data. and signal ground]
and matching the cable pinout to the most commonly used
R3232 ports. A setup menu is included in the first row of
the lit) menu to allow the user to see and modify the current
setting for baud rate. parity. and other parameters. Since
the HP#i uses XDNIXCIFF handshal-ting only for low-level
ItD commands. the XDNIXOFF setting isn't included in the
setup menu. Most of the parameters in the setup menu are
stored in a variable named tDPAFt. which also contains sepa‘
rate xGNtXDFF handshaking flags for receive and transmit.

Character "e". Hexadecimal 55. Decimal 101

Data Elite 1 D 1 t] (t 1 1 Ct

Serial I
Voltage _ _ _ _ I_ _ _

Infrared
Putses

Start Data Data Stop
Bit LSB MSE Hilts}

{or Parity)

Fig. 4. Sorting of data in the two—way infrared protocot is
similar to that tn the serial itt'tl't A logic zero has a noise at
the beginning of the on time. a logic one he! has no noise



The. higher-level U0 commands don't use XONIIDFF hand-
shaking since they follow the Kermit protocol. which has
packets of at most Etti bytes.

The simplest ND interface for the user is the tn-‘mnny
infrared interface. which has no wires to mix up. doesn't
use KGNJXDFF handshaking. and is fixed at 2-500 band and
no parity.

All lit) ctunmands on the HP tfiSX automatically turn
on and initialize the appropriate NO port 1115-2332 or
infrared} based on the data from IGPAR. Once the port is
ready. the HP 4353. interrupt system receives bytes for
either Eli-232 or two-way infrared U0- The HP 4883'. can
respond quickly enough to incoming bytes so that even at
9500 band the interrupt system will read the first byte
before it is overwritten by the next one. incoming bytes
are placed in a ESE-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 keys 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 HO.

Low-Level vo Commands
The HP 435K provides a triplet of low-level [IO com-

mands: XMIT {transmit}. EUFLEN {buffer length]. and SRECV
[serial receive]. They are intended for use in programs. so
instead of stopping the program when an HG error occurs.
they simply return a succeedifail flag” to level 1 ofthe stack.
This allows the programmer the option of handling the
error without having to use iFEt-‘tFt. XMIT transmits a string
from the stack. using XDWXDFF handshaking if transmit
pacing is enabled. BUFLEN tells how many bytes are in the
input buffer. SHECV reads a specified number ol'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]. SBRK
[serial break}. DPENID [open UCI port]. and CLDSEID [close
[10 port]. STIME sets the length of time that XMIT [XCIFF
received. transmit pacing enabled] or SHECV will wait
before giving up if the data flow is interrunted. SBF-tK sends
a serial break. DPENID and CLOSEID turn the lit) port on
and off.

As pointed out earlier. bytes can be lost during lit] trans-
missions. if: the lit] connection is noisy. bytes can be gar-
bled. It is also possible that some communication channels
will remove certain bytes [usually control characters] from
the data stream. The low-level IfD commands have on pro-
tection from this type of data corruption except for parity
checking. The Kermit protocol chosen for higher~level I/(J
commands overcomes these problems to give more reliable
communication for transferring programs and date.

The Kermit Protocol
The Kermit protocol encodes control characters as

sequences of ordinary printable characters so they can pass
safety 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 Kermit
protocol packet consists of a mark byte to mark the start
of a packet. a length byte. a sequence number byte. a type
byte. data bytes. and finally one to three checkst bytes.
The type byte defines the type of the packet.

A typical Kermit protocol transmitter sends the following
packet sequence. After sending each packet it waits for the
receiver to semi either an ACE packet itype Y] to indicate
successful receipt oi" the packet or a MAJ-C packet itype N!
to indicate a garbled packet. tithe receiver doesn't respond.
the transmitter can time out and resend-

Sequence Packet
Number Type Description

(i S Negotiates 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 D

n +1 2'. Marks the end ofthis file. Maybe
followed by another F.D.....D.Z
sequence or by B.

n + 2 3 Marks the end of the whole transfer.

The packet sequence numbers wrap back to ti after packet
63. If either the transmitter or the receiver encounters a
fatal error. it can send an error [type E] packet to 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 and each line of text with a
carriage return character followed by a lineieed character.
if a computer normally uses some other line terminator.
such as a single linefeed. it must transform linefeed to
carriage return plus linei'eed when sending text files. and
must translate carriage return plus linefeed to linefeed
when receiving text files. lfa computer normally terminates
text lines with carriage return plus linefeed. no transforma-
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. to send a binary file. a computer that has
text and binary modes must be set to binary.

The HP 435K greatly extends this concept of text [r‘tSCIl]
versus binary files by automatically converting an object
to string form when sending in ASCII mode. thus convert-
ing a binary obiect into its text form. In addition. the HP
43834 has a ESE-character character set based on the ISO
8859 Latin 1 character set. This is not compatible with
many current PC character sets. so translation modes were
added to ASCII transmission to convert the new character
cuties to sequences of normal ASCII characters. To ensure
the accurate interpretation of the automatically generated
text form of obiects. a header string is preponded to the
object. This string contains the modes in effect when the
text form of the object was created. Tlte modes are the
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translate mode {to allow proper “untranslalion"l. angle
mode [in case the object contains a complex number in
polar form}. and traction mark [to distinguish decimal
points and argument separators}. The header string also
allows a receiving HP 4853i to know that it should receive
this object in ASCII mode. it short header is also prepanded
to binary obiects to instruct a receiving HP sass to receive
in binary mode. At the cost of this small amount of extra
overhead. a receiving HP 485}: 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 48$X Calculator
Sharing manufacturing processes with earlier. simpler
calculators shortened development time and improves
manufacturing efficiency. The HP 488K and the simpler
caicuia tors aiso share the same production line at the same
time—a concept known as coproduction.

by Richard w. Riper

entific i_'.alcu|ator that reaches new levels of capabil-
ity and performance. Rather than start with a clean

sheet. the design team looked to simplify HP's calculator
line when developing the HP 483311. 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 predection efficiency and increased flexibility.

T HE HEWLETT-PACKARD 485}: is an advanced sci-

Cornmon Processes
When work started on the HP 48831. design engineers

were given the goal to use as many of the design concepts
from a l-and-Edine display family of calculators [HF "ID.
let. 1?. 2D. 2']. 22. 2?. 32. and 42] as possible. This was
done to reduce the amount of new development needed
and to allow the new machine to he built on the same
production line as its simpler cousins. The l—and—E—line
family set. new standards in HP for calculator manufactur-
ing efficiency and we wanted to extend this efficiency to
the HP 4355K. Using proven designs shortened the typical
designibuilditestiredesign 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 set
of tools led to better. more refined tools for the HP 483K.

40 semen eacsaen soonest .1e trial

Mixed Production
The major difference between the 'l -and-2-line family of

calculators. and the HP 4883*; is in the complexity of the
electronics. Most of the assembly steps needed to build the
HP 485}: happen as quickly as they do for the. simpler
calculators. However. the HP 4BSX's complexity requires
inspection and tesl times three to four times those of the
simpler machines. Since the HP 433K is designed to 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 468K. 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 to match the longer test and inspection times.
This would lead to lower efficiency. since many of the
faster operations would sit idle through part of the longer
cycle time.

To solve this problem. we decided to build both the HP
4353 and the simpler calculators at the same time using
a process we call coproduction. One of the leor-E-line cal-
culator models is built at the same time and on the same
assembly line as the HP 4855:. The products are mixed



uniternilf. . in the desired duantits' ratin. The assembly." steps
shared in. heth machines run at the hieher rate ml the Uria—
ieal t-ervl—iine assemltl'. line. Rinse the test and iusper'titfl
statinns are pet'uliat ‘e -‘.-:i h pi'u'I-t‘iatft. ‘he mere -'..Ittnpies
t'ti‘ sass .e: sees-t *ie- !1 net-r tens Leech-2.1 1e? restless.LI-LI

4-

'afr- ...--.-.t;- t- : ‘ the see-mar er:--.ite is set testes: -t 1hes.—.-tze.—:

it'e- r-‘tet'att raise: '..~ ..- .2? 731.9 :-':.:.-:i~ :;ti.--s' ..—.—. Lit—s..-
I.i-'.'ttI'tlJlttt_'.‘Il hairs as Ti'e- simpler lite,- titll ie. 'tsel: lt ._ a1: t':t!.
this this i unstazdij. rather than huilriine. t'nzte tt‘i-‘nlel vi ! :rt-
t'ulater ter a time -ti"ttl then switthine tn the ether. This
eliminates large 1. hanpes in the ttun'ther et peepie required
an the line and leads tn better use et' expensive equipment.
The rats ratie is net tised. sn changes in the. IttttIta't' at
each preduct prndttced can he made tn suit thanaes in
erders.

Conveyor Production
The preductinn ef the HP sass is divided inte twe main

areas: printed circuit assembly. where the circuit beard is
leaded. seldered. and tested. and final assembly. where
the leaded circuit heard is hreueht tegether with the case
parts. display. and keyheard. In hnth areas a pallet :znneet'ur
is used in rntwe the unit fnun statien te statinn. The pallets
are rectangular steel plates surreunded h}? plastic frames
[Fig i}. The plates have details in held the. parts in pesitien.

The pallets ride en plastic belts. which never step mer-
ine. At each statien a step rnechanisnt halts the pallet while
the flat belts cenlinue to slide in; underneath. At statitnts
where accurate part lecatien is required. the pallet is lifted
eff the. belts and rt-raistered h}; the precisinn hashings that
held the pallet tegether.

finch cum-*et'nr system is made up at twn st-a'tiens ef bell
side its side. The assernhly steps are dene en the side.
net-irest the t'n'ieratnr. while. the eenvtwer en the back side
is used te metre empty pallets hank tn the head (if the line.
The pallets fallen-r this flat. rta:tangular limp and never
need In he realm-ed train the cnnreyur.

Fig. 1. As:-r'srrittt'rraszi-L are r..-'t.rra:a' er.- _.':t.i.'.tet.--. that tatt- 'Jti -_'t'_..r' —
-'r_tt titattv Lie.” I'tt'lt- has Ee'iW-‘tI-tt eater starter“:.r.' .l

Printed Circuit Assembty
Printed rirt'uit ass-enihlj.‘ starts ith an eperatu at at) p13 in};

sr'tlder paste in the hare r iIt.Ltli htfrard. This paste is made
at: nt-t small balls et snide-.1" held in a selrent hase. .-"t printer

stencil Ittt'tt_t—i-i:t=..i1-Iltttl~iHlHH-‘H iiEFf [iii-152i? “"l'LLl il—lEJil'El-l

It? ass' -'_=I'ti='_l *I‘if- i-titis Hit '.".'9* . 'JEItLiI nth-fit it-mlr l Tlr' - tlr'i-fil'if
' . l . --

iii-u".- :I'.-_‘.I1'_-l lfir‘ ii uriil i-fii-- :‘i:_ “11.12"“. fell“? "-3. iiit" - 717.71. t'l.'|l

I-- _. '2' - . l- .- ..-J||_._P_; ._.- ‘i-1'.__ t.""l|'1.I|.-' '11. .31.. "'"i:-i"
q — I-

I.

r|.'-.r"i "'-'1! t.'Il'l litr- :‘li 493-“. l-rmt i-' :s _-:*~' ‘-i'=-.'.~.t ELII' 'l:t--

simpler prelim is. Thu- ptll-i-t tin-n t't'tt'l‘.'t".':~'. it‘ttti- Titei :irst I't
sin-en retir.~t statiens. Eath statien Has a senses in determine
ti the heard en the pallet is an HP 48.5}; lttt-il‘tl er a beard
fer a t—line er E—line [ ahulater. sin that the relate it ill lead
ilItt-J t't'tft'et't parts.

The first reimt leads the 1L'I‘H CPL? |t_entral pren-ssine
unitl mute the HP 4H5}: heard. Instead at using. the tradi-
tinnal integrated circuit package. Lizensisting eta plastic hath.-
with leads. the CPU is packaged en a centinueus tape lFie.
J}. This is l-tnnwn as TAB ltape autentatrai intruding]. Nut
eel}; is this package style thinner than plaslit' hedies. but
part handling is redured. The ICs are simply relied up an
this reel et tape like (ta-nun nierie film. This tape is fed
threugh a mrazhine that shears the. leads nut hen: the tape
and esteem the lead ends tn the uptin'tunt shape fer selder-
ina. The rehet first uses a refletztire eptical senser in its
gripper te lecate the geld-plated traces and settler pads
accurateljr en the printed circuit heard. it then picks up
the it? frent the feeder and places it an the latent. cerrecting
its pesitien hased en the eptical search.

At the seennd rnhnt. Lennectnrs fur the plug—in cards and
inputt’nntput pert are leaded. Alse leaded is a TAB clamp.
which will held the leads an the TAB 1C [let-vii while the
snlder paste is reflewed. ensuring a high-quality selder
ieint. After this rnhet the ltnard meees late a heater] press
that. fnrtns I'it'etat'pt-i heads en plastit. latsses. which will
held the cennectnrs and the TAB clamp tightly tn the heard.
.-'-"tt the third retail. the randam-access merrier}: Ith’ll i5
leaded. alenp, with a small enil sprint—i that will make tznntarzt
with a pit-.at'ieletarit: beeper. Th is spring eliminates the need
ter hand-seldered wires in the litteper. The lintrllt l'ttltttl
deesn't lead any parts en the HP 4353‘; heard. hat is used
en settle at the. simpler prmlntzts.

fit this pain! the simpler lmards are cuntphitt-dje leaded.
The pallets carrying these httards are mtw‘ed lit the hack
hall. where they tt'at'el up in the secttnd rehet's area. There
the secnnd rnhnt tat-.es the ta'iat'd et't' the pallet and places
it en a simple flat litelt census-pr in metre it in the srdder
reflew l‘l'ttitlltitlt't.

The pellets i‘naltlit‘ts1 beards fer the HP MEX r:nntit‘tltt'
tints-”It it.) l‘tiltrtts Fr. E. and T. where the rest I If I lie. tattt'lprmt'ttls
are leaded. .‘iinct- nnljt' a lt'attittt't t tithe. Intal pal lets centinue
en. the tzft‘tzle. time at these- lt‘tst three rttlatts can he lrtnger.
This is a geral esantple nl t-t'here the (amt-eductien schenn-t
pars td'f. These rnltnts can lead man}: tnnre parts than if
they were limited In the sherter circle time. at the. first tear
rnhets. r'tfttirr the final rnhet. the [atllets mine in the tract.
hall. where they travel up in the secttnd rehel. its in the
simpler prmltnd. the HP 4HSX latartls are riff-hauled In stil—
der retire-1'. The empty pallets t intiittne tn thr- head til the
crmt'twer line. l't‘tt-ttll.’ In repeal the precess.

:‘tlter leading. the. laiards pass drn-t-rn a tittt‘tt’ttt-‘ttt' hell in
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an infrared reflew machine. The beards are then inspected
under a micrescepe fer selder ieint quality and cernpenent
alignment. Next the TAB clamps are remuyed. because
there isn't reem fer them in the final preduct. A few cem—
penents that are net surface meunted are added te the
heard by hand. and then the heards are washed te remeye
selder flux and ether centaminanls. The beards are next
tested an an HP 3065 beard test system. then passed en te
final assembly.

Final Assembly
The final assembly line is similar to the ceiiyeyer used

fer printed circuit assembly. but the pallets are larger. Alan.
different pallets are needed fer the HP 4853-”; and the simpler
t-and-E-line preducts. Sensers at each station read the pal-
let type and act accerdingly. instead ef being tntally autn-
mated. the final assembly line is a mix cf manual statiens
with rebels and ether antemated statiens [Fig 4].

The first statien is a rebel that leads plastic tap and
bettem cases inte the pallet fer the simpler calculaters.
This statien is net used fer the HP 4BSX hecausc the case
parts are larger and ceuld net he fed in the rehet in the.
same way. At the nest twe statiens. eperaters place case
parts fer the HP sass inte the pallet anrl lead keyheard
parts fer heth predticts.

The nest statinn is a pair cf rnbets that werk tegether te
align and lead the liquid crystal display (LCD) inte the
meta] chassis and then lead the chassis inte the tepcase.
which is waiting en the pallet. Dne rebel picks the LCD
up frem its shipping tray and places thin strips ef deuhle-
stick tape aleng heth tang edges. It then passes the LCD
eff tn the ether rehet. This secend rebet lecates the LCD's
centact pads under a reflective sensnr and uses this search
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inl'urmatien te place the LCD accurately inte the metal
chassis. Lecatina, details en the chassis accurately r_:z-irry
this alignment tn the pads en the circuit heard.
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Fig. 3. it J's tCs are packaged fer tape aerematae’ needing
(TAB) and can he handled like mews film

The ptdlet then travels inte the first ef feur heated presses
used in held the calculater tegether; ne screws are used.
Three efthese t'eur heatslakers i-ynrk en hnth preduct types.
se the precinct type is sensed and the tap prirtirm ef the
teel autematically shifts the cerrect heater hleck inte place.
The fourth heatstaker is enly used en the 1 -an d-E-line p red-
ticts. se the HP 485K pallets simply pass threugh. The first
heatstaker ferms riyet~style heads en bosses in the tepcase.
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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 assemhlies are added. Elastomeric ren-
nertors known as zebra strips the the alternating black
I'arln In condor tor liar-4t. with it trial-Le the electrical connec-
tion between the LCD and the printed circuit assembly
.ilf‘llir-tlt‘tl"."1Eili-ilit'fl_.l.::l.-.l'.'l=lllit-!ltlilti'i'ill'iltslll '.rr. misses-rit—
blt' is added.

Automated Vision and Functional Tests
The pallet their moves to a series of testers. The testers

for the 1-and-1-linc tatnily are located on the conveyor.
and the HP 4853' pallets pass through these without stop-
ping. The testers tor the HP 485); are located to the side
of the resin conveyor line iust past the simpler testers. The
HP 483}; 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 485K
pallets are moved back onto the main line to continue to
the nest station.

in each tester. the pallet is raised up against a test block
iFig. 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
keyboard of the upside-down calculator. both to test. the
key-"hoard and to start a number of sell-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 whole display “lights up"
as the calculator runs through its sell" tests. HP instruments
check cu rrenl levels and measure the operat ing frequency.

Once 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.
It the unit fails the test. a mechanical test Failed code is
set on a code block mounted on the pallet. Following the
test stations is a mechanism to move tailed pallets to the
hack hell. where they will loop hack to the stations where

Fig. 5. This tester uses two cameras and an automated vetioe
system to inspect the caharlator's rill-solar

the printed circuit assembly was loaded tor evaluation. To
aid rework. an error reporting system using an HP ‘t'ei..tra
personal computer lets the operator at that station know
which test the unit failed.

The pallets then pass through a heatstaher to stain-- in an
aluminum electrostatic discharge shield and tliepieaoelec-
tri: beeper .‘ttthenestnianualstation.additionalshielding
parts are .--.~_lr.i-=-.l iv.
4-353”. are joined toget .er the cases are joined on The sin:-
pler products automatically. The calculators then pass
through a pair of heatstalsers to ioin the cases together per-
manently- Again. no screws are used.

Nest. an operator places a printed overlay over the
keyboard. which is pressed on at the nest 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 he packaged with the instruction ntanual
in the box for shipment to the dealer.

operator and the IIJSE‘S on the HP

Conclusion
As described above. [irony of the assembly steps for the

HP 435K are shared with similar steps for the simpler 1-
and—E—line series of calculators. By basing the design of the
HP 485K on this earlier product line. the same production
line can he used to build both 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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