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In this Issue 
Jus t  runn ing  a t  an  HP 48SX sc ien t i f i c  expandab le  ca lcu la to r  runn ing  the  

I  Equat ionWri ter  appl icat ion and you rea l ize immediate ly  that  there 's  some 
th ing  d i f fe ren t  about  th is  ca lcu la to r .  The equat ion  appears  in  the  d isp lay  
almost as i t  would i f  you wrote i t  down on paper.  The Equat ionWri ter  appl i -  

! cation is only one of this advanced handheld calculator's many new features, 
' which conver- include enhanced graphics and plotting, automatic units conver- 
â€¢ sion, expan- communication with PCs and other HP 48SXs, and two expan- 
'  s ion f ind for  addi t ional  memory or  appl icat ion sof tware cards.  You' l l  f ind a 

p- naâ€” that article, complete list of features in the article on page 6. Also in that article, 
you can feature about the internal software structures and mechanisms that support the feature set 
a n d  t h e  t h e  c a r d s .  I n  t h e  a r t i c l e  o n  p a g e  1 3 ,  t h e r e ' s  a  d i s c u s s i o n  o f  h o w  t h e  H P  4 8 S X  
manages applications: applications, followed by a description of some high-level built-in applications: 
Mat r ixWr i te r ,  Equat ionWr i te r ,  and the graph ics  and p lo t t ing  sys tem.  The remarkab le  HP Solve 
Equat ion per iod ic  appl icat ion card (page 22)  g ives you a l ibrary  of  315 equat ions,  the per iod ic  
table of  and elements,  a constants l ibrary,  a mult ip le equat ion solver,  a f inance appl icat ion,  and 
engineering uti l i t ies â€” all on one card! The hardware design of the HP 48SX is described on page 
25,  and th is  input /ou tput  sys tem is  descr ibed on page 35.  L ike  some o f  i t s  p redecessors ,  th is  
ca lcu la to r  has  an  in f ra red  l ink  to  the  HP 82240A/B pr in te r ,  bu t  un l i ke  ear l ie r  des igns ,  the  HP 
4 8 S X ' s  d a t a  l i n k  i s  t w o - w a y ,  s o  t h a t  a  p a i r  o f  H P  4 8 S X s  c a n  u s e  i t  t o  e x c h a n g e  d a t a  a n d  
programs.  There 's  a lso an opt ional  RS-232 ser ia l  cable connect ion to personal  computers.  The 
HP 48SX simpler produced on the same product ion l ine and at  the same t ime as ear l ier ,  s impler 
designs.  The ar t ic le on page 40 te l ls  how. 

The  t rad i t i ona l  ana log  swep t  spec t rum ana lyze r  conve r t s  t he  i npu t  f r equency  range  to  an  
intermediate f requency by mix ing the input  s ignal  wi th a swept- f requency local  osci l la tor  s ignal  
and f i l te r ing  the  resu l t .  The e f fec t  i s  the  same as  sweeping the  f i l te r  over  the  input  f requency 
range. signal measuring and displaying the f i l ter output,  the analyzer shows how the input signal 
e n e r g y  c a l l e d  t h e  o v e r  t h e  i n p u t  f r e q u e n c y  r a n g e .  T h e  b a n d w i d t h  o f  t h e  f i l t e r  i s  c a l l e d  t h e  
resolut ion bandwidth of  the analyzer  and is  usual ly  selectable,  but  there 's  a t rade-of f .  A narrow 
resolut ion bandwidth requires a s lower sweep speed. Al l -d ig i ta l  analyzers,  using dig i ta l  f i l ter ing 
and the but Four ier  t ransform, of fer  both higher speed and extremely f ine resolut ion,  but  only at  
relat ively low input frequencies. The HP 3588A spectrum analyzer combines the tradit ional swept 
local  osci l la tor  (p lus two f ixed local  osci l la tors)  wi th d ig i ta l  resolut ion bandwidth f i l ters and fast  
F o u r i e r  a n d  t e c h n i q u e s .  T h i s  a l l o w s  i t  t o  m a k e  s w e p t  m e a s u r e m e n t s  f o u r  t i m e s  f a s t e r  a n d  
ext remely  f ine- reso lu t ion nar rowband zoom measurements  hundreds o f  t imes fas ter  than t rad i  
t ional  than analyzers.  I ts  upper f requency l imi t  of  150 megahertz is  much higher than a l l -d ig i ta l  
ana lyze rs  w i th  comparab le  speed  and  reso lu t i on  i n  na r rowband  zoom measuremen ts .  I n  the  
art ic le and page 44, the HP 3588A's designers discuss i ts pr inciples of operat ion, i ts design, and 
some of acquisition. features, such as self-calibration, hypertext help, and adaptive data acquisition. 
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Computer  such d iagnost ic  per formance too ls  are used to  d iagnose abnormal  s i tuat ions such 
a s  p o o r  u s i n g  r e s p o n s e  t i m e .  T h e y  c a n  r e v e a l  s u c h  t h i n g s  a s  a  p r o c e s s  t h a t  i s  u s i n g  a n  
inordinate percentage of CPU time or a disk drive that is too heavi ly used. Typical ly, they've been 
appl ied by technica l  exper ts  and not  much thought  was g iven to  making them easy to  use.  HP 
GlancePlus (see page 65)  is  a fami ly  of  d iagnost ic  per formance tools designed to be easier  for  
novice and to apply.  There are three vers ions,  one for  each of  the MPE V,  MPE XL,  and HP-UX 
operat ing systems.  As much as possib le,  they a l l  have the same look and feel ,  which is  helpfu l  
in  shops that  have more than one k ind o f  system,  and they a l l  use except ion-based repor t ing,  
which keeps uninterest ing data of f  the display so i t  can' t  confuse the user.  

Process improvement is  a hot  topic these days.  Managers have learned that  opportuni t ies for  
quality process efficiency improvements are more easily identif ied by looking at a complete process 
rather  than indiv idual  s teps.  At  HP, product  development is  being analyzed as a s ingle process 
t h a t  i s  o n  m a n a g e d  b y  m a r k e t i n g ,  m a n u f a c t u r i n g ,  a n d  R & D .  A s  e x p l a i n e d  i n  t h e  a r t i c l e  o n  
page time, postintroduction improvement efforts rely on the concepts of break-even time, postintroduction product 
reviews, in-process project retrospect ive reviews, and qual i ty funct ion deployment.  

Three papers in this issue are from the 1990 HP Software Engineering Productivity Conference. 
All deal systems aspects of software development. Two describe configuration management systems 
and the third tel ls how an HP division built a t ightly integrated workstation network for the software 
deve lopment  lab .  The Domain  Sof tware  Eng ineer ing  Env i ronment  or  DSEE (see page 77)  is  a  
configurat ion management system that 's useful for managing software development projects from 
smal l ,  system ones to large,  complex ones.  I t  runs on the Apol lo  Domain operat ing system and 
is in use Imaging over 6000 sites worldwide, including the HP Apollo Systems Division. HP's Imaging 
Systems Divis ion took a custom approach to conf igurat ion management for the HP-UX operat ing 
system, basing their  system on the HP-UX revision control  ut i l i ty PCS (see page 84).  In planning 
their integrated project support network, HP's Roseville Networks Division had to consider finances, 
cooperat ive comput ing,  network archi tectures,  and system adminis t rat ion,  inc luding secur i ty  in  
the t radi t ional ly open R&D environment.  

R.P.  Dolan 
Editor 

Cover 
Two HP 48SX sc ient i f ic  expandable ca lcu la tors  can use the i r  in f rared input /output  l ink  to  ex 

change computer. and programs. There's also a serial RS-232 cable link to a personal computer. The 
c o v e r  a  i l l u s t r a t e s  t h i s  d u a l  c a p a b i l i t y  ( t h e  " i n f r a r e d  b e a m "  i s  a  f a k e ,  o f  c o u r s e ) .  

What's Ahead 
THERE WILL  BE NO AUGUST 1991  ISSUE!  

The nex t  i ssue  w i l l  be  October  1991,  Vo lume 42 ,  number  4 .  I t  w i l l  be  p roduced on  our  new 
workstat ion-based publ ish ing system and wi l l  have a new cover  des ign and a d i f ferent  in ternal  
appearance.  

The  Oc tobe r  i s sue  w i l l  p resen t  a r t i c l es  desc r i b i ng  t he  des ign  and  manu fac tu re  o f  t he  HP  
Component  Moni tor ing System, an advanced,  h igh ly  modular  pat ient  moni tor ing system for  the 
i n tens i ve  ca re  un i t  and  the  ope ra t i ng  room.  A l so  f ea tu red  w i l l  be  t he  des ign  o f  t he  memory  
control ler ,  EISA connector,  and BIOS of the HP Vectra 486 personal computer.  Other papers wi l l  
d iscuss sof tware code inspect ions and est imat ing the cost  of  sof tware defects.  
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The HP 48SX Scientific Expandable 
Calculator: Innovation and Evolution 
Many of the features of this advanced handheld calculator 
have evolved f rom i ts  predecessors,  the HP 41 C and HP 
28S. Others, such as its unit management system, are new. 

by Wil l iam C.  Wickes and Charles M.  Patton 

SINCE THE INTRODUCTION OF THE HP 65 in 1974, 
Hewlett-Packard has developed a succession of cus 
tomizable scientific calculators of ever expanding 

capability. The HP 48SX scientific expandable calculator 
(Fig. 1) maintains this trend with an unprecedented com 
bination of features and flexibility. Its major features 
include: 
â€¢ An RPN-style calculator interface with a dynamic stack 

of arbitrary depth for operations on eighteen types of 
mathematical or logical objects (plus twelve additional 
object types used by system programs). 

â€¢ Numerous arithmetic, transcendental, and statistical 
functions, applied uniform 
ly wherever meaningful to 
complex as well as real 
numbers. 

â€¢ Vector and matrix opera 
tions on real and complex 
arrays of arbitrary size. A 
spreadsheet-like screen 
editor is provided for sim 
plified entry and editing of 
arrays. 

â€¢ Symbolic mathematics in 
cluding evaluation, expan 
sion, simplification, sum 
mation, differentiation, and 
integration. The Equation- 
Writer application provides 
graphical, "textbook" entry 
of expressions and equa 
tions. 

â€¢ String manipulations. 
â€¢ Binary integer operations, 

with arithmetic, bit, and 
byte manipulations, and a 
variable word size. 

â€¢ Numerical and symbolic 
equation solving. 

â€¢ Eight types of automatic 
mathematical and statisti 
cal plotting, including in 
teractive root finding, cal 
culus, labeling, and digitiz 
ing. There are also interac 
tive and programmatic line F ig .  1 .  HP 48SX sc ien t i f i c  expandab le  ca lcu la to r ,  show ing  

the Equat ionWriter appl icat ion. 

and arc drawing and creation of custom text and graphics 
displays. 
An integrated unit management system. Quantities that 
include physical units can be used in computations, 
solving, and plotting, while the calculator automatically 
performs unit conversions and dimension checking. 
Time management, including a clock/date display and 
appointment and program-execution alarms. 
Two-way communications via a wired serial port for con 
nection to personal computers, printers, and other serial 
devices or via infrared light for printing to the HP 82240A/B 
printer or for wireless transfers between two HP 48SXs. 

â€¢ Customization with plug- 
in 32K-byte or 128K-byte 
RAM or ROM memory cards, 
which may include com 
mand libraries for extend 
ing the built-in feature set. 
Libraries can also be im 
ported into RAM using 
either I/O mechanism. 

â€¢ A user-definable keyboard 
and custom menus. 

â€¢ Programming in the RPL 
language, which provides 
program-flow structures, 
recursion, global and local 
variables, passing proce 
dures as arguments, input 
prompting and output la 
beling, user and system 
flags, logical tests and oper 
ations, and user-defined 
functions. 
These features are sup 

ported by a hardware set that 
includes a vertical-format 
package with 49 keys, a 131- 
by-64-pixel LCD display with 
support for fast scrolling of 
virtual displays that are larger 
than the physical screen, two 
plug-in slots for memory cards, 
a four-wire serial communi 
cations port, and an infrared 
transmitter and receiver (see 
articles, page 25 and 35). 
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Design Objectives 
The fundamental design objective for the HP 48SX was 

to create a product that combines the software technology 
of the HP 28S1 with the hardware flexibility and customiza 
bility of the HP 41C.2 Although in many respects the HP 
28S was itself a descendant of the HP 4lC, its advanced 
capabilities and limited hardware have made its applica 
tion and range of customers somewhat different from those 
of the HP 41C. For example, in the academic field, the HP 
41C was very popular in college engineering departments, 
but it had little appeal to mathematics instructors. By con 
trast, the HP 28S 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 28S, since it does not have the 
software exchange capabilities they are accustomed to with 
the HP 41C. Similarly, the HP 4lC was very popular with 
surveyors, but the HP 28S is of limited use in this field 
because of its lack of I/O capability. 

The HP 48SX project started, therefore, with a review of 
the strengths of its two predecessors. The HP 4lC's include 
plug-in memory ports, HP-IL I/O capability, a redefinable 
keyboard, and a vertical format convenient for handheld 
operation. The HP 28S's include extensive real and sym 
bolic mathematical capabilities, RPL operating system and 
user language, a graphics display, and a menu key system. 

At the same time, we focused on common enhancement 
requests from HP 28S owners. These include a bigger dis 
play, more graphics and plotting features, I/O 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 48SX. In some cases, the implementation of one 
of these items evolved into a major feature that wasn't 
necessarily anticipated from the HP 28S/HP 4lC combina 
tion or a customer request. For example, the HP 28S's pow 
erful numerical integrator was obscured by an arcane syn 
tax for entering the integration arguments. Consideration 
of this problem in the HP 48SX 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 problemâ€” one enters an 
integral by "drawing" a textbook-like expression on the 
screen, including the integral sign, upper and lower limits, 
and integrand, all appropriately positioned. However, the 
scope and utility of the EquationWriter far exceed what is 
needed for this particular use. 

The HP 48SX also contains important features that derive 
more from "next bench" research than from HP 41C or the 
HP 28S strengths or from customer input. The prime exam 
ple of these is the HP 48SX's unit management. Simple 
one-to-one physical unit conversions have been available 
on calculators for years. Several HP 4lC plug-in modules 
improved on this by providing a general-purpose conver 
sion mechanism which could calculate any conversion fac 
tor from input and output units specified as text strings. 
The HP 41C Petroleum Fluids Pac incorporates this mech 
anism into its calculations so that the user can include 
units for the values entered for the programs, and ask for 

answers in particular units. The HP 48SX takes advantage 
of its multiple-object-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 m/s2 for half a minute, if its initial speed 
was 20 mph?" reduces to 

(1_m/s~2)* .5_min + 20_mph EVAL 

on the HP 48SX, which returns 87l.1_mph. In HP 48SX 
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 48SX 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 48SX capability removes a great deal 
of the drudgery from calculations involving physical units. 

In one aspect of the HP 48SX design it was not possible 
to satisfy both HP 4lC and HP 28S owners: programming 
language. To support its other design objectives, the HP 
48SX needed to use an RPL operating system and language 
similar to that used in the HP 28S. Unfortunately, this 
meant that the considerable body of programs written for 
the HP 41C would not be executable directly on the HP 48SX. 
To solve this problem, the plug-in HP 82210A HP 4lC 
emulator card provides a keyboard emulation of the HP 
41C and the ability to execute HP 4lC programs. The 
infrared port and the HP 82242A infrared printer module 
for the HP 41 C can be used to transmit programs from the 
HP 41C to the HP 48SX for execution with the emulator 
card. 

HP 28S users have a smaller problem in program conver 
sion. The great majority of HP 28S commands can be exe 
cuted without modification on the HP 48SX. 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 28S can also use 
its infrared printer output to "print" its programs to the 
HP 48SX, 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 48SX 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 48SX system is the RPL 
operating system, which occupies about 18K bytes of the 
system ROM. This system first appeared in the HP 18C 
Business Consultant calculator in 1986. :! In brief, the system 
combines elements of Forth and Lisp, providing a multi- 
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Name Field 
ROMPART ID  

Hash Table Pointer  
Message Table Pointer  

Link Table Pointer 
Configurat ion Code Pointer  

Collection of Objects 

Fig .  2 .  S t ruc ture  o f  a  ROMPART.  

object RPN stack and direct and indirect threaded execu 
tion, with both atomic and composite objects, temporary 
(lambda) variables, and the ability to pass unevaluated pro 
cedures as arguments. The objects are similar to Forth 
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 RPL were: 
â€¢ Identifier class: identifiers (global names), temporary 

identifiers (local names), and ROM pointers (XLib 
names). These objects are used for storing and retrieving 
other objects. 

â€¢ Procedure class: secondary (program) and code objects. 
These objects are executable. 

â€¢ Data class: floating-point real and complex numbers, 
character and string objects, hexadecimal strings (binary 
integers), real and complex arrays, linked arrays, 
extended precision real and complex numbers, lists, 
symbolic (algebraic), unsigned short integers, library, 
RAM/ROM pair (directory). Under normal execution, 
these objects merely return themselves, as passive data. 
However, symbolic objects and lists are composite 
objects, and can be evaluated like procedure class 
objects. 
The body of a composite object is a sequence of other 

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

To support HP 48SX operations, several additional data- 
class objects were added to the above list: 
â€¢ Graphics object. These are LCD bit maps, used for storing 

and manipulating graphical images. 
â€¢ Tagged object. A tagged object contains a text string plus 

another object. The text is used to label the object. Oper 
ations applied to the tagged object ignore the tag and 
apply themselves directly to the "inner" object. Thus, a 
program might return the tagged object Speed:10_m/s, 
where Speed is the tag. Executing 10 * (times) then returns 
100_m/s. 

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

â€¢ 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 
48SX contains commands for storing and retrieving 
objects from within backup objects when the latter are 
installed in RAM ports. 

â€¢ Library data object. This object provides a memory buffer 
for use by plug-in applications that need to preserve data 
between executions. 
In addition to the new object types, three object types 

that were present in the HP 28S are given more visibility 
in the HP 48SX: 

In the HP 28S, a user can create a directory object stored 
in a variable, but has no access to the directory as an 
object. In the HP 48SX, a directory has the same status 
as other objectsâ€” it can be recalled to the stack, edited, 
copied, stored, and so on. 

â€¢ Built-in commands in the HP 28S and HP 48SX are 
organized in libraries, which are similar to compiled 
directories in which the linked list of named objects is 
compiled to a table-driven organization. Name resolu 
tion of the objects within libraries is necessary during 
parsing, where text names are replaced by ROM pointers. 
The latter contain indexes into library object tables, 
which in turn provide for fast location of an object's 
name and executable code. In the HP 48SX, libraries are 
available as ordinary objects, so that a user can move 
libraries in and out of the calculator via one of the I/O 
ports or on plug-in memory cards. When a library is 
installed in HP 48SX memory, it extends the HP 48SX's 
language by adding its own internal commands to the 
built-in set. 

â€¢ ROM pointers are visible to the HP 48SX user as XLib 
name objects, the library analog of the global names that 
provide access to objects stored in global variables in 
RAM. Executing an XLib name executes the object within 
a library that is associated with the name. XLib names 

Interrupt System 

RPL Kerne l  ROMPART 

IRAM ROMPART 

Uni t  Management  ROMPART 

Address 00000 

Links from the start 
o f  one  ROMPART to  
the next. 

H i d d e n  R O M /  
Code 

Built- in RAM 
(overlaps the 
hidden ROM) 
Address 80000 
Merged Plug-in 
RAM (see Fig.  4)  

Free Plug-in 
RAM (see Fig. 7) 

Address FFFFF 

Fig. 3.  Overview of the address space layout of  the HP 48SX 
ca lcu la to r  w i th  one  merged  and  one  f ree  (unmerged)  RAM 
card. 
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can be compiled as stand-alone RPN objects or included 
within the definitions of algebraic objects. As long as 
the relevant library is present, an XLib name decompiles 
to the text name stored in the library. If the library is 
removed, the XLib name is decompiled to show the 
library number and command number within the library. 
As part of the strategy to maximize the use of ROM over 

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

In the process of developing a set of programs, the user 
first creates programs and utilities in a customizing direc 
tory. When the programs are debugged and ready to keep, 
they can be transferred to a ROMP ART and loaded into 
ROM. Attaching the ROMP ART 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 48SX, a number 
of design details did change in response to outside reviews 
of the system. Implementing these changes posed a number 
of design challenges. 
ROMP ART Structure. A large portion of the RPL plug-in 
management design is based on the concept of a ROMPART, 
which is not a standard RPL object in the same sense as 
complex numbers, directories, programs, and so on, but is 
instead a set of data-structure conventions. 

A ROMPART is a collection of RPL objects together with 
a field containing the name of the ROMPART, a ROMPART 
ID number which uniquely identifies the ROMPART, a 

-  Address 70000 

(see Fig. 5) 

Built-in 
RAM 

Merged 
Plug-in RAM 

System Variables 

ROMPART/L ibrary  
Configurat ion Table 

Graphics Data 
and 

Temporary Objects  

Avai lable  Memory 

(see Fig. 6) 
(see Fig. 6) 

" End of Merged 
RAM 

F ig .  4 .  Overv iew  o f  t he  l ayou t  o f  HP 48SX ma in  RAM w i th  
one  merged RAM 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 ROMPART, and 
a pointer to configuration code which is executed whenever 
the ROMPART needs to be configured (see Fig. 2). 

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

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

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

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

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

ROMPART/Library Count  

I D  #  S t a r t i n g  A d d r e s s  

I D  #  S t a r t i n g  A d d r e s s  ROMPART/Library 
Configuration 

Table 

Fig.  5 .  The ROMPART/ l ibrary conf igurat ion tab le.  Whenever  
the HP 48SX turns on.  a l l  ROMPARTs and l ibrar ies in  ROM, 
por t  0 ,  and other  unmerged p lug- ins are reg is tered here.  
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locations and restarts RPL execution. 
ROM 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 code 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 ROMP ART can take over the system at this 
point (as is done, for example, by the HP 48SX demo ROM), 
typical tasks are much less ambitious. More typical exam 
ples of tasks done at the ROM poll include: 
â€¢ Attaching a ROMP ART to the home directory so that the 

names of objects within the ROMP ART are universally 
recognized. 

â€¢ Replacing the hash and/or message tables of other ROM- 
PARTs with versions localized for a particular language. 

â€¢ Creating a custom subdirectory structure for use with 
this ROMP ART. 

ROM Pointers. The RPL system's ROM pointer (ROMPTR) 
objects provide a name and location independent method 
of specifying an object within a ROMP ART. The data in a 
ROMPTR gives both the ROM ID number unique to a ROM- 
PART and the particular object's object number. 

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

ROMPTRs occupy a middle ground in terms of execution 
speed and flexibility between address pointers, which re 
quire no resolution but must be updated whenever memory 
moves, and ordinary identifiers, whose value can change 
in the course of execution but must be resolved by searching 
through the current context. Every programmable function 
and operation in the HP 48SX has an associated ROMPTR 
that specifies it. However, these are not normally used in 
programs since the address pointers will suffice. There is 
one case in which these ROMPTRs must be used, however. 
If the user stores a programmable function in a variable, 
what is stored is actually the corresponding ROMPTR, 
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 of convert 
ing typed-in text to RPL objects (parsing). If the currently 
considered piece of text 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). If not, the system 
searches through the hash tables of the ROMPARTs attached 
to the current directory, if there are any. If a match is made, 
the name is determined to be a ROM word name, and it is 

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

Every directory except the home directory can have at 
most one ROMP ART attached to it. The hash table used 
in searching such a ROMP ART is the one supplied with 
the ROMP ART. The home directory, on the other hand, 
can have multiple ROMPARTs attached to it .  Recorded 
with any ROMP ART attached to the home directory is a 
pointer to its hash table. This allows the hash table pro 
vided by a ROMP ART to be superseded by another hash 
table either in RAM or in another ROM (localization). Only 
ROMPARTs at tached to  the  home directory can be so 
localized. 
Structure of Plug-in Modules. The original RPL design pro 
vided for two kinds of plug-in modules: one associated 
with read-only devices (ROM) and one associated with 
read/write devices (RAM). Whenever a ROM device was 
detected, it was assumed that its data consisted of a linked 
list of ROMPARTs. The devices would be configured at 
some convenient but otherwise arbitrary address and the 
individual ROMPARTs would be registered as described 
previously. Whenever a new RAM device was detected, it 
was assumed that the device contained no viable data and 
the device would be configured to be a contiguous segment 
of the system's overall RAM, with current RAM contents 
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Fig .  6 .  Layout  o f  the  USEROB area  and por t  0 .  A  l ib ra ry  o r  
ROMPART at tached to  the home d i rectory  ROMPART at tach 
men t  t ab le ,  e i t he r  by  t he  ATTACH command  o r  du r i ng  t he  
ROM po l l ,  w i l l  have i ts  keywords  recogn ized by  the  sys tem 
and can have both  i ts  keywords and i ts  messages loca l ized 
( for  example,  t ranslated into other languages).  
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shifted to ne\v positions as necessary. This process is 
known as merging RAM. After RAM has been merged, it is 
not possible to unplug the module without endangering 
the system integrity. \Vhen a merged RAM is pulled, a large 
area of the system and user variables could go with it. 

To make it possible to have ROMPARTs without read 
only devices, an area within system RAM is set aside and 
given the same structure as a plug-in ROM, that is, a 
sequence of ROMPARTs. This RAM-based ROMP ART area 
is also searched during the configuration of ROMPARTs. 
This model for plug-in structure provides almost all avail 
able services automatically and requires only five user- 
level commands: to prepare the system for removal of a 
RAM 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 ROMP ART (given in 
some object-coded form) in the RAM-based ROMPART 
area, and to remove such a ROMPART. 

Design Changes and Chal lenges 
In the evolution of the HP 48SX design, it became appar 

ent that RAM modules needed to be used as mass-storage 
devices as well as system RAM. By analogy to flexible disks, 
one would expect that such a mass-storage RAM module 
could be removed without first informing the system. These 
two tenets had significant impact on the HP 48SX 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 of a 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 name/object pairs in 
the RAM card much as they are stored in variables in the 
main RAM. In addition, we need to be able to verify that 
the data on the card has not been corrupted in some way. 
This verification stage must be fast because it must happen 
at configuration time, that is, between the time the machine 
is turned on and the time the machine is available for use. 
Since no stand-alone object consisting of a name/object 
pair existed in the original RPL system, a new object type, 
the backup object, was invented for the purpose. A backup 
object, in addition to its prologue and length, consists of 
a name, an object, and a checksum. 

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

The organization of the data in a ROM plug-in is largely 
dictated by the fact 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 ROMPARTs to a 
sequence of backup and library objects was relatively 
straightforward. The system determines the end of the 
sequence when it finds either an end-of-sequence mark, 
an object that is not a backup or library object, or an invalid 
checksum. In either of the last two cases, the user is warned 
of Invalid Card Data, but no further remedial action is taken. 

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

lent of ROM cards by simply changing a switch setting on 
the card, we decided that the structure of an unmerged 
plug-in RAM card should be the same as a ROM card, that 
is, a sequence of library and backup objects with the 
sequence starting at the lowest address of the card. 
Ports. The RPL directory structure is one of the most tightly 
integrated aspects of the system. Having been conceived 
of as semipermanent storage which could dominate the 
use of free memory in a memory-limited system, it is 
implemented as a self-contained unit containing no point 
ers that need to be changed as other parts of memory 
change. In addition, it is relegated to the high-address end 
of free memory. 

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

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

Since the only kinds of objects allowed in a plug-in data 
area are backup and library objects, any other kind of object 
is first encapsulated as a backup object. Similarly, RCL of 
one of the backup objects will pry the object out of the 
capsule. 
Directory Management Extensions. The fact that the cur 
rent drive is always none of the ports has several conse- 
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Library or Backup Object 

Library or Backup Object Free Plug-in RAM 
or 

Plug-in ROM 

Address FFFFF 

Fig. 7. Layout of an unmerged (free) plug-in RAM card within 
t he  HP 48SX add ress  space .  An  unmerged  p lug - i n  ca rd  i s  
either port 1 or port 2 and has the same 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 
subprogram by including its name, say SubProgl EVAL, then 
only the directory is searched when the name is to be 
evaluated. On the other hand, if the subprogram is called 
by including a port-specific reference, say :0:SubProg1 EVAL, 
then only the specified port is searched. To compensate 
for this, we have included a "wild card" port specifier, :&:. 
The sequence :&:SubProg1 EVAL will search for the subpro 
gram in all ports and then in the current directory before 
giving up. This calling sequence allows programs to be 
executed from directories or ports interchangeably. 

A second consequence of there being no current drive 
is the lack of access to objects contained in directories 
stored in a port. Normally, the method of accessing an 
object in a directory is first to change context to the direc 
tory and then to use RCL or some other command. Since 
it is not possible to change context to a directory stored in 
a port, this method is not available without first copying 
the directory back to main RAM. This is solved by using 
a list as a complete path specifier for recalling a variable. 
For example, if A is a directory object stored in port 0 and 
it contains a variable B, then :0:{ A B } RCL will recall the 
contents of B to the stack. Similarly, it is possible to recall 
from any location without changing the context directory 
by using a list to specify the path completely. 
Archive and Restore. With a method of mass storage avail 
able, it is natural to provide a means to archive the current 
contents of the 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 from a backup copy of the home directory using 
the RESTORE operation reverses the archive process. 
Because of the potentially greater need for human interven 
tion, RESTORE will not automatically restore from another 
machine. Instead, RESTORE will use a backup (or any other) 
copy of the home directory no matter how it was obtained. 
RAM Recovery. With the large amounts of data that can 
be present in the machine, it is clear that additional data 
safeguards are necessary. One such safeguard is provided 
by the Recover RAM? operation. 

Whenever it is found that the structural integrity of RAM 
has been violated, the user is given the opportunity to 
either start with a clean slate or attempt to salvage some 
data. If the user chooses to salvage data, the machine first 
searches through RAM, locating library or backup 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 complete. To check the directory's structural 
integrity, the RAM recovery operation checks the structural 
integrity of each object within the directory (including 
recursively checking subdirectories) and removes any that 
are corrupt. If no home directory is found, the RAM recov 
ery operation begins searching for ordinary directory 
objects. When it finds a directory it checks the structural 

integrity of each object within the directory (including 
recursively checking subdirectories) and removes any that 
are corrupt. The resulting corrected directories are named 
D.O, D.1 , and so on, and are gathered together to form a new 
home directory, completing the recovery process. 
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HP 48SX Interfaces and Appl icat ions 
The HP 48SX sc ient i f ic  expandable calculator  prov ides 
support for multiple applications, both built- in and externally 
developed, with customized user interfaces. The Equation- 
Wri ter and interact ive plot t ing are two of the bui l t - in 
appl icat ions. 

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

LIKE ITS PREDECESSOR THE HP 28S, the HP 48SX 
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 28S would have become overloaded if translated 
directly to the more capable HP 48SX. Consequently, the 
HP 48SX contains direct support for developing specialized 
user interfaces that can replace or extend the basic cal 
culator interface. The support is used in the built-in appli 
cations such as the EquationWriter and interactive plotting, 
and is available for ordinary user programming and for 
externally developed applications. In this article, we will 
review the support mechanisms and give several illustra 
tions of their use. 

Managing Mult iple Appl icat ions 
Early in the development of the HP 48SX, 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 
before the application was started be restored. If one appli 
cation restored the previous menu while another always 
displayed the MATH menu, user confusion would result. 

Although a consistent approach to application interface 
design is important, so is the freedom of the designer to 
incorporate unique features that justify the need for a spe 
cial interface. One of the challenges in developing the 
application interface engine for the HP 48SX was balancing 
consistency of operation with flexible design components. 
For the basic, stack-oriented, RPN operation of the 
HP 48SX, and for stack-oriented applications such as statis 
tics, the user interface is handled by the built-in RPL outer 
loop. All other applications use an RPL tool called the 
parameterized outer loop, which is designed to customize 
a user interface. 

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

the following major aspects of calculator operation: 
â€¢ Saving the previous application's user interface 
â€¢ Updating the application's display between key presses 
â€¢ Waiting for and dispatching key presses, alarm inter 

rupts, and unhandled errors 
â€¢ Exiting the display and key handling loop 
â€¢ 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 
parameterized outer loop. 

Before the user can interact with an application such as 
the Equation Catalog, the application must set its user inter 
face. The user interface is what makes the interaction with 
the application unique. For example, in the Equation Cat 
alog, the familiar stack display is replaced by a list of equa 
tions, and the T and A keys no longer move the character 
cursor but instead move a list pointer around the equation 
list. An application sets these and other aspects of its inter 
face when started by passing a set of user interface param 
eters to the parameterized outer loop. These parameters 
define how the application manages the HP 48SX display 
and keyboard and how the application interacts with the 
rest of the calculator environment. 

Parameterized Outer Loop Operat ion 
The operation of the parameterized outer loop can be 

summarized as follows: 

S a v e  t h e  s y s t e m  o r  c u r r e n t  a p p l i c a t i o n ' s  u s e r  i n t e r f a c e  
I f  er ror  in  

{  S e t  t h e  n e w  a p p l i c a t i o n ' s  u s e r  i n t e r f a c e  
W h i l e  e x i t  c o n d i t i o n  o b j e c t  e v a l u a t e s  t o  F A L S E  

{  E v a l u a t e  d i s p l a y  o b j e c t  
I f  er ror  in  

R e a d  a n d  e v a l u a t e  a  k e y  
T h e n  

E v a l u a t e  e r r o r  h a n d l e r  o b j e c t  

T h e n  
R e s t o r e  t h e  s a v e d  u s e r  i n t e r f a c e  a n d  e r r o r  

R e s t o r e  t h e  s a v e d  u s e r  i n t e r f a c e  

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 parameterized outer loop. This is 
how the application customizes the interface. The 
parameterized outer loop is responsible for the key-display 
loop, alarm interrupts, and low-level error handling. 
Display Handling. There is no default display in the 
parameterized outer loop. The application is responsible 
for setting up the initial display and for updating it. The 
application display object is the method by which the 
application manages the HP 48SX display. This object, 
which is usually an executable program, can take advantage 
of the two main methods of displaying information that 
the HP 48SX supports: passive display update and active 

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

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

A major benefit of passive display update rests on the 
fact that the application programmer can make no display- 
related assertions at all in key handling, and still the display 
handling will 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 time 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 parameterized outer loop for handling display update 
is the more conventional active display update. In this 
model, each key that affects the display updates the display 
itself. With active display handling, the application display 
object can be reduced to a simple NOP (no operation). The 
major drawbacks of active display update are that all aspects 
of display handling must be considered by every key defini 
tion, and the implicit display update information required 
by other calculator resources must be determined whenever 
these resources are used by the application. 

For consistency and robustness, most HP 48SX 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 48SX keys, in any 
of their six planes (unshifted, left-shifted, right-shifted, 
alpha-unshifted, alpha-left-shifted, and alpha-right-shifted) 
can be assigned for the duration of a parameterized outer 
loop application. The key object parameter specifies the 
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. If a 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 

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

Since hard key assignments have priority over menu key 
assignments, it is possible to define more exotic behavior 
for the menu keys. To date, no parameterized outer loop 
application does so, however, since the menu key handling 
is very flexible and customizable itself. 
Preventing Suspended Environments. Many applications 
need to allow arbitrary commands and user objects to be 
evaluated, but may not want the current environment to 
be suspended by the HALT and PROMPT commands. A pa 
rameterized outer loop flag specifies whether any command 
that would suspend the environment instead generates a 
HALT 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 48SX 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 f 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 MatrixWriter. 
In both cases, when the second application is finished, the 
first resumes where it left off. The parameterized outer 
loop makes sure all the details are sorted out. 

Applicat ion Examples 
The interactive stack is an HP 48SX application with 

which one can browse through the HP 48SX 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 menu 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 parameterized outer loop as its menu specification. 

MatrixWriter is an HP 48SX application that simplifies 
the entry of matrix objects. Like the interactive stack, Matrix- 
Writer controls certain keys that are redefined for its envi 
ronment, such as A. Unlike the interactive stack, however, 
MatrixWriter allows all undefined keys to operate normal 
ly, since many standard key definitions, such as + , are 
useful in MatrixWriter. 
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Both the interactive stack and MatrixU'riter use the pas 
sive display update method for managing their output. In 
the case of MatrLxWriter, this is especially useful and 
important, since the standard edit line interface is used 
extensively within the MatrixWriter environment. 

Customizat ion by the User  
The standard keyboard and display of the HP 48SX are 

designed for general use, offering direct access to numerical 
computation and indirect access to other features. For users 
who want direct access to features of their own choosing (or 
creation), the HP 48SX has a number of tools for customiz 
ing the user interface. The user can redefine keys, define 
a custom menu, customize how key definit ions are exe 
cuted, and maintain a variety of customized environments. 

In the HP 28S, key definitions are objects of a special 
form. For easier customization, we changed the HP 48SX 
so that any object can be a key definition. For example, 
the user can assign the string 5 and the function + to keys, 
and those keys will act the same as the normal 5 and + keys. 

For each key, the user can assign an object in one of six 
key planes: keys can be unshifted, left-shifted, or right- 
shifted with alpha on or off. If key assignments are viewed 
as yet another shift, this makes 12 key planes in all. The 
user can enable or disable the current assignments by press 
ing Â«-iDSR, or by setting or clearing a flag. The assignments 
can be 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, NXT 
to put the next six objects in the menu, and so on. This 
method doesn' t  involve the key assignments described 
above; rather, it uses the standard key definitions that make 
the menu 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 VAR menu. Units are multiplied, converted, 
or divided, just as in the UNITS menu. Alternatively, the 
user can specify separate objects for the menu label and 
for unshifted, left-shifted, and right-shifted actions. 

The most radical customization is called vectored ENTER. 
When the user presses a key in normal operation, the cor 
responding 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 then the key- 
definition object is executed. The user can customize two 
steps in  this  process  by s tor ing programs in variables  
Â«ENTER and (3ENTER. 

The program in Â«ENTER takes over parse-and-execute 
responsibilities. Such a program might either (1) print the 
command-line text and then execute OBJ-Â», which parses 
and executes as usual, (2) modify the text and then execute 
OBJ->, or (3) parse the text itself. 

After the key-definition object is executed, its text form 
is given to pENTER 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 cus 
tomized for different purposes. Since the custom menu 
and vectored ENTER are defined by variables, switching 
directories can cause the interface to change accordingly. 
On the other hand, key assignments are independent of 
the directory. By assigning directory-switching programs 
to keys, the user can readily switch from one interface to 
another. 

The EquationWriter  
The primary design objective of the EquationWriter was 

to overcome several factors limiting the ease of use of exist 
ing calculators. The EquationWriter is the first application 
to emerge from advances in display technology, both hard 
ware and software, compared with the HP 28S. The general 
result of these advances can be seen in the inclusion of the 
graphic object datatype and the virtual screen of the HP 48SX. 

The basic idea of the EquationWriter is to show mathe 
matical expressions as they appear in textbooks or as nor 
mally written by handâ€” for example: 
â€¢ Numerators above denominators, separated by a horizon 

tal line 
â€¢ Exponents written as superscripts, in a smaller font 
â€¢ Parentheses of adjustable height 
â€¢ The use of standard symbols for integral, summation, etc. 

This in itself is novel only in the calculator world. How 
ever, the main challenge, which was felt not to have been 
met even by existing desktop systems, was to come up with 
a consistent and intuitive way of producing and 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 subexpression groupings 
visually and sort out all the parentheses. An expression like 

f(0,1/(X + Y),1 

is terribly tedious to read and understand, compared to 

0 (Z-l) +X 
dZD 

P H R T S  P R D E :  H Y P  I M f l T R I V E C T R I  B A S E  

This problem was especially onerous for the HP 28S 
FORM interface (renamed RULES in the HP 48SX), which 
applies operations like commutation, association, and dis 
tribution to subexpressions of a given expression. Locating 
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the desired subexpression (which very likely did not even 
fit on the screen) amid the plethora of parentheses, and 
recognizing its relation to the likewise messy and stretched- 
out result, was too much for many users to bother with. In 
the HP 48SX, the RULES interface is a subsystem of the 
Equation Writer, which can be entered any time the expres 
sion typed so far is complete (a + b is complete, a + is not) by 
pressing the â€¢< key. This sends the cursor back to the right 
most object (number, variable, or operator) in the expres 
sion, appearing as an inverse-video highlight of that object. 

0 (Z-l)  
dfl! 

R U L E S  E D I T  E K P f i  S U E :  f i E P L  E X I T  

From here the highlight-cursor can be moved around 
with the arrow keys. Pressing â€¢*, V results in: 

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

0  

dZ 

R U L E S  E D I T  E K P R  S U B  f i E P L  E X  1  

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 

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

Another problem with the standard linear format is 
remembering the meaning and order of multiple parame 
ters. A frequent complaint about the HP 28S was that no 
one could remember how to type in the parameters to the 
INTEGRAL function. Did the lower or upper bound come 
first? Did one have to type the d that goes with the variable 
of integration? In the Equation Writer there can be no such 
confusion. Upon pressing the /key, one immediately sees 
an integral sign, with the cursor in the position of the lower 
bound. 

PARTS PROG HYP MATR VECTR BASE 

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

PARTS PRO*  HYP MATR VECTR BASE 

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

D 

mE 

PARTS PRI1B HVP MATR VECTR BASE 

After the upper bound and integrand are terminated in 
turn, a d appears with the cursor to its right, making it 
obvious that a variable name is now required. 
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n  
B COS(Ã±)-BdD 

P f l f t T S  P R D E :  H Y P  M f l T R  V E C T R I  B A S E  

This is a good place to mention another significant fea 
ture of the EquationWriter, which is its real-time syntax 
checking. With the cursor in the variable of integration 
position, the system will not accept any input except a 
legal variable name. Pressing + here will immediately 
result in the Invalid 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 transitions across syntactic 
boundaries, as interpreted by the internal parser. The >â€¢ 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 > key was actually quite contro 
versial during the early phases of development, and this 
illustrates the challenge of coming up with an intuitive 
entry procedure, as mentioned above. One objection was 
that the > key is an unnecessary nuisance when entering 
a typical polynomial: after typing the 2 in an expression 
like ax2 + bx + c, why can't I just type -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 -r to draw a line under the preceding subexpression, 
going back to an operator of lower precedence than divi 
sion). However, the uniformity of the > key has proven to 
be a contribution to an intuitive interface. Not only do all 
built-in operators work similarly, but also all future 
operators, with their own distinctive graphical properties 
defined by users who write libraries, will also have the 
same feel. 

The ideal of displaying expressions just as they appear 

in textbooks turned out to be unattainable, mainly because 
textbooks were found to follow different rules and ill- 
defined conventions. In the expression ax2 + bx-s-c, every 
one assumes that a and b are coefficients, but in general, 
variable names cannot be limited to one character, nor 
should there be something special about the letter x. Thus 
we gave up the idea of incorporating implied multiplication 
in the display. However, it is present in the entry rules: 
typing 2A automatically creates the display 2*A, and simi 
larly, any sequence of two contiguous tokens functioning 
as operands results in the insertion of the multiplication 
symbol. The display is unambiguous, but the typing is 
simplified. 

G r a p h i c s  a n d  P l o t t i n g  
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 48SX graphics and plotting system 
was to offer plotting tools beyond those of the HP 28S, 
which provided function plots and statistical scatter plots. 
We also wanted to contribute to the overall goal of making 
the calculator easier to use. A third goal was better integra 
tion of graphics with other capabilities of the machine. 

Our design choices were based on feedback from HP 28S 
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 48SX graphics and plotting system, which 
has the following new elements: 
â€¢ A new RPL object type called a graphics object, or GROB , 

along with commands to create and modify GROBs 
â€¢ An enhanced interactive environment for plotting and 

graphics 
â€¢ Four new mathematical plot types and two new statisti 

cal plot types. 
The HP 48SX uses a new object type called a graphics 

object, or GROB, to represent graphical images. Like all 
objects, GROBs can be placed on the stack, included in 
programs, stored in variables, and exchanged with other 
calculators. Most graphics commands act on the GROB 
stored in a special display region called PICT. The HP 28S 
used one area of memory for all displays. The addition of 
a separate graphics display area in the HP 48SX simplifies 
mixing graphics and stack operations. Both display areas 
are expandable, with scrolling available to view GROBs 
larger than the display. 

Commands are available to draw geometric shapes, 
sketch freehand, or do cut-and-paste operations with small 
er GROBs. Most of these commands are available in both 
interactive and programmable forms. For example, geomet 
ric shapes include boxes, circles, and lines: 
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D 
Freehand sketches include arbitrary curves and indi 

vidual pixels: 

The REPL (replace) command takes a GROB from the 
stack and pastes it into the PICT GROB. The next example 
includes a label made from a string (by the^GROB com 
mand) and a picture imported from a computer. 

Adding a modify step to cut-and-paste leads to a rudi 
mentary but entertaining form of animation. 

The calculator itself uses GROBs for all display-related 
tasks. Graphic applications such as plotting use GROBs, 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 GROB in the stack display area. Appli 
cations such as EquationWriter and MatrixWriter similarly 
construct and combine GROBs. 

Much of the benefit of GROBs, 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 GROB can be 
seen in the PARTS menu label in the MATH menu. The cal 
culator creates a small GROB for this label and then pastes 
that GROB onto the larger GROB for the whole display. 

Ã   H D M E  >  

3: 
2: 
1: 

IP r t f iTÃ I  PROS I  HVP MÃ±TR VECTF;  B f tSE 

The command-line form of this GROB is: 

GROB 21 8 E30000FFFFF1 1 B91 31 555BD1 1 1 9BB1 D55B71 D55B91 FFFFF1 

where 21 and 8 are the width and height in pixels, and the 
hexadecimal digits represent the graphical data, starting 
left to right across the top row: 

E30000  
FFFFF1 
1B9131 
555BD1 
119BB1 
D55B71 
D55B91 
FFFFF1 

Each hexadecimal digit represents a horizontal sequence 
of four pixels, with the least-significant bit representing 
the leftmost pixel. For example, the hexadecimal digit E, 
written as 1110 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 bits of padding at the end of each row; in this exam 
ple, three bits of padding are required. 

Function Plots 
Like the HP 28S, the HP 48SX uses the variables EQ 

(equation) and PPAR (plot parameters) to control plotting. 
The user can maintain multiple plotting environments by 
creating multiple directories, each with its own EQ and 
PPAR. When the user presses <-> PLOT, the plot application 
first shows the current equation (EQ) and plot type (one of 
the plot parameters): 

Plot type: FUNCTION 
EQ: 'X*3-; 

3Â¡ 
2: 
1 = 

I T R  P T V P E  N E H  E D E G  I S T E T - !  C f l T  

We first demonstrate the plot type FUNCTION, which is an 
enhanced form of the HP 28S plot type. Later we will show 
the results from other plot types. 
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The user can press NEW to name a new equation, EDEQ 
to edit the current equation, or CAT to show a catalog of 
equations: 

Ã HDME 

F 2 :  
F l :  

^2+1/3 

T R S D L V R  E G *  E D I T  * S T K  V  E H  

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

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

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

When the plot parameters are set, the user can press 
ERASE to clear PICT, or skip this step to superimpose the 
plot on the current PICT. The plotting is started by pressing 
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: 

H    1  I  I  

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

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

I Z D D M I Z - E D K I C E N T I C D D R D I L H B E U  F C N  

In 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 COORD causes a display 
of the cursor coordinates to replace the menu labels. If the 

7 
RO SECT SLOPE AREA EKTR EK T 

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): 

R D D T :  1 . 3 0 B H B E 9 1 1 7 ?  

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

S L O P E :  3 . 2 3  

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

E K T R M :  ( 1 .  3 3 , - . B 5 1 B 5 1 B 5 1 B !  

Pressing AREA (twice, with the cursor at each limit) 
invokes numerical integration: 
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When EQ contains of list of equations, the user can apply 
these tools to any individual equation, or use (SECT to find 
the intersection of any pair of neighbors in EQ. 

Other Plot  Types 
To the HP 28S plot types FUNCTION and SCATTER the HP 

48SX adds mathematical plot types CONIC, POLAR, 
PARAMETRIC, and TRUTH, as well as the statistical plot types 
HISTOGRAM 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 EQ, 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 EQ 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 EQ into two branches. Then the code 
in the FUNCTION plot type that plots both sides of an equa 
tion is used to plot both branches of EQ. For example, the 
equation 

4 * X  '  2  -  9 - Y  -  2  -  2 4 * X  -  9 O Y  -  2 2 5  

is plotted as: 

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

2* (1 -COS(X) )  

is plotted as: 

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

iÂ«(T'3-3Â«T) 

is plotted as: 

-i â€” i â€” iâ€” â€”i â€” i â€” i- 

I /  

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

(2*X~2-3*Y"2  +  X*Y)  MOD 16>8 

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

A second example is a complex function. Plotting the 
expression 

SIGN (RE(Z"3-2*Z))= =SIGN (IM(Z"3-2*Z)) 

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

20  HEWLETT-PACKARD JOURNAL JUNE 1991  

© Copr. 1949-1998 Hewlett-Packard Co.



the polynomial. The black regions are the points mapped 
to the first or third quadrants of the complex plane and 
the white regions are points mapped to the second or fourth 
quadrants. 
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HP Solve Equation Library Appl icat ion 
Card 
The card contains a library of 31 5 equations, the periodic 
table of  the elements,  a constants l ibrary,  a mul t ip le 
equat ion so lver ,  a  f inance appl icat ion,  and engineer ing 
utilities. 

by Eric L.  Vogel  

HISTORICALLY, EVERY HP programmable cal 
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, 
33E, 11C, and 32S, application pacs with programs on 
magnetic cards for the HP 65 and 67, and pacs with pro 
grams in plug-in modules for the HP 41 and 71. These 
books and pacs focus on computation-intensive (as 
opposed to data-intensive) problems in specific science or 
engineering disciplines. Program size and capability are 
limited primarily by available memory and the single-line 
calculator display. 

The HP Solve Equation Library application card provides 
this capability for the HP 48SX scientific expandable cal 
culator, but without the limitations of previous pacs. The 
focus on computation-intensive solutions is preserved, but 
for a wider range of disciplines than in individual pacs in 

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 
128K-byte 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 major applications: 
â€¢ Equation Library (Fig. 1). This is the primary application 

for which the card was named: a collection of 315 equa 
tions organized in a catalog of 15 different subjects, each 
containing a catalog of equation titles. For each title, the 
user can examine the equations and catalogs of names, 
descriptions, and SI 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 

Equa t i ons  

hi  Id  b2  Ã¯Ã¯ h3  
K'H'J fTm Z'3 t'Jii aa M J [^ CM i a f=K4i â€¢ 

SI  Un i ts  

Tc: "C 
fl: m-2 
hi: U/<m^2*IO 

Sub jec ts  

EGUflTIOH LIERHRY 
Columns and Beams 
Electricity 
Fluids 
Forces and Energy 
Ga 

Titles 
HEfiT TRfiHSFER 

H e a t  C a p a c i t y  
T h e r m a l  E x p a n s i o n  
C o n d u c t i o n  
C Q n'v1 e c t 

TH: hot Temperature 
Tc: cold temperature 
fl: area 
hi: connective coef 1 
h3: connective coef 31 

Pic tu re  

Eng l i sh  Un i t s  

Tc: 
fl: f , _ 
hi: Btu/<h*ft^2*Â°F) 
h3: F i g .  1 .  E q u a t i o n  L i b r a r y  u s e r  

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 is the universally recognized 
grid of elements. The user can move a highlight block 
to see any element and its most-used properties on the 
grid. There is also a catalog of 23 properties available 
for each of the 106 elements. Properties can be plotted 
versus atomic number to reinforce the relationship 
between property and atomic structure. A molecular 
weight calculator allows typing chemical formulas and 
quickly calculating their molecular weights. 
Constants Library. This is a collection of 39 commonly- 
used physical constants. These appear in catalogs of sym 
bols, descriptive names, values, and 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 duplicates 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 

;Fe S h  '  

l i  T  N T :  
S S . B H . '  

l ' E N Ã I T V :  
r. B fi 

Property Catalog 

v  M o l e c u l a r  W e i g h t  C a l c u l a t o r  a n d  R e s u l t  

rlÂ·l^iH^HOp^ 

ST WT: 
55 BH? 

DEN5ITV: 
7. SÃ DL 

fiT NT: 
55. BH? 

227. 133_Ã§ .).:.! 

Fig.  2 .  Per iod ic  Table user  in ter face.  

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 pacs 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 48SX takes 
an equation and makes it into a small, self-contained appli 
cation. It 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. 

Interact ing with Groups of  Equations 
As the equat ion select ion 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 Ohm's Law and Power, rather than forcing the 
user to return to the Equation Library to select each equa 
tion individually. 

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

P=Y'I 

P=I2-R 

( a )  L i n e a r  M o t i o n  ( b )  O h m ' s  L a w  a n d  P o w e r  

Fig .  3 .  Examples  o f  common equat ion  se ts .  
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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 for a set of equations given 
that some of them are known: 
â€¢ Use the known variables to select an equation containing 

only one unknown. 
â€¢ Solve for the unknown. 
â€¢ Add the variable just calculated to the set of known 

variables. 
â€¢ Use the combined set of known and calculated variables 

to select another equation containing only one unknown. 
â€¢ Solve for the unknown. 
â€¢ Repeat this process until either all the unknowns have 

been found or as many unknowns as possible have been 
found from the given set of knowns. 
To make using the equations more straightforward, we 

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

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

Unknowns 

[ v  n  i  i r ~ Ã ¼ ~ l i  F  i i  I m r Â ·  

(a)  In i t ia l  menu for  Ohm's Law and Power 

K n o w n s  U n k n o w n s  

â€” â€¢r~r~irr~ii \Kom 

(b)  After entering values for V and I  

K n o w n s  U n k n o w n s  

â€¢m Â«â€¢ u a a p Ml \wiim 

U s e d  C a l c u l a t e d  
D u r i n g  D u r i n g  

Solut ion Solut ion 

(c)  After  solving for al l  unknowns 

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 end of the menu. 

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

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

Indicating Variable Relationships 
After a solution, some of the menu keys will have a small 

block in them to indicate the roles their variables played 
in the solution (Fig. 4c). A block in a black key (known) 
indicates that the variable was used to find an unknown 
in a particular equation. A block in a white key (unknown) 
indicates a value was calculated for that variable during 
the solution. This represents a unique state for a variable â€” 
it is an unknown, yet it has a calculated value. The next 
time this variable is solved for, this calculated value will 
be used as its initial guess. 

Pressing the shift key followed by a menu key solves for 
that specific variable, regardless of whether it is black or 
white (known or unknown). After a variable is solved for, 
its menu key is shown in white with a block 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. 

Solut ion 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, 

K n o w n s  U n k n o w n s  

n  n  
Â«â€¢^â€¢JBlEjr^ n \wntm 

t  t  Ã ¯  T    N o t  I n v o l v e d  
U s e d  d u r i n g  C a l c u l a t e d  i n  S o l u t i o n  

Solution during 
Solution 

(d) After solving for R only 

Fig .  4 .  Mul t ip le  Equat ion So lver  menu key appearance.  

l e a n  l o a n  

(a) Values Calculated 
during Solution 

Fig.  5 .  So lu t ion summary.  

(b)  Equations Used 
during Solution 

24  HEWLETT-PACKARD JOURNAL JUNE 1991  

© Copr. 1949-1998 Hewlett-Packard Co.



its calculated value, and the equation that was solved to 
find it, in the order that the unknowns were determined 
by the solution procedure. 
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Hardware Design of the HP 48SX Scientific 
Expandable Calculator 
Leveraging an ear l ier  design resul ted in  prototypes wi th 
90% production tooled parts only nine months after the start 
of  the project .  The HP 48SX inc ludes an 8- l ine-by-22- 
character super-twisted nematic l iquid crystal display, two 
expans ion por ts  for  ROM or  bat tery-backed RAM cards,  
and two I /O ports:  RS-232 and inf rared.  

by Mark Thomas B.  Lester S.  Moore,  Preston D.  Brown, James P.  Dickie,  David L.  Smith,  Thomas B.  
Lindberg,  and M.  Jack Muranami 

THE NEEDS OF HP HANDHELD CALCULATOR cus 
tomersâ€”engineering, math, and science students 
and business and scientific professionalsâ€” have rad 

ically changed over the years, as the personal computer 
has become the standard tool of technical students and 
professionals. However, the need for convenient, handheld 
computation has not disappeared, but simply evolved. 

Surveys of our high-end technical calculator customers 
reveal that nearly all own or have access to a personal 
computer, that they use their calculator daily, that profes 
sionals make up about half of the customers for high-end 
technical calculators, and that they need a powerful hand 
held calculator with graphics and I/O capabilities. The 
HP 48SX scientific expandable calculator (see Fig. 1 on 
page 6) is designed to meet their needs for more advanced 
computation, graphics, customizability, expandability, and 
the ability to link to their personal computers. 

The 64-row-by-l 31 -column STN LCD (super-twisted 
nematic liquid crystal display) provides the means for pre 
senting the power of HP 48SX graphics, matrix manipula 
tions, and equation entry. Two plug-in card slots provide 
RAM expansion (in 32K-byte or 128K-byte increments) and 
customization (plug-in application ROMs such as HP's 
Equation Library ROM card described in the article on page 
22). A serial I/O port provides a means to link to an IBM 
PC-compatible or Apple Macintosh computer, and an IR 
(infrared) port allows sharing of solutions between 

HP 48SX calculators and provides a link to the HP 82440B 
infrared printer. 

Previous Series Leveraged 
One of the primary project objectives for the HP 48SX 

was extensive leverage from the design and manufacturing 

Fig.  1  .  Two expansion por ts  accept  ROM or  bat tery-backed 
RAM cards.  
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development of our current calculator family to minimize 
development time and cost. Design leverage was a primary 
consideration in every HP 48SX part design. This emphasis 
on design leverage resulted in laboratory prototype units 
built with 90% production tooled parts only nine months 
after the start of the project. 

The HP 48SX is a direct descendant of the series of low- 
cost, high-volume, vertical-format calculators introduced 
in January 1988. This series, consisting of the HP 10, 14, 
17, 20, 21, 22, 27, 32, and 42 calculators, achieved low 
cost and minimal part count through the use of a few highly 
integrated designs. These calculators were designed from 
the outset to be built on a highly automated assembly line 
at a rate of several calculators per minute. 

The designers of the HP 48SX leveraged many of the 
processes, materials, and even design details from the pre 
vious series. As a result, the HP 48SX is able to enjoy the 
benefits of an automated assembly line that could not have 
been justified by HP 48SX volume alone (see article, page 
40). Sixteen out of seventeen 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 
dained, saving time during the investigation phase. By shar 
ing details, the HP 48SX designers were able to proceed 
more confidently, capitalizing on the knowledge gained 
and improvements made as the earlier series of products 
entered production. 

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

Design Features 
The topease of the HP 48SX is a four-color, injection 

molded part. Its 49 keys are an integral part of the topease; 
each key is attached and guided by two small cantilevers. 
This design yields a low-profile key with an excellent 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 nematic (STN) design for improved contrast 
and viewing angle. Two expansion ports accept ROM or 
battery-backed RAM cards (Fig. 1). These cards are conve 
niently sized to be handled easily and have a thin outline. 

Throughout the machine, from the 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 48SX 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 

options. 
For the simpler products, the layout of the single display 

driver 1C on the opposite side of the printed circuit board 
from the display made sense. When applied to the HP 
48SX, this constraint forced the 202 outputs from three 
display drivers to feed through to the display side of the 
printed circuit board. This wasted a large amount of board 
area and caused the printed circuit board to be the most 
expensive non-IC 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 48SX was redesigned 
around higher-capacity AAA batteries. 

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

For a time we considered incorporating only one plug-in 
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 48SX is manufactured from three subassemblies: 

the topease, the printed circuit assembly, and the bottom 
case. These assemblies are built from 24 mechanical parts, 
four surface mount ICs, a 170-pin TAB (tape automated 
bonding) 1C, five discrete leaded components, and 31 sur 
face mount devices (see Fig. 2). 

Topease  Assembly  
The topease assembly is designed to be as free as possible 

of product-specific detail. This was done to allow the basic 
topease assembly to be incorporated into future products. 

The top surface of the product consists primarily of a 
0.012-inch-thick, seven-color, printed aluminum overlay. 
The purpose of the overlay is threefold: (I) 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 topease using pressure- 
sensitive adhesive. 

The four-color molded topease design represents a major 
engineering and process achievement. The HP 48SX key 
nomenclature is actually a separate molded part for each 
key around which the topease is shot (see Fig. 3). To create 
the cavities that form the nomenclature, the legend artwork 
was digitized on a CAD/CAM 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 
0.001 inch in diameter at the tip. The electrodes are used 
for electrodischarge machining of the extremely fine detail 
into the first-shot cavities. The tolerances must be carefully 
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Industrial Design of the HP 48SX Calculator 

T h e  e x p r e s s e d  n e e d s  a n d  w a n t s  o f  h i g h - e n d  t e c h n i c a l  c a l  
culator users contributed to the design objectives for the HP 48SX 
sc ien t i f i c  expandab le  ca lcu la to r .  Needs  ana lys i s  and  concep t  
tes t ing  were  conduc ted  a t  the  onse t  o f  the  HP 48SX program,  
and s ta ted requi rements inc luded:  
â€¢ Handheld product shape (tradit ional vert ical format) 
i  Large d isp lay  (8- l ine  des i rab le)  
â€¢ Customizable and expandable through plug- in media 
â€¢ Data I/O for mass storage, print ing, programming, etc. 
â€¢ High-quality tactile keyboard. 

In addi t ion to these stated requirements,  the industr ia l  design 
object ives for  the HP 48SX inc luded:  
B Easi ly  learned accessib i l i ty  to funct ions and features through 

an organ ized keyboard and d isp lay  in ter face 
â€¢ Direct and easy access to expansion and customization media 
â€¢ A visual and tact i le experience consistent with the product 's 

"next-generat ion" technological  leadership.  

Package Design 
A sof tened,  ver t ica l - format  package a l lows comfor tab le  hand 

held use of the HP 48SX. Even the molded rubber feet are sculpt 
ed to match the case contour for minimal tacti le intrusion. Overall  
s i ze  was  de te rm ined  by  t he  handhe ld  r equ i r emen t  f o r  w id th ,  
keyboard  and d isp lay  s ize  fo r  length ,  and component  s izes  fo r  
th ickness.  Components are located to  a l low a low leading edge 
for  the keyboard,  resul t ing in a three-degree wedge prof i le .  The 
keys  and keyshapes are  leveraged f rom the prev ious ser ies  o f  
low-cost,  h igh-volume calculators.  They are designed to provide 
comfor tab le yet  pos i t ive tact i le  response,  min imal  ent ry  er rors ,  
and h igh re l iab i l i ty .  User  access to  bat ter ies and p lug- in  media 
i s  p rov ided  th rough  covers  a t  the  back  o f  the  ca lcu la to r .  Bo th  
the infrared and RS-232 I /O ports are at the back, directed away 

f rom the user .  A molded ar row-shape ind icator  on the topease,  
above the logo,  communicates the posi t ion of  the d i rect ion-sen 
s i t i ve  in f ra red I /O fea ture ,  and the  lens  area o f  the  cover  over  
the  in f ra red  components  i s  po l i shed  to  commun ica te  i t s  l i gh t -  
transmissive function. Next to it is the RS-232 port, which accepts 
a  smal l ,  custom 4-p in  p lug des igned to  match the v isua l  theme 
and scale of  the HP 48SX. 

T h e  g o a l  o f  c u s t o m i z a t i o n  a n d  e x p a n s i o n  i s  a c c o m p l i s h e d  
through two p lug- in  s lo ts  for  cred i t -card-s ize memory modules,  
ava i l ab le  as  RAM or  ROM app l i ca t ions .  The  s lo ts  a re  loca ted  
unde r  a  removab le  cove r  and  i n f ra red  l ens  a t  t he  rea r  o f  t he  
bo t t om  case .  Because  o f  cos t  and  s i ze  cons t r a i n t s ,  an  e j ec t  
m e c h a n i s m  w a s  n o t  f e a s i b l e  f o r  u s e r  r e m o v a l  o f  t h e  c a r d s .  
Instead,  user access is  provided by of fset-stacking the cards to 
expose custom, molded p last ic  gr ips,  which are at tached to the 
cards by the vendor  (see F ig.  1  on page 25) .  These contoured,  
tex tu red  g r ips  a re  mo lded  w i th  a  ho le  in  the  cen te r  to  p rov ide  
visual  access to a t i t le graphic on the pr inted card surface whi le 
the card is inserted in the calculator. The constructed grip texture 
is  cons is ten t  in  sca le  and appearance w i th  o ther  g r ip  tex tures  
used on the HP 48SX, and enables the user to remove the cards 
f r om the i r  f r i c t i on - f i t  edge  connec to r s  w i t h  a  s i ng le  f i nge r  o r  
thumb. 

A custom sof t  case was des igned to  be inc luded wi th  the HP 
48SX. Its objectives are to protect the product in normal transport, 
t o  p rov ide  s to rage  fo r  a  qu ick - re fe rence  gu ide  and  add i t i ona l  
memory cards, and to reinforce the message of product superior 
i ty and qual i ty.  The f inal  design is a f ine-weave pouch. The case 
is l ined and padded, and has a zipper closure. An internal pocket 
is  prov ided for  the qu ick  re ference gu ide and memory  cards.  

(cont inued on page 28)  

Logo 

Overlay -Â»â€¢(â€¢Â» 

Chassis 
Spacer 

Batteries 

Bottom Case with 
ESD Shield and 
Piezoelectric Beeper 

Logic 
Board 
Assembly 

Fig. 2.  The three HP 48SX subas- 
s e m b l i e s  a r e  t h e  t o p e a s e ,  t h e  
pr in ted  c i rcu i t  assembly ,  and the  
bo t tom case.  They  are  bu i l t  f rom 
24  mechan ica l  par ts  and  var ious  
I C s ,  d i s c r e t e  c o m p o n e n t s ,  a n d  
sur face mount  devices.  
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User Interface Hardware Design 
A l t h o u g h  t h e  H P  4 8 S X  a p p r o a c h e s  c o m p u t e r  p o w e r  a n d  

sophist icat ion, i t  operates pr imari ly as an appl icat ion with a dedi 
ca ted  indus  and  d i sp lay  in te r face .  The  mos t  s ign i f i can t  i ndus  
t r i a l  t o  c h a l l e n g e  w a s  t o  p r o v i d e  v i s u a l l y  o r d e r e d  a c c e s s  t o  
the 21 00 functions using only forty-nine keys plus display menus. 

The user inter face sur face of  the HP 48SX is  d iv ided into two 
pr imary zones:  the d isp lay and d isp lay bezel  and the keyboard 
and  keyboard  over lay  (see  F ig .  1  on  page 6 ) .  The  w indowless  
8 - l i ne  l i qu i d  c r ys ta l  d i sp l ay  i s  f r amed  by  a  f o rmed  a l um inum 
over lay ,  wh ich  "cascades"  down to  the  keyboard  in  two s teps .  
Located in the middle step is a row of  s ix keys which operate in 
conjunct ion wi th  menus presented on the bot tom row of  the d is  
p lay .  The over lay  co lor  sur round ing these keys  is  the  same as  
the display bezel to reinforce the associat ion of keys with display 
menus.  The s ix  menu keys  are  d i f fe ren t ia ted  in  s ize  and co lo r  
f rom a l l  o ther  keys  to  d is t ingu ish  them as  spec ia l .  A t  the  base 
of the second overlay cascade is the remainder of the keyboard, 
which provides quick,  direct  access to alphanumeric entry,  math 
operations, cursor control, and function sets presented as display 
menus.  The tota l  of  49 keys was chosen based on the minimum 
number  requ i red  to  p rov ide  d isc re te  a lphanumer ic  en t ry .  Keys  
a re  g rouped  and  s i zed  acco rd ing  t o  f unc t i on  and  re l a t i ve  f r e  
quency of  use to  order  the keyboard v isual ly .  

T h e  m a j o r i t y  o f  t h e  f u n c t i o n  m a r k i n g s  a r e  p r i n t e d  o n  t h e  
aluminum overlay. Unlike preceding models, including the HP 41 C, 
there was no opportuni ty to p lace a second set  of  funct ion mark 
i ngs  on  the  keys .  Th i s  i s  because  o f  t he  l eve raged  keyboa rd  
des ign,  wh ich  is  l im i ted  to  a  s ing le ,  in tegra l ly  molded func t ion  
mark ing.  Th is  presented a graphic  cha l lenge because the keys 
access up to four major functions each. As a result,  the keyboard 
over lay is  designed wi th up to two shi f ted funct ions above each 
key,  pos i t ioned s ide by s ide and accessed by co lor -coded sh i f t  
keys. The shif t  keys are also coded with arrows indicat ing lef t  or 
right These the relative position of the shifted nomenclature. These 
symbols are used in the documentation in place of color to reduce 
pr in t ing costs.  Twenty-s ix  keys a lso have an a lpha character  at  
the  lower  r igh t  corner ,  accessed by  an a lpha sh i f t  key .  Sh i f ted  
funct ions that cal l  up screen menus are dist inguished by a black 

f i e l d  b e h i n d  t h e  t e x t  a n d  a r e  g r o u p e d  i n  t w o  a r e a s  o f  t h e  
keyboard. The overlay has a total of six si lk-screened colors and 
one  t i n t .  The  keyboard  i s  des igned  to  accep t  snap - in  cus tom 
over lays for  user-programmed keys,  custom appl icat ion requi re 
ments,  and so on.  

Colors 
A very  dark ,  h igh-chroma brown ca l led  mercedes  b lack  was  

chosen for  the two major  case parts for  i ts  consistency wi th the 
new ca lcu la to r  l i ne  and  s t rong  cus tomer  p re fe rence  in  ea r l i e r  
appearance tests .  Because of  the in tegra l  design of  the h inged 
keys ,  they  share  the  case  co lo r .  A  warm gray  meta l l i c  co lo r  i s  
used on the  d isp lay  beze l  to  fea ture  the  d isp lay  area v isua l ly ,  
soften the transit ion to the l iquid crystal display, and add richness 
t o  t h e  t h e  p r o d u c t  a p p e a r a n c e .  T h e  b a c k g r o u n d  c o l o r  o f  t h e  
keyboard over lay  is  a  l igh ter  vers ion o f  mercedes b lack  ca l led  
mercedes medium, which prov ides a subt le  contrast  to  g ive the 
keys v isual  prominence. 

The most  chal lenging co lors  to  determine were the l ight  b lue 
and cora l  sh i f t  co lors  on the keyboard over lay.  The sh i f t  co lors  
on a l l  HP calculators are intended to contr ibute an accent  color  
on otherwise neutral  p lat forms, and to code the product v isual ly 
into a product  category (business,  scient i f ic ,  or  RPN scient i f ic) .  
The HP 48SX is  in  the sc ient i f ic  category,  but  funct ions in  both 
algebraic and RPN modes and is real ly in a category of  i ts  own. 
The  two  sh i f t  co lo rs  se lec ted  were  o r ig ina l l y  used  fo r  the  two  
scienti f ic categories, but are l ightened for readabi l i ty.  In addit ion 
to their both being "scientif ic" colors, they were selected because 
o f  the i r  eas i l y  d is t ingu ishab le  hues  and  the i r  ba lanced va lues  
and chroma, which help a l lev iate a spot ty appearance.  Al l  other 
funct ion mark ings are  in  legend l igh t  gray ,  se lec ted for  i ts  neu 
t ra l i ty  and readabi l i ty  on the background colors.  

Corporate identi ty is provided by a nickel-plated electroformed 
logo, selected for i ts high-quali ty, three-dimensional appearance. 
The  p roduc t  name is  des igned fo r  cons is tency  in  loca t ion  and  
fonts nickel other current HP calculators, and is printed in a nickel 
metal  t int  to match the logo. 

Michae l  Derocher  
Senior Industr ia l  Designer 

Corvall is Division 

Fig.  3.  A "short-shot"  photo of  the HP 48SX keys.  A separate 
mo lded  pa r t  f o r  each  key  p roduces  the  key  nomenc la tu re .  
The topease is  molded around the key nomenclature.  Not ice 
the hole in  the 9 key,  which is  formed by a moving core p in.  
Th is  ho le  a l lows the  second-shot  p las t ic  (dark )  to  f low in to  
the center of  the 9. 

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

The 49 keys are integrated into the topease design to 
simplify assembly and eliminate the possibility of mislead 
ing a key. To achieve good tactile feel, each key is sus 
pended on two cantilevers, each 0.016 inch thick by 0.116 
inch long. These small beams serve three purposes. They 
guide the key through a well-controlled arc, they perma 
nently attach the keytops to the topease, and they serve as 
the paths through which the second-shot plastic flows. To 
fill the keytops through these small beams, each key has 
its own gate, for a total of 60 gates. An ordinary part of 
this size would have only one gate. 

The Triax material used for the topease is a Nylon-ABS 
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alloy and was specifically selected for its toughness and 
processing characteristics. The most critical aspect of the 
topease design is the small cantilever beams. The beams 
had to be tough enough to maintain their mechanical integ 
rity through environmental and life testing, yet supple 
enough not to degrade the force-deflection characteristics 
engineered into the snap domes. The Triax plastic was 
found to flow well, which allows a thin beam, and its 
toughness was verified in testing over 2.5 million 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-thick 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 no longer pushing 
back causes the inside of the dome to 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 Mylar sheet with 
screen-printed carbon graphite traces and contacts. The 
feedthroughs of the two-layer keyboard employ triple 
redundancy to improve yield and reliability. The keyboard 
lines are multiplexed with the address lines. This scheme 
reduces the pin count on the 1C 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 of the carbon ink was measured. This infor 
mation was used to hand-tune the area of each of the 98 
key line traces. 

The backbone of the HP 48SX is the nickel-plated 0.018- 
inch-thick stainless steel chassis. The chassis serves several 
functions, the most obvious of which is to support the 
keyboard and add rigidity to the topease. Sixty-two 
heatstakes clamp the keyboard between the topease and 
the chassis. The large number of heatstakes provides an 
even preload, which guarantees a consistent key feel. 

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

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

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

The eight-line, twenty-two character graphics display is 
one of the HP 48SX's most valued features. Attempting to 
prevent display breakage when the product was drop tested 
from up to two meters was one of the more interesting 
challenges for the designers. 

The glass from which liquid crystal displays are man 
ufactured is fragile. Glass failures are always in tension. 
The glass has a theoretical tensile strength of 100,000 psi. 
However, flaws within the glass lower its design limit to 
10,000 psi. Edge defects, a result of scribing and breaking 
the glass to size, cause stress risers which further reduce 
its usable strength to only 1,000 psi. Once the design of 
the display mounting had been optimized, designers turned 
to reducing the variability in the strength of the display 
itself. Improving the surface finish at the scribed edge 
proved to be the most attractive solution. The display in 
the HP 48SX 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 48SX 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 48SX connectors had to be designed as robot- 
loadable surface mount devices. 

Dominating the printed circuit assembly is the large 80- 
pin plug-in card connector. This custom connector accepts 
two cards in a staggered formation so that the label on each 
card can be seen. The card connector is molded with 40% 
glass filled PPS to survive the 225Â°C (437Â°F) infrared solder 
ing process. Heatstakes are used to secure the card connec- 
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HP 48SX Custom Integrated Circuit 

The  HP  1LT8  1C  i s  t he  s i ng l e  cus tom ch ip  i n  t he  HP  48SX  
ca lcu la tor .  The 1LT8 1C is  d iv ided in to  the fo l lowing funct ional  
areas: 
â€¢ A 4-bi t  CPU with an 8-MHz clock. The 1LT8 CPU is ident ical  

to the CPU used in the HP 28S, which is a leveraged redesign 
o f  the  1LK7 CPU.  The 1LT8 CPU prov ides  fas ter  ins t ruc t ion  
execut ion t imes but  s t i l l  main ta ins  fu l l  compat ib i l i ty  w i th  the 
1 LF2/1 LK7 and the HP 71 B bus architecture. The CPU internal 
and external  data paths are 4 b i ts  wide.  Memory is  accessed 
in 4-bit  quanti t ies (referred to as nibbles) using 20-bit  address 
es, yielding a physical address space of 51 2K bytes. The CPU 
internal word size is 64 bits. Operations are performed on data 
st r ings up to 16 n ibbles in length.  

â€¢ A memory control ler capable of interfacing to f ive commercial 
byte-wide RAMs, ROMs, or  p lug- in  por ts .  The purpose of  the 
memory interface is to allow the 1 LT8 chip to drive commercial 
RAM and ROM ICs. Since commercial  memory parts are byte- 
wide,  th is requires some careful  inter facing to the 4-bi t  wor ld 
o f  the  CPU.  The  same l i nes  tha t  go  to  the  memory  address  
a r e  a l s o  u s e d  t o  s c a n  t h e  k e y b o a r d .  T h e  k e y b o a r d  i s  c o n  
nected through ser ies resistors to the I /O l ines whi le the mem 
ory is connected direct ly.  This al lows commercial  memory ICs 
to  be  connec ted  to  the  1  LT8 ch ip  w i th  a  min imum o f  added 

pads.  Each memory dev ice can be conf igured by sof tware to  
the requ i red s ize  and p lacement  in  the address space.  

â€¢ A l iquid crystal  d isplay (LCD) control ler  capable of  dr iv ing a 
64-way mul t ip lexed d isp lay .  Th is  cont ro l le r  ha l ts  the CPU to  
access data  in  main  RAM and then formats  i t  fo r  the LCD.  I t  
is capable of handl ing the softkeys in a separate memory area 
and scro l l ing the main d isp lay.  

â€¢ A col lect ion of  memory mapped control  registers including a 
32-b i t  quar tz -c rys ta l -cont ro l led  t imer ,  a  1  200- to-9600-baud 
fu l l -duplex UART capable of  dr iv ing RS-232 or  in f rared- level  
s igna ls ,  and a  cyc l ic  redundancy check (CRC) generator .  

â€¢ A col lect ion of analog circuitry including a dual power supply 
(4.3 volts for the system and 8.5 volts for the display), a low-bat 
tery  ind icator ,  a  power-on/reset  c i rcu i t ,  a  crysta l  osc i l la tor ,  a  
f requency  mul t ip l ie r  (wh ich  genera tes  the  8-MHz CPU c lock  
f rom the 32-kHz crysta l ) ,  and a d isp lay vol tage generator .  
The 1LT8 1C is  manufactured at  the Northwest  1C Div is ion of  

Hewlett-Packard. 

Preston D.  Brown 
Development  Engineer  

Corvall is Division 

tor to the printed circuit board and to take the preload 
exerted by the 80 cantilevered contacts. The contacts con 
sist of two rows of cantilevered phosphor bronze beams 
which are angled into the solder paste to form a butt joint. 
A butt joint is used because it wicks the solder up high 
into a fillet, preventing solder bridging between adjacent 
leads and allowing easier inspection. The nominal preload 
between the leads and the plane of the printed circuit board 
allows for some nonplanarity in the leads, ensuring that 
each lead penetrates the 0.004-inch-thick solder paste and 
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 infrared 
soldering and to prevent the solder joints from being over- 
stressed during use. Cantilevered arms are formed with the 
body of the connector to provide a slight snap upon inser 
tion of the plug and a retention force to resist removal. 

The most intensively engineered component on the 
printed circuit board is the 170-pin TAB-package 1C. The 
capabilities of the 1C itself are very impressive, but equally 
impressive is the way in which the 1C is connected. Gold 
bumps are deposited on the 1C at each contact pad. A circuit 
consisting of 0.003-inch-thick polyimide film with 0.003- 
inch-wide traces is positioned on 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. 170 inner lead bonds with 
a 0.005-inch pitch are made in one operation. The advan 
tages of TAB are that its pin count is high, that it can be 
gang bonded, and that the polyimide substrate is punched 
with holes for 35-mm sprockets just like 35-mm move film 
(see Fig. 3 on page 42). The last feature is used to place 
hundreds of parts with no human intervention. The reels 

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

The pitch of the outer leads is 0.020 inch, so accurate 
positioning of the TAB package on the printed circuit board 
is important. The position of the printed circuit board traces 
is determined by reading a target on the board with an 
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 same time as the 170 leads that are being 
positioned. This allows very accurate positioning of the 
leads using a simple mechanical detail. The leads are 
formed so they are preloaded into the solder paste. They 
have some compliance but the force they exert requires a 
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 
Most of the details unique to the HP 48SX are contained 

within the bottom case, making it possible for future prod 
ucts to use the HP 48SX topease assembly. 

The HP 48SX'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 during a drop and forming a window 
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over the LED and phototransistor used for infrared I/O. 
Critical to a CMOS product is maintaining power to avoid 

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

A 0.006-inch-thick 3003 HIS aluminum ESD shield lines 
the inside of the bottom case. The shield contacts the chas 
sis with a large-area contact. This forms a two-dimensional 
Faraday cage, protecting the circuitry from exposure to 
electric fields. The HP 48SX 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 ESD shield 
also provides the ground connection for the piezoelectric 
beeper. A single spring makes the positive connection and 
provides the force for the ground connection to the ESD 
shield. Heatstakes keep the beeper and ESD shield in place. 
The conical beeper spring is designed with three closed 
coils at the top and bottom. These coils are wider than the 
pitch between the open coils, preventing the springs from 
tangling so they can be barrel plated and vibratory -bowl-fed 
to a robot for totally automated placement directly on the 
printed circuit board. 

Completing the HP 48SX package are four molded feet, 
which are sculptured to conform to the bottom case radius. 
The feet are press fit into the bottom case while it is still 
warm at the molding machine. A small bump on each foot 

provides compliance so that the HP 48SX will resist rocking 
even if the surface is slightly uneven. 

Electrical System 
The HP 48SX electrical system is considerably more pow 

erful and more complex than those of previous HP hand 
held calculators. With its infrared and RS-232 I/O and plug- 
in ports, it is also more versatile. The heart of the electrical 
system is the 1LT8 chip, a 170-pin HP-developed 1C (see 
box, page 30). 

The HP 48SX contains two printed circuit boards. The 
main logic board is sandwiched between the topease assem 
bly and the bottom case. The Mylar domed keyboard with 
carbon graphite traces is housed in the topease assembly. 

The 49-key keyboard is scanned by the 1LT8 chip via 
multiplexed RAM and ROM address lines. Address lines 
A9 to At 7 scan the keyboard while AO to A5 are inputs to 
the 1LT8. The keyboard is read asynchronously every milli 
second when the CPU drives its output register lines, A9 
to A17, all high and reads its input register lines, AO to A5. 
When a key is pressed, contact is made 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 ON key is not scanned but 
is wired to VDD. This allows the system to be turned on 
while in deep sleep. The ON 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-kfi carbon graphite resistors. 

The logic board contains five ICs: a 256K-byte ROM, a 32K- 
byte RAM, two column drivers and the 1LT8, which con 
tains the CPU, an LCD driver controller, a memory control 
ler, and a UART for RS-232 and IR I/O control. Also on 
the logic board are 36 discrete components, two 40-pin 
card connectors (for plug-in cards), one four-pin RS-232 
connector, 202 pads for connection to the display, and 17 
pads for keyboard contact. All of this is on a printed circuit 
board that measures 5.1 inches by 2.75 inches (see Fig. 4). 

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

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

The system is powered by three AAA batteries and has 
three power supplies, which are controlled by the 1LT8 
chip. The VH (8.1 to 8.9V) supply is used for the LCD 
display and RS-232 voltage swings. VDD (4.1 to 4.5V) is the 
main logic supply. The Vco (4.1 to 4.5V) supply is derived 
from the VDD supply and is used to power the ROM and 
plug-in cards. 

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

Fig.  4 .  HP 48SX log ic  pr in ted c i rcu i t  assembly .  "OTP: One-t ime programmable.  
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0.050- inch p i tch .  Towards the memory  card ,  the  p ins  are  go ld-  
p la ted and cant i levered to  prov ide a contact  force of  30 grams 
to  70 grams each.  Towards the  HP 48SX pr in ted c i rcu i t  board ,  
the contacts are solder-p lated and terminate in e i ther  a ver t ical  
or 35Â°-off-vertical surface mount butt joint. Since the two memory 
cards can share a l l  but  f ive  p ins,  35 pa i rs  o f  p ins  are so ldered 
to  one  p r in ted  c i rcu i t  board  pad  each .  The  two copper  g round 
p ins ,  wh ich  are  press  f i t  in to  the  body,  push open the  memory  
card  shu t te r  and  p rov ide  a  pa th  fo r  ESD f rom the  card  pane ls  
direct ly to the pr inted circuit  board ground plane. The 40% glass 
PPS a l ignment  comb is  press f i t  onto the body af ter  a l l  80 p ins 
are inserted and formed, providing al ignment of the pin t ips onto 
the pr in ted c i rcu i t  board pads.  

Overal l ,  the connector  measures 2.378 inches wide by 1 .555 
inches long and stands 0.556 inch of f  the pr inted c i rcu i t  board.  
A l though two cards  are  he ld  s tacked,  the  cus tom connector  i s  
less than 1.5 t imes the th ickness of  the manufacturer 's  or ig inal  
s ingle-card connector .  

While design detai ls pertaining to body strength, pin geometry, 
and  p in  p la t ing  were  adap ted  f rom the  o r ig ina l  connec to r ,  the  
heatstaking process to which the HP 48SX memory card connec 
to r  had  to  con fo rm was  a  cha l lenge .  Bas ica l l y ,  a f te r  i nse r t i on  
through the printed circuit board, the heatstake pins are f lattened 
us ing temperature and pressure,  thus prevent ing removal .  The 
f la t tened por t ion,  ca l led the heats take "head" ,  cons is ts  o f  very  
r ig id  and  b r i t t l e  g lass  f ibe rs  in  a  mat r i x  o f  reme l ted  PPS.  The  
head must not deform under the force of the 80 preloaded contact 
p i ns  f r om re f l ow  so lde r i ng ,  o r  so lde r  de fec t s  w i l l  r esu l t  f r om 
l i f t ed  p in  t i ps .  In  add i t i on ,  the  head  mus t  be  tough  enough  to  
endure repeated shear  s t ress dur ing card inser t ion test ing and 
repeated tens i le  s t ress  dur ing drop tes t ing .  To compl ica te  mat  
ters assembly the heater block on the printed circuit board assembly 
l ine needed to heatstake the memory card connector,  ser ia l  con 
nector ,  and TAB c lamp s imul taneous ly  to  min imize  cyc le  t ime.  
To  es tab l i sh  op t imum hea ts take  head  geomet ry ,  hea te r  b lock  
pressure,  heater  temperature,  and mel t  t ime,  repeated s tak ing 

and subsequent drop testing were conducted. Init ial ly, ten stakes 
of 0.062-inch diameter were used but proved to be bri t t le in drop 
tes t ing .  Nex t ,  the  s take  d iameter  was  inc reased to  0 .118  inch  
bu t  the  resu l t i ng  fo rce  imba lance  on  the  hea te r  b lock  caused  
the'serial connector heads to be loose. After much tr ial and error, 
the combination of four 0.1 18-inch-diameter heatstakes, a 0.147- 
inch head d iameter ,  a  440T heater  temperature ,  and a  13-sec-  
ond mel t  t ime produced the toughest  heats take heads.  

The memory  card  connector  thus implemented combines the 
benef i t  of  the manufacturer 's  proven design wi th custom detai ls  
incorporated to produce the highest-performance part  using pre 
determined assembly processes.  

P e r f o r m a n c e  
Tests proved the memory card and connector for the HP 48SX 

tested be a re l iab le  combinat ion.  No funct ional  prob lems devel  
oped after 20.000 cycles of insert ion/removal l i fe test ing consist  
ing of periods 000-insertion sequences alternating with 24-hour periods 
in a supersoak chamber.  The card surv ived one-meter drop test  
ing ,  both  a lone and p lugged in to  the ca lcu la tor ,  as  d id  the con 
nector .  The card also exper ienced no mechanical  damage when 
exposed to  25.000-vo l t  ESD. both a lone and p lugged in .  

C o n c l u s i o n  
The goals of  design and manufactur ing leverage were met by 

us ing an OEM memory card and incorporat ing of f - the-shel f  con 
nec tor  des ign  de ta i l s  where  app l icab le .  Custom fea tures  were  
added, however, when increased rel iabi l i ty and manufacturabi l i ty 
we re  deemed  necessa ry .  Thus  t he  bes t  so lu t i on  f o r  bo th  cus  
t o m e r  a n d  p r o j e c t  w a s  i m p l e m e n t e d  i n  t h e  H P  4 8 S X  m e m o r y  
card  and connector .  

M.  Jack  Muranami  
Mechanica l  Engineer  

Corvall is Division 

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

To conserve battery life, the power supplies (and the 
product) have three modes of operation: 

1LT8  CPU Chip  

Fig .  5 .  HP 48SX power  supp ly  schemat ic  d iagram.  

m Running. The 1LT8, column drivers, RAM and ROM, 
power supplies, and plug-in ports are all powered. Bat 
tery current is 9 mA. 

â€¢ Light sleep. In this mode the 1LT8 turns off and battery 
current drops to 4 mA. This mode is entered whenever 
the CPU is inactive and a key is not being pressed. The 
iLTS's display controller accesses memory every 244 /Â¿s 
to update the display. When the update is complete, the 
address lines switch and check to see if a key is pressed. 
Pressing any key will turn the CPU on. 

â€¢ Deep sleep. All supplies are turned off and battery cur 
rent drops to 12 /uA. The VDD supply floats to the battery 
voltage (VBAT) which supplies power to the ON key, 1LT8, 
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 1LT8 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 1000-juF capacitor maintains the VDD 
supply for several minutes while the batteries are being 
changed. 

The 64-row-by-131-column STN LCD is driven by two 
commercial column drivers, each driving 64 columns, and 
the 1LT8 which drives 64 rows, 3 columns, and 7 annun- 
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ciator lines. The column drivers receive their data, timing 
and control signals, and voltage levels from the 1LT8. One 
of the problems with the commercial column drivers is 
that they require a negative voltage. To overcome this, we 
connect their + V line to our VH ( + 8.5V) supply, their GND 
to VDD ( + 4.4V) and their negative supply to GND. This 
requires all data and control signals received from the 1LT8 
to swing from 4.4V to 8.5V. Display data is stored in system 
RAM, and the 1LT8 display controller interrupts the CPU 
for 22 to 23 /Â¿s 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 bits of data, 
they store it and output it to the display synchronously 
with a row driver output from the 1LT8. 

For ease of expanding the HP 48SX's capabilities, dual 
40-pin connectors are installed on the logic board. These 
connectors will accept credit-card-size plug-in RAM or 
ROM cards. Each connector has its own chip select line but 
all address and data lines are common to the internal 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). 
If the 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 48SX goes into deep sleep, the power supply 
to the cards (Vco supply) is turned off. When the supply 
drops to between 3.9 and 3.5V, the RAM switches to its 
internal battery. The lithium voltage is sampled by the 
1LT8, and when it drops to between 2.5 and 2.2V, a low-bat 
tery annunciator is turned on. 
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The HP 48SX Calculator  Input /Output  
System 
An RS-232 l ink a l lows communicat ion wi th personal  
computers.  An in f rared l ink prov ides for  pr in t ing and for  
two-way calcu/ator- to-calculator  communicat ion.  

by Steven L.  Harper  and Robert  S.  Worsley 

WHEN HANDHELD CALCULATORS were first 
introduced in the early 1970s, they provided por 
table computation without much memory. The 

limited keyboard and one-line numeric display provided 
just about all the input/output needed to use this capability 
effectively. As the incorporation of advancing memory 
technology made possible the storage of larger amounts of 
data and even programs created by the user in these handy 
little machines, the keyboard and display became an intol 
erable bottleneck. The need to enter a thousand or so key 
strokes manually to use a program that someone else has 
written is quite an effective barrier. 

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

One area of serious complaint with calculators and elec 
tronic interfaces had been the cost and inconvenience of 
the cables. In addition, some calculators were so thin that 
even the HP-IL connectors, designed for small size, were 
unacceptably large. The most pressing need for these 
machines was to provide some form of hard-copy output 
to a low-cost portable printer. Drawing upon technology 
similar to that used in infrared remote control of TVs and 
VCRs, HP introduced a printer and a line of calculators 
that met the basic 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-only. 

Input /Output  Needs of  the HP 48SX 
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 of the calculator was essential for part 
of the job and the speed and capability of the personal 
computer and its associated peripheral devices satisfied 
the rest of the need. These considerations forced the pri 
mary objective for the input/output capability of the HP 
48SX 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 computer system. 
Also, our experience with the HP 41 calculators had shown 
that users of this class of machines do a lot of sharing of 
programs and data. In consequence, it was felt necessary 
that the HP 48SX be compatible with the existing infrared 
printer and that there be a convenient way to do input/out 
put directly between calculators. Fig. 1 illustrates the 
desired input/output connections. 

The most common interface on personal computers is 
the RS-232 serial port. It would be much too costly and 
inconvenient to require the customer to buy a special card 
for the personal computer, such as an HP-IL or infrared 
interface, to connect to the calculator. Development of these 
cards would be costly, too, since there are several different 
types of personal computers. These considerations quickly 
led to the decision to design into the HP 48SX the capability 
to connect directly to the serial port already in nearly all 
personal computers. This required a custom connector and 
cable, since the traditional DB9 or DB25 connectors used 
with RS-232 were much too large. 

The requirement for program and data sharing between 
calculators could also be satisfied with RS-232, but the 
need to have the cable and/or some special calculator-to- 
calculator adapter was a severe drawback in this situation. 
A one-way infrared interface was already needed to main 
tain compatibility with the infrared printer. Would some 
enhancement of this interface fill the need without requir- 
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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 input/output solution for the HP 48SX 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 input/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 protocol1 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 
of personal computers, li was decided to include the Kermit 
protocol as one of the built-in applications in the HP 48SX. 
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 input/output needs. 

The Serial  Interface 
RS-232 uses bipolar signaling, that is, different logic 

states are indicated by voltages that swing both above and 
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F i g .  1 .  T h e  H P  4 8 S X  c a l c u l a t o r  
c a n  c o m m u n i c a t e  w i t h  p e r s o n a l  
c o m p u t e r s  o r  o t h e r  R S - 2 3 2  d e  
vices, with the HP 82240 portable 
in f rared pr in ter ,  and wi th  another  
HP  48SX v ia  a  sho r t - r ange  two -  
way infrared l ink. 

below the ground reference level. The HP 48SX does not 
otherwise need to generate a negative voltage, and it would 
seriously complicate the system design to have to do so. 
While integrated circuits are available to perform this func 
tion, their cost and power requirements are prohibitive in 
the calculator. One possible solution was to use unipolar 
signaling. While this is not really RS-232, most receiver 
circuits change the indicated logic state at about one 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 worse yet, customers have no easy way 
to tell which type of interface they have. 

The solution to the problem was found in clever use of 
the voltages the HP 48SX generates to drive the LCD dis 
play. The logic in the calculator works between zero volts 
and the VDD 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 VDD 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 VH will make it appear as +4.1 volts 
(VH - VDD) 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 48SX voltage swing is only a little 
more than three volts positive and negative under worst- 
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case conditions. It would have been convenient if the power 
supplies were at a slightly higher voltage, but this was not 
possible since the CPU integrated circuit has a maximum 
voltage limit of about nine volts. Even though this does 
not strictly comply with the requirement, it works quite 
well with short cables since an RS-232 receiver is required 
to indicate a logic zero for + 3.0 volts or more and a logic 
one for â€” 3.0 volts or less. The slightly reduced noise mar 
gin has had no noticeable effect. 

It would have been convenient, though slightly more 
costly, to use a standard driver/receiver integrated circuit 
to provide the necessary short-circuit protection and com 
ply with other interface requirements. Unfortunately, these 
parts are not specified at the low voltages used by the HP 
48SX 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 48SX 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 (VH), 
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 
across R2 will turn on Q7. This will cause the voltage at 
the base of Q8 to rise, tending to turn Q8 off. Thus the 
current that will flow is limited regardless of the voltage 
on the TXD pin. Because the circuit is symmetrical, pre 
cisely the same action occurs with Q2 and Q3 when TX is 
driven low (calculator ground). The Schottky diodes, cho 
sen for their low forward voltage drop, are necessary to 
prevent reverse conduction through whichever side of the 
circuit is off. The capacitor on the TXD pin slows the rise 
and fall times of the signal to minimize electrical noise 
generation. The 1 2-volt Zener 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 VDD supply. Without this capacitor, the calculator 
VDD power supply would be short-circuited. 

Receiving RS-232 signals in the calculator is a relatively 
simple matter. When the RXD (receive data) line swings 
positive, the 2.4V Zener diode allows the voltage to rise 
above the logic threshold of the RX input on the CPU chip 
(about one volt above VDD), but clamps it below the CPU 
VH power supply so that excessive current cannot flow. A 
similar situation occurs for negative swings as the diode 
conducts in the forward direction. The 5.6-kilohm resistor 
limits current and presents the proper impedance for an 
RS-232 input. The 1.5-kilohm resistor adds additional 
short-circuit and BSD protection for the CPU RX input. The 
75-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 peak demand on the calculator power sup 
ply. The other end of the LED is driven low by a special 
constant-current driver circuit integrated on the CPU chip. 
Pulse duration and timing are controlled by a combination 
of hardware in the CPU and firmware. 

A phototransistor was chosen as the receiving element. 
While much slower than a photodiode, it is fast enough 
for the data rate of 2400 bits per second, and the sensitivity 
is much greater. Since high ambient light levels can cause 
relatively large currents 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 stabilization. If the quies 
cent current of Q4 increases, this increase goes into the 
base of Q5 , 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 infrared 
receive circuit is only about seven microamperes. In direct 
sunlight, this value rises to nearly 200 microamperes. This 

C a l c u l a t o r  G N D  

C P U  T X  

1000 pF C7 
Calculator 

C a l c u l a t o r  !  G N D  
4 7  k ! i  R 5  V D D  

R X D  

T  l e a  

C P U  R X  

F ig .  2 .  The  d i sc re te  c i r cu i t r y  fo r  
the HP 48SX ser ia l  por t  prov ides 
p ro tec t ion  fo r  the  ca lcu la to r  and  
compatibi l i ty with RS-232. 
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seems like a large change, but without the stabilization 
circuit the sunlight value would be several milliamperes, 
and the circuit would saturate and not function. 

Capacitor C5 is necessary to bypass the stabilization cir 
cuit at the signal frequency. RIO and Rll form a bias net 
work and threshold-setting mechanism for Q6, the output 
amplifier and buffer. Q6 drives the IRI pin on the CPU, 
which includes a pull-up device. If the 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 
by Vco, a gated version of the VDD supply which is switched 
off when the calculator is off. 

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

The infrared coding for the printer has been discussed 
previously.2 Coding for the two-way infrared data for cal 
culator-to-calculator communication is very similar to cod 
ing of data from the serial port. First is a start bit (logical 
zero), which triggers the asynchronous receiving circuitry. 
Then follows the least-significant bit of data and so on to 
the most-significant data bit, for a total of eight data bits. 
If parity is enabled, the eighth data bit is replaced by the 
parity bit. The HP 48SX sends slightly more than two stop 
bits (logical one bits), but only requires one stop bit when 
receiving. Fig. 4 shows the bit coding for both the serial 
link and the two-way infrared link. A logical zero is rep 
resented by a single pulse of infrared light about 50 micro 
seconds long. A logical one bit has no light pulse. When 
these pulses are received, a latch-and-sample circuit in the 
CPU converts this format into logic levels, which can then 
be routed into hardware shared with the serial port. Note 
that two-way infrared data is only sent at 2400 bits per 
second, whereas serial data can be sent at 1200, 2400, 4800, 
or 9600 bits per second. 

Fig. 3. The infrared circuitry trans 
mits to the portable infrared printer 
a n d  p r o v i d e s  t w o - w a y  c o m m u n i  
cat ion with another HP 48SX. 

The User 's  Point  of  View 
As anyone who has used RS-232 knows, plugging the 

cables together is only the beginning. Even for RS-232 ports 
that don't require a response on the hardware handshake 
lines, the transmit data and receive data lines may need to 
be reversed. After getting the cable wiring right, the baud 
rate, parity, and software handshaking such as XON/XOFF 
must be set identically for both the transmitter and the 
receiver. 

The HP 48SX design attempts to minimize cabling prob 
lems by using only the minimum three-wire RS-232 con 
nection (transmit data, receive data, and signal ground) 
and matching the cable pinout to the most commonly used 
RS-232 ports. A setup menu is included in the first row of 
the I/O menu to allow the user to see and modify the current 
setting for baud rate, parity, and other parameters. Since 
the HP 48SX uses XON/XOFF handshaking only for low-level 
I/O commands, the XON/XOFF setting isn't included in the 
setup menu. Most of the parameters in the setup menu are 
stored in a variable named IOPAR, which also contains sepa 
rate XON/XOFF handshaking flags for receive and transmit. 

D a t a  B i t s  

C h a r a c t e r  " e " .  H e x a d e c i m a l  6 5 ,  D e c i m a l  1 0 1  

1 0 1 0 0 1 1 0  

S t a r t  
B i t  

D a t a  
L S B  

D a t a  S t o p  
M S B  B i t ( s )  

( o r  P a r i t y )  

F ig .  4 .  Cod ing  o f  da ta  i n  t he  two -way  i n f r a red  p ro toco l  i s  
s imi la r  to  tha t  in  the  ser ia l  l ink .  A  log ic  zero  has  a  pu lse  a t  
the beginning of  the b i t  t ime;  a log ic  one b i t  has no pulse.  
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The higher-level I/O commands don't use XON/XOFF hand 
shaking since they follow the Kermit protocol, which has 
packets of at most 96 bytes. 

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

All I/O commands on the HP 48SX automatically turn 
on and initialize the appropriate I/O port (RS-232 or 
infrared) based on the data from IOPAR. Once the port is 
ready, the HP 48SX interrupt system receives bytes for 
either RS-232 or two-way infrared I/O. The HP 48SX can 
respond quickly enough to incoming bytes so that even at 
9600 baud the interrupt system will read the first byte 
before it is overwritten by the next one. Incoming bytes 
are placed in a 255-byte input buffer. The interrupt system 
waits for about four byte times before concluding that the 
incoming byte stream has ended. Then, before exiting, it 
checks for other sources of interrupts such as cursor blink, 
clock ticks (if the clock is ticking in the display), alarms, 
cards pulled out or added, or 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 I/O. 

Low-Level  I /O Commands 
The HP 48SX provides a triplet of low-level I/O com 

mands: XMIT (transmit), BUFLEN (buffer length), and SRECV 
(serial receive). They are intended for use in programs, so 
instead of stopping the program when an I/O error occurs, 
they simply return a succeed/fail flag to level I of the stack. 
This allows the programmer the option of handling the 
error without having to use IFERR. XMIT transmits a string 
from the stack, using XON/XOFF handshaking if transmit 
pacing is enabled. BUFLEN tells how many bytes are in the 
input buffer. SRECV reads a specified number of bytes from 
the input buffer (waiting for more to come in if necessary) 
and returns them as a string to the stack. 

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

As pointed out earlier, bytes can be lost during I/O trans 
missions. If the I/O 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 I/O commands have no pro 
tection from this type of data corruption except for parity 
checking. The Kermit protocol chosen for higher-level I/O 
commands overcomes these problems to give more reliable 
communication for transferring programs and data. 

The Kermit  Protocol  
The Kermit protocol encodes control characters as 

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

detected by the sequence number on each packet. A 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 checksum 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 send either an ACK packet (type Y) to indicate 
successful receipt of the packet or a NAK packet (type N) 
to indicate a garbled packet. If the receiver doesn't respond, 
the transmitter can time out and resend. 

S e q u e n c e  P a c k e t  
N u m b e r  T y p e  D e s c r i p t i o n  

n 
n + 1 

n + 2 

D 
D 
D 
D 
Z 

B 

Negotiates parameters such as 
maximum packet length, time-out, 
and control character encoding. 
Contains the name of the file 
to be sent. 
Data (as many packets as necessary). 

Marks the end of this file. May be 
followed by another F,D   D,Z 
sequence or by B. 
Marks the end of the whole transfer. 

The packet sequence numbers wrap back to 0 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 end each line of text with a 
carriage return character followed by a linefeed character. 
If a computer normally uses some other line terminator, 
such as a single linefeed, it must transform linefeed to 
carriage return plus linefeed when sending text files, and 
must translate carriage return plus linefeed to linefeed 
when receiving text files. If a 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 48SX greatly extends this concept of text (ASCII) 
versus binary files by automatically converting an object 
to string form when sending in ASCII mode, thus convert 
ing a binary object into its text form. In addition, the HP 
48SX has a 256-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 
codes to sequences of normal ASCII characters. To ensure 
the accurate interpretation of the automatically generated 
text form of objects, a header string is prepended to the 
object. This string contains the modes in effect when the 
text form of the object was created. The modes are the 

JUNE 1991  HEWLETT-PACKARD JOURNAL 39  

© Copr. 1949-1998 Hewlett-Packard Co.



translate mode (to allow proper "untranslation"), angle 
mode (in case the object contains a complex number in 
polar form), and fraction mark (to distinguish decimal 
points and argument separators). The header string also 
allows a receiving HP 48SX to know that it should receive 
this object in ASCII mode. A short header is also propended 
to binary objects to instruct a receiving HP 48SX to receive 
in binary mode. At the cost of this small amount of extra 
overhead, a receiving HP 48SX can correctly interpret an 
incoming file even if its modes are set differently than 
would be required for that file. 
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Manufactur ing the HP 48SX Calculator  
Shar ing manufactur ing processes wi th ear l ier ,  s impler  
ca lcu la tors  shor tened development  t ime and improves 
manufactur ing ef f ic iency.  The HP 48SX and the s impler  
calculators also share the same production line at the same 
t imeâ€” a concept known as coproduction. 

by Richard W.  Riper  

THE HEWLETT-PACKARD 48SX is an advanced sci 
entific calculator 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 48SX, in particular by making 
use of common manufacturing processes. This reduced the 
time to develop the calculator. Sharing common assembly 
techniques with other HP calculators has also led to 
improved production efficiency and increased flexibility. 

Common Processes  
When work started on the HP 48SX, design engineers 

were given the goal to use as many of the design concepts 
from a l-and-2-line display family of calculators (HP 10, 
14, 17, 20, 21, 22, 27, 32, and 42) as possible. This was 
done to reduce the amount of new development needed 
and to allow the new machine to be built on the same 
production line as its simpler cousins. The l-and-2-line 
family set new standards in HP for calculator manufactur 
ing efficiency and we wanted to extend this efficiency to 
the HP 48SX. Using proven designs shortened the typical 
design/build/test/redesign 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 48SX. 

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

calculators and the HP 48SX is in the complexity of the 
electronics. Most of the assembly steps needed to build the 
HP 48SX happen as quickly as they do for the simpler 
calculators. However, the HP 48SX's complexity requires 
inspection and test times three to four times those of the 
simpler machines. Since the HP 48SX 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 48SX, 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 
48SX and the simpler calculators at the same time using 
a process we call coproduction. One of the l-or-2-line cal 
culator models is built at the same time and on the same 
assembly line as the HP 48SX. The products are mixed 
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uniformly, in the desired quantity ratio. The assembly steps 
shared by both machines run at the higher rate of the orig 
inal l-or-2-line assembly line. Since the test and inspection 
stations are peculiar to each product, the more complex 
HP 48SX can spend the longer time needed for testing, 
while several of the simpler products get tested at the same 
time. 

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

Conveyor Production 
The production of the HP 48SX is divided into two main 

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

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

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

F ig .  1 .  Assemb l i es  a re  ca r r i ed  on  pa l l e t s  t ha t  r i de  on  con  
veyor bel ts.  The l ine has seven robot stat ions. 

Printed Circuit  Assembly 
Printed circuit assembly starts with an operator applying 

solder paste to the bare circuit board. This paste is made 
up of small balls of solder held in a solvent base. A printer 
pushes the paste out though a stencil (0.004-inch-thick 
brass) onto the pads for the component leads. The operator 
then loads the board onto an empty pallet on the conveyor 
(Fig. 2). All of the pallets on this conveyor are the same, 
and can hold the HP 48SX boards as well as those for the 
simpler products. The pallet then moves into the first of 
seven robot stations. Each station has a sensor to determine 
if the board on the pallet is an HP 48SX board or a board 
for a 1-line or 2-line calculator, so that the robot will load 
the correct parts. 

The first robot loads the 1LT8 CPU (central processing 
unit) onto the HP 48SX board. Instead of using the tradi 
tional integrated circuit package consisting of a plastic body 
with leads, the CPU is packaged on a continuous tape (Fig. 
3). This is known as TAB (tape automated bonding). Not 
only is this package style thinner than plastic bodies, but 
part handling is reduced. The ICs are simply rolled up on 
this reel of tape like 35-mm movie film. This tape is fed 
through a machine that shears the leads out from the tape 
and reforms the lead ends to the optimum shape for solder 
ing. The robot first uses a reflective optical sensor in its 
gripper to locate the gold-plated traces and solder pads 
accurately on the printed circuit board. It then picks up 
the 1C from the feeder and places it on the board, correcting 
its position based on the optical search. 

At the second robot, connectors for the plug-in cards and 
input/output port are loaded. Also loaded is a TAB clamp, 
which will hold the leads on the TAB 1C down while the 
solder paste is reflowed, ensuring a high-quality solder 
joint. After this robot the board moves into a heated press 
that forms rivet-type heads on plastic bosses, which will 
hold the connectors and the TAB clamp tightly to the board. 
At the third robot, the random-access memory (RAM) is 
loaded, along with a small coil spring that will make contact 
with a piezoelectric beeper. This spring eliminates the need 
for hand-soldered wires to the beeper. The fourth robot 
doesn't load any parts on the HP 48SX board, but is used 
on some of the simpler products. 

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

The pallets holding boards for the HP 48SX continue 
down to robots 5, 6, and 7, where the rest of the components 
are loaded. Since only a fraction of the total pallets continue 
on, the cycle time at these last three robots can be longer. 
This is a good example of where the coproduction scheme 
pays off. These robots can load many more parts than if 
they were limited to the shorter cycle time of the first four 
robots. After the final robot, the pallets move to the back 
'belt, where they travel up to the second robot. As in the 
simpler product, the HP 48SX boards are off-loaded to sol 
der reflow. The empty pallets continue to the head of the 
conveyor line, ready to repeat the process. 

After loading, the boards pass down a conveyor belt to 
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Offload to 
Solder Ref low 

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

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

for printed circuit assembly, but the pallets are larger. Also, 
different pallets are needed for the HP 48SX and the simpler 
l-and-2-line products. Sensors at each station read the pal 
let type and act accordingly. Instead of being totally auto 
mated, the final assembly line is a mix of manual stations 
with robots and other automated stations (Fig. 4). 

The first station is a robot that loads plastic top and 
bottom cases into the pallet for the simpler calculators. 
This station is not used for the HP 48SX because the case 
parts are larger and could not be fed to the robot in the 
same way. At the next two stations, operators place case 
parts for the HP 48SX into the pallet and load keyboard 
parts for both products. 

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

F i g .  2 .  H P  4 8 S X  p r i n t e d  c i r c u i t  
assembly product ion l ine layout .  

information to place the LCD accurately into the metal 
chassis. Locating details on the chassis accurately carry 
this alignment to the pads on the circuit board. 

Fig .  3 .  1LT8 ICs  are  packaged fo r  tape  au tomated  bond ing  
(TAB) and can be handled l ike movie f i lm.  

The pallet then travels into the first of four heated presses 
used to hold the calculator together; no screws are used. 
Three of these four heatstakers work on both product types, 
so the product type is sensed and the top portion of the 
tool automatically shifts the correct heater block into place. 
The fourth heatstaker is only used on the l-and-2-line prod 
ucts, so the HP 48SX pallets simply pass through. The first 
heatstaker forms rivet-style heads on bosses in the topease, 

Rework Loop 
for Test Fail  Unit  

Fig.  4.  HP 48SX f inal  assembly l ine layout .  
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holding the chassis and keyboard parts tightly together. 
The pallet now moves into a set of manual stations where 

the printed circuit assemblies are added. Elastomeric con 
nectors known as zebra strips (for the alternating black 
carbon conductor bars), which make the electrical connec 
tion between the LCD and the printed circuit assembly, 
are loaded onto the LCD. and then the printed circuit assem 
bly is added. 

Automated Vis ion and Funct ional  Tests 
The pallet then moves to a series of testers. The testers 

for the l-and-2-line family are located on the conveyor, 
and the HP 48SX pallets pass through these without stop 
ping. The testers for the HP 48SX are located to the side 
of the main conveyor line just past the simpler testers. The 
HP 48SX 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 48SX 
pallets are moved back onto the main line to continue to 
the next station. 

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

the printed circuit assembly was loaded for evaluation. To 
aid rework, an error reporting system using an HP Vectra 
personal computer lets the operator at that station know 
which test the unit failed. 

The pallets then pass through a heatstaker to stake in an 
aluminum electrostatic discharge shield and the piezoelec 
tric beeper. At the next manual station, additional shielding 
parts are added by an operator and the cases on the HP 
48SX are joined together. The cases are joined on the sim 
pler products automatically. The calculators then pass 
through a pair of heatstakers to join the cases together per 
manently. Again, no screws are used. 

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

Conclusion 
As described above, many of the assembly steps for the 

HP 48SX are shared with similar steps for the simpler 1- 
and-2-line series of calculators. By basing the design of the 
HP 48SX on this earlier product line, the same production 
line can be 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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Fig. 5. This tester uses two cameras and an automated vision 
system to inspect  the ca lcu lator 's  d isp lay.  
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A 10-Hz-to-1 50-MHz Spectrum Analyzer 
with a Digital  IF Section 
The HP 3588A's d ig i ta l  resolut ion bandwidth f i l ters of fer  
better shape factors andean be swept four times f aster than 
the i r  ana log  counterpar ts .  Nar rowband zoom measure  
ments  us ing fas t  Four ier  t ransform analys is  can be hun 
dreds of t imes faster. Extensive self-calibration, a help sys 
tem wi th hyper text ,  and adapt ive data acquis i t ion a lso 
improve per formance.  

by Kirsten C. Carlson, James H. Cauthorn, Timothy L. Hillstrom, Roy L. Mason, Joseph F. Tarantino, 
Jay M.  Wardle,  and Er ic  J .  Wicklund 

THE HP 3588A SPECTRUM ANALYZER (Fig. 1) is a 
heterodyned, synthesized instrument with a track 
ing source. It is designed for spectrum and scalar 

network measurements from 10 Hz to 150 MHz. The key 
measurement contribution of the HP 3588A is fast, high- 
resolution, narrowband measurements. The HP 3588A is 
a pioneer in a new era in which spectrum analyzers will 
increasingly use digital signal processing technology to 
improve performance and features. By combining digital 
filtering and FFT (fast Fourier transform) analysis with 
traditional swept spectrum analysis techniques, the HP 
3588A typically provides four times faster swept measure 

ments and up to hundreds of times faster narrowband mea 
surements than were previously available in a swept 
analyzer. The HP 3588A accomplishes this while achieving 
superior amplitude accuracy. 

The HP 3588A brings digital signal processing technol 
ogies to RF spectrum analysis in two ways. For improved 
swept measurements, the HP 3588A is the first RF spectrum 
analyzer with an all-digital final IF (intermediate fre 
quency) section. The selectable bandwidth of the IF sec 
tion's digital filters determines the resolution bandwidth 
of the measurement. The filters have precise, predictable 
characteristics and performance that would be impractical 

F i g .  1 .  T h e  H P  3 5 8 8  A  i s  a  n e w  
t y p e  o f  s p e c t r u m  a n a l y z e r  t h a t  
g r e a t l y  i m p r o v e s  m e a s u r e m e n t  
speed  i n  t he  f r equency  range  o f  
1 0  H z  t o  1 5 0  M H z .  R e s o l u t i o n  
bandw id th  i s  se lec tab le  f r om 17  
kHz down to  0 .0045 Hz.  The new 
n a r r o w b a n d  z o o m  m o d e  a l l o w s  
fast  Four ier  t ransform analys is  of  
spans up to 40 kHz wide anywhere 
in  the f requency range.  
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to achieve using analog technologies. Signal detection for 
swept measurements is also done digitally. FFT signal pro 
cessing is used for a narrowband zoom mode. For measure 
ment spans less than 40 kHz, narrowband zoom mode pro 
vides all the speed and resolution to 150 MHz that previ 
ously were only available to users of FFT-based analyzers. 

For swept measurements, the digital resolution band 
width filters provide shape factors of less than 4:1 with 
the same inherent accuracy obtained using more traditional 
IF filters with typical shape factors of 11:1. Since these 
filters are implemented digitally, their response is com 
pletely predictable and repeatable, and they can be swept 
faster than the traditional rate of one half the square of the 
resolution bandwidth. Any effects of the filters on the 
response are known and are calibrated out of the measure 
ment. The result is a swept measurement that is typically 
four times faster and has better than two times narrower 
shape factor than analyzers with analog resolution 
bandwidth filters. It is important to note that these speed 
improvements are achieved together with the improved 
shape factors . If speed comparisons are made for equivalent 
60-dB bandwidths, even more dramatic improvements are 
seen. Speed improvements under these conditions can be 
in excess of 16 times for swept measurements and 1000 
times for narrowband zoom measurements. 

FFT analysis for fast narrowband zoom measurements 
is available at any center frequency from 10 Hz to 150 MHz. 
Signals from the last analog IF section are digitized and 
subsequently filtered. Frequency spans from 40 kHz down 
to 1.2 Hz are available in this mode, and signals can be 
resolved with 4.5-mHz resolution at frequencies to 150 
MHz. An ovenized reference oscillator is available to pro 
vide the frequency stability necessary to make these nar 
rowband measurements. 

All instrument functions are available over the HP-IB 
(IEEE 488.2, IEC 625), and the instrument can act as an 
HP-IB system controller as well. Optional HP Instrument 
BASIC is available for programming and automated testing. 
A 3.5-inch disk drive is an option for storage of instrument 
states, data, and Instrument BASIC programs. 

Principal applications for the HP 3588A include general 
spectrum and scalar network analysis to characterize cir 
cuits and systems in laboratory and automated production 
environments. Examples of applications that benefit from 
some of the new features of this instrument include: 
â€¢ Analysis of nonstationary or short-duration signals such 

as vibration-induced sidebands on oscillators 
â€¢ Radio surveillance and measurements of moving side 

bands on modulated carriers 
â€¢ Circuit adjustments where fast feedback of results saves 

time 
â€¢ Automated testing using the instrument's internal Instru 

ment BASIC programming to control repetitive tasks 
(system controller capability over the HP-IB allows sys 
tem integration without the need of a separate controller 
in ATE applications) 

â€¢ Phase noise and broadband noise measurements (be 
cause of the detection scheme used, a true rms level is 
given without correction factors). 

Development Chal lenges 
Throughout the development of this product, many tech 

nical obstacles were overcome in integrating the digital IF 
and FFT technologies into the instrument: 
â€¢ Custom gate arrays were developed for the digital filters. 
â€¢ Because the instrument measures to 10 Hz, a special 

mixer design and a local oscillator (LO) feedthrough can 
cellation circuit were developed to reduce local oscil 
lator signal levels in the IF path at low frequencies. 

â€¢ To achieve good amplitude accuracy in FFT-based mea 
surements, a special technique was developed to cali 
brate out analog IF frequency response effects. 

â€¢ Residual spurious signals within the IF passband that 
would never have been resolved in a swept-only analyzer 
were initially seen using an FFT, requiring special atten 
tion in development to the reduction of spurious and 
residual signals. 

â€¢ An autoranging input that operates over the full 1 50-MHz 
frequency range is provided. 

â€¢ A multiple-loop local oscillator that includes a frac- 
tional-N loop as an interpolation oscillator was designed 
to provide the synthesizer performance needed for nar 
rowband measurements.1 
To speed development, the HP 3588A incorporates several 

assemblies that were previously used by a low-frequency 
dynamic signal analyzer. Among these assemblies are the 
main processor board (including the disk drive), an aux 
iliary memory board, the front panel, the chassis, the power 
supply, and the display. It was quite a challenge adapting 
many of these parts to meet the needs of a high-frequency 
analyzer. An instrument-specific card nest was added to 
house the HP 3588A circuitry and provide shielding. Many 
chassis improvements were required to allow the HP 3588A 
to meet regulatory RFI requirements and to provide adequate 
internal electromagnetic compatibility to meet perform 
ance requirements. It was also necessary to synchronize 
the processor clocks (which indirectly control the display 
clocks) and the power supply switching frequency to the 
HP 3588A reference to prevent interference in the IF sec 
tions. 

Receiver Section 
Fig. 2 is a hardware block diagram of the HP 3588A spec 

trum analyzer. 
The receiver section applies gain, filtering, and several 

frequency conversions to condition the input signal. The 
receiver contains circuitry to detect the incoming signal 
level and can choose the optimum input attenuator setting 
automatically. The HP 3588A also provides a low-distor 
tion mode of operation in which an additional 10 dB of 
attenuation is applied to reduce any distortion products 
contributed by the instrument. Scaling, reference level 
tracking, and calibration are unchanged by this mode of 
operation. At the end of the receiver chain are the analog-to- 
digital converter (ADC), resolution bandwidth filter, detec 
tor, and video filter. All of these filtering and detection 
operations are implemented digitally in the HP 3588A and 
will be discussed in more detail later. 

Since the HP 3588A is designed to be used at both RF 
and baseband, the input impedance is selectableâ€” 50 ohms 
or one megohm. Power is provided for a high-impedance 
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Receiver Input 
10  Hz to  150 MHz 

First IF Filter 
310.1875 MHz 

Second IF Filter â€¢ Third IF Filter 
1 0 . 1 8 7 5  M H z  1 8 7 . 5  k H z  

First  LO (310.1875 to 
480.1875 MHz 

y R r s t  y s e ^ o n d  P  T h i r d  
A  C o n v e r s i o n  A  C o n v e r s i o n  A  C o n v e r s  

I 

Conversion 
Track -and -  

Hold 
Circuit 

Step Loop 

Interpolation 
Loop 

Analog-to- 
Digital 

Converter 

Rea l  and  Imag ina ry  
Data to Processor 

(Narrowband Zoom Mode)  

Magnitude- 
Squared Data 
to Processor 
(Swept Mode) 

+  
150-MHz 

Low-Pass 
Filter 

First IF Filter 
310.1875 MHz 

Second IF Fi l ter 
10.1875 MHz 

Third IF Filter 
187.5 kHz 

Limlter/ 
Multiplier 

Source Output  
10 Hz to  150 MHz Source 

Level 
Control 

Fig .  2 .  HP 3588A spec t rum ana lyzer  hardware  b lock  d iagram.  

active probe. In the 50-ohm configuration, the signal level 
is monitored by an overload detector. In the event of an 
overload, the detector sets the input to the one-megohm 
impedance setting. This prevents any damage to the 50- 
ohm measurement path. In this situation a message is 
placed on the instrument's display informing the operator 
of the overload condition and telling how to reconnect the 
input. In the 50-ohm measurement path, a step attenuator 
provides 50 dB of attenuation in 10-dB steps so the signal 
level can be set to obtain the best dynamic range. The 
minimum and maximum input range settings are â€” 20 dBm 
and + 20 dBm. The HP 3588A also has the ability to pick 
the best input range setting automatically. A high-input- 
impedance buffer amplifier in the one-megohm measure 
ment path conditions the signal and provides a 50-ohm 
output impedance to drive subsequent circuitry. 

Following the step attenuator is an amplifier stage with 
a 50-ohm input impedance. This input amplifier is imple 
mented largely with surface mount components and is 

shielded to prevent interference from externally generated 
signals. The amplifier provides 5 dB of gain, isolates the 
input from the rest of the instrument, and to a large extent 
determines many of the instrument specifications (such as 
distortion and noise). The isolation prevents the input 
return loss of the instrument from being affected by the 
input low-pass filter or the first mixer. It also prevents the 
first local oscillator signal from appearing at the instrument 
input. The amplifier also provides a separate signal to drive 
the autorange circuitry. 

The autorange detection circuit is composed of a wide 
band amplifier, a peak detector, and a main processor inter 
face. The amplifier must respond to signals from 10 Hz to 
greater than 150 MHz if the optimum input range is to be 
chosen. The peak detector is designed for minimum tem 
perature drift. The detected signal undergoes amplification 
and drives two comparators, which can interrupt the main 
processor if an out-of-range signal is detected. Since the 
signal levels are 10 dB lower when the instrument is con- 

(cont inued on page 48)  
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Spectrum Analyzer Self-Calibration 

The HP 3588A conta ins  ex tens ive  se l f -ca l ib ra t ion  capab i l i t y  
that  a l lows i t  to  ach ieve very  good ampl i tude accuracy and LO 
feedthrough speci f icat ions compared to those previously achiev 
ab le .  On  power -up  and  pe r i od i ca l l y  t he rea f te r ,  t he  HP 3588A 
performs sel f -cal ibrat ions of  the f requency f la tness for  a l l  input  
ranges, the IF level  and shape. LO feedthrough, and the source 
ampli tude. 

Internal  Hardware Calibrator 
T h e  i n t e r n a l  h a r d w a r e  c a l i b r a t o r  p r o v i d e s  a  p r e c i s i o n  

ampl i tude re ference leve l  o f  -20 dBm Â±0.02 dB f rom 200 kHz 
to 1 50 MHz. This signal can be switched internally to the receiver 
input  1 automat ic range f latness and IF level  cal ibrat ion.  Fig.  1 
shows the cal ibrator  b lock d iagram. 

The  l im i te r  cond i t ions  the  inpu t  s igna l  and  desens i t i zes  the  
output  leve l  to  input  leve l ,  a l lowing up to  20 dB o f  var ia t ion  a t  
the input  w i th  neg l ig ib le  output  var ia t ion.  The dc servo around 
the d i f fe rent ia l  swi tcher  prov ides prec ise  cont ro l  o f  the  sum of  
the col lector  currents,  which indi rect ly  contro ls  the average (dc 
va lue )  o f  t he  i nd i v i dua l  co l l ec to r  cu r ren t s .  I f  t he  i npu t  t o  t he  
switcher is reasonably symmetrical (i.e. , low even-order harmonic 
content) ,  then the fundamental  of  the switcher is exact ly related 
to  the dc va lue by 

fundamenta l  rms  amp l i t ude  =  (dc  amp l i t udeJvTT/ i r .  

Thus of  servo loop can,  in  theory,  exact ly  contro l  the level  o f  
the fundamental  of  the output .  Pract ica l ly ,  second-order  ef fects 
such as f in i te switching t imes and base-to-col lector feedforward 
exist.  However these effects can be wel l-control led with a simple 
f requency compensat ion network.  The impact  o f  employ ing th is  
ca l ib ra to r  in  the  HP 3588A i s  re f lec ted  in  the  t yp ica l  abso lu te  
a m p l i t u d e  a c c u r a c y  s p e c i f i c a t i o n  o f  0 . 2  d B  f r o m  3 0  k H z  t o  
150 MHz. 

First  LO Feedthrough Null ing 
I t  i s  impor tan t  to  min imize  LO feed through to  min imize  low-  

f requency residuals and to reduce the problem of mult ip le tones 
in the IF at low frequencies. The HP 3588A incorporates a circuit  
to  reduce  the  feed th rough leve l  to  a t  leas t  20  dB be low range 
under al l  condit ions. 

LO  feed th rough  nu l l i ng  i s  accomp l i shed  by  a  c i r cu i t  wh i ch  
feeds a smal l  amount  of  the main (swept)  LO s ignal  around the 
f i r s t  s i g  The  i n -phase  and  quad ra tu re  componen ts  o f  t h i s  s i g  
n a l  a r e  a d j u s t e d  b y  t h e  i n s t r u m e n t ' s  m a i n  p r o c e s s o r  w h i l e  
moni to r ing  the  response when tuned to  zero  Hz.  A very  s imple  
g rad ien t  sea rch  a l go r i t hm  i s  used  t o  f i nd  t he  m in imum feed -  
th rough  leve l .  The  tun ing  i s  done  by  means  o f  two  "e lec t ron ic  
po ten t iometers"  wh ich  ad jus t  the  res is t i ve  and reac t ive  imped 
a n c e  c o m  o f  t h e  f e e d f o r w a r d  c i r c u i t .  T h e  r e s i s t i v e  c o m  
ponent  is  ad jus ted by  vary ing the cur rent  th rough a  p in  d iode,  
wh i le  the  reac t ive  component  is  ad jus ted by  a  ha l f -b r idge com 
posed 2). two VVC (voltage variable capacitor) diodes (see Fig. 2). 

IF Filter Shape Calibration 
The overal l  cascaded IF shape must  be measured so that  the 

cont r ibut ion o f  the IF  response away f rom i ts  center  f requency 
does  no t  degrade  the  pe r fo rmance  fo r  na r rowband  zoom mea 
surements .  Th is  is  accompl ished by  sweeping past  an  in terna l  
fixed-frequency signal so that the I F frequency response is traced 
out  in  reverse.  This response is  then reversed and interpolated 
as  needed  t o  co r rec t  any  subsequen t  na r rowband  zoom mea  
surements. 

Source Calibration 
The HP 3588A source output ampl i tude is cal ibrated using the 

previously cal ibrated receiver. The output ampli tude is measured 
dur ing  se l f -ca l ib ra t ion  a t  two ampl i tude set t ings  us ing a  d i rec t  
internal path between the source output and receiver input. From 

Calibrator Input 
0.2 to 150 MHz 

- 5  t o  - 2 5  d B m  

Calibrator 
Output 
- 2 0  d B m  
Â±0.02 dB at 
Fundamental 

Fig .  1 .  HP 3588A Cal ib ra tor .  
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O to  150  MHz  
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(Tuned to  310 .1875  MHz)  

Ã³ 
V R E A L  V I M A G  

(Under Processor Control)  

these measurements ,  constants  are  ca lcu la ted tha t  cor rec t  fo r  
ga in  and  in  the  sou rce  IF  and  amp l i t ude  con t ro l  c i r cu i t r y  and  
f o r  o f f s e t  e r r o r s  i n  t h e  a m p l i t u d e  c o n t r o l  c i r c u i t r y .  A  m a n u a l  
ampl i tude adjustment  is  not  required.  

F i g .  2 .  L o c a l  o s c i l l a t o r  
through nul l ing circuit .  

feed- 

Timothy L. Hi l lstrom 
Joseph F.  Tarant ino 

Development Engineers 
Lake Stevens Instrument Divis ion 

figured in its low-distortion mode, the lower autorange 
threshold must also be reduced by 10 dB in this mode. 
Detection of an underrange condition at this level is dif 
ficult, so the autorange algorithm is defeated in this case. 
However, a single autorange can still be performed, allow 
ing a one-time optimization of the signal level. 

The main signal path includes a 150-MHz low-pass filter 
between the input amplifier and the first conversion to 
prevent out-of-band signals from appearing at the mixer 
input. This filter is a ninth-order Chebyshev design with 
an integral amplitude equalizer. The filter is implemented 
with printed circuit inductors and surface mount capaci 
tors and consistently demonstrates passband frequency 
response flatness of 0.4 dB. Special care was taken to shield 
this com so that section-to-section crosstalk does not com 
promise stopband performance. Because this filter is also 
used in the source section of the instrument, development 
time was reduced. We were also able to reduce manufactur 
ing cost since all of the parts are placed by machine, and 
we were able to reduce the time for final test since no 
adjustments are required. 

The first conversion follows the low-pass filter and trans 
lates the input signal to a fixed first intermediate frequency 
of 310.1875 MHz. The first local oscillator is synthesized 
and covers a frequency range from 310.1875 MHz to 
460.1875 MHz. The first LO will be discussed in detail 
later. As in any receiver that must accept a broadband 
input, spurious products, harmonic and intermodulation 
distortion products, and frequency flatness all require care 
ful attention. It is primarily the first mixer that sets the 
harmonic distortion and residual spurious performance for 
the instrument. Since the design criteria to satisfy these 

goals were in conflict to some extent, achieving the desired 
first mixer performance represented a significant design 
effort. To achieve good distortion performance it is neces 
sary to operate the mixer at high LO drive levels while 
maintaining symmetry of the drive waveform. However, 
any mixer has finite isolation between its ports, so higher 
LO levels result in large amounts of LO signal at the output 
of the mixer. If these signals are not prevented from reach 
ing subsequent conversions they can produce residual 
(false) responses. Careful filtering and shielding were 
required to minimize these residual responses. In addition, 
a small amount of the first LO signal is fed around the first 
mixer to cancel the mixer's intrinsic feedthrough (see 
"Spectrum Analyzer Self-Calibration," page 47). 

The 310.1875-MHz first IF signal is filtered by a four- 
section coupled helical-resonator bandpass filter having a 
bandwidth of approximately 3 MHz. Performance and ease 
of manufacture were important in the development of this 
filter. The helix assemblies within the filter are wound on 
supporting cores molded of a very low-loss fluoroplastic 
to minimize the reduction in resonator Q caused by dissi 
pation loss. The resonators are aperture-coupled and the 
input and output connections are tapped directly onto the 
helix assemblies. Tuning screws with self-locking pellets 
make tuning of the filter easier than if lock nuts were used. 
The helical-resonator filter mounts directly into a cutout 
at the edge of a printed circuit board and the whole assem 
bly slides into a card slot as a unit. 

The second conversion translates the signal from 
310.1875 MHz to 10.1875 MHz. The local oscillator for this 
conversion (the second LO), is a phase-locked 300-MHz 
signal also used as an offset in the main (swept) LO. A 
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seven-section LC filter and several gain stages make up the 
second IF section. To achieve the required instrument am 
plitude accuracy, the behavior of all of the IF amplifiers over 
temperature needed careful attention. Since operating fre 
quencies and amplitudes are different for each IF section, 
various approaches were involved, but each amplifier stage 
received individual attention. 

The third conversion is accomplished with an active 
mixer, providing gain as well as frequency translation. The 
third LO is a 10-MHz signal phase-locked to the instru 
ment's common reference. This conversion translates the 
signal to 187.5 kHz. Following the conversion, the signal 
is further amplified and filtered, yielding a final IF 
bandwidth of approximately 40 kHz. An attenuator (set- 
table in 1-dB steps under main processor control) is set so 
the signal is applied to the analog-to-digital converter at 
the optimum level. Conflicting performance goals made 
the design of the third IF challenging. To prevent degrada 
tion of swept measurement data, the transient response of 
the filter must be well-behaved. However, for good narrow 
band zoom performance, the frequency response of the 
filter should be reasonably flat over the entire 40-kHz IF 
bandwidth, and a filter designed for flat amplitude response 
often has poor transient response. The filter circuit was 
simulated and refined until good transient response at high 
sweep rates was achieved, and the flatness variation was 
kept to a level that can easily be calibrated out. 

The analog-to-digital converter section consists of a 
track-and-hold circuit operating at 250 kHz followed by a 
two-pass converter. This entire section was leveraged from 
a previous product.2 The final resolution bandwidth filter 
ing, detection, and video filtering are all accomplished digi 
tally in the HP 3588A by two custom gate arrays. 

Digital IF Section 
One of the goals for the HP 3588A project was to reuse 

existing modules wherever practical to minimize develop 
ment costs. Hewlett-Packard dynamic signal analyzers use 
a chip set of gate arrays that perform many signal processing 
steps: triggering, optional quadrature detection from an 
arbitrary center frequency, programmable information 
bandwidth reduction by decimation filtering, and accumu 
lation of complete sample records for later block process 
ing. The HP 3588A digital IF section needed to be compat 
ible with the same analog-to-digital converter as this chip 
set and at similar sample rates. It also needed to provide 
programmable information bandwidth reduction and be 
fairly inexpensive to build. Modification of the dynamic 
signal analyzer signal processing chip set seemed to be a 
good approach for the HP 3588A digital IF section, since 
a rapid development cycle was desired. 

This approach to development paid off quite well. The 
digital IF section of the HP 3588A consists of two gate 
arrays (the filter and the detector), and three RAM chips. 
The dynamic signal analyzer chip set consists of five gate 
arrays and five RAM chips. The decrease in parts count 
was achieved by removing unnecessary functionality and 
by integrating more functions. 

Many modifications were made because of the different 
needs of a swept, high-frequency analyzer and the block- 
record-oriented dynamic signal analyzer. The most im 

portant difference is that the swept analyzer applies signals 
with constantly changing frequency to the resolution filter. 
The resolution filter must react to these transient signals 
properly. The usual implementation for resolution filters 
is an n-pole synchronously tuned filter, which is often 
modeled as a Gaussian frequency response. The main re 
quirements are a smooth step response with no ringing or 
overshoot, and good symmetry between the rising and fall 
ing edges of the response to a swept transient input. 

The filter in the dynamic signal analyzer chip set imple 
ments a recursively applied decimation algorithm to reduce 
the information bandwidth to the user's desired span. Each 
application of the algorithm acts as a filter that halves the 
signal bandwidth and a resampler that then halves the 
sample rate. The decimation filter removes any out-of-band 
signals that would otherwise alias into the final information 
bandwidth because of undersampling. The frequency 
response of this filter has steep skirts and a flat passband, 
which is well-suited to sample rate decimation. Unfortu 
nately, it has very poor transient response. The filter gate 
array for the HP 3588A uses the decimation architecture 
of the previous gate array, but internally cascades the out 
put of the last decimation with a filter of appropriate trans 
fer function and transient response for a swept analyzer. 

This new filter is implemented as a finite impulse 
response (FIR) filter. It has a frequency response that is 
roughly Gaussian. Not only does it react much like tradi 
tional filters used in swept analyzers, but it also provides 
some additional benefits. It is digital and therefore has no 
analog adjustments. Environmental changes do not affect 
its response. It also has a much smaller shape factor than 
IF filters in most traditional swept analyzers. It has a 60-dB 
shape factor of less than 4:1. This means that the frequency 
response curve is less than four times as wide at 60-dB 
attenuation as it is at 3-dB attenuation. Traditional resolu 
tion filters typically specify a 60-dB shape factor ranging 
from 11:1 to 15:1. The 80-dB shape factor in the HP 3588A 
is less than 5:1! This narrower shape factor means that 
larger than normal resolution bandwidths can be used 
while resolving small signals that are very near large ones, 
thus improving measurement speed. Another characteristic 
of this FIR filter is its very predictable reaction to signals 
swept at faster than normal rates. This makes it possible 
to apply oversweep corrections, thereby providing four 
times faster sweep rates than traditional swept analyzers 
for a given resolution bandwidth without loss of accuracy. 
The concept of oversweep corrections is discussed later in 
this article. 

The digital input to the signal processing chip set from 
the analog-to-digital converter is applied to two mixers 
simultaneously. The local oscillators for the two mixers 
are both at the same frequency, but are 90 degrees apart in 
phase. This provides two data streams, one representing 
the real part of the IF signal and the other representing the 
imaginary part. This quadrature detection is nearly identi 
cal to that done in the HP 3577A Network Analyzer.3 

Swept spectrum analyzers detect the scalar magnitude 
of the input signals as they are swept through the analyzer's 
IF. The detector gate array converts the real and imaginary 
components of the signal into the magnitude of the signal. 
This magnitude is passed to the main processor for sub- 
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sequent processing and display. The complex signal sam 
ples can also be passed into the main processor for use in 
a fast Fourier transform process whose output can then be 
converted into magnitude and phase. 

The detector computes the magnitude by squaring the 
real and imaginary components and then adding them 
together. This results in the square magnitude of the filtered 
signal, which is proportional to the square of the input 
voltage or to the input power. 

Since the resolution filter bandwidth may be much nar 
rower than a bin (display point) on the instrument, a peak 
detection function is also required. This is a standard swept 
spectrum analyzer function. If the peak detector were not 
included and the response were just sampled, a response 
narrower in frequency than the equivalent frequency spac 
ing of adjacent pixels on the display could be missed 
entirely. For this reason, all swept spectrum analyzers have 
a peak detector. The peak detector gets reset whenever its 
output is sent to the main processor and thus to the display. 
Each magnitude sample received by the peak detector is 
compared to the peak detector's current value. If the new 
magnitude is larger than the current value then the peak 
detector value is updated to the new value; otherwise, the 
current value is retained. 

Swept analyzer users expect to see the screen updated 
as the instrument sweeps, so acquisition of a complete 
sample record is inappropriate. This means that no record 
needs to be acquired, and detected data needs to be im 
mediately available to the main processor. The detected 
result is passed to the main processor by an on-chip DMA 
interface. This saves several ICs over the previous approach, 
which used a FIFO buffer to acquire a complete sample 
record. 

Traditional swept spectrum analyzers must have a video 
filter. This filter is typically placed after a full-wave detec 
tor and removes the component at twice the intermediate 
frequency resulting from the full-wave detection. The 
detector in the HP 3588A can be called a power detector 
since it merely takes the sum of the squares of the real and 
imaginary components. This detection technique has no 
resultant component at twice the intermediate frequency, 
so no video filter is needed for most measurements. How 
ever, a video filter is provided for occasions where noise 
smoothing is desired. 

Filtering the video in the power domain has an advantage 
over the traditional approach. The traditional analog spec 
trum analyzer IF path has a logarithmic amplifier before 
the full-wave detector. This combination is calibrated for 
sinusoidal signals. However, those detectors respond differ 
ently to modulated signals and to nonsinusoidal signals 
such as noise. For instance, traditional detectors under- 
represent the thermal noise power by 2.5 dB. The video 
filter in the HP 3588A does mean square filtering on the 
detected signal. It responds to the average power being 
measured and requires no corrections for different kinds 
of signals. 

The detector gate array converts its input to a floating 
point representation to avoid losing precision. The square 
of the 24-bit input would have to be 48 bits long if kept in 
a fixed-point representation. With the input normalized to 
a floating-point representation, the square of the 24-bit 

mantissa can be represented quite adequately with a 24-bit 
result. The exponent of the square is simply double the 
exponent of the input. The floating-point representation 
chosen is the IEEE single-precision format so that the 
results from this gate array can be used directly by the 
instrument firmware. 

Local Oscil lator 
The local oscillator (LO) section of the HP 3588A pro 

vides a fully synthesized swept signal from 310.1875 MHz 
to 460. 18 75 MHz. It can be configured in t wo ways, depend 
ing on whether faster sweep speed or better phase noise 
and spurious performance is desired. In the single-loop 
mode the LO is configured so that it can sweep the entire 
range of frequencies very quickly. In the multiple-loop 
mode, a step loop and an interpolation loop are summed 
in a third loop, the sum loop, to produce the desired 
frequency (see Fig. 3). The choice of configuration is based 
on the instrument setup. If the measurement requires a 
large frequency span, single-loop mode is used. Setups 
involving narrower spans or resolution bandwidths use the 
multiple-loop mode. All narrowband zoom measurements 
use the multiple-loop mode. Six printed circuit assemblies 
make up the LO section, and many, but not all, are used 
in both modes of operation. The oscillators used for the 
step and sum loops are identical, and the resultant similar 
ity of their tuning characteristics aids the overall LO per 
formance. The oscillators are both voltage-tuned and are a 
negative-resistance design, with the base inductance real 
ized by a trace on the printed circuit board. A fractional-N 
loop is used in both modes of operation to obtain fully syn 
thesized sweeps and superior frequency resolution (better 
than 0.01 Hz). 

In single-loop operation the sum loop oscillator output 
is divided by 10 to yield a frequency in the range of 
31.01875 MHz to 46.01875 MHz. This signal is the input 
to the fractional-N divider circuit. The output of the divider 
is phase-detected using a 100-kHz signal from the reference 
section. The loop integrator sums the phase detector output 
current with the API (analog phase interpolation) correc 
tion currents, yielding a tuning voltage which is sampled 
and applied to the sum loop oscillator. 

In multiple-loop operation the step loop output and inter 
polation loop output are summed to produce the main LO 
output. The step loop provides frequencies from 306 MHz 
to 450 MHz in 2-MHz or 5-MHz steps. The interpolation 
loop provides continuous coverage of the 2-MHz or 5-MHz 
bands between the step loop frequencies. The reference 
frequency for the step loop is derived from a 10-MHz signal 
supplied by the reference section. To simplify the design 
of the step loop divider and allow for some phase noise 
cancellation, a 300-MHz offset frequency is applied in the 
step loop (see the discussion of the HP 3588A reference 
section below). To maintain consistent loop bandwidth 
(and thus phase noise performance) the loop gain of the 
step loop is also adjusted as the divider value is changed. 

The interpolation loop provides fine-resolution frequency 
coverage in multiple-loop mode. It uses the fractional-N 
divider, phase detector, and loop integrator/filter described 
earlier, but tunes a different VCO. The interpolation VCO 
is a single-transistor design tuned with VVC (voltage vari- 
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Interpolation Loop Sum Loop 

1 0 0  k H z  f r o m  
Reference 
Section 

API  =  Ana log  Phase  
Interpolation 

300 MHz From 
Reference 

Section Fig .  3 .  HP 3588A loca l  osc i l l a to r  
(mult iple- loop conf igurat ion).  

able capacitor) diodes. This design was leveraged from a 
previous product.1 To fill in the steps for the two different 
step sizes used by the step loop, the interpolation loop 
VCO is followed by a circuit that divides by either 5 or 1 0 . 

The sum loop combines the step loop and interpolation 
loop frequencies by mixing the step loop frequency with 
the sum loop frequency and applying the resulting differ 
ence signal to the sum loop phase detector. The other input 
of the phase detector is the interpolation loop signal. The 
resulting sum loop frequency is fsum = fstep + fmt- To 

reduce the capture time of the sum loop, a pretune voltage 
derived from the step loop's tuning voltage is summed into 
the sum loop integrator/filter. This pretune voltage guaran 
tees that the sum loop's tuning voltage will produce an 
oscillation frequency near the step loop frequency. This in 
turn guarantees that the resultant difference frequency is 
within the range of the interpolation loop, so this loop will 
reliably achieve phase lock. 

The phase noise of the HP 3588A LO section in multiple- 
loop mode is typically - 115 dBc/Hz for offset frequencies 

Adaptive Data Acquisition 

T h e  H P  3 5 8 8 A  s p e c t r u m  a n a l y z e r  u s e s  a n  a d a p t i v e  d a t a  
acquis i t ion scheme to opt imize system performance and respon 
s iveness.  At  the beginning of  a sweep,  a DMA contro l ler  ch ip is  
set  up to t ransfer  401 data points.  As each new data point  f rom 
the input  channel  becomes ava i lab le ,  a  custom gate ar ray ch ip  
in i t ia tes  the  DMA t rans fer  o f  the  da ta  po in t  in to  main  memory .  
The  measuremen t  sequencer  p rocess  pe r iod i ca l l y  checks  the  
contents of  the DMA memory buf fer  as i t  f i l ls  wi th new data and 
sends al l  newly arr ived data as a block to the math coprocessor 
and the d isp lay process.  

S y s t e m  d a t a  p r o c e s s i n g  a n d  d i s p l a y  t i m e  c a n  b e  m o d e l e d  
roughly as fol lows: 

pos tprocess ing t ime =  math  and d isp lay  t ime 
+ number  o f  b locks x  overhead per  b lock 

The math and display t ime is the total t ime required to process 
and  d isp lay  a l l  401  da ta  po in ts .  Th is  t ime is  essent ia l l y  f i xed .  
However ,  t ransfer r ing  data  to  the math coprocessor  and to  the 
d isp lay cont ro l ler  ch ip  a lso car r ies  wi th  i t  a  f ixed overhead per  
b lock,  which is  mul t ip l ied by the number  o f  data  b locks sent  to  
postprocessing.  

Clearly, the lowest overal l  processing t ime is achieved by send 
ing al l  401 data points at  one t ime to math and display.  On very 
fas t  sweeps ,  th i s  i s  p rec ise ly  wha t  happens  in  the  HP 3588A.  

When the  measurement  sequencer  checks  the  DMA bu f fe r ,  a l l  
o f  the sweep data has a l ready ar r ived,  so one 401 -po in t  b lock 
i s  sen t  on  fo r  pos tp rocess ing  and  d isp lay .  Thus ,  the  ana lyze r  
operates in i ts most eff icient processing mode on the very fastest 
sweepsâ€” when eff iciency is most important. 

When the sweep is very slow, however,  the total  measurement 
t ime  i s  domina ted  no t  by  the  pos tp rocess ing  t ime ,  bu t  by  the  
sweep t ime.  The adapt ive  data  acqu is i t ion  scheme serves  th is  
case equal ly  wel l .  Here,  the data  is  on ly  t r ick l ing in to  the DMA 
buf fer .  The measurement sequencer may check the buf fer  many 
t imes before f ind ing any new points  to  process.  St i l l ,  when new 
points do arr ive,  they are processed and displayed. In th is way,  
the user is provided with a "real-time" update of the display trace. 

A t  modera te  sweep ra tes ,  there  may be many data  b locks  o f  
ten or  more points  each.  The adapt ive data acquis i t ion scheme 
again case, to optimize overal l  system performance. In this case, 
i f  t he  pos tp rocess ing  i s  s lowed because  o f  compet ing  sys tem 
act iv i ty  ( l ike the f ront -panel  keyboard) ,  the next  data b lock wi l l  
be proport ional ly larger.  This wi l l  tend to dr ive down the number 
o f  b l ocks  pe r  t r ace  and  t he reby  i nc rease  t he  pos tp rocess ing  
eff ic iency. 

James H.  Cauthorn 
Development  Engineer  

Lake Stevens Instrument Divis ion 
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greater than 100 Hz, and spurious sidebands are typically 
better than - 80 dBc. 

Source Section 
The HP 3588A includes a source whose output frequency 

tracks the tuned receiver frequency and can be used as a 
stimulus for scalar network measurements. The source out 
put frequency covers the full frequency range from 10 Hz 
to 150 MHz at any user-selected output amplitude between 
10 dBm and -59.9 dBm with 0.1-dB resolution. It is 
implemented on two printed circuit assemblies. The source 
block diagram structure mirrors that of the HP 3588A 
receiver (see Fig. 2). Development time was saved with 
this approach because several functional blocks were 
developed to be used in both the source and the receiver. 
These blocks include the 150-MHz low-pass filter, the 
310.1875-MHz helical-resonator IF filter, and the step 
attenuator. Because the source and receiver share common 
intermediate frequencies, care had to be taken that the 
source IF signal did not get into the receiver IF path and 
degrade performance. 

A 187.5-kHz signal from the HP 3588A reference section 
is amplitude-limited and applied to the carrier input of a 
Gilbert cell multiplier. The second input to the multiplier 
is a dc control signal generated by a 12-bit digital-to-analog 
converter (DAG) and its associated transimpedance amp 
lifier. The digital inputs to the DAG come from the main 
processor. The output of the multiplier is a square wave 
with an output amplitude controlled by the digital inputs 
of the DAG. This arrangement provides fine amplitude con 
trol steps that fill in between relatively coarse output 
attenuator steps. The user can access 19.9 dB of amplitude 
control range, and an additional 6 dB is available for source 
calibration, for a total of 25.9 dB of fine amplitude control 
range. The DAG provides adequate step accuracy over the 
25.9-dB range. Harmonics of the multiplier output square 
wave fundamental frequency are removed with a 190-kHz 
low-pass filter. The 187.5-kHz signal is mixed with a 
10-MHz signal from the reference section in an active mixer 
to produce a 10.1875-MHz IF signal. A crystal bandpass 
filter removes all undesired signals. The 10.1875-MHz sig 
nal is then mixed with a 300-MHz signal from the reference 
section to produce the 310.1875-MHz IF signal. 

The 310.1875-MHz IF signal is filtered by a four-section, 
coupled helical-resonator filter identical to the one used 
in the receiver's first IF section (see description above). 
The 310.1875-MHz IF signal is then mixed with the local 
oscillator signal, which ranges from 310.1875 MHz to 
460.1875 MHz, to produce the 10-Hz-to-l 50-MHz output 
signal. Both the 300-MHz mixer and the output mixer are 
standard diode ring mixers with an LO drive level of 
7 dBm. A ninth-order 150-MHz low-pass filter removes all 
unwanted signals, such as mixer products, before the signal 
reaches the output amplifier. 

The output amplifier design was leveraged from a previ 
ous product and consists of three sections.3 All three sec 
tions are complementary, de-coupled amplifiers with local 
bias stabilization circuitry. The first two are identical and 
provide 20 dB of signal gain each. Both series-shunt feed 
back and shunt-series feedback are used in these two 
amplifiers to provide gain accuracy, good flatness, and con 

trolled impedance over the full frequency range. The final 
section uses series-shunt feedback only and provides 15 
dB of gain at an output level as high as 11 dBm. A back- 
match resistor in series with the 15-dB amplifier output 
provides a 50ÃÃ output impedance. A servo circuit in the 
output amplifier samples the output voltage of the 15-dB 
amplifier and injects a correction signal into the first 20-dB 
amplifier to maintain the output at zero volts dc. Power to 
all three amplifier sections is supplied through shunt Zener 
diode regulators to prevent the output amplifier from 
degrading receiver or LO performance by corrupting the 
power supply at low frequencies. The 20-dB amplifiers 
also have private regulators. Following the output amplifier 
is a 50-dB step attenuator consisting of 10-dB steps. The 
step attenuator uses precision surface mount resistors and 
RF relays that maintain a coaxial structure internally. Mi- 
crostrip techniques are used to ensure good return loss 
over the full frequency range (the receiver step attenuator 
uses a very similar design). The overall flatness of the HP 
3588A source is typically Â±0.5 dB. 

If an overload condition exists on the output connector 
that could damage the output amplifier and/or the step 
attenuator, an overload detector circuit disconnects the out 
put connector from the source output. This source tripped 
condition is latched and can be reset by the main processor. 
The sense point for the overload detector is on the output 
connector side of the protection relay, and a reset will only 
be allowed if the overload condition no longer exists. 

In addition to the main output, the HP 3588A source 
provides a signal path directly to the receiver for instrument 
self-test and source calibration. A portion of the source 
output signal is taken from the main output path ahead of 
the step attenuator to drive the swept calibrator. The HP 
3588A source can be turned off when not in use. Turning 
the source off disables the 187.5-kHz limiter (which greatly 
reduces source IF levels) and disconnects the step attenuator 
from the output connector. This minimizes any signal inter 
ference that could corrupt a spectrum measurement. A 50- 
ohm load is connected to the output when the source is 
off or when the direct source-to-receiver path is being used 
(such as during calibration). This provides the proper ter 
mination impedance for any device the user may have con 
nected. 

Very few adjustments are required for the source circuits. 
This reduces test time and the time required for periodic 
instrument calibration. The only required adjustments are 
on the helical-resonator bandpass filter. The four helical- 
resonator cavities can be tuned using Dishal's method,4 
which is simple, accurate, and noniterative. Tuning is 
facilitated by jumpers on the printed circuit board that 
allow reconfiguration of the IF signal path so that a signal 
from a sense port on the filter input cavity is routed through 
the normal IF path. No external test equipment is required 
for the tuning procedure on the source or receiver. 

Several features are included in the source circuitry to aid 
in fault isolation. A detector is available to sense 187.5-kHz 
signals and indicate their presence or absence to the main 
processor. An analog multiplexer allows main processor 
switching of the detector input to either the source 
187.5-kHz input or the output of the Gilbert cell multiplier. 
The threshold of the detector is such that a functional check 
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Help System with Hypertext 

HP's  Lake  Stevens  Ins t rument  D iv is ion  (LSID)  has  inc luded 
onl ine help systems in i ts  new analyzers for  the past  s ix  years.  
All of these systemsâ€” including the HP 3588A'sâ€” are designed 
p r ima r i l y  as  on l i ne  key  re fe rences :  when  t he  use r  p resses  a  
hardkey or  a sof tkey,  the analyzer  d isp lays a descr ip t ion of  the 
k e y ' s  f u n c t i o n .  H o w e v e r ,  t h e  H P  3 5 8 8 A ' s  h e l p  s y s t e m  a l s o  
includes two new features that meet the needs of a wider variety 
of users: 
â€¢ An index of help topics 
â€¢ Hypertext l inks between related topics. 

H o w  I t  W o r k s  
The user enables the HP 3588A's onl ine help system by press 

ing the Help hardkey and exi ts  by pressing 0.  Whi le help is  ena 
b led ,  most  o f  the  ana lyzer ' s  sc reen is  ded ica ted  to  d isp lay ing  
help text; the rest of the screen continues to display softkey labels. 

The ana lyzer  p rov ides  some func t ions  tha t  a l low the  user  to  
move  a round  in  the  he lp  sys tem.  Mos t  o f  t hese  func t i ons  a re  
ass igned  to  ha rdkeys  on  the  numer ic  keypad .  A  legend  a t  the  
b o t t o m  o f  t h e  s c r e e n  s h o w s  t h e s e  a s s i g n m e n t s  s o  t h e  u s e r  
doesn' t  have to remember them. The page is  changed by press 
ing  9  o r  6 .  The  index  (see  F ig .  1 )  i s  d i sp layed  by  p ress ing  1 .  
Hyper text  l inks are navigated by turn ing the knob and press ing 
4 or 7. 

Hypertext Navigation 
On a given screen full of help text, there may be several special 

words (or  phrases)  that  are l inked to  re la ted top ics.  The l inked 
words are al l  underl ined to dist inguish them from the surrounding 
text  (see Fig.  2) .  To select  and display the topic that 's  l inked to 
one  o f  these  words ,  the  use r  tu rns  the  knob  un t i l  t he  des i red  
word is highlighted and then presses 4. After reading the contents 
o f  t he  new top ic ,  t he  use r  can  re tu rn  to  the  p rev ious  top ic  by  
pressing 7. 

T h e  m e t h o d  u s e d  t o  d i s p l a y  a  l i n k e d  t o p i c  i s  a l s o  u s e d  t o  
display topics l is ted in the index.  Af ter  pressing 1 to display the 
index,  the user  can turn  the knob to  h igh l igh t  one o f  the  l i s ted 
top ics and press 4 to  d isp lay the contents  of  that  top ic .  

T o p i c :  I n d e x  o f  T o p i c s  

C a l i b r Ã ³ t e  a u t o m a t i c a l l y .  ( X R E F )  
C a l i b r a t e  o n c e .  ( X R E F )  
C a t a l o g  O n / O f f  s o f t k e y .  
C e n t e r  s o f t k e y .  
C h a n g e  s i g n  ( * / - )  h a r d k e y .  
C h a n g i n g  n u m e r i c  p a r a m e t e r s .  
C l e a r  E n t r y  s o f t k e y .  
C l e a r  I n p  T r i p  s o f t K e y .  
C l e a r  S c r e e n  s o f t k e y .  
C l e a r  S r c e  T r i p  s o f t k e y .  
C o n f i r m  D e l e t e  s o f t k e y .  
C o n s t a n t  ( K 1 - K 5 )  s o f t k e y  ( M a t h ) .  
C o n s t a n t  ( K 1 - K 5 )  s o f t k e y  ( T r a c e  D a t a ) .  
C o n s t a n t  K . X  s o f t k e y s .  
C o n t i n u e  s o f t k e y .  
C o n t i n u o u s  t r i g g e r i n g ,  ( X R E F )  
C o n t r o l l e r  C a p a b i l i t y  s o f t k e y  g r o u p .  
C o p y  D i  s K  s o f t k e y s .  
C o p y  F i l e  s o f t k e y s .  

-D- 
D a s h e d  s o f t k e y .  ( X R E F )  
D a t a  R e g  ( D 1 - D 8 )  s o f t k e y  ( M a t h ) .  
D a t a  R e g  ( D 1 - D 8 )  s o f t k e y  ( T r a c e  D a t a ) .  2 of 13 

Prev Topic-7 
Imp To Topic-4 

Print-8 Prev Page-9 Index-1 
Next Page-6 Quit-0 

Fig.  1 .  A port ion of  the HP 3588 A spectrum analyzer 's  help 
index. 

Index Access 
I n  p rev ious  LS ID  he lp  sys tems ,  a  use r  cou ld  on ly  access  a  

key 's  descr ip t ion  by  enab l ing  he lp  and  then  p ress ing  the  key .  
These designs assumed that the user had already navigated the 
menu s t ruc ture  and was ponder ing the use o f  a  par t icu lar  key.  
They  wo rked  we l l  enough  f o r  expe r i enced  use rs  and  f o r  new  
users who like to locate functions by poking around on front-panel 
keys. They worked less wel l  for  other users.  

The index provides a more systematic way for new or infrequent 
users to locate information about an analyzer functionâ€” including 
the name of  the key that  cont ro ls  the funct ion and the locat ion 
of that key in the menu structure. 

For  example,  to f ind out  how to turn of f  the d isplay grat icu le,  
a  user  can  en te r  the  he lp  sys tem,  d isp lay  the  index ,  and  then  
look  fo r  an  appropr ia te  keyword ,  l i ke  "g ra t icu le . "  In  th is  case,  

of the amplitude control circuitry is made possible by using 
amplitude control settings above and below the detector 
threshold with the detector switched to the multiplier out 
put. Additionally, the threshold of the source overload 
detector can be lowered by the main processor so that a 
10-dBm signal will trip the overload detector. This is useful 
as an indication of source functionality and output 
amplifier bias faults. 

Reference/Trigger Section 
The reference/trigger section is partitioned among three 

printed circuit boards to minimize internal electromagnetic 
compatibility problems. The primary functions of this sec 
tion are to provide the various UHF, VHF, and LF references 
used by other sections of the instrument, and to provide 
the instrument synchronization and trigger logic. Fig. 4 is 
a block diagram of the reference/trigger section. 

The HP 3588A can free-run on its internal 80-MHz VCXO, 
lock to an optional 10-MHz oven reference, or lock to a 
user's reference at 10/N MHz, where N is an integer from 
1 to 1 0. The 80-MHz VXCO is designed to have low temper 

ature drift and good stability for users who do not require 
the high performance of the optional ovenized reference. 
The 80-MHz reference is used to provide quadrature 20-MHz 
clocks for the digital filters, using a Johnson counter on 
the same circuit board as the filters. 10-MHz references are 
derived from the 80-MHz VCXO and are used in various 
places throughout the instrument. 

The 300-MHz reference is an LC oscillator that acts as 
the LO for the second conversion and provides an offset 
f requency in  the  LO s tep  loop (see  Fig .  3) .  With  th is  
architecture, the net phase noise caused by the 300-MHz 
reference is: 

(300-MHz phase noise) x (1 - HstepHsum) 

where Hstep and Hsum are the closed-loop phase transfer 
functions of the step and sum loops, respectively (with the 
gain of the step loop normalized out). 

This effectively high-pass fil ters the 300-MHz phase 
noise (in the offset frequency domain) and provides attenu 
ation at low offset frequencies. Thus, the requirement for 
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spectral purity of the 300-MHz reference at low offset fre 
quencies is eased by this effect, allowing the use of an 
inexpensive LC oscillator rather than a more expensive 
low-noise oscillator employing a SAW (surface acoustic 
wave) resonator. 

Low-frequency references are provided for the source 
(187.5 kHz), the ADC sample clock (250 kHz), and the 
interpolation loop reference (100 kHz). Synchronization is 
maintained between all these references and the Start__Meas 
signal so that data taking and the LO sweep are syn- 
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F ig .  4 .  HP  3588A  re fe rence  sec  
tion. 
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chronized and repeatable. 
Further synchronization capability is provided so that 

several HP 3588A's can be configured to sweep synchro 
nously, within a few microseconds uncertainty, using an 
IBASIC application program. This allows synchronized 
offset or harmonic sweeps, facilitating mixer or generalized 
distortion testing. To achieve this, the synchronizing cir 
cuit allows the low-frequency references and Start_Meas 
signal of all instruments to be synchronized through a Trig 
ger Out signal provided on the rear panel. 

Speed Advantages of  FFT-based Spectrum Analyzers  
For several decades, Hewlett-Packard has offered spec 

trum analyzers using FFT technology in the baseband fre 
quency range up to 100 kHz. The FFT is used essentially 
as a bank of parallel bandpass filters. Since all the filters 
settle and measure simultaneously, the measurements can 
be much faster than with a swept filter of similar resolution. 
This is very useful for transient signals and time-varying 
signals, so this technique has been termed "dynamic signal 
analysis". Typical window functions designed for ampli 
tude accuracy are three to four FFT frequency samples 
wide. A 512-point FFT thus provides over a hundred par 
allel filters at once and may provide measurements over 
100 times faster than a single analog filter. 

Swept analyzer measurement speed varies dramatically 
with different shape factors when the need to resolve close- 
in spurs is considered. For the purposes of this discussion, 
a close-in spur is a signal to be analyzed that is very small 
and very close to a much larger one. The intent, of course, 
is to resolve the spur as a spectral component, independent 
of the large signal. To resolve these spurs, a filter with a 
larger (worse) shape factor must be set to a much smaller 
nominal 3-dB resolution bandwidth than a filter with a 
better shape factor. Otherwise, the spur just disappears 
into the skirt of the large signal. In a swept spectrum 
analyzer, the sweep time variation must be inversely pro 
portional to the square of the resolution bandwidth. If a 
filter with a poor shape factor has to have one-third the 
3-dB bandwidth of a better filter to resolve the desired 
signal, the sweep time will be nine times longer. 

The speed advantage of FFT spectrum analysis over 
swept filter analysis is even more apparent in the close-in 
spur case. The FFT windows typically used have shape 
factors of 2.6:1 , which is much better than the typical swept 
resolution bandwidth filter specification, which ranges 
from 11:1 to 15:1. Thus, with both the basic FFT speed 
improvement and the speed improvement from the im 
proved shape factor, an FFT analyzer can be many hundreds 
of times faster than a traditional wide-shape-factor analog 
swept analyzer for small, close-in signals. 

FFT analyzers have been used in down-converted sys 
tems to gain the advantages of FFT measurements at higher 
frequencies. An example is the HP 3048A phase noise mea 
surement system, which uses a dynamic signal analyzer to 
measure phase noise rapidly at offsets up to 100 kHz for 
carrier frequencies up to 18 GHz. 

The narrowband zoom measurement mode of the HP 3588A 
uses FFT analysis to provide quick measurements for fre 
quency spans up to 40 kHz. The center frequency can be 
anywhere in the instrument's frequency range. The instru 

ment updates the 40-kHz span more than seven times per 
second, and provides frequency resolution better than 
400 Hz. Many measurements that were not really possible 
before are now fairly easy. 

For instance, it  is possible to watch modulation 
sidebands move as the modulation frequency changes. Dur 
ing development of the HP 3588A, this capability was used 
to improve the 80-MHz crystal reference oscillator. One 
HP 3588A was vibrated on a shaker table that was being 
driven by a swept frequency ramp, and a second HP 3588A 
analyzed the output of the first. The real-time presentation 
of the vibration-induced oscillator sidebands allowed diag 
nosis of the chassis and printed circuit vibration modes 
and subsequent suppression of those modes. Previously, 
it was difficult to see the modulation sidebands move as 
the table stimulus changed. 

Improved FFT Dynamic Range 
Users of traditional swept analyzers often reduce the 

resolution bandwidth to lower the noise floor to analyze 
smaller signals. The noise sources in the input circuits of 
the instrument are typically the limiting factor in low-level 
signal detectability. If the resolution bandwidth can be low 
ered enough, thereby lowering the noise bandwidth, signals 
can be inspected that are over 100 dB below the input 
range of the instrument. The user trades off slower measure 
ments for more dynamic range. A 32-bit FFT is used in the 
HP 3588A to allow this same trade-off. Reuse of the proces 
sor board from a previous design meant the reuse of the 
16-bit math coprocessor (a Texas Instruments TMS320C25), 
and the reuse of much of its firmware. Firmware was avail 
able to do all the fundamental math operations. A well- 
characterized 16-bit FFT was also available. This certainly 
meant faster development, but the 16-bit FFT did not have 
enough dynamic range to reduce the noise floor adequately. 
Because of headroom and windowing, the 16-bit FFT was 
good to about 90 dB of dynamic range. A 32-bit word-length 
FFT was written specifically for the HP 3588A. This FFT 
provides spans of less than 100 Hz, at which the instru 
ment's displayed noise floor is 120 dB or more below the 
input range. This allows the simultaneous analysis of a 
carrier at or below the range and a spur a few hertz from 
the carrier frequency at 120 dB below the range. 

The computation of a 32-bit FFT is considerably slower 
than a 16-bit FFT. However, the dynamic range obtained 
with the longer-word-length FFT is deemed worth the 
resulting decrease in speed. The speed of FFT measure 
ments with narrow spans is dominated by the time required 
to acquire the time record. Wide-span FFT measurements 
run at over seven updates per second. 

Sweep Dynamics and Correct ions 
The resolution filters in the HP 3588A's final IF section 

can be swept at rates four times faster than traditional, 
synchronously tuned filters of the same resolution band 
width. The HP 3588A automatically corrects amplitude and 
frequency errors resulting from these fast sweep rates. This 
technique allows the HP 3588A to make swept measurements 
much faster than previous swept spectrum analyzers. 

The goal of the resolution filter is to select a narrow band 
of frequencies and reject all others. The energy in the 
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selected band is detected and passed to the main processor 
for subsequent display. The resolution filter is defined by 
its resolution bandwidth, which is its 3-dB bandwidth. 
When the analyzer is tuned to a signal, a heterodyned ver 
sion of the signal is inside the resolution bandwidth and 
is detected. When the analyzer is tuned away from the 
signal, the heterodyned version falls outside the resolution 
bandwidth and should not be detected. However, the sig 
nals are actually moving in frequency as the local oscillator 
is swept. Therefore, the filter must respond quickly and 
accurately to transient signals. The filter should respond 
with an accuracy of 0.1 dB to all these swept signals, with 
no ringing or overshoot. The traditional approach to reso 
lution filter implementation is to approximate a Gaussian 
frequency response using a synchronously tuned filter, 
which is a cascade of several identically tuned filter stages. 

The result of sweeping traditional filters much faster 
than the traditional maximum rate (one half the square of 
the resolution bandwidth) is to distort the spectrum display 
in several ways (see Fig. 5). Two first-order distortions are 
expected since they appear when the theoretical Gaussian 
filter is analyzed. One first-order distortion is a monotonic 
decrease in response amplitude as the sweep rate is 
increased. The amplitude error rises dramatically and 
unacceptably for sweep rates faster than the traditional 
maximum sweep rate. However, the amplitude error is min 
imal for slower sweep rates. Another first-order distortion 
is a displayed frequency shift to the right. The perceived 
frequency shift is equal to the group delay of the IF filters 
times the sweep rate. Therefore, if the analyzer is swept 
four times as fast, the displayed signals shift four times as 
much. 

Sweeping traditional filters too fast also has some 
second-order distortion effects (see Fig. 5). For example, 
the amplitude response becomes very asymmetrical about 
the peak of the response. Both edges may also exhibit 
notches and ringing rather than a smooth transition 
between the noise floor and the signal peak. These distor 
tions are unacceptable because they may conceal spectral 
features of interest to the spectrum analyzer user, such as 
spurs or modulation on the large signal. The combination 
of all these spectral distortions has limited analyzers with 
traditional filters to the maximum sweep rate limit of one 
half the square of the resolution bandwidth. 

Analysis of the response of an ideal Gaussian filter to 
swept-frequency input signals shows only the amplitude 
decrease and the frequency shift. Both of those distortions 
in the response are perfectly predictable. However, the 
analysis of the ideal Gaussian filter shows none of the 
second-order effects apparent in traditional implementa 
tions. Thus the accuracy of the traditional filter approxima 
tion is inadequate for faster than traditional sweep rates. 
However, there are advantages to sweeping faster than the 
traditional sweep rates. 

It can be shown by analysis of the ideal Gaussian filter 
that for a fixed sweep rate, a range of resolution bandwidths 
narrower than that traditionally chosen for that sweep rate 
actually provides better frequency resolution. For a given 
sweep rate, there is a bandwidth that gives the finest reso 
lution. This bandwidth is commonly known as the 
optimum resolution bandwidth.5 For a fixed sweep rate, 

the signal-to-noise ratio is maximized when the resolution 
bandwidth is set to its optimum value. This signal-to-noise 
ratio is almost 2 dB better than at the traditional bandwidth 
for that sweep rate.5 

The HP 3588A uses a digital, linear-phase, resolution 
bandwidth filter in its final IF section. Just as in traditional 
implementations, the amplitude response decreases and 
the detected trace shifts right as the sweep rate increases. 
However, the HP 3588A is able to correct these first-order 
distortions completely (see Fig. 6). The decrease in 
response amplitude is purely a function of the sweep rate 
and the filter bandwidth. The amplitude decrease is cor 
rected by predicting the loss and applying a compensating 
gain. Unfortunately, the resolution bandwidth filters in the 
HP 3588A are not ideal Gaussian filters. In fact, their 
response is not close enough to allow use of theoretical 
Gaussian response calculations for correction values. 
Instead, the software holds a two-dimensional table of 
calibrated amplitude loss, indexed by sweep rate and reso 
lution bandwidth. The expected decrease is interpolated 
from the table for each measurement setup and inserted 
into the composite correction trace for the measurement. 

The right shift in the detected data is also predicted and 
corrected. Since both the group delay in the IF path and 
the sweep rate are known, the amount of frequency shift 
is easily calculated. This shift is corrected by shifting the 
detected data left by an equal amount. 

Spectrum analyzers using traditional filters could con 
ceivably correct the first-order distortions much as the HP 
3588A does. Many users already do so to some extent. For 
instance, sophisticated users are aware of the frequency 
shift and mentally correct that themselves. There seems to 
be no way, however, to correct the asymmetry between the 
rising and falling edges and the ringing in the edges of the 
response. If those distortions are still present, there is noth 
ing to be gained by correcting the first-order effects. 

The resolution filters in the HP 3588A digital IF do not 
have the second-order distortions apparent in the tradi- 
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Fig .  5 .  Resu l ts  o f  sweeping a  convent iona l  reso lu t ion  band 
width fi l ter four t imes faster than the traditional maximum rate. 
Note the asymmetry  and r ipp les in  the overswept  response,  
espec ia l l y  i n  the  fa l l i ng  edge .  The  inpu t  i s  a  -20 -dBm,  10 -  
MHz signal.  
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Fig .  6 .  Cor rec ted responses o f  the  HP 3588A's  d ig i ta l  reso 
lu t ion bandwidth f i l ter  swept  four  t imes faster  than the t rad i  
t i ona l  max imum ra te .  No te  the  symmet ry  o f  t he  r i s i ng  and  
fal l ing edges of the overswept response. The effects of over- 
s w e e p i n g  a r e  p r e d i c t e d  a n d  c o r r e c t e d .  T h e  i n p u t  i s  a  
-20 -dbm,  10 -MHz  s igna l .  

tional implementations. Since they are FIR filters with per 
fectly linear phase, the falling edge of the response is just 
a mirror image of the rising edge of the response. Especially 
important is that the edges of the response are smooth, 
with no ringing (see Fig. 6). 

Firmware Implementat ion 
The firmware controlling the HP 3588A spectrum 

analyzer supports a rich set of features for the setup and 
control of spectrum analysis measurements. In addition, it 
offers a range of higher-level capabilities, including: 
â€¢ Optional HP Instrument BASIC 
â€¢ HP-IB controller capability 
â€¢ Programmable limit testing 
â€¢ Online help 
â€¢ Programmable "user math" postprocessing operations 
â€¢ HP Test and Measurement Systems Language (TMSL) 

compatibility 
â€¢ Internal file system for storage of traces, states, and pro 

grams 
â€¢ Optional internal disk drive. 

Some of these features have never before been available 
in a swept spectrum analyzer. 

*The for Standard and Measurement Systems Language (TMSL) is the basis for the new Standard 
Commands for  Programmable Inst ruments (SCPI)  s tandard.  

User Interface Compiler 

The user interface compiler (uic) is a tool designed to increase 
the product iv i ty of software engineers and to aid in the documen 
ta t i on  o f  t he  use r  i n te r face  fo r  t he  peop le  who  use ,  tes t ,  and  
implement  i t .  On the HP3588A project ,  th is  tool  helped to make 
the user  in ter face more cons is tent .  I t  a lso  great ly  reduced the 
t ime  needed  to  make  mod i f i ca t i ons  and  s ign i f i can t l y  reduced  
errors in documentat ion. 

The uic software tool reads an input fi le containing a description 
of the user interface and generates several output f i les. The input 
f i le  conta ins a sequence of  keywords fo l lowed by re levant  in for  
mation in a fair ly f lexible format. The dif ferent keywords indicate 
d e f i n i t i o n s  f o r  s o f t k e y s ,  m e n u s ,  a n d  H P - I B  c o m m a n d s  a n d  
parameters.  There are a lso f ie lds for  a key 's  funct ional  descr ip  
t ion,  the name of  the engineer  responsib le for  that  descr ip t ion,  
the he lp  tex t  assoc ia ted wi th  the key,  and the HP- IB command 
associated wi th the key.  

The output f i les include the fol lowing informat ion: 
C data s t ructures that  are downloaded in to the analyzer  
The HP-IB language tree (hpibtree) 
The softkey menu tree (keytree) 
A list of all HP-IB commands for automated testing (hpibieaves) 
Help text  that  is  downloaded into the analyzer  
Customer reference manuals for  both the f ront  panel  and the 
HP-IB 

â€¢ Internal technical references for both the front panel and the 
HP-IB. 
The various descriptive paragraphs in the input f i le are targeted 

to  a  pa r t i cu la r  ou tpu t  f i l e  o r  f i l es  th rough  the  use  o f  d i f f e ren t  
keywords. I t  is also possible to include the help text descript ions 
in  one or  more of  the generated documents.  

The  mos t  no tab le  ou tpu t  f i l e  con ta ins  the  C da ta  s t ruc tu res  
that represent the ent i re user interface. The contents of  th is f i le 
represent  the menu st ructure,  parameter  in format ion,  conf igura 
t ion data, and HP-IB language for the analyzer. These data struc 

tures are used by a state machine cal led the f ront-panel  kernel ,  
which realizes the front-panel interface for the analyzer. An HP-IB 
parser  imp lements  the  bus  con t ro l  fo r  the  ana lyzer ,  us ing  the  
u ic -genera ted  da ta  s t ruc ture  f i le .  These f i les  can be  compi led  
and  l i nked  toge the r  w i t h  t he  res t  o f  t he  ana l yze r  f i rmware  t o  
create the analyzer  executable code.  

Several documentation f i les can be generated by the uic. Some 
o f  these  f i l es  con ta in  de ta i led  desc r ip t ions  o f  the  commands :  
others contain summary information. The hpibtree and keytree files 
are examples of summary f i les.  Hpibtree shows the ent i re HP-IB 
language understood by the analyzer in a form that portrays the 
h ie ra rch ica l  na tu re  o f  the  HP Tes t  and  Measurement  Sys tems 
Language. Keytree shows all softkey menus and their relationships 
t o  each  o the r  as  we l l  as  t he  equ i va len t  HP- IB  commands  f o r  
each softkey. 

Other  documentat ion f i les conta in more deta i led in format ion.  
The f ront-panel  external  reference speci f icat ion (ERS) contains 
a descr ipt ion of  each softkey and descr ibes the parameters,  the 
responsible engineer,  and how the softkey interfaces to the rest  
o f  the analyzer .  Trad i t iona l ly ,  a  s imi lar  document  has been the 
only technical  of  the user  in ter face avai lable unt i l  the technical  
w r i t e r s  f i n i sh  t he  cus tomer  re fe rence  manua ls .  Ano the r  docu  
ment ,  o f  HP- IB  ERS,  descr ibes  s imi la r  in fo rmat ion  fo r  each o f  
the  HP- IB  commands .  These  two  f i l es  a re  cons idered  in te rna l  
i n f o r m a t i o n  a n d  a r e  i n t e n d e d  t o  b e  u s e d  b y  s o f t w a r e  a n d  
hardware engineers,  test  engineers,  technical  wr i ters,  and man 
agers. 

The uic also generates f i les that can be used as prototypes for 
f ront-panel  and HP-IB customer reference manuals.  These f i les 
conta in ref ined descr ip t ions of  funct ional i ty  and omi t  implemen 
tation details. 

The hpibieaves uic output f i le has proved to be very valuable in 
test ing the analyzer. This f i le includes only the HP-IB commands 
that  have execut ion rout ines assoc ia ted wi th  them.  L is ted wi th  
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each command are the required and opt ional  parameters,  includ 
ing  the  range o f  accepted va lues  fo r  each numer ic  parameter .  
Tests have been wr i t ten that  parse th is f i le and send commands 
in ei ther a random fashion or sequential ly to veri fy that al l  of the 
analyzer 's  HP-IB commands funct ion proper ly .  

In addit ion to these output f i les,  the uic provides an extensive 
set of diagnost ic warnings and errors. These provide information 
about  prob lems and potent ia l  p rob lems wi th  the  user  in ter face 
descript ion. 

The key to  the user  in ter face compi ler 's  benef i t  i s  that  i t  p ro  
v ides a  s ing le  po in t  o f  cont ro l  fo r  the user  in ter face def in i t ion.  
The  u i c ' s  i npu t  f i l e  con ta ins  a l l  o f  t he  in fo rmat ion  requ i red  to  
genera te  the  documents  descr ibed above automat ica l ly .  Thus,  
c h a n g e s  m a d e  i n  k e y  l a b e l s ,  a c t i o n s ,  o r  d e f i n i t i o n s  d u r i n g  
f i rmware  deve lopmen t  a re  immed ia te l y  re f l ec ted  i n  t he  f ron t -  
panel  and HP-IB user inter faces,  in a l l  vers ions of  the documen 
ta t i on ,  and  in  the  au tomated  tes t  documents .  Hav ing  a  s ing le  
point  of  contro l ,  coupled wi th automat ic generat ion of  important  
f i l es ,  means tha t  the  user  in te r face  and i t s  documenta t ion  a re  
more up- to-date  and re l iab le  th roughout  the  product 's  deve lop 
ment cycle. This translates into a considerable productivity gain. 

As  an  examp le  o f  t h i s  p roduc t i v i t y  ga in ,  cons ide r  mak ing  a  
s imple change to  an analyzer 's  user  in ter face def in i t ion dur ing 
development,  such as adding or delet ing a softkey. Making such 
a change on our previous generat ion of analyzers would typical ly 
take two to three person-days to complete.  The change process 
involved edit ing several f i les that variously contained information 
about  he lp  key 's  operat ion,  i ts  assoc ia ted documentat ion,  he lp  
tex t ,  and au tomated tes t  f i l es .  Us ing  the  u ic ,  a  s im i la r  change 
takes on ly  15 to  20 minutes because a l l  o f  the assoc ia ted f i les  
are generated from the single uic input f i le. Given that our recent- 
genera t ion  ana lyzers  have  typ ica l l y  con ta ined  many hundreds  
o f  key  and  HP- IB  mnemon ic  de f in i t i ons ,  the  po ten t ia l  fo r  t ime  
savings is great.  

Another problem wi th mainta in ing the user in ter faces of  previ  
ous analyzers  throughout  the i r  development  phase was that  a l l  

changes required the at tent ion of  sof tware engineers.  This was 
because the major i ty  of  the in format ion was bur ied in  C source 
f i les.  The uic al lows a nonprogrammer to maintain the user inter 
f ace .  On  one  cu r ren t  p ro jec t  a t  t he  Lake  S tevens  Ins t rumen t  
Division (LSID), a technical writer and a software engineer share 
the responsibi l i ty of maintaining the uic 's input f i le.  Also, the uic 
makes it possible for marketing engineers or project managersâ€” 
who are ch ie f ly  respons ib le  for  the analyzer 's  funct iona l  def in i  
t ionâ€”to maintain the input f i le and hence the user interface. 

Us ing the u ic ,  an analyzer 's  ent i re  user  in ter face can be pro 
totyped very quickly.  The prototype of  the user inter face can be 
provided even before analyzer hardware is  avai lable.  One LSID 
p r o j e c t  h a s  m a d e  a n  X  W i n d o w  S y s t e m  h o s t  v e r s i o n  o f  t h e  
ana lyzer  f ron t  pane l ,  wh ich  a l lows  a  la rge  por t ion  o f  ana lyzer  
c o d e  t o  b e  d e v e l o p e d  o n  t h e  h o s t  w i t h o u t  h a v i n g  t o  u s e  t h e  
target  hardware.  Because the u ic  assumes a  gener ic  in ter face 
to  the  ana lyzer  s ta te  con t ro l  code,  i t  i s  no t  necessary  fo r  tha t  
code to be aware of  the menu structure,  except where there are 
variant menus that depend upon the current state of the analyzer. 

Often the user inter face data structures developed dur ing the 
p ro to typ ing  phase  o f  a  p ro jec t  have  to  be  reworked  and  ma in  
ta ined constant ly  dur ing the pro jec t 's  deve lopment  cyc le .  Wi th  
the uic, this effort is reduced to maintaining the uic's input f i le. All 
o f  the key user  in ter face data st ructures are then automat ica l ly  
generated. 

The user interface compiler was developed and evolved during 
the development  o f  the HP 3588A.  Dur ing that  t ime,  i t  matured 
into a tool  whose output  was re l ied upon by a d iverse spectrum 
of project personnel.  I t  saved hundreds of hours of  development 
t i m e  o n  t h e  H P  3 5 8 8 A  p r o j e c t  a n d  h e l p e d  t o  c r e a t e  a  m o r e  
rel iable and consistent product. Today it  is being reused on many 
projects at  several  Hewlett-Packard div is ions. 

Bryan  P .  Mur ray  
Development  Engineer  

Lake Stevens Instrument Divis ion 

Implementing these features was not the only challenge 
to the design team. Another requirement was to reuse the 
main processor board, front panel, and display from an 
earlier low-frequency FFT-based analyzer. The processor 
board contains a dedicated TMS320C25 math coprocessor. 
This coprocessor, along with synthesized sweeping capa: 
bility and a fully digital final IF stage, makes it possible 
for the HP 3588A to integrate traditional, broadband, high- 
frequency swept spectrum analysis with the excellent 
speed and resolution of FFT-based analysis. The math co 
processor also enabled us to include limit testing and exten 
sive user math capability. 

The reuse of the CPU board brought its own challenges, 
however. The board was basically designed to support the 
block-mode data processing that is characteristic of an FFT- 
based analyzer. The HP 3588A presents a serial data stream 
to the CPU board. It was therefore a challenge to use the 
available hardware to present sweeping data on the display. 

In addition, the firmware system designed for the earlier, 
FFT-based analyzer could not meet the performance 
requirements of the HP 3588A. With the exception of some 
leveraged hardware drivers, the team essentially had to 
start the firmware development from scratch. As usual, 
this was all undertaken in the face of very rigid time-to- 
market constraints. 

The code was written primarily in C on HP 9000 Series 

300 workstations interconnected over a LAN. Each 
engineer had a prototype analyzer which was used for 
software development and testing. The target system 
(analyzer hardware) consisted of an MC68000 CPU, the 
TMS320C25 math coprocessor, and auxiliary processors 
used in controlling the front-panel keyboard, HP-IB, CRT 
display, DMA, internal disk drive, and interfaces to the 
various analyzer hardware boards. During development, 
the designers were able to download executable code from 
their workstations into the target system. Execution of the 
code in the analyzer was controllable through a source- 
level debugger running on the workstation. The final 
firmware system consists of approximately 107 thousand 
lines of source code, occupying approximately 1.2 mega 
bytes of ROM. 

One of the first key decisions was to use pSOS as the 
kernel of our real-time, multitasking operating system. 
Most previous analyzer projects from our lab had invented 
their own operating system kernels. pSOS provides a small, 
reliable, and efficient real-time kernel. By picking an off- 
the-shelf product, we avoided most of the development, 
debugging, and quality assurance time we would have 
faced had we developed a new operating system kernel. 

We also accelerated the project by adopting an existing 
SCPI-compatible HP-IB parser from Hewlett-Packard's 
'  pSOS is  a  t rademark of  Sof tware Components Group,  Inc.  
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Measurement Systems Operation. The HP 3588A has over 
300 softkeys and recognizes over 200 HP-IB commands. 
To ease the coding burden of such a large system, one of 
the designers developed an automatic code generator that 
produced all of the necessary data structures and much of 
the documentation for the entire user interface. 

High-level analyzer operation was broken out into five 
primary processes: user interface, measurement manager, 
measurement sequencer, display manager, and Instrument 
BASIC. Other processes were allocated for such purposes 
as parsing HP-IB input, trace plotting, and other system 
utility functions. Each designer was assigned responsibility 
for one of the primary processes and certain auxiliary tasks. 
Then, interprocess communication requirements were 
determined. 

At this point, the design team had established a simple, 
modular design with clear requirements and division of 
responsibility. These factors contributed greatly to rapid 
development time by allowing work to proceed at different 
rates in each of the various project areas. During the course 
of firmware development, it was unusual for any designer 
to be held up waiting for another to complete some task. 

Firmware Architecture 
Fig. 7 shows a conceptual block diagram of the firmware 

organization. In the figure, the rectangular blocks represent 
pSOS processes, the oval blocks are major modules that do 
not run in a unique process, and the shaded blocks are major 
data stores. Interprocess communication takes place via 
pSOS message passing and process signaling mechanisms. 

When the analyzer is not processing inputs from the front 
panel, HP-IB, or Instrument BASIC, only two of the system's 
processes are generally active: the measurement sequencer 
and the display manager. This condition may be thought 
of as the steady state. In this mode, interprocess communi 
cation and swapping are minimized. This helps system 
performance and keeps the firmware operation relatively 
simple. 

During steady-state operation, the measurement sequencer 
manipulates hardware and oversees the data acquisition 
required during each measurement loop. It passes newly 
acquired data to the math manager module, which executes 
physical coprocessing within the TMS320C25 chip. The 
measurement sequencer process is then free to continue 
acquiring new data while the postprocessing and display 
of previous data are underway. Math operations include 
calibrated data correction, display scaling, user math oper 
ations, and limit checking. When the math coprocessor has 
completed its operations, it interrupts the CPU to awaken 
the display manager process, which then routes the pro 
cessed data to the display. 

When a front-panel key is pressed, or when HP-IB com 
mands arrive from the external bus or from an Instrument 
BASIC program, the firmware goes into a dynamic change 
management mode. These inputs are first detected in inter 
rupt service routines. These, in turn, activate the user inter 
face process, which preempts the measurement sequencer 
and display manager processes. The key codes or HP-IB 
commands are then directed through the instrument state 
module. 

The instrument state module performs parameter cou 

pling and qualification before entering new values into the 
analyzer's master state data structure. After the master state 
is updated, the instrument state module informs the mea 
surement manager and the display manager processes that 
a certain type of state change must occur. This interprocess 
communication occurs via messaging over a pSOS exchange. 
If the changes require updating the data scaling or calibra 
tion constants, then the math manager module is also 
informed. Once all the specific change command messages 
are sent, the user interface process terminates, allowing 
the measurement and display manager processes to become 
active. These processes effect the desired changes. When 
the hardware setup and display scaling and format are 
consistent with the master analyzer state, the measurement 
manager process becomes inactive, awaiting further change 
command inputs from the instrument state module. 

The measurement sequencer process then reactivates, 
resuming data acquisition. The display manager process 
converts from a dynamic change management operating 
mode to a relatively quiescent mode of drawing trace data 
and annotation on the display. At this point, the analyzer 
has resumed its steady-state operating mode. 

Firmware Qual i ty  Assurance and Reuse 
Several factors considerably increased the effectiveness 

of our quality assurance effort on the firmware. First, we 
kept our design solution proportional to the size of the 
problem. This resulted in a reasonably simple, robust 
firmware system that was well-understood by the entire 
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Fig .  7 .  HP 3588A f i rmware  b lock  d iagram.  
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team. 
Second, we implemented a very extensive automated 

testing system. One of the outputs of our user interface 
compiler (see "User Interface Compiler," page 57) was a list 
of every HP-IB mnemonic that the analyzer can recognize. 
This output file was used as a data base for a generalized 
computer-controlled random codes test, which attempted 
to cause the analyzer's firmware to fail. In past projects, 
the random codes test required months to design and hours 
per week to maintain. Our system was thorough, always 
up-to-date, and required virtually no maintenance. 

Third, the HP 3588A's internal Instrument BASIC capa 
bility provided a very convenient way for the designers to 
develop test programs. These programs were kept on stan 
dard SVi-inch diskettes, which were easily moved between 
prototype analyzers. These programs served both as regres 
sion tests and as debugging and verification aids. 

The firmware system developed for the HP 3 5 88 A has 
already been extensively reused on three projects at the 
Lake Stevens Instrument Division and one project at the 
Network Measurements Division. The HP -IB controller 
code has been reused by five local projects and by the 
Colorado Springs Division, the Spokane Division, and the 
Yokogawa-Hewlett-Packard Instruments Operation (YIO). 
The user interface compiler is in reuse on virtually all local 
projects and at YIO. 
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dur ing business t r ips to Japan.  

35 â€” HP 48SX I /O System : 

Steven L.  Harper 
Steve  Harper  was  respon  
s ib le for  the design of  the 
memory cards,  d isp lay,  
and I /O ci rcui t ry for  the 
HP 48SX sc ient i f i c  ca l  
culator. He has also worked 
on the HP 9551 D inst ru 
ment cal ibrat ion system, 
the HP 01 calculator/watch, 
and the HP- IL system and 

dev ices .  S teve jo ined HP's  Automat ic  Measure  
ment Division in 1 972, shortly after graduating from 
Brigham Young University with BS and MSEE de 
grees. The coauthor of a book on the HP-IL system, 
Steve is named as an inventor in an HP-IL protocol 
patent .  Born  in  Medford ,  Oregon,  he l i ves  in  Cor  
val l is ,  is  marr ied,  has f ive chi ldren,  and enjoys 
amateur radio, windsurf ing, and singing Â¡n the 
church choir .  

Robert  S.  Worsiey 
Responsible for I/O printing 
and f i rmware for  the 
HP 48SX calculator ,  Bob 
Wors iey  jo ined HP's  Cor  
val l is Division in 1977. He 
a lso  he lped  deve lop  f i rm 
ware for  the HP 41 and 
HP 42S calculators.  He 
received a BSEE degree Â¡n 
1977 from San Jose State 

University and an MSEE degree in 1 982 from Ore 
gon State Univers i ty .  A res ident  o f  Corva l l is ,  Ore 
gon,  Bob enjoys h ik ing and cross-country  sk i ing.  

4 0  ~  H P  4 8 S X  M a n u f a c t u r i n g  ;  

Richard W. Riper  
M a c h i n e  d e s i g n  a n d  c o m  
puter-contro l led assembly 
machines are the major  
professional interests of 
R ick  R iper ,  a  manufac tu r  
ing engineer who jo ined 
HP's Corval l is Division in 
1982.  He graduated f rom 
Oregon State Universi ty 

I that year with a BS degree 
in  mechanica l  engineer ing.  Rick coord inated the 
manufactur ing engineer ing and f ina l  assembly of  
the HP 48SX calcu lators.  He a lso has worked on 
the HP 1 0 Series and HP 1 8C/28C families of cal 
culators. A registered professional engineer Â¡n Ore 
gon,  he was born in Chester ,  Pennsylvania,  l ives 
in Corvallis, Oregon, is married, and is active as a 
Cub Scout den leader. He enjoys woodworking and 
photography.  
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44 ~  HP 3588  A Spectrum Analyzer  ' .  

Eric J.  Wicklund 
.Vicklund was the 

hardware pro jec t  manager  
for the HP 3588A spectrum 
analyzer .  He a lso helped 
develop the vol tmeter  for  
the HP 3497A data acquis i  
tion and control unit, the HP 

I  3326A two-channel  synthe 
sizer,  and the HP 3561 A 
and  HP 3562A dynamic  

signal analyzers. He is named an inventor on a pat 
ent  pending on IF ca l ibrat ion for  the HP 3588A 
spect rum analyzer .  Er ic  rece ived a BSEE degree 
in 1 977 from the University of Washington, and then 
joined HP's Lake Stevens Instrument Division that 
same year. He serves as a member of the Seattle 
Paci f ic  Universi ty Electr ical  Engineer ing Advisory 
Counci l .  Born in Seatt le,  he l ives in Snohomish, 
Washington,  is  marr ied,  and has three chi ldren.  
He enjoys amateur  rad io ,  woodwork ing,  and 
astronomy. 

Joseph F.  Tarant ino 
R&D eng inee r  Joe  Ta ran  
t ino  con t r ibu ted  to  the  de  
sign of the input and IF cir 
cui ts  and port ions of  the 
local osci l lator for the 
HP  3588A  spec t rum ana  
lyzer.  He also is a co- 
developer of the local osci l  
lator and reference circuitry 

f  H  " "  f o r  t h e  H P  3 5 7 7 A  n e t w o r k  
analyzer .  Joe earned a BSEE degree (1979)  and 
an MSEE degree (1981) from Purdue Universi ty,  
and joined HP's Lake Stevens Instrument Division 
in  1981.  He is  named an inventor  on two patents  
pending for IF calibration for the HP 3588A spec 
t rum analyzer  and the gated sweep capabi l i ty  in  
the  HP 3585B spec t rum ana lyzer .  Born  in  Mi l  
waukee, Wisconsin, he l ives in Seatt le,  
Washington.  He enjoys h ik ing,  b icyc l ing,  soccer ,  
and archaeology.  

James H.  Cauthorn 
J im Cauthorn  p ined HP's  
Lake Stevens Instrument 
D'vision as a customer sup- 
port  engineer af ter he re- 
ce 'ved n is  BSEE degree 
from the Universi ty of 
Arizona in 1984. After mov- 
ing to the R&D lab in 1986, 
he began deve lop ing 
firmware systems for signal 

analyzer  products,  inc lud ing the HP 3588A.  His  
professional  interests inc lude analog and dig i ta l  
signal processing, communications, and real-t ime 
f i rmware system design.  Before jo in ing HP,  he 
worked as a co-op student on read-channel elec 
tronics for an IBM magnetic tape data storage di 
vision. Born in New Orleans and raised in Arizona, 
he lives in Everett, Washington. Jim enjoys leisure 
t ime wi th h is  two sons,  dancing,  gui tar  music,  
movies,  books,  and hik ing.  

Kirsten C. Carlson 
Product ion engineer  
Kirsten Car lson performed 
automated test ing of  the 
HP 3388A spect rum 
analyzer  She jo ined HP's  
Lake Stevens Instrument 
Division in 1 982, a month 
af ter  she received a BSEE 
degree in  1981 f rom the 
Universi ty of Washington. 

S ince  then  she  has  worked in  hardware  and so f t  
ware deve lopment ,  p roduct  invest igat ions,  so f t  
ware qual i ty ,  and product ion engineer ing for  
numerous HP products. As a production engineer, 
she was responsib le for  HP 3325A/B synthesizer /  
function generators, HP 3335A and HP 3336A/B/C 
synthesizer/ level generators,  and the HP 331 2A 
func t ion  genera tor .  Born  in  Vancouver ,  Wash ing  
ton, Kirsten lives in Snohomish and has two sons, 
one o f  whom she adopted f rom an orphanage in  
Cimpulung,  Romania.  She enjoys her  vacat ion 
home at  the beach,  reading,  walk ing,  b ik ing,  and 
church act iv i t ies. 

Jay M.  Wardle  
Digi ta l  and analog s ignal  
p rocess ing  a re  the  p ro fes  
sional interests of Jay War- 
die, a design engineer who 
jo ined HP's Lake Stevens 
Instrument Division in 1984. 
He designed the digital IF, 
coded math  coprocessor ,  
and diagnostic software for 
the  HP 3588A spect rum 

analyzer .  Before that ,  he des igned coprocessor  
and d iagnost ic  sof tware for  the HP 35660A 
dynamic s ignal  analyzer .  Before jo in ing HP,  Jay 
per fo rmed hardware  des ign  fo r  John  F luke  Man 
u fac tu r ing  Company  and  Advanced  Techno logy  
Labs.  He earned a BSEE degree in  1978 f rom 
Washington State University and an MSEE degree 
in 1980 from the University ofWashington. Raised 
in Yakima, Washington, Jay lives in Seattle, is mar 
r ied ,  and has two daughters .  He spends most  o f  
h is  le isure t ime wi th h is  young chi ldren,  and also 
enjoys h ik ing,  c l imbing,  and spelunking.  

Timothy L.  Hi l lstrom 
After pining HP's Lake Ste 
vens Instrument Division in 
1982,  T im Hi l l s t rom de 
s igned and developed f re  
quency reference,  cal i -  
Drator,  and tr igger circuits 
for the HP 3588A spectrum 
analyzer.  His major profes 
sional interests include os 
c i l lators,  f requency synthe 

sizers, and phase noise. He is named an inventor 
on  one patent  and on another  patent  pend ing on 
spectrum analyzer measurement features and cir  
cuits. Tim also is the author of magazine and con 
ference articles on oscil lator theory and design. He 
earned a BSEE degree in 1 982 at the University of 
Portland and an MSEE degree in 1 986 in analog/RF 
design from the University of Washington. Tim and 
his wi fe recent ly  returned f rom a successful  n ine-  

week journey to Romania, bringing back two chi l  
d ren  adopted  f rom orphanages  in  Arad  and  
Timisoara. A tennis fanatic who was bom in Holly 
wood . California, Tim lives with his family in Everett, 
Washington. 

Roy L.  Mason 
The receiver IF f i l ter, 
source,  and receiver  input  
Â¡mage f i Iter of the HP 3588A 
spectrum analyzer  were 
deve loped by  Roy Mason.  
A 1 984 graduate of the Uni 
vers i ty  o f  Nebraska a t  L in  
coln wi th a BSEE degree,  
he  jo ined  HP 's  Lake  S te  
vens Instrument Divis ion 

that same year. He is now working toward an MSEE 
degree.  Roy was in  the U.S.  A i r  Force f rom 1976 
to  1980 and a  member  o f  the A i r  Nat iona l  Guard 
from 1 980 to 1 984. Born in Omaha, Nebraska, he 
lives in Lake Stevens, Washington, is married, has 
two ch i ld ren,  and en joys woodwork ing and 
machine metalworking (the latter as a result of his 
work with high-frequency f i l ters).  

6 5  = H P  G l a n c e P l u s  ' .  

Rex Backman 
Rex Backman is a software 
eng ineer  in  the  per fo r  
mance techno logy  center  
at HP's Application S-jpport 
Division. He worked on the 
development  o f  the HP 
GlancePlus/XL d iagnost ic  
performance tool .  In the 
past ,  Rex worked on MPE 
XL opera t ing  sys tem tes t  

ing  and the deve lopment  o f  o ther  per formance 
products  such as GlancePlus/V and CAPLAN/XL.  
Rex joined HP in 1 982, shortly after receiving a BS 
degree in  computer  sc ience f rom Cal i forn ia  State 
University at Chico. He authored an article on per 
formance management for Interact magazine, and 
severa l  conference papers presented at  In terex.  
His professional  interests include user inter faces 
and ease-of-use features.  Born in  Redwood Ci ty ,  
Cal i fornia,  Rex l ives in Ci t rus Heights and enjoys 
ski ing, t ravel,  and southwestern art .  

71  ~  P roduc t  Deve lopment  P rocess  :  

Douglas Daetz 
Qual i ty  management  
methods and the social  im 
plications of technology are 
the professional interests of 
Doug Daetz, who joined HP 
Laborator ies in 1985. He 

jp  was an ear ly  par t ic ipant  in  
the "des ign for  manufac-  
turabi l i ty"  and " factory 
model ing"  pro jec ts  in  HP 

Laborator ies'  manufactur ing research center.  Now 
a qua l i ty  eng ineer  in  HP's  Corporate  Qual i ty  De 
par tment ,  Doug has been promot ing the use o f  
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quality function deployment (QFD) in product and 
service development. Before joining HP, Doug was 
the d i rector  of  qual i ty  at  Shugart  Corporat ion and 
an assistant professor of industrial engineering at 
Stanford University. He earned a BE degree In 1 962 
in e lectr ical  engineer ing at  Yale Univers i ty,  an 
MSEE degree In 1 963 and a PhD degree in electri 
ca l  eng ineer ing  and computer  sc ience in  1968 
from the University of California at Berkeley. He is 
a member of  the IEEE, the Amer ican Society  for  
Qual i ty  Contro l ,  the Society  of  Manufactur ing En 
gineers, and the American Society for Engineering 
Education. He Is the author of articles on design for 
manufacturabi l l ty  and qual i ty  and qual i ty  funct ion 
deployment, and originator of the mult ivariable dis 
play technique now called the radar chart. Born In 
Prov idence,  Rhode is land,  Doug l i ves  in  Sun 
nyvale, California, is married, has three sons, and 
enjoys s tamp col lect ing,  poetry ,  and l i fe  drawing.  

W i l l i a m  P .  C a r m i c h a e l  
B i l l  Carmichae l 's  p ro fes  
sional interests Include de 
ve lop ing and app ly ing  
robust  s ta t is t ica l  tech 
n iques  to  rea l -wor ld  p rob  
lems.  To accompl ish th is ,  
he earned an AB degree in 
mathemat ics and stat is t ics 
in 1 973, and a PhD degree 

^ i ^ ^ r  K  i n  s t a t i s t i c s  a t  t h e  U n i v e r s i t y  
of  Cal i fornia at  Berkeley In 1980. He jo ined HP's 
Stanford Park Division in 1 982 as a statistician and 
Â¡mplemented a total quality control (TQC) program. 
As a product iv i ty  manager,  he Â¡mplemented con 
t inuous process Improvement techniques Â¡n R&D 
at  HP's Stanford Park Div is ion,  and developed 
break even time (BET) software at HP's Corporate 
Engineering. Before joining HP, he was an assistant 
professor of statistics at the University of Wisconsin 
In Madison. Born in Red Bluf f ,  Cal i fornia,  he l ives 
in San Francisco and enjoys hiking, biking, and re 
stor ing Victor ian-era edif ices. 

Edith Wilson 
As  HP 's  manage r  o f  p rod  
uct definit ion and corporate 
manufacturing Â¡n Europe, 
Edi th Wilson wears three 
hats. She is responsible for 
HP's product def in i t ion pro 
cess,  the wor ldwide bench 
mark ing  o f  p roduc t  de f in i  
t ion, and start ing HP's 
product generation effort Â¡n 

Europe.  Prev ious ly ,  Ed i th  served as  sect ion  man 
ager  fo r  HP product  de f in i t ion  a t  Corpora te  En 
gineering. After joining HP Laboratories in 1 980 as 
a mechanical engineer, she worked on the electron 
beam machine pro jec t ,  des ign ing por t ions o f  the 
wafer-stage mechanism. She then joined the Opto 
e lec t ron ics  Div is ion and deve loped a tape-and-  
reel LED process. As a project manager, she de 
s igned and deve loped HP 's  ASCI I -addressab le  
5 x  7 dot  matr ix  LED disp lay fami ly .  As a sect ion 
manager ,  she  he lped  deve lop  cus tom LED d i s  
plays, printheads, and LED auto brake l ights. Be 
fore joining HP, Edith was a mechanical engineer 

with Telesensory Systems, Inc., working on a hand 
scanner forthe Optacon tacti le imaging reader for 
blind people. She earned a BSE degree Â¡n biomed- 
Â¡cal engineering in 1 977 from Duke University, an 
MS degree Â¡n mechanical engineering Â¡n 1 979 from 
Stanford University, and an Engineer's Degree Â¡n 
mechanical engineering at Stanford University Â¡n 
1 990. The author of articles on data analysis, TQC, 
and product definit ion at HP, Edith's major profes 
s ional  In terests inc lude pro ject  management  and 
design innovation. She is active in community proj 
ects,  Inc luding the opening of  the Si l icon Val ley 
Technology Museum. Born Â¡n New Haven, Connec 
ticut, Edith was recently married, and now lives in 
London,  England.  She is  current ly  remodel ing a 
historically registered house, and she enjoys sports 
and gardening.  

Spencer B.  Graves 
Spencer Graves jo ined 
HP's Santa Clara Division Â¡n 
1982 as a stat ist ic ian. In 
1 984, he transferred to the 
Computer  Suppl ies  Opera 
t ion (now the Direct Market 
ing Divis ion) where he 
served as a statistician and 
qual i ty  serv ices manager 
for  TQC planning,  course 

development,  and training, and developed the pro 
totype for the HP TQC course. Spencer joined HP 
from the University of Wisconsin at Madison, where 
he received a PhD degree (1 983) Â¡n statistics. He 
earned a BS degree (1 967) in aerospace engineer 
ing at the University of Colorado Â¡n Boulder, an MS 
degree (1972) Â¡n industrial engineering at the Uni 
versity of Pittsburgh, and an MA degree (1 975) Â¡n 
mathematics at the University of Missouri in Kansas 
City. Before joining HP, Spencer was an operations 
analyst at the Midwest Research Institute in Kansas 
City, an industrial engineer and office manager Â¡n 
the U.S. Air Force, and a volunteer teacher Â¡n Latin 
America. Spencer Is now a consultant and Is teach 
ing Industr ia l  Systems Engineer ing at  San Jose 
State University. His specialt ies include Improving 
s t ra teg ic  management  and  the  p roduc t  deve lop  
ment process. He Is a member of the American So 
ciety for Qual i ty Control ,  the American Stat ist ical  
Association, the Institute of Management Sciences, 
and the American Economics Associat ion. He has 
pub l ished papers  on  s t ra teg ic  management  and 
the  app l i ca t ion  o f  improvement  concepts  to  na  
tional and International problems. Born in Oberlin, 
Kansas, he lives Â¡n San Jose, California, Is married 
and has a  s tepdaughter .  

7 7 Z T D S E E I  

David Lubkin 
David Lubkin was the proj  
ect leader for DSEE hetero 
geneous conf igurat ion 
management  a t  HP's  
Apollo Systems Division for 
the last three years. Before 
jo in ing Apol lo ,  he worked 
on te raby te  arch iva l  s to r  
age  and  supercompute r  
opera t ing  sys tems  a t  Law 

rence Livermore National Laboratory for five years. 
He received a BA degree (1 978) in linguistics from 
the State University of New York at Stony Brook and 
an MS degree (1982) Â¡n computer science from 
Michigan State University, where he also dida year 
of doctoral work Â¡n artif icial Intell igence. He is a 
member of the Science Fiction Writers of America. 
Dav id  was born in  New York  but  spent  f ive  years  
living in Israel < where he sampled the Yom Kippur 
War). He now lives Â¡n Nashua, New Hampshire, is 
married, and has a daughter. The eldest of 1 3 chil 
dren, he Is learning to f ly.  

84    Para l l e l  Deve lopment  v ia  RCS ' .  

John  W.  Goodnow 
Compu te r  and  sys tem a r  
ch i tec tu re ,  opera t ing  sys  
tems, and Â¡mage process- 
Ing are the professional In 
terests of  John Goodnow, 
a  pro ject  manager  a t  HP's  
Imaging Systems Divis ion. 
In 1983, he jo ined HP's 
Andover Div is ion,  now the 
Imaging Systems Divis ion, 

shortly after receiving a BS degree Â¡n electrical en 
gineer ing f rom the Univers i ty  of  Pennsylvania.  He 
earned an MS degree in  e lect r ica l  engineer ing in  
1 988 from Stanford University through the Honors 
Coop program. After Joining HP, he worked on HP 
PageWri ter  e lect rocard iographs and u l t rasound 
system software as a development engineer. John 
Is  now a pro ject  manager  work ing on u l t rasound 
software development. Born Â¡n York, Pennsylvania, 
he l ives Â¡n Andover, Massachusetts, is married, 
and enjoys windsur f ing,  sk i ing,  woodwork ing,  
and vacat ioning on Martha 's  Vineyard.  

90 ZZ Integrated Project Support :  

Ronald F.  Richardson 
Ron Richardson began his 
career  as  a  programmer  
analyst  when he jo ined 
HP's Corporate Parts 
Center Â¡n 1 979. As a quality 
process engineer  in  HP's 
Rosevl l le  Networks Div i  
sion , he was the lead for the 
team deve lop ing  the  tech  
n ical  comput ing envi ron-  

mentfor cooperat ive computing. In the past,  hehas 
worked as an R&D software development engineer 
and a program manager at other HP divisions. He 
is  now a process consul tant  work ing to  enhance 
hardware  and so f tware  product iv i t y  w i th  new de 
s ign  too ls  and methods.  He w i l l  rece ive  a  BS de 
gree in computer science from California State Uni 
versity at Chico this year, and Is concurrently regis 
tered in  an MSCS program there.  Born in  Santa 
Cruz, California, he lives in Rocklln, is married, and 
has three ch i ld ren.  He en joys motorcyc l ing,  hunt  
ing,  f ish ing,  h ik ing,  and camping wi th h is  fami ly .  
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Easy-to-Use Peformance Tools with 
a Consistent  User Interface Across 
HP Operat ing Systems 
By invo lv ing customers in  the product  deve lopment  
process and incorporating their feedback into the product, 
HP GlancePlus has e l iminated the myst ique commonly  
assoc ia ted wi th  per formance too ls .  Except ion-based 
report ing displays only the interest ing data.  

by Rex A.  Backman 

ALL HP COMPUTER SYSTEM users should be able 
to use and understand their performance tools. This 
concept was the guiding principle behind the HP 

GlancePlus family of diagnostic performance tools created 
by the performance technology center of HP's Application 
Support Division. Typically, computer system perform 
ance tools have been directed towards the technically 
advanced user. The focus on tools that required a high 
degree of operating system knowledge left out novice users. 
Feedback from our customers regarding computer system 
diagnostic performance tools subtly addressed this issue 
by requesting performance tools that were consistent in 
look and feel across platforms (MPE V, MPE XL, and HP-UX 
operating systems), were easy to use, and were low in cost. 
To answer these customer needs, the HP GlancePlus family 
of diagnostic performance tools was created. 

Performance diagnostic tools provide the customer with 
a means of seeing and understanding the current status of 
the machine at any time. These tools are typically used to 
diagnose machines when an abnormal situation is present. 
Abnormal situations can be a variety of events ranging from 
poor terminal response time for a specific end user to over 
all sluggishness in the machine. Whatever the symptom, 
the customer has deemed something to be out of the ordi 
nary and the performance tool is executed to display real 
time data about the machine so that appropriate action can 
be taken to correct the situation. HP GlancePlus is typically 
used to determine information such as who is the main 
CPU consumer, where are the record pointers within a file, 
who is accessing a certain file, or what disk drive is most 
heavily used. All of these actions are typical of the diagnos 
tic quadrant of performance management, and keep the 
user abreast of the current status of the machine. The per 
formance management quadrant and other types of perfor 
mance tools are described on page 70. 

Background 
Historically, many HP performance tools have started as 

software laboratory prototypes or special tools. These 
software prototypes were usually trying to address a spe 
cific and immediate need in a project-development cycle. 

For example, new operating systems development work 
necessitated some form of a monitor to track modifications 
made in system level algorithms. Upon completion of the 
project-development cycle, the performance tools would 
sometimes evolve into a salable customer product. Unfor 
tunately, these customer performance tools still retained 
the roughness associated with laboratory prototypes. While 
some effort was spent on improving the prototypes, this 
work usually concentrated on an improved user interface 
with no true thought given to the performance data that 
was displayed. The result of this quick transformation from 
development tool to customer product was a utility that 
provided too much data, provided data that was not appli 
cable to the customer's needs, and was too expensive. As 
a result, performance management on our customer's ma 
chines was often relegated to technical experts. This caused 
an aura of mystique about the performance discipline 
because the thinking was that if you had to be an expert 
to use a tool, then the discipline must truly be difficult. 

Removing the Myst ique 
The engineers at the performance technology center rec 

ognized, like many others, that performance management 
was not difficult nor should Hewlett-Packard customers 
find it so. Several goals were identified at the start of the 
product cycle to ensure that the mystique about perfor 
mance management was eliminated. An aggressive devel 
opment schedule, coupled with frequent and repeated cus 
tomer feedback sessions, was part of the development 
methodology used to keep the product team focused on 
the goal of creating a useful, more informative performance 
tool for our customers. Customer feedback was the essential 
checkpoint vehicle used to ensure that the tool was provid 
ing valuable and pertinent data (see "Design Prototyping 
for HP GlancePlus" on page 69). 

This customer feedback loop was important because the 
HP GlancePlus family is based on a different type of model 
than previous tools. To help remove the mystique of per 
formance tools, HP GlancePlus incorporates a method 
of exception-based performance reporting. This approach 
allows tool designers to limit the data displayed to only 
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those few metrics that are considered interesting. This con 
cept allows the end user to be concerned only with the 
interesting events on the machine. By focusing only on 
these interesting events, end users can ascertain what is 
wrong much faster. 

In our diagnostic tools, information can be divided into 
various hierarchies such as global CPU use, global I/O activ 
ity, global memory allocation, and process-specific use. 
The first three of these hierarchies are condensed into 
single screens to provide information to the tool user. The 
process hierarchy presents a challenge because of the pos 
sible volume of data. To lower this volume, the exception- 
based methodology provides only information on processes 
that have some kind of activity during a specified time 
interval. Examples of activity for a process include CPU 
time consumption, disk reads or writes, and terminal trans 
actions. Processes that have engaged in any of these 
activities during the specified time interval are considered 
exceptions and are classified as interesting. A process that 
does not have any activity is of no interest and therefore 
is not reported. 

Additional benefits from the exception-based reporting 
method are that HP GlancePlus customers are not over 
whelmed with useless data. The data that is displayed has 
direct impact on their ability to identify and understand 
the current performance problem. Exception-based report 
ing and optional color graphic displays result in a tool that 
is much more concise and informative than previous efforts. 
This change in data representation is the key to making 
HP GlancePlus performance tools easier to use across all 
levels of technical expertise. 

As previously mentioned, earlier generations of perfor 
mance tools provided too much in-depth reporting on sys 
tem metrics. Many of these metrics were found hidden 
deep within the operating system kernel and were of no 
relevance to the typical end user. These additional metrics 
also made the situation worse by requiring unnecessary 
display screens, causing confusion when moving from 
screen to screen. One of the design goals for HP GlancePlus 
was to eliminate this problem. With the exception-based 
method of reporting, fewer display screens are used to dis 

play only valuable and pertinent metrics for performance 
diagnosis. Positive customer feedback to this approach was 
received almost immediately. Sites involved in the design 
prototyping phase almost always reported that less techni 
cally adept end users were finding the tools easy to use 
and understand. Most important, end users reported that 
the tools were providing a service. Time and effort to iden 
tify performance problems were lowered, and many sites 
repeatedly stated that through the use of the new tools they 
had easily identified performance problems and were able 
to take the appropriate action with much less anxiety than 
before. 

Versions and Algor i thms 
Three versions exist in the HP GlancePlus family, one 

for each specific operating system platform. Represented 
platforms are the MPE V, MPE XL and HP-UX operating 
systems (including the workstation and HP 9000 Series 
800 versions). The HP GlancePlus version for each environ 
ment or platform had identical design goals and each envi 
ronment uses similar algorithms to retrieve the required 
performance metrics. 

Differences in low-level hardware and software struc 
tures require each model to depend on different sources 
of data to feed the performance algorithms. These core 
differences are handled independently by each specific 
model. However, a common and similar user interface 
guarantees that customers have a consistent perspective of 
their performance metrics (see Figs. 1, 2, and 3). This con 
sistent user interface across the HP platforms was viewed 
as way to bring a level of comfort to end users. 

Previous tools did not offer any degree of consistency, 
and this added to the mystique that we were trying to 
remove. The comfort level was low in shops that were 
running in mixed modes. Data centers that included more 
than one operating system platform, such as MPE V and 
MPE XL, provided performance tools with different user 
interfaces. By contrast the user interface consistency 
offered by HP GlancePlus allows these users to switch from 
machine to machine with ease. 

Performance algorithms are used by the HP GlancePlus 

Fig .  1  .  A  typ ica l  HP GlancePlus /  
XL user interface screen for for HP 
MPE XL opera t ing  sys tems.  Th is  
i s  a  C P U  d e t a i l  s c r e e n  w h i c h  
s h o w s  C P U  u s e  f o r  a  s p e c i f i e d  
t ime in terva l .  The data  is  b roken 
down by type and various MPE XL 
p e r f o r m a n c e  m e t r i c s  s u c h  a s  
switches, launch rates, and so on. 
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Fig.  2.  7/7/s screen shows the de 
fault  global screen for HP Glance- 
P l u s / V  f o r  H P  M P E  V  o p e r a t i n g  
s y s t e m s .  T h e  p r o c e s s e s  l i s t e d  
be low the  g loba l  sec t ion  a re  the  
p r o c e s s e s  t h a t  w e r e  o f  i n t e r e s t  
dur ing  a  par t i cu la r  t ime in te rva l .  
The example shows that out of 400 
o r  so  p rocesses  on  the  mach ine  
o n l y  s i x  w e r e  o f  i n t e r e s t .  T h e  
g l oba l  sec t i on  shows  t he  g l oba l  
perspect ive which al lows the user 
t o  i d e n t i f y  t h e  p o s s i b l e  p e r f o r m  
ance bot t leneck area qu ick ly .  

tools to compute metrics for each specified time interval. 
The differences in software structures across the platforms 
mentioned above require different access methods to 
acquire the data. Once acquired, the algorithms are basic 
ones such as deriving the rate per minute of terminal trans 
actions, disk use percent, and CPU use percent. 

The HP GlancePlus tools are designed to be used interac 
tively, or in a real-time mode, with the performance metrics 
displayed as rates, absolute values, or percentages. To 
derive these values two time points are required. The dif 
ference between the time points is referred to as the inter 
val, and is used as the base for all metrics the user sees. 
The interval can be as small as five seconds or as large as 
several minutes. Usually, end users configure the interval 
between thirty and sixty seconds. As each interval expires, 
another time point is met, data points are collected, and 
performance metrics are computed. This refreshing of the 
performance metrics gives the end user a continuous per 
spective of what is happening on the machine. Examples 
of these metrics include system disk rates, which state the 
number of physical disk I/Os per second, main memory 

use, which states how much of main memory is being used 
in megabytes, and global CPU use, which shows the per 
centage of overall use of the CPU in the most current 
interval. 

Data Sources 
Data sources for the HP GlancePlus family differ from 

platform to platform (see Fig. 4). The underlying differences 
in the data sources are hidden from customers. However, 
these separate and unique data sources are the main con 
tributors to the HP GlancePlus performance tools. Each 
platform has a subsystem associated with the base operat 
ing system called the measurement interface. Each mea 
surement interface, regardless of its platform, is composed 
of two elements: instrumentation and counters. The 
instrumentation interface is where certain events within 
the operating systems are recorded. This is accomplished 
by adding code to specific modules of the operating system 
kernel that record the activities that the specified modules 
perform. The added code consists of high-performance 
statements that simply update the proper counters reflect- 

Fig.  3.  This  is  an HP GlancePlus/  
U X  s c r e e n  f o r  H P - U X  o p e r a t i n g  
systems. This screen displays the 
disk queue length screen. It shows 
the  queue  leng th  (how many  p ro  
cesses are wait ing to use the disk 
drives) of the drives present on the 
machine plus past queue history. 
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Platform 

MPE V 

MPE XL 

Product 

GlancePlus/V 

GlancePlus XL 

Sources of Information 

MPE V Measurement  Interface 

MPE V Kernel  Data Structures 

MPE XL Measurement  Interface 

MPE XL Architected Interface 
(Kernel Data Structures) 

HP-UX GlancePlus/UX 
-  HP-UX Measurement  Inter face 

""" HP-UX Kernel Data Structures 

Fig.  4 .  Data sources for  HP GlancePlus.  

ing the action that has taken place. For example, the com 
pletion of a disk read is marked in the disk driver code. 
Counters are nothing more than accumulators for certain 
types of operating system events. Counters can be viewed 
as time stamps signifying the amount of time an event has 
taken. 

Fig. 5 shows the logical map of the MPE XL measurement 
interface data structure. This structure shows the counters 
used by the HP GlancePlus/XL tool. While this structure 
is unique to the MPE XL operating system, it is common 
for measurement interface structures to organize data in a 
hierarchy of classes of global, process, and I/O events. In 
the case of the MPE XL operating system, the counters are 
organized into these three classes at the highest level. The 

subclass level represents an intermediate level of organiza 
tion that provides the ability to identify objects of a similar 
type. For example, a subclass in the I/O class identifies 
each logical device present on the machine. Subclasses do 
not exist in the global class, but they do exist in the process 
class to identify each process. Each subclass is made up 
of groups of counters. The counters in each group are log 
ically related by function. An example would be the file 
system counters for a process. This group of counters con 
tains all the counters associated with file system activities 
for a specific process. To access a counter, the program 
must access the proper class (global, process, or I/O), select 
the proper subclass if applicable, and then access the group 
that contains the specific counter of interest. 

While each operating system has a measurement inter 
face, the sets of counters differ. This difference presented a 
challenge for the HP GlancePlus development team because 
we had to develop the appropriate measurement interface 
for each platform and still present to the end user similar 
metrics regardless of the platform. The challenge was over 
come by mapping the disparate measurement interface 
counters to a common set of performance metrics that all 
models shared. While some metrics are unique to each 
platform, these are in the minority. The majority of the 
metrics did map to common data items for each version of 
HP GlancePlus. 

Another source of data is nonperformance-related items 
residing in certain operating system structures such as pro 
cess-specific information not contained in the platform's 

Classes 
Process 

Global 

Group 1 â€¢ â€¢ â€¢ Group k Group 1 â€¢ â€¢ â€¢ Group s Group 1 â€¢ â€¢ â€¢ Group w 

Counters 1 â€¢ â€¢ â€¢ j 
Counter 5 Counter 5 

32 Bits < 32 Bits t 32 Bits 

Counter 5 

Fig. 5. system. measurement interface model for the HP MPE XL operating system. 
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Design Prototyping for HP GlancePlus 

Design prototyping is the process of placing a very ear ly prod 
uc t  p ro to type  i n  the  hands  o f  a  se lec t  number  o f  p rospec t i ve  
cus tomers  and  a l low ing  them to  he lp  des ign  the  p roduc t ,  tes t  
the  func t iona l i t y ,  and  re f ine  the  p roduc t  in  p roduc t ion  env i ron  
ments.  This  process requi res that  there be a cont inuous d ia log 
w i t h  t h e  s e l e c t e d  c u s t o m e r s  a n d  a  q u i c k  r e s p o n s e  t o  t h e i r  
requests within days. 

For  HP GlancePlus  we wanted  th is  se t  o f  cus tomers  to  g ive  
us a good representat ion of our target market.  The eight custom 
ers selected ranged from naive to sophist icated, f rom single-per 
son shops to  la rge data  process ing shops,  and f rom s i tes  wi th  
on ly  HP MPE V or  HP MPE XL opera t ing  sys tems to  s i tes  w i th  
both operat ing systems. The overr iding requirement was that the 
customers  had a  need to  use the product .  

One  week  a f te r  send ing  the  p ro to type  p rog rams ,  we  ca l l ed  
each customer to f ind out  how they had used the prototype and 
how i t  cou ld  be  improved .  In te rv iews  were  conduc ted  d i rec t l y  
with the customers so that we could completely understand what 
t h e y  n e e d e d .  A n y t h i n g  t h a t  t w o  o r  m o r e  o f  t h e  c u s t o m e r s  
suggested was implemented forthe next prototype version. Opin 
ions  f rom the  deve lopment  team tha t  d isagreed w i th  cus tomer  
consensus were discarded s ince we were not  developing a prod 
uct to sel l  to ourselves. We then made the changes, t ransmit ted 
t h e m  t h e  t o  o u r  p r o t o t y p e  c u s t o m e r s ,  a n d  b e g a n  t h e  
cycle again. 

Four repet i t ions of  th is cycle were achieved within s ix weeks. 

When customers saw changes they had requested implemented 
within turned their general reaction was disbelief. Disbelief turned 
to h igh enthusiasm in prov id ing feedback as they real ized the i r  
i deas  were  no t  on ly  be ing  heard  bu t  ac ted  upon  immed ia te ly .  
T h i s  t h a t  a l l o w e d  c o r r e c t i o n  o f  a  l o t  o f  i r r i t a t i o n s  t h a t  
o f t en  spu r  cus tomers  t o  ask  "D idn ' t  anyone  use  t h i s  p roduc t  
before i t  was re leased?" I t  a lso a l lowed the addi t ion of  needed 
funct ional i ty that normal ly is not recognized and added unt i l  cus 
tomers  submi t  enhancement  reques ts .  And  mos t  impor tan t ,  i t  
c reated a user  in ter face shaped by users.  

Some valuable lessons were learned from design prototyping. 
F i r s t  o f  a l l ,  w e  d i s c o v e r e d  t h a t  w h e n  u s e r s  h a v e  a c c e s s  t o  
updated vers ions of  a p iece of  sof tware rapid ly,  they can easi ly  
dec ide on the i r  rea l  needs.  For  example,  users  may have the i r  
spec i f i ca t ions  met  exac t l y  and  then  f ind  ou t  tha t  i t  on ly  he lps  
them to understand what they real ly  need.  We also learned that  
prototyping can be done wi th th i rd-generat ion programming lan 
guages.  F ina l ly ,  we learned that  des ign pro to typ ing can g ive a  
product the feel of a second- or third-release product at introduc 
t ion .  The benef i t  to  bo th  cus tomer  and deve lopment  group are  
great  in  overal l  cost  reduct ion and product  usabi l i ty .  

Joe Thomas 
Development  Engineer  

Per formance Technology Center /  
Appl icat ion Support  Div is ion 

measurement interface. Examples include process wait 
reasons, current process priority, and file system informa 
tion related to the process. This information is used to 
provide discrete data on process or program related items. 
While not part of the measurement interface, these data 
items provide important information that can be used to 
aid in performance management. Maturity of the platforms 
dictated how this data was to be retrieved; MPE provides 
direct routines while HP-UX data is retrieved using a pro 
prietary library of routines. These secondary data sources 
coupled with the platform-specific measurement interfaces 
provide each HP GlancePlus model with all required data 
items for computing performance metrics. 

Binding the measurement interface as the primary data 
source with the secondary kernel data structures provides 
a simple and streamlined approach to the data gathering 
required for performance metrics. Tying these data struc 
tures with relatively straightforward timing algorithms 
allowed the design team to meet the goal of creating easy-to- 

use performance diagnostic tools. 

Processing Logic 
A look at the internal logic of the HP GlancePlus pro 

grams shows a simple and efficient design. By having a 
core technology available, each model was able to leverage 
code from previously written software modules. The core 
section is an area of software procedures and programs that 
existed for other HP software engineering tools or products. 
The functionality provided by these tools is used to collect 
data from the measurement interface and kernel data struc 
tures for systemwide global and process-specific perfor 
mance metrics. Some of the software modules that were 
reused had been written for the HP LaserRX family of per 
formance products, and with very slight modifications they 
fit into the HP GlancePlus product easily. 

Performance data at the global level includes system- 
wide information that can provide some insight into system- 
wide bottleneck conditions. Overall disk throughput, mem- 

Startup 
Processing 

Initial 
Sampl ing 

Global Collection 
and 

Summarizat ion 

Process Collection 
and 

Summarizat ion 

Internal Refresh Loop 

Display 
Logic 

F i g .  6 .  H P  G l a n c e P l u s  p r o c e s s  
ing loop. 
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ory manager use, and global file open rates are examples of 
global metrics. Process-specific data includes data items that 
are associated with a specific process for the current interval. 
This data provides a mechanism by which to view a process 
in detail and compare it to the bigger picture of global 
performance data. As shown in Fig. 6, the modules respon 
sible for collecting and summarizing global and process- 
specific data are in a refresh loop in which they are continu 
ally sampling, processing, and sending the data to format 
ters for display. 

Conclusion 
Market acceptance of the HP GlancePlus family has been 

favorable. The paradigm that previously existed for perfor 
mance diagnostic tools was one of expensive products that 
were difficult to use and understand. This has now changed 
as Hewlett-Packard customers can use these new inexpen 

sive and easy-to-use offerings. A successful first step has 
been taken to provide intuitive performance diagnostic 
tools. 
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The Performance Tool Quadrant 

The HP per formance technology center 's  development  o f  per  
f o r m a n c e  t o o l s  i s  b a s e d  o n  a  c o r e  a r e a  s u r r o u n d e d  b y  f o u r  
d i s t i nc t  a reas  o f  pe r fo rmance  managemen t  ( see  F ig .  1 ) .  Th i s  
approach d i f fe rs  f rom o ther  perspect ives  on per fo rmance prod 
u c t s  o r  a l l o w s  H P  t o  o f f e r  d i s t i n c t  o f f e r i n g s  i n  e a c h  a r e a ,  o r  
quadran t ,  w i thou t  sacr i f i c ing  the  focus  o r  e f fec t i veness  o f  the  
specif ied tool.  

The core area consists of common access routines that provide 
access to  per formance metr ics  regard less o f  the operat ing sys 
t e m  p l a t f o r m .  T h e  c o m m o n a l i t y  o f  d a t a  a c c e s s  p r o v i d e s  a  
mechan ism by  wh ich  the  separa te  too ls  f rom each o f  the  quad 
rants  shown in  F ig .  1  can then access and manipu la te  data.  

Each per formance quadrant  def ines a d i f ferent  area of  focus 
for  per formance management  too ls .  
A p p l i c a t i o n  O p t i m i z a t i o n .  T h i s  q u a d r a n t  p r o v i d e s  t h e  t o o l s  
necessary to f ine-tune appl icat ion programs. By analyzing where 
a program has spent i ts t ime, the user of appl ication optimization 
too l s  may  be  ab le  to  i den t i f y  f l aws  in  l og i c  wh ich  i f  co r rec ted  
may resul t  in more ef f ic ient  code. 
D iagnos t ic  Too ls .  Too ls  in  th is  quadran t  p rov ide  the  capab i l i t y  
t o  s e e  w h a t  i s  c u r r e n t l y  h a p p e n i n g  o n  t h e  m a c h i n e .  T h e  H P  
GlancePlus tools descr ibed in this art ic le f i t  th is cr i ter ion. 
Resource Management .  This  quadrant  prov ides too ls  that  a l low 
users  to  ga in  a  la rger  perspect ive  o f  how the system has been 
used by  t rack ing  mul t ip le  c r i te r ia  over  per iods  o f  t ime rang ing  
from a such hours to several months. These criteria are items such 
as g lobal  CPU use,  d isk I /O use by d isk dr ive,  and process-spe 
cif ic information. 
Capaci ty Planning.  This quadrant  provides tools that  enable the 
per formance p lanner  to  ask "what  i f "  quest ions.  Using sophis t i -  

Application 
Optimization 

Diagnostic 

Resource 
Management 

Capacity 
Planning 

Fig.  1 .  Performance tool  quadrants.  

cated analyt ic  model ing techniques,  end users can project  thei r  
fu ture comput ing needs.  

Using the core as a common technical  focal  point ,  each quad 
rant  addresses a spec i f ic  need.  From each quadrant  comes an 
of fer ing of  products that  address that  speci f ic  performance man 
agement need.  The resul t  is  that  Hewlet t -Packard system users 
can pick and choose their  performance toolset to f i t  their  budget 
and funct ional i ty requirements.  

Rex- Backman 
Development Engineer 

Per formance Technology Center  
Appl icat ion Support  Div is ion 
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Improving the Product  Development 
Process 
To define, design, and produce products and services that 
wi l l  be successfu l  in  the marketp lace,  i t 's  necessary to 
understand the product development process and employ 
tools  to measure and improve th is  process.  

by Spencer  B.  Graves,  Wi l l iam P.  Carmichael ,  Douglas Daetz ,  and Edi th Wi lson 

MANAGERS IN MARKETING, manufacturing, and 
especially research and development at HP are 
becoming more aware that they jointly manage a 

cross-functional process. Their people define and design 
a product and develop processes to manufacture and mar 
ket that product (see Fig. 1). 

Many HP divisions are working to improve this process. 
Their improvement efforts rely on concepts such as break 
even time (BET), post-introduction product reviews, in- 
process project retrospective reviews, and quality function 
deployment (QFD). This paper briefly describes these tech 
niques. Improvement efforts in the R&D departments of 
other organizations are described in references 1,2, and 3 . 

Break-Even Time 
Break-even time, or BET, has been identified within HP 

as a primary metric for the development process. A simple 
definition of BET is that it is the time from the initiation 
of a project to the point when all the design and startup 
costs have been recovered and the project is generating a 
net profit. Illustrative calculations are presented in Fig. 2. 
BET is a reasonable measure because it includes market 
acceptance, cost of production and sales, selling price, time 
value of money, and startup costs. Partial support for using 
a concept like BET in other companies can be found in 
references 4 and 5. 

Measures such as break-even time may ultimately 
improve management's ability to predict profitability as 
early as initial product concept. The data necessary to 
attempt to improve forecasts of profitability would be simi- 

Break-Even T ime (BET)-  

Post-Introduction Project Reviews - 

In-Process 
Pro ject  Ret ro  

spective Reviews 

lar to PIMS (Profit Impact of Marketing Strategy).7 The 
PIMS research program was initiated in 1972 for the spe 
cific purpose of determining how key dimensions of strat 
egy affect profitability and growth. Since that time, 450 
corporations have contributed data. PIMS data supports 
part of the famous Deming8 chain reaction: higher quality 
tends to improve market share, to enhance ability to charge 
a higher price, and to decrease costs, all of which contribute 
to higher profit. By combining BET data with the results 
of post-introduction product reviews (see below), managers 
should be able to identify things they need to do to build 
on previous experience (like PIMs) and improve their abil 
ity to forecast profitability. 

Break-even time is only one measure, and is evaluated 
in combination with other measures such as the estimated 
net present value of a subproduct line under various future 
investment assumptions. BET alone could push managers 
to do the wrong thing in some cases because it does not 
consider leverage or product success beyond the initial 
payback period. BET will not properly evaluate a product 
that is expected to open up a new market and whose ulti 
mate success depends on whether future products are able 
to leverage that entry for higher profitability. BET also does 
not consider the cannibalism of a successful product by a 
follow-on. In some cases, the organization can protect mar 
ket share by introducing a follow-on product early. In other 
cases the early introduction of a follow-on product may 

'McHugh6 descr ibes  how some eng ineers  a t  HP 's  Rosev i l le  Network  D iv is ion  have com 
pared actual  wi th in i t ia l  est imates of  development  t ime and have improved thei r  abi l i ty  lo  
forecast  development costs by using that  in format ion.  

Qual i ty  Funct ion Deployment (QFD) Fig .  1 .  The  produc t  deve lopment  
cycle. 
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1986 1987 1988 1989 

Investment in R&D ($K) 
By Year 
Interest on Previous Investment (10%) 
Balance 

Net  Cash Flow ($K)  =  
(Revenue  -  Product ion  Costs )  by  Year  
Interest  on Previous Income (10%) 
Cumulat ive 

0 
30.84 

339.24 

200 
31 

541 

BET =  3  Years  

F i g .  2 .  A  s i m p l i f i e d  e x a m p l e  o f  
break-even t ime calculat ions. BET 
ca lcu la t ions are typ ica l ly  done in  
q u a r t e r s .  T h i s  f i g u r e  p r e s e n t s  
annual f igures. 

suggest a misdirection of R&D resources. No measure is 
perfect. For example, BET cannot be calculated if the proj 
ect is canceled or if the product never recovers costs. To 
correct for this, some entities in HP compute a division- 
wide BET that includes canceled and unprofitable develop 
ment efforts. Throughout HP, BET is being used to improve 
the R&D process within a division. Some of the possible 
causes of poor break-even time are summarized in Fig. 3. 

To complement the BET metric, tools are needed for 
evaluating the strengths and weaknesses of the manage 
ment of a project. Two such diagnostic tools that are 
intended to help evaluate and improve project management 
are post-introduction product reviews and in-process proj 
ect retrospective reviews. 

Post- Introduction Product Reviews 
Kaoru Ishikawa9 said, "Whenever I am asked to help 

introduce a total quality control program to a company, I 
choose for my case study one of the company's new product 
development projects that is full of problems." Ishikawa 
found that his clients learned a lot by studying their own 
experience in a structured wayâ€” and he provided the struc 
ture. The structure is essential to the learning. As Deming10 
explains: "Experience without theory teaches nothing. In 
fact, experience cannot even be recorded unless there is 
some theory, however crude, that leads to a hypothesis 
and a system by which to catalog observations." 

Post-introduction product reviews and project retrospec 
tive reviews are vehicles for developing and improving the 
theoretical understanding that R&D managers use to guide 

Consumer Research 
not  Used to 

Define Product 
Uncontrolled 

External Events 

Engineer ing Management  

Fig.  3 .  Poss ib le  causes o f  poor  break-even t ime.  

their work. A study of this nature is being conducted at 
HP's Corporate Engineering. Ten factors have been iden 
tified that distinguish successful from unsuccessful proj 
ects (i.e., projects that met their initially stated objectives 
and those that didn't). Fig. 4 lists these ten factors and 
shows a comparison of six successful and six unsuccessful 
projects. 

From Fig. 4 it is obvious that in unsuccessful projects 
many factors were either omitted entirely or done 
inadequately. With information like that given in Fig. 4, 
engineering project teams and their management can 
ensure that the factors causing unsuccessful projects are 
addressed when creating a product definition. Of course 
this requires that a structure be in place that encourages 
early and complete consideration of these issues. Several 
success-versus-failure studies have been conducted. For 
example, researchers at the University of Sussex11 paired 
29 commercially successful innovations with an equal 
number of unsuccessful innovations. They identified five 
factors that distinguished successful from unsuccessful 
innovations: 

Understanding user needs 
Marketing 
Efficiency of the development effort 
Effective use of outside technology 
Project leaders with more seniority and authority. 
By using any one of these five factors, they could identify 

the successful innovations in two-thirds of the pairs cor 
rectly, and by using the top three factors, they could classify 
all but two of the pairs correctly. Similar types of studies 
have been reported by other researchers. 12'13'14'15'16 

Among the projects summarized in Fig. 4, the most com 
mon problem was misunderstanding user needs. Although 
the sample size is small, it suggests that some benefit could 
be gained from more effective use of consumer research, 
and from using a technique such as quality function deploy 
ment to help manage the results of consumer research, 
competitive analyses, and the subsequent decisions. 

The major point here is not the relative importance of 
the factors shown in Fig. 4. A similar study in another 
organization or at another time might identify different 
issues as being more important to that organization at that 
time. Each organization is unique. Data such as that 
reported here can be used to help an organization's mem 
bers improve the way they manage their business. The hard 
part is not in collecting the data but in knowing what to 
collect and in becoming convinced that it is really worth 
while to regularly collect and use such data to make 
improvements. For this, top management support is criti- 
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Understanding Users'  Needs 
Strategic Al ignment and Charter  Consistency 
Competit ive Analysis 
Product Positioning 
Technical  Risk Assessment  
Priority Decision Criteria List 
Regulat ion Compliance 
Product Channel  Issues 
Project  Endorsement  by  Upper  Management  
Total  Organizat ional  Support  

Legend: 
X  =  Done Complete ly  
O = Done Inadequately  or  Omit ted 

Fig.  4  Factors  d is t ingu ish ing suc 
c e s s f u l  f r o m  u n s u c c e s s f u l  p r o j  
ects. 

cal. Experience with similar improvement efforts has estab 
lished that people rarely have time for efforts like this 
without strong management support. The data collection 
and analysis is a minor expense when compared to the 
payback of bolstering the organization's performance in 
weak areas. 

One discouraging aspect of post-introduction product 
reviews is that the cycle typically takes years. It is difficult 
to maintain the discipline to collect the data required when 
the analysis will take place so far in the future. Several HP 
divisions deal with this long-cycle-time issue by conduct 
ing similar evaluations at the end of each major phase in 
an R&D project. These are called in-process project retro 
spective reviews, or simply project retrospective reviews. 

In-Process Project  Retrospective Reviews 
Experts discussing the management of product develop 

ment have recommended reviews at various stages to help 
keep the project on track.17'18 Some HP divisions use these 
reviews both to help keep projects on track and to improve 
the ways in which projects are managed. At one HP divi 
sion, at the end of each major phase of an R&D project, 
each member of a cross-functional project team completes 
a new product development and introduction follow-up 
survey. The participants are asked to describe what went 
well, what went poorly, and what they would like to see 
different in the future. A sample questionnaire is shown 
in Fig. 5. The results are tabulated and summarized and 
presented to the R&D management. Fig. 6 summarizes the 
findings from four different projects. 

This particular analysis was of great help to the R&D 
management. For example, the biggest problem in Fig. 6, 
deficient project planning and scheduling, motivated the 
management to make better use of its existing PERT (Pro 
gram Evaluation and Review Technique) planning tools. 
PERT is a detailed project planning and scheduling tool. 
Until this survey was conducted, the R&D managers had 
little to tell them whether they had made an adequate PERT 
chartâ€” or even needed one. With feedback in the form of 
Fig. 6, R&D managers learned why they needed to use PERT 
and how to know if they had done it correctly. For example, 
they found that many problems arose from misunderstand 
ings in deciding when a task was completed. From this, 
R&D managers concluded that tasks should be defined in 
terms of specific deliverables. Similarly, they found that 

they tended to have more problems with larger rather than 
smaller tasks. In looking at this, the R&D managers decided 
that tasks on a PERT chart that required 80 hours or more 
should be decomposed into smaller tasks with intermediate 

0 )  N A M E  ( o p t i o n a l ) :    
1) POSITION (during development/introduction) : 

  Engineer   Supervisor   Manager   Other 
2) FUNCTIONAL AREA and DEPARTMENT (during development / 
introduction) : 

  R&D   Marketing 
  Manufacturing   Quality   Finance 

3) Based on your involvement, please rate each of the 
following aspects of the   product development/ 
introduction effort on a scale of 1 to 5, where 

l    2    3    4    5  

very poor poor acceptable good very good 

  How well were you informed of the overall 
development/introduction plan and the role that 
you were expected to play in it? 

  How much of an opportunity did you have to influence 
the portion of the development/introduction plan 
that related directly to your role and 
responsibilities? 

  How well did you understand which deliverables you 
were responsible for, who the customers were for 
these deliverables, and what were their specific 
needs? 

  How adequate was the amount of time allotted to you 
to complete your activities? 

  How adequate was the quantity of resources allotted 
to you to complete your activities? 

  During the course of the development/introduction, 
how well were you informed of the status of other 
activities that could affect your ability to 
complete your own activities as planned? 

  How effectively were risks and potential obstacles 
identified and dealt with over the course of the 
development / introduction? 

  How well was the development/introduction effort 
coordinated and managed over time? 

  Overall, how satisfying of an experience was your 
involvement in the   development/ introduction 
effort? 

  How useful was a reference such as a new product 
development manual over the course of your 
involvement? 

4) What was the most positive aspect (s) of this new product 
development / introduction for you? 

5) What recommendation (s) do you have for building more 
teamwork and personal satisfaction into the development / 
introduction process? 

6) what was the most negative / frustrating aspect (s) of 
this new product development / introduction for you? 

7) What change(s) to the new product development / 
introduction process would have helped you to use your time 

more effectively / efficiently? 

8) What additional comments, concerns and recommendations do 
you have with regards to the new product development / 
introduction process? 

F ig .  5 .  Ques t i onna i re  f o r  i n -p rocess  p ro jec t  r e t rospec t i ve  
reviews. 
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Deficiencies Number  of  Comments 

5  1 0  1 5  2 0  

Project  Planning and Scheduling 
Communicat ion and Coordinat ion 
Involve the Right Ski l l  Mix Early 
Common Values  and Agreed-upon Goals  
Target  Market 's  and Customer  Needs 
Adequate Staff ing 
Firm, Documented Design Earl ier  
Product  Def in i t ion  and Target  Speci f ica t ions  I  
Adhere to  Targets  and Checkpoints  

F ig .  6 .  De f i c i enc ies  i den t i f i ed  by  i n -p rocess  p ro j ec t  r e t r o  
spect ive reviews. 

deliverables and time estimates of less than 80 hours each. 
After a while, the R&D managers had access to an infor 

mal library of PERT charts on completed projects which 
they could use as a starting point for new projects. This 
tended to improve the accuracy of planning while reducing 
the work of doing it. (This is an example of the general 
principle that higher quality often costs less.) 

The product development process as practiced at this 
division has several distinct phases. A procedures manual 
explains each phase and what requirements must be met 
to proceed to the next phase. Without data like that shown 
in Fig. 6, it is hard to know when something in the proce 
dures manual should be revised. The retrospective surveys 
gave the R&D managers data showing where the process 
was deficient and which sections of the manual should be 
updated. This data transformed the task of updating the 
manual from being thankless, vague, and infinite to being 
important, specific, and finite. 

Some of the other HP divisions that have attempted simi 
lar use of project retrospective reviews are achieving simi 
lar results. It was also found that an essential element for 
the success and continued use of this type of tool is leader 
ship and encouragement from top management. 

Qual i ty  Funct ion Deployment 
Quality function deployment (QFD) is a methodology 

that was developed to ensure that the voice of the customer 
drives the definition, design, and production of products 
and services. The QFD approach requires cross-functional 
cooperationâ€” principally among the marketing, R&D, and 
production functionsâ€” to collect adequate input on cus 
tomer wants and competitive standing and to translate this 
information effectively into product design and production 
processes. This cross-functional cooperation is made more 
efficient and effective through the use of the so-called 
"seven management and planning tools."1 Â° These tools, 
which include special types of diagrams, charts, and ma 
trices, facilitate communication and consensus. 

One of these seven tools is a class of matrix diagrams 
that are used in QFD to guide the planning process and to 
store the results of judgments and calculations that have 
been made. An example is provided in Fig. 7. In this figure, 
the importance of want for each of the customer wants 
should be derived from customer research. These impor 
tance weights are multiplied by the corresponding coded 
relationship strengths in each column and summed verti 
cally to give the column importance weights. For example, 
in the first column, we compute 10 x 9 + 8 x 1 to get 98 as 

the column importance weight. The degree of technical 
difficulty entry records team judgment about the relative 
difficulty (including cost, time, need for breakthroughs, 
etc.) of achieving the different technical objectives. The 
roof on the "house of quality" is called the correlation 
matrix because it portrays correlations between the differ 
ent technical parameters. For more information on QFD, 
see references 21, 22 or 23. 

QFD matrices and tables provide explicit documentation 
of the link between customer wants, competitors' solutions, 
and the characteristics of the product under development. 
This explicit link extends through product specifications 
to the processes by which the product will be produced 
and tested. The QFD tables or matrices are easy to under 
stand and easy to use to facilitate communication between 
members of a team. One result is that problems tend to be 
more effectively anticipated and resolved throughout prod 
uct development. Design engineers have used the QFD 
documentation to trace a product specification to the words 
recorded from customers in the consumer research phase. 
This access to the voice of the customer has helped 
engineers make more intelligent trade-offs between alterna 
tive solutions to the design problem.24 

In the first phase of QFD, the product planning phase, 
one key task is to obtain importance ratings for the various 
customer wants (see the importance of want column in 
Fig. 7). The importance ratings are usually obtained 
through a variety of sources, tools, and techniques includ 
ing customer surveys, complaint letters, choice modeling, 
and other types of consumer research. Usually the project 
team clusters the customer wants into groups of related 
items before trying to establish the importance rating or 
ranking for the customer wants. 

The QFD team then generates a list of measurable, con 
trollable characteristics (often called engineering charac 
teristics) that relate to the customer wants they seek to 
satisfy. The relationships between these controllable fac 
tors and the customer wants are documented in a matrix 
as in the upper center of Fig. 7. The project team places 
symbols or numbers representing the strength of each 
relationship in appropriate cells of the matrix (see RÂ¡j in 
Fig. 7). 

This information is combined with the results of com 
petitive benchmarking, which is done from both the cus 
tomer perception and technical product analysis stand 
points. Numerical assessments of the relative importance 
of different engineering characteristics are made and a tar 
get value is determined for each characteristic. In essence, 
the target values for the engineering characteristics define 
the desired product. 

At this point the project team focuses on design and, 
particularly, exploring alternatives to find a design that 
achieves the target values of the engineering characteristics. 
If trade-offs have to be made, precedence is given to achiev 
ing the target values for the engineering characteristics that 
the team identified from the QFD chart as most important. 

In one of the more widely used QFD approaches in the 
U.S., the details of the winning design are elaborated in a 
cascading series of three additional QFD phases: design 
planning (parts deployment), process planning, and pro 
duction planning.25 In the design planning phase, the key 
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QFD matrix displays engineering characteristics versus the 
parts that the design specifies. For process planning, a ma 
trix is developed that shows the relationships between parts 
and the processes that will be used to obtain them. Finally, 
in the production planning phase, a table or matrix is 
developed that shows how the processes will be controlled. 

One QFD matrix or table can sometimes be used for sev 
eral related products. If consumer research has identified 
different market segments with different priorities for the 
various customer wants in the different segments, then the 
same table can be used to define different products for 
different segments. It is a straightforward calculation to 
translate changes in importance of customer wants into 
changes in importance of engineering characteristics. 
Changes in the importance of engineering characteristics 
or desired target values affect the evaluation of each specific 
product concept. 

QFD has been used in the design not only of hardware 

but also of software23 and sen-ices.26 
QFD does not eliminate the need for managers to use 

other techniques to improve their project management. 
Post-introduction product reviews and in-process project 
retrospective reviews, as described above, help managers 
charged with all phases of product development improve 
their understanding and effective use of techniques such 
as QFD and PERT. For example, managers need to know 
if they are adequately investing in consumer research. Post- 
introduction product reviews can help answer such ques 
tions. 

Conclusion 
The development of successful new products is a process 

that itself produces a product â€” namely, a design for a prod 
uct and for its associated manufacturing process. This 
paper has suggested that the product development process 
can be improved by using certain tools and management 

Correlat ion Matrix (Correlat ion Between Engineering 
Characteristics) 

Key to Correlat ion Type: 
â€¢ Strong Positive 

Positive 
Negative 

X  St rong Negat ive  

Company Symbol:  
*  C o m p a n y  A  

Company B 
â€¢ Company C 

R, ,  =  Relat ionship Strength Between Column 
j  a n d  R o w  i ( Â · = 9 O = 3  A  =  1 )  

Fig.  7.  Example of  a QFD house-ot  -qual i ty  matr ix.  
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processes for: 
â€¢ Evaluating the performance of the process (break-even 

time) 
Â« Studying the process and its results (post-introduction 

project reviews and in-process project retrospective 
reviews) 

â€¢ Revising the process to achieve better cross-functional 
communication, a good understanding of customer 
wants and competition, and a clear view of interrelation 
ships so that important factors or steps are not inadver 
tently left out (QFD). 
The use of these processes and the data they generate 

has resulted in major improvements in R&D productivity 
in parts of HP. One crucial lesson from HP's experience is 
that top management leadership is vital to the successful 
use of the techniques described in this report. HP's top 
leadership has been effective in promoting the use of BET 
and QFD throughout the company. Division general man 
agers and R&D managers have asked for and used project 
retrospective reviews. Similar efforts that lacked such sup 
port have not been successful. 

In the future we expect that expanded use of techniques 
such as those described above will improve the competitive 
position and possibility of success for organizations that 
use them. 
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OSEE: A Software Configurat ion 
Management  Tool  
HP Apol lo  prov ides a sof tware too l  that  he lps to  manage 
deve lopment  and main tenance o f  the  many components  
that  make up large-scale sof tware systems. 

by David C.  Lubkin 

THE DOMAIN SOFTWARE Engineering Environment 
(DSEE) is a configuration management system that 
is useful for managing large, complex software 

development and maintenance projects. DSEE runs on 
the Apollo Domain operating system (Domain/OS) and is 
in use at over 6000 sites world-wide, including HP Apollo. 
We estimate that DSEE is responsible for managing over 
one billion lines of code. DSEE is also encapsulated in the 
new Softbench1 technology. 

DSEE is designed to deal with the particular problems 
of large-scale software development. Some of these prob 
lems are working on multiple development efforts in paral 
lel, maintaining existing releases while working on new 
code, coordinating code and documentation, reducing the 
time it takes to build a program, and knowing precisely 
which tools and versions of source code were used to create 
a binary file. DSEE unifies development and maintenance 
for large-scale systems (the largest so far is 11,000,000 
lines). It supports project development in a distributed 
computing environment, and works with any programming 
language or tool. DSEE is highly reliable, thanks to transac- 
tional file and database operations, store-and-forward mes 
sage passing, audit trails, and time-proven fault recovery 
procedures. The latest version of DSEE, version 4, makes 
the configuration management capabilities of DSEE avail 
able to a variety of non-Apollo systems. 

The major subsystems that make up DSEE include: 
â€¢ History Manager. The history manager stores, controls 

and tracks source code evolution, and enforces concur 
rency control. 

â€¢ Task Manager. The task manager plans and tracks the 
low-level steps taken toward achieving some high-level 
activityâ€” for example, tracking the modules changed to 
implement a new feature. 

Â« Monitor Manager. The monitor manager tracks people- 
oriented, rather than build-oriented dependencies. For 
example, it notifies users when alarms they set are 
triggered because components of interest are modified. 

â€¢ Configuration Manager. The configuration manager is 
concerned with system building. It also manages derived 
modules such as binary files or formatted text. 

â€¢ Release Manager. The release manager archives execut 
ables, and optionally, it can take a snapshot of the tools, 
elements, and files used. An element is a file under DSEE 
source control. 

"DSEE is also useful  for  smal l  and simple projects.  

This article provides an overview of these subsystems. 
There is also a discussion of DSEE version 4 features that 
allow non- Apollo users to have access to DSEE capabilities. 

Version Control  
The history manager stores, controls and tracks source 

code evolution. It enforces concurrency control and securi 
ty, and keeps a complete chronological audit trail of library 
modifications. DSEE views the evolution of a file as a 
directed acyclic graph (see Fig. 1). Any number of people 
may work on the same file concurrently by making new 
branches. Their work may be kept separate or merged 
together with a three-way merge command (Fig. 2). The 
trunk is also considered to be a branch, and it is usually 
referred to as the mainline. 

In merging versions on two branches together, DSEE com 
pares the two versions with their nearest common ancestor. 
If work in a small section of the file changed one branch 

Temporary Branch for  
Group Work 

Ã ³  Ã ³  

Fig. 1 . A port/on of a graph showing the evolution of a typical 
module in  DSEE.  The numbers in  the bubbles represent  ver  
s i o n  n u m b e r s  a n d  t h e  b r a c k e t e d  t e x t  r e p r e s e n t s  v e r s i o n  
names. The double sol id l ines represent mainl ines, the single 
so l id  l ines  represent  b ranches ,  and the  dashed l ines  repre  
s e n t  i n  W i t h o u t  t h e  c a l l o u t s ,  t h i s  s c r e e n  i s  p r o v i d e d  i n  
a window via the DSEE show derivation command. 
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Base Version 

3  3  b u g f i x  

- [Â»331.bM3] 
I    f  1  [ v  

. [v3-3.II 
|v3 3 0.2] 

Version 1 

m e r g e  f o o . c  v 3 . 3 . b u * g f i x - w i t h  t o o .  c  

Fig. 2. The execution of the three-way merge command results 
in merging version 1 and version 2 and creating version 3. 

relative to the ancestorâ€” and didn't change the equivalent 
location in the other branchâ€” DSEE automatically selects 
the new modifications. If both files have changed relative to 
the ancestor, DSEE presents both sets of changes in a win 
dow. Users may pick one or both sets of changes, which are 
then copied to a window containing the merged file. The 
user can further edit the file in the merged window. Fig. 3 
shows the DSEE screen during a merge operation. 

Branches have names like v3. 3. bugfix or AddBuzzwords. Ver 
sions or generations on a branch have version numbers, 
but can also be given one or more names (e.g., version 1 
of v3.3. bugfix in Fig. 2 has four names). The evolution of a 
module can get very complicated. That's why DSEE has a 
command called show derivation that allows the user to dis 
play graphically the structure of a module's evolution, 

including branch points. Figs. 1 and 2 without the callouts 
are examples of what the show derivation command provides. 
The show derivation command also has options to prune por 
tions of the displayed structure. 

Versions are stored together efficiently. DSEE's inter 
leaved forward deltas and compression allow 50 to 200 
versions of source code to be stored in the same space as 
two ordinary text copies. Binary files can be stored under 
DSEE, but they are not stored as compactly as text files. 
Any version of either text or binary files can be read in a 
single pass through a DSEE history file. 
Transparent Access to Versions. Because of the Domain 
operating system's typed file system, any DSEE element 
can be read directly, without checking it out from the 
library, either from an Apollo system or across a transparent 
remote file system like NFS, DECnet, or Domain/PCI. This 
lets ordinary applications like cc and troff operate on objects 
under DSEE control without modification. 

DSEE files are type case_hm. When asked to read a 
pathname that ends with a DSEE file's name, the case_hm 
type manager returns the most recent version on the main 
line. If the user wants to read some other arbitrary version, 
the version can be explicitly named or implicitly associated 
with the original file. If the pathname continues beyond a 
DSEE element, the case_hm manager interprets the remain 
der of the pathname as a sequence of branches and gener 
ations. This extended naming does not work across all 
transparent remote file systems. Some remote users have 
to use the DSEE fetch command, which refers to versions 
with a similar syntax. All users can use the read command, 
which puts any version into a read-only Xll window. 

The following examples, which are derived from Figs. 1 
and 2, illustrate the different types of pathnames that are 
used to access different versions of modules in DSEE. 
â€¢ Most recent version of the main line of descent 

foo.c 
â€¢ Specified version number on the main line of descent 

foo.c/193 
" U n d e r  t h a t  e a c h  f i l e  h a s  a  t y p e ,  a n d  e a c h  t y p e  h a s  a n  a s s o c i a t e d  m a n a g e r  t h a t  
performs I /O for thai  type. 

System: / /rjurtidian/dsee/d'jeo -From //  f  i iebal l / l iulk in/si  10.  2/coiite 
M o d e l  :  / /  f  i t e b a l l / l u b k  Ã T I / B I  1 0 .  ? / i l s e e  .  a n l    
lÂ·lllLauy: 

N -  
CIÃœK:;::> f 

D S E E  ( j i i e t y  l x > x  t o r  a  c o Ã ¼ f  i L j a a t i o n  o f  t h e  r e i j u e s t e d  o p e t a t i o u  

W  ( 0 0 3 5 )  D o  y o u  w Â ¿ m t  t o  k a e p  t h e  l Ã  j i e s  o u  t h e  r i t j h t ?  

Y e s  I  Â « o  I  Q u i t  I  

Â¡7 
J  F i g .  3 .  A  s c r e e n  s h o w i n g  h o w  

DSEE displays the status of  a f i le 
whi le  i t  is  being merged.  

78  HEWLETT-PACKARD JOURNAL JUNE 1991  

© Copr. 1949-1998 Hewlett-Packard Co.



â€¢ Most recent version on the specified branch 
foo.c/V3.3bugfix/brezak1 

â€¢ Specified version number on the specified branch 
foo.c/v3.3bugfix/2 

â€¢ Specified version name 
foo.c/v3.3bugfix/Iv3.3.2.alpha). 
Users can also implicitly refer to a collection of versions, 

like those used to build some binar}', or a specific named 
version of each of their files. In Domain/OS, the user can 
create a shell that is bound to that collection. Whenever 
files are read from that shell, the case_hm manager will 
access the particular versions that had been specified. 

In the case where DSEE files are accessed from a non- 
Apollo computer, the mechanism that binds versions to 
shells does not work across most transparent remote file 
systems. Therefore, the user has to access the desired files 
through a special directory whose presence indicates the 
version the user wants. In the following example, vq6cro6b 
is such a directory. Requests to read below it are handled by 
the vswitch type manager, which reestablishes the versioning 
context and then hands the request on to the case_hm type 
manager. 

Domain/OS pathname: 

emacs  / / f i r eba l l /my l i b ra ry /u t i l s . c  

H P - U X  p a t h n a m e :  

e m a c s  / a p o l l o / z o r r o / s y s / n o d e d a t a / t m p / v q 6 c r o 6 b / m y l i b r a r y / u t i l s . c  

W h e n  e m a c s  o n  H P - U X  o p e n s  

apo l l o / zo r ro / sys /nodeda ta / tmp /vq6c ro6b /my l i b ra r y / u t i l s . c ,  

the request is passed to the HP-UX operating system. HP-UX 
recognizes that /apollo is an NFS mount point and issues a 
series of NFS requests that should result in the desired file 
being opened. Eventually, the remainder of the pathname 

z o r r o / s y s / n o d e d a t a / t m p / v q 6 c r o 6 b / m y l i b r a r y / u t i l s . c  

is  passed to the Apollo NFS server  which submits  the 
request to the Domain/OS I/O system. When the I/O system 
encounters the object vq6cro6b, which is file type vswitch, it 
loads the vswitch type manager. The vswitch type manager 
uses the rest of the pathname and information stored in 
the vswitch object to establish the proper versioning context, 
and then passes the request to the case_hm type manager. 

Note that  on Domain/OS, the fi le system of any indi 
vidual Apollo computer is accessible as a subdirectory of 
//. Similarly, NFS users can mount the entire Apollo net 
work at one mount point (/apollo in our example). These 
two mechanisms for implicit reference to versions are inte 
gral parts of the configuration manager described later. 

Project  Management 
Project management capabilities are provided in DSEE 

by the task manager and the monitor manager. The DSEE 
task manager plans and tracks the low-level steps taken 
toward achieving a high-level goal, like fix bug #1332 for 

Lockheed. It automatically records DSEE actions made on 
behalf of the goal, like builds or replaces. It can also be 
used to record non-DSEE tasks to do or that have been 
done, like review Chapter 5 of the new doc. For tracking recurring 
activities, new tasks can be created using a task template 
facility. A task template facility is a set of sendees in DSEE 
to manage task templates. A task template is a template for 
a new task. For example, suppose the task system is used 
for bug tracking. A task template can be created that con 
tains the standard set of steps used when tracking a bug. 
When there is a new bug, the task can be initialized from 
the template. 

In the short term, task records can be used by team mem 
bers and managers to track progress toward goals. Later on, 
they provide a historical record that can be useful for resolv 
ing similar problems and for helping new team members 
learn what has been done and what steps were taken. 

All of a user's tasks are collected on a personal tasklist. 
For example, the following tasks might be on tasklist foo. 

7 :  C r e a t e d  1 6 - J a n - 1 9 9 0  1 0 : 5 0  i n  l i b r a r y  
" / / he lp l ess / case / f r om _  dean /case  _cm" :  
N F S / v s w i t c h  p e r f o r m a n c e  i m p r o v e m e n t s  

6 :  C r e a t e d  8 - J a n - 1 9 9 0  1 2 : 2 7  i n  l i b r a r y  
" / /he lp less /case / f rom _  dean /case  _  mgrs " :  
V 4  H C M  b u g s  

The monitor manager tracks people-oriented dependen 
cies. The user describes what DSEE elements to monitor, 
who can or cannot activate the monitor, and what should 
happen when the monitor is activated. The monitor then 
remains dormant until  i t  is  tr iggered by changes to the 
elements being monitored. When the monitor is triggered 
it may: 
â€¢ Send a mail message to one or more users 
â€¢ Add a new task to some user's tasklist 
â€¢ Send an alarm window to anyone on the network 
â€¢ Execute an arbitrary shell script. 

One example of monitor use is that our technical writer 
keeps a monitor on the module that handles DSEE's com 
mand syntax. This way the writer does not need to rely on 
the DSEE developers to know when changes are made that 
affect the documentation. 

Some customers use monitors to convert from RCS or 
SCCS to DSEE. Typically, customers are cautious and only 
convert one group at a time. If that group had been sharing 
their SCCS files with other groups, they could set monitors 
on all their DSEE elements. When a monitor is triggered 
by the creation of a new generation of a file, it would run 
a shell script that updates the corresponding SCCS file. 

Configurat ion Management 
The central concern of DSEE configuration management 

is to provide a reliable and complete permanent record of 
what sources, tools, and translator options were used to 
build a program. This is one of the primary characteristics 
that distinguishes DSEE from other configuration manage 
ment tools. DSEE uses this precise description to improve 
personal and group productivity, but never at the expense 
of correctness. Users can share binaries with each other 
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when the descriptions of what they want to build match. 
Their work is kept isolated when they don't match. DSEE 
will minimize the number of compiles required to build a 
program and how long they take. 

The configuration manager separates the descriptions of 
the structure of the user's program (i.e., the system model) 
and the specific versions the user wants to build at a par 
ticular time (i.e., the configuration thread). 
System Models. A system model is a set of files that describe 
the static structure of a program or system. It is written in 
a special declarative and block-structured language. Sys 
tem model components may either be DSEE elements or 
external, nonelement files. For each component of the sys 
tem, the model expresses: 
â€¢ Source dependencies (i.e., what the source includes) 
â€¢ Translation rules (i.e., how to compile the component) 
â€¢ All possible translation options (e.g., -debug, -opt) 
â€¢ Tool dependencies (i.e., tools required for the transla 

tion) 
â€¢ Subcomponents that must be built first. 

The model language supports conditional constructs that 
may be triggered by target system characteristics. 

A utility is provided with DSEE to help the user create 
a system model. It determines the include file interdepen 
dÃ¨ncies by looking at the source code and creating a skeletal 
system model. The user will still have to tell DSEE how 
to build the program and fine-tune the model. Fig. 4 shows 
a small portion of a system model description. 
Threads. Configuration threads describe which versions 
and translator options to use when building each compo 
nent in the system model (see Fig. 5). By changing threads, 
users can quickly switch among new development projects, 
fixing bugs in old releases, and making special versions 
for particular targets or customers. 

Configuration threads may be: 
â€¢ Explicit (e.g., use version 5) 
â€¢ Dynamic (e.g., use the most recent version) 
â€¢ Referential (e.g., use the same version used in rev2) 
â€¢ Contextual (e.g., use x.h[7] for P, otherwise x.h[6]). 

Fig. 5 illustrates how two engineers can build similar, 
but not identical configurations of the same system by using 
different configuration threads. Engineer A is using a thread 

"T rans la t ion  ru les  a re  s ty l i zed  she l l  sc r ip ts  tha t  desc r ibe  how to  bu i ld  a  sys tem mode l  
component .  They  a re  exac t l y  l i ke  she l l  sc r ip ts  except  tha t  in  p lace  o t  many  pa thnames 
and compi ler  opt ions,  there are macros.  

Configuration 
Thread 

- r e s e r v e d  
[be ta ]  -when .ex is ts  
- u s e _ o p t i o n s  - d e b u g  
[release_3] 

Bound Configuration 
Thread 

lexerr.c[19] 
_  x . h [ 7 ]  

y.h[38] 
- d e b u g  
compiler v6.2 

S y s t e m  M o d e l  

model  my_program 

element lexerr .c = 
host_type hp-ux; 
depends_source 

x.h (Â« Mb1; 
y.h (a I ib2; 

translate 
cc  -o  %resu l t  %source  

%done 
end of lexerr.c; 

Fig .  4 .  An  excerp t  f rom a  sys tem mode l  descr ip t ion  and i t s  
relat ionship to a conf igurat ion thread and the result ing bound 
conf igurat ion thread. 

that tells the configuration manager to follow these rules: 
1. For the file alpha, use the most recent version on the 

mainline. 
2. For every other file, use the version named V2 (version 

3 from beta and version 6 from gamma). 
The mainline for file gamma is reserved in engineer B's 

working directory. Engineer B uses a configuration thread 
that tells the configuration manager to follow these rules: 

1. For each file used in the system, if it is reserved, use 
the version in the working directory. 

2. Otherwise, use the version named V2 for each file 
(version 3 from beta and version 8 from alpha). 

There is also a model thread that applies to system mod 
els. Model threads are usually stored within a DSEE library 
so that users have a precise description of the structure of 
a program at any time in its history. They are often com 
posed of several files, or model fragments. The model 
thread describes which versions of model fragments and 
conditional compilation options (targets) to use when inter 
preting the system model. One use for targets is to switch 
between different hardware platforms or operating system 
versions. At Apollo, the system model for the Domain/OS 
operating system supports over a dozen different hardware 
variants. 
Bound Configuration Threads. DSEE combines the system 
model and configuration thread to make a bound configura 
tion thread (see Fig. 4). It is a permanent record of the 
options, versions of sources, and tools used to build a com 
ponent. Bound configuration threads are kept along with 
derived objects and binaries in special directories called 
pools. When the user types build, DSEE looks in the pools 
for bound configuration threads that match the components 
the user asked to build. DSEE keeps a number of earlier 
builds in the pool and attempts to reuse them. If it can't, 
and the pool is full, the least recently used build of that 
component is purged to make room for a new one. This 
lets the users share binaries, thereby reducing the number 
of builds to perform. On the other hand, because the bound 
configuration thread gives such a clear picture of what 
makes up a particular binary, only binaries that match the 
users' needs are shared. 

DSEE lets the user declare that some compiler options 
or source versions are critical and that others are noncrit- 

Engineer  A  Is  Work ing on Alpha +  V2  

E n g i n e e r  B  I s  W o r k i n g  o n  G a m m a  +  V 2  ( ^ Â ¿ \  

E 8  K i S S S I g  â € ¢ k  i C J B i C & i B f l  tmmtÃÂ±^fl 
â€¢â€¢â€¢â€¢â€¢â€¢â€¢ Â ¡ H  i Â · Â · Â · Â · Â · Â · ^  
!â€¢â€¢â€¢â€¢â€¢â€¢ â€¢â€¢â€¢â€¢â€¢â€¢!Ã̄l 
iÂ·Â·Â·Â·Â·L̂ ~ 

Alpha Beta 

F ig .  5 .  An  examp le  o f  con f i gu ra t i on  t h reads .  A lpha ,  be ta ,  
and  gamma a re  f i l e s  and  t he  numbers  r ep resen t  d i f f e ren t  
versions of the f i les. 
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F ig .  6 .  D i sp lay  show ing  pa ra l l e l  
bui lds in progress.  

ical. If a critical dependency changes, DSEE will rebuild 
the module. If a noncritical dependency changes, DSEE 
will record what compiler option or source version was 
used, but it will not rebuild the module. There are also 
override mechanisms through which the user can force 
DSEE to rebuild even though the bound configuration 
thread doesn't call for a build, or not to build when DSEE 
thinks it has to. 

Before DSEE starts building it sequences the required 
builds according to their interdependÃ¨ncies. As the user's 
translation script executes, it reads the desired version of 
each DSEE element directly out of its library. After the 
program is built and debugged, the user can make a release, 
or permanent snapshot of the bound configuration threads, 
binaries, sources, tools, and system model that make up 
the program. With this feature, when customers report a 
bug two years later, the engineer repairing the code can 
rebuild the same bits, plus the fix. 

Version 3 of DSEE added support for parallel building 
on more than one Apollo computer at the same time. DSEE 
tracks the CPU utilization of candidate build computers, 
and starts builds on the most lightly loaded machines. Fig. 
6 shows parallel builds running on several machines. The 
performance improvement provided by parallel building 
can be substantial. For example, the time to run the Ada 
validation test suite drops from 80 hours to 17 hours when 
it is built in parallel. 

If an executable is compiled with an arbitrary collection 
of stdio.hs, it might take weeks to track down a problem 
caused by inconsistency in the include file. DSEE ensures 
that all builds use the same set of tools and system include 
files by building relative to a reference directory. 

Heterogeneous Conf igurat ion Management  
Many users want to use DSEE to develop software for 

non-Apollo platforms. To fill this need we generalized con 
figuration management to handle heterogeneous configura 
tion management. Version 4 of DSEE supports other systems 
that are based on the UNIX operating system. Fig. 7 shows 
the setup for heterogeneous configuration management. 

DSEE can be used to develop software for non-UNIX 
targets as well; it's just more involved. Since a translate 
rule is an arbitrary shell script, it can copy sources over to 
a non-UNIX target, invoke a shell, and copy the results 
back into a pool. 
Host Types. To handle heterogeneous configuration man 
agement, each system model component has a host type, 
"UNIX  i s  a  reg is te red  t rademark  o f  UNIX  Sys tem Labora to r ies  i n  the  U .S .A .  and  o the r  
countries. 

Apollo System Build Computer 

Commands 

Commands 

Source 
Libraries 

Split  Pool 
(Optional) Output 

Bound 
Configuration 

Threads 

Derived 
Objects 

Fig. 7. The architecture for DSEE in a heterogeneous environ 
ment. 
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Fig .  8 .  DSEf  graph ica l  user  in ter  
face. 

which is a user-defined text string that describes the class 
of machine the translation should run on. It reflects the 
distinctions between machines that the user wants to use. 
Host types can be used to make very fine distinctions, like 
DN4500 with FPA board, or broad groupings like UNIX. The 
UNIX keyword might be used for translators that produce 
portable output, like yace or troff. The only host type that 
is predefined is apollo. The following is an example of a 
user-defined host table. 
# /sys/dsee/dsee_config/hosts 

host_type 

apollo 
prism 
d n 4 5 0 0 _ w _ f p a  
hp-ux 
sun386i 

OS manager 

domain_os 
domain_os 
domain_os 
posix 
posix 
posix 

build manager 

dds 
dds 
dds 
rsh 
rsh 
rsh 

Each host type has an associated OS manager, which is 
used to manage derived objects and translate pathnames, 
and a build manager, which is used to select build com 
puters and start compilations. DSEE V4 provides OS man 
agers for Domain/OS and POSIX, and build managers for 
Domain network services (dds) and rsh (remote shell). Each 
host type also has an associated list of build computers. 
DSEE picks one, and then starts the build on the foreign 
machine. If additional builds are required, they can proceed 
in parallel. 
Split Pools. The bound configuration thread and derived 
object sections of a pool can optionally be split into separate 
directories. For non-Apollo users, this means that users 
can use their existing investment in non-Apollo disks to 

store binaries. Depending on the user's network configura 
tion, this can also result in faster load (/bin/Id) times. When 
there are DSEE managers for non-UNIX operating systems, 
split pools may be essential, since many have file system 
attributes that have no equivalent on Domain/OS. 

User interface 
Version 4 also comes with a new user interface (see 

Fig. 8). It is based on the X Window System, and conforms 
to OSF/Motif standards.2 As such, it can be used remotely 
from any machine that supports X. The user interface is 
object-oriented. Objects can be browsed, resulting in icons 
being copied to a desktop area. DSEE commands can be 
applied to selected icons through associated menus, picked 
from a menu bar, or entered from a textual command win 
dow. When DSEE needs more information, it pops up a 
dialog box. The boxes are preseeded with likely option 
values. Some of these dialog boxes support multiple itera 
tion, which allows the same command to be issued 
repeatedly, each time using a different list of arguments 
(Fig. 9). All commands result in entries in a command 
history, from which they can be perused and reissued. 

DSEE is still accessible through earlier user interfaces: 
a command line interface based on Domain/OS display 
manager pads and a serial I/O interface which is used when 
the input stream is not a window. There are also two pro 
grammatic interfaces that allow DSEE commands to be 
intermixed with C or shell commands. When the binary 
library /lib/dseelib is bound into a program, the program can 
issue DSEE commands. This callable interface was used to 
write dsee__server_c, an example program shipped with 
DSEE. A client program, ds, sends IPC messages containing 
DSEE commands to the server, which executes them 
through the procedure dsee_$cmd. The result is that shell 
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reserve branch 

branch path: 

â€” J -Into (alternate target) 

J  - r  ( replace target  f i le  i f  i t  easts)  

â€¢V -comment (do not query for comments} 

-ne f do not query for: comments) M 

uild.pas 
[ b u i l d j n v o k e j n t e r l u d e s . p a s  
bu i ld  invoke  t ra i th  

>r  -nq {do not query for  ei ther comments or veri f icat ion)  

Confirm 

Fig.  9.  A d ia log box that  provides 
m u l t i p l e  i t e r a t i o n .  T h e  b o x  c o n  
ta ins a scro l lable window contain 
i n g  e l e m e n t  n a m e s .  U s e r s  c a n  
select one or more of these names 
and  DSEE w i l l  i s sue  a  sepa ra te  
r e s e r v e  b r a n c h  c o m m a n d  f o r  
each selected e lement  name. 

control constructs can be used to postprocess the results 
of DSEE commands. 

Conclusion 
DSEE is a powerful tool for version control, configuration 

management, and project management for software proj 
ects. While it is often used on small projects, it is clear 
that the product's particular strengths are in handling the 
complexities inherent in large projects developed by teams 
of programmers. 
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A Mechanism to Support  Paral le l  
Development  v ia  RCS 
HP's Imaging Systems Div is ion uses the HP-UX revis ion 
control  system ut i l i ty ,  RCS, to implement a conf igurat ion 
management system that al lows stable, released software 
to remain unchanged while modif ications are made to some 
of i ts components.  

by John W.  Goodnow 

AT VARIOUS INTERMEDIATE checkpoints during 
the product development life cycle, it usually 
becomes necessary to stabilize the software for 

events such as field trials and final functional verification. 
A conflicting, but equally important requirement is that 
development for future checkpoints and releases must be 
allowed to continue while baseline software is kept stable. 
At HP's Imaging Systems Division (ISY), the need for this 
parallel development is also driven by continuous field 
trials and frequent software upgrades. ISY produces real 
time embedded systems software for the control of 
ultrasound instruments (primarily diagnostic cardiac imag 
ing). A typical instrument consists of several subsystems, 
which range in size from 700 source files totaling 60 
KNCSS to 1200 source files totaling 200 KNCSS. 

This article describes a simple mechanism, based on the 
HP-UX platform and the RCS (revision control system) util 
ity, for effectively achieving parallel development capabili 
ties and implementing baseline configuration management. 
The mechanism described is reliable, robust, and simple 
to use and administrate. It is widely used by the software 
development groups at ISY. 

Although the parallel development mechanism described 
here can be integrated with almost any software develop 
ment environment in which RCS is used, the implementa 
tion at ISY is based on an in-house software development 
environment built over the last four years. This underlying 
environment, hereafter referred to as the ISY SDE, or just 
SDE, runs on a distributed network of HP 9000 Series 300 
workstations and uses RCS and nmake tools to realize revi 
sion control and build management. To understand the 
workings of the parallel development mechanism, it is 
important first to understand the major underpinnings of 
the ISY SDE. 

The ISY Sof tware Development  Environment  
The ISY SDE is essentially an extensible directory struc 

ture and a rich set of support tools that provide the develop 
ment group with revision control and build management. 
In addition, support is provided for independent private 
development, in which individual software engineers can 

" In our executables,  the basel ine contains al l  the components (source code, executables,  
documentat ion,  etc . )  f rom which the f ina l  product  is  created.  
"KNCSS =  thousand  l i nes  o f  noncomment  source  s ta tements .  

link local copies of modules under development with stable 
baseline software. 
Directory Structure. In general, a particular instance of the 
ISY SDE is rooted at a directory consisting of three logical 
components: the super root, the name, and the revision. 
For example, in the SDE rooted at /users/prism/dss/main, the 
super root is /users/prism, the name is dss, and the revision 
is main (see Fig. 1). Each instance of the ISY SDE has an 
area for source (and header) files under RCS control as well 
as a separate area in which individual software engineers 
can keep local, working versions of any of those source 
files (work directory in Fig. 1). 
Revision Control Based on RCS. As stated above, the revi 
sion control aspects of the ISY SDE are handled by RCS. 
Without considering parallel development, the use of RCS 
in the SDE is quite straightforward. The SDE contains a 
large body of source files, all of which are under RCS con 
trol. At any given time, the latest revisions of these files 
make up the mainline configuration. For projects in the 
ISY development lab, the mainline usually corresponds to 
unreleased software in various stages of development. 

During the course of development, software engineers 
can check out mainline files, modify these files, generate 
and test executable software based on these modifications, 

'users/prism 

/dss  

/wo rk  

Fig.  1 .  An example of  an ISY sof tware development envi ron 
ment  d i rectory st ructure.  The inc lude and source d i rector ies 
contain the standard, global ly avai lable software. Al l  the f i les 
in  source  a re  compi led  n igh t l y  to  p roduce  a  s tandard  da i l y  
executable, which is placed in the directory / load. The f i les in 
the  work  d i rec to ry  a re  comp le te l y  p r i va te  to  the  ind iv idua l  
engineers. 
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and check the files back in. These modified files become 
part of the mainline when they are checked back in. These 
operations are the standard checkout (co) and checkin (ci) RCS 
commands. 
Build Management Based on Nmake. The ISY SDE uses the 
nmake program to manage the build process. Nmake is very 
similar to the standard make program, but it is substantially 
more flexible. For example, nmake automatically evaluates 
and maintains dependencies introduced by header files. 

For a typical ISY project, the mainline is always built 
nightly, and is rarely, if ever, built during the day. This is 
because the build process takes several hours to complete. 
Building the mainline during work hours not only leaves 
the project's object files in an inconsistent state for long 
periods of time, but also introduces unacceptable loading 
on the workstations executing the build. 
Standard Directory Types. The source files that make up 
the mainline of the project are stored in a hierarchical 
directory structure. This ensures that each source directory 
contains a set of functionally related files, and no directory 
contains an excessive number of files. Header files are kept 
in a global header directory or in individual source direc 
tories according to their scope. 

Although the hierarchy and allocation of source files to 
directories are arbitrary and completely at the software 
engineers' discretion, the organization of an individual 
source directory is highly structured. This structure is 
imposed by the SDE, and it exists to strike a good balance 
between the capabilities provided and ease of use. A source 
directory with this SDE-imposed structure is called a stan 
dard directory. 

Several different types of standard directories can be 
configured, and all standard directories are classified 
according to two attributes: major and minor directory type. 
The major directory type determines the combination of 
revision control and object file generation services pro 
vided, while the minor directory type selects the compiler 
family to be used for object file generation. 

Each major directory type is tailored for certain require 
ments (see Fig. 2). A revision control standard directory is 
used to hold header files, which don't need any object file 
generation. A source standard directory is used to hold 
source files which must be under RCS control and require 
object file generation, such as compilation and assembly. 

A working standard directory provides object file genera 
tion services only, and is ideal for software engineers wish 
ing to modify, compile, and test their own local versions 
of source files. The major directory types and their 
capabilities are summarized in Table I. 

Table I  
Major Directory Type and Capabil i t ies 

Examples of different minor directory types include the 
native HP-UX compiler and assembler family and a 68000 
cross compiler and assembler family. The HP-UX minor 
directory type is used for development of host software 
designed to run under the HP-UX operating system, while 
the 68000 cross compiler minor directory type is used for 
development of software targeted for execution in embed 
ded systems. Moreover, the method of handling minor 
directory types is fully extensible, allowing plug-compati 
bility with additional minor directory types defined by end 
users. 

One inherent feature of a standard directory that greatly 
enhances its ease of use, at the possible expense of end 
user flexibility, is that all files in a given standard directory 
with a given suffix are treated identically. This means, for 
example, that all C source files in a specific standard direc 
tory will be compiled with the same command line. Fur 
thermore, generic makefiles with a standard set of rules 
are used for object file generation in all standard directories. 
This eliminates the need for software engineers to create 
or maintain makefiles. 

RCS Features 
Support for parallel development draws heavily on three 

advanced RCS features: branching capabilities, directory 
links, and symbolic names. Although all of these are fully 
supported and documented RCS features, each will be 
described briefly below. Refer to the HP-UX reference man 
ual for a complete discussion of these features. 

â€¢ users/prism dss. main 

R C  t o o .  c  O B J  R C S  R C  f o o . c  

t o o .  h ,  u  M a k e f i l e s  a n d  
b a r . h . v  D r i v e r  S c r i p t s  

f o o . o  f o o . c . v  M a k e f i l e s  a n d  f o o . o  M a k e f i l e s  a n d  
b a r . o  b a r . s . v  D r i v e r  S c r i p t s  b a r .  o  D r i v e r  S c r i p t s  

R e v i s i o n  C o n t r o l  S t a n d a r d  
D i r e c t o r y  

S o u r c e  S t a n d a r d  
D i r e c t o r y  

W o r k i n g  S t a n d a r d  
D i r e c t o r y  Fig.  2 .  Standard d i rector ies.  
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Head 

Indicates Absolute Storage 

Indicates Differential  Storage 
Trunk or  Mainl ine 

Branching Capabilities. Each RCS file (an RCS file is a file 
ending in ,v) has a trunk, and optionally, a number of 
branches. The trunk has a two-field revision number (e.g., 
1.25, 2.1). Branches have a 2n-field (n ^ 2} revision number 
(e.g., 1.25.1.1, 2.1.1.3, 1.1.1.3.1.1). The latest revision on 
the trunk is called the head. Fig. 3 illustrates these branch 
ing relationships. 

This structure closely corresponds to the ISY method of 
splitting off branches for releases, trade shows, clinical 
trials, and other checkpoints. The parallel development 
mechanism built into the SDE uses these branching 
capabilities to allow RCS to manage branching on a file-by- 
file basis. For a subsystem with multiple revisions, although 
there are multiple development trees, there is only one set 
of RCS files located in the mainline tree. Each RCS file in 
the mainline tree holds all possible configurations of its 
corresponding source file. Furthermore, since there is only 
one set of RCS files, it is unnecessary to copy any RCS files 
when a new tree is split for parallel development. Instead, 
pointers to RCS directories are copied. This is achieved 
via the directory link feature described next. 

One final note about branches is that they are only created 

/users/goodnow 

R C S  

R C S  R C S  foo.c.v bar.s.v 

RCS Directory Link 

F ig .  4 .  Use  o f  RCS d i r ec to r y  l i nks .  On l y  one  copy  o f  f i l e s  
foo.c.v and bar.s.v is needed. Other director ies contain a f i le 
RCS which contains a path to the directory where these f i les 
exist. 

F ig .  3 .  Branch ing s t ruc ture  o f  an 
RCS f i le.  Absolute storage means 
that every l ine of the particular ver 
sion is stored. In RCS the head is 
the only version stored absolutely. 
D i f f e r e n t i a l  s t o r a g e  m e a n s  t h a t  
only the changes from the previous 
version (i.e., diffs in HP-UX nomen 
clature) are stored. Typical ly,  th is 
consists of a series of added and/ 
o r  d e l e t e d  l i n e s  a n d  a s s o c i a t e d  
l ine numbers, which when appl ied 
to an absolute version results in a 
new absolute version. 

when necessary, which is when conflicting modifications 
are made to the same file during the course of parallel devel 
opment. Extremely stable source files, which are rarely 
changed, are very likely not to have any branches at all, 
regardless of the number of parallel development trees. 
Directory Links. RCS directory links are fully integrated 
into the ISY SDE. These directory links allow multiple 
directories to be created for checkout and compilation, all 
based on a single mainline RCS directory. RCS links are 
created by embedding a path to another RCS directory in 
a regular file with the name RCS. Fig. 4 shows a simple 
use of RCS directory links. Directory links may be chained, 
and RCS will follow a chain of up to ten directory links to 
reach the actual RCS directory. Directory links should not 
be confused with HP-UX symbolic links; the two are com 
pletely separate features. 
Symbolic Revision Naming. The final RCS feature used to 
support parallel development is the ability to associate a 
symbolic name with a particular revision of an RCS file. 
Once a symbolic name is created, revisions can be selected, 
checked out, and checked in using the symbolic name 
rather than a specific revision number. An RCS file can 
have any number of symbolic names, and multiple sym 
bolic names may also refer to the same revision. 

ISY Implementat ion 
The RCS features described above are used to implement 

the ISY SDE configuration management system. Basically, 
this involves creating a split tree for parallel development. 
The split tree has the same super root and name as the 
original tree, but has a different revision. The overall direc 
tory structure of the split tree is the same as that of the 
original. Fig. 5 shows an example of a split tree based on 
the directory structure described earlier. 

The support provided by the SDE provides as much trans 
parency as possible, so that for most cases, individual 
software engineers need not be concerned with low-level 
details. For example, check in and checkout of RCS files 
in the split tree work the same way as they do in the main- 
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users prism dss 

. .  ,  n  u j  S p l i t  

include 

s o u r c e  l o a d  s o u r c e  l o a d  

Fig.  5.  Directory st ructure for  mainl ine and spl i t  t rees.  

line tree with some infrequently occurring exceptions, 
which are described later. This is possible because the RCS 
options required to select the proper revisions for checkout 
and check in are supplied automatically by the SDE. Thus, 
this operation is transparent to the software engineer. The 
parallel development mechanism is recursive in that a split 
tree can be created from the mainline tree as well as from 
another split tree. Masterfiling a split tree is fully sup 
ported. This is a common operation, as splits are frequently 
created for software release. 
Splitting a Tree. To split a tree for parallel development, 
the following operations must occur. 
â€¢ All user-contributed source files in the original tree must 

be under RCS control. 
â€¢ All RCS files in the original tree, whether this is the 

mainline or a previously split tree, are given a symbolic 
name, which is defined as the name of the split. The name 
of the split will hereafter be referred to as split_name. 

â€¢ The original tree is cloned over to a new tree rooted with 
the split_name. In our example directory structure given 
in Fig. 5, the /users/prism/dss/main tree would be cloned 
over to /users/prism/dss/mO (mO is the split_name). This is no 
ordinary clone, however. The directory structure of the 
original tree is cloned verbatim, but, in terms of RCS 
files, a virtual copy of the original tree is made, with 
RCS links being generated in the new split tree pointing 
back to corresponding RCS directories in the original 
tree. In other words, when a split tree is created, no RCS 
files are copied, but RCS directory links are created 
instead. 

â€¢ The RCS checkout and check-in options for the split tree 
are modified to refer to the symbolic names (or split_name) 
created in the previous step. 

â€¢ The new split tree is booted, which means it is turned 
into an independent environment which can be entered 
and used just like the environment containing the orig 
inal source tree. The boot process consists of building 
all the system tools and configuration files in the new 
split environment. 

â€¢ The new split tree is built. Since this step requires check 
ing out and compiling all user source files, which is a 
lengthy process, it usually occurs overnight. 

â€¢ The new split environment is now read}' for use. It is 
entered as a separate development environment. Develop 
ment can proceed independently in both the original 
and split environments. 

"Masterfil ing is the process of storing all fi les in an environment to tape so that the executable 
can be reconstructed of f l ine on another system. 

Checkout and Check In with Split Trees. In most cases, 
making a change to a file in a split environment is no 
different from making a change to the same file in the 
mainline. The commands used to check out (co) and check 
in (ci) the file are the same in either case. To provide this 
functionality, the user is not allowed direct access to the 
co and ci RCS commands. Instead, the SDE provides two 
interface scripts called envco and envci. The interface scripts 
intercept user command lines, add additional options to 
the user commands, and then pass the concatenated string 
onto RCS. For example, suppose it is necessary to modify 
the file too. c in either the mainline or a split. Table II sum 
marizes typical user command lines, and shows the resul 
tant commands issued for both mainline and split trees. 

Table I I  
User  versus Actual  Command Lines 

for Mainl ine and Spl i t  Trees 

User  Command Actua l  Command Lines  
L i n e  M a i n l i n e  S p l i t  T r e e  

e n v c o - l f o o . c  c o - l f o o . c  c o - l s p i i t _ n a m e f o o . c  
e n v c i f o o . c  c i f o o . c  c i - N s p l i t _ n a m e f o o . c  
e n v r c s  - I  f o o . c  r c s - l f o o . c  r c s - l s p l i t _ n a m e f o o . c  

For the split tree case, by specifying a particular revision 
of a file when checking it out, we can randomly access any 
revision contained in the RCS file, not just the head. This 
is used in conjunction with the symbolic naming capability 
to check out the proper revision of a file for a given split. 

Changes made in the mainline never affect the split. For 
example, consider the situation in Fig. 6 in which the file 
foo.c.v has three revisions: 1.1, 1.2, and 1.3. Revision 1.3 is 
symbolically named mO. Checking a change to foo.c.v into 
the mainline will result in a new revision, 1.4. This new 
revision becomes the new head of foo.c.v. Since the symbolic 
name mO still points to revision 1.3, the revision of foo.c.v 
used in the mO split is not affected. 

For the checkin command in a split tree case, the symbolic 

F i l e  f o o . c . v  B e f o r e  File foo.c.v After 

Mainline 

F ig .  6 .  An  examp le  show ing  how a  change  to  the  ma in l i ne  
does not af fect the spl i t .  
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name is updated to refer to the newly checked-in revision. 
Furthermore, when a file is checked into a split, an RCS 
branch may or may not be created. An RCS branch is created 
if the revision is not at the head of an existing branch (see 
Fig. 7). Otherwise, if the revision is at the head of an existing 
branch, including the trunk, then the new revision becomes 
the new head of that existing branch (see Fig 8). This func 
tionality has some important ramifications. 

When checking a file into a split, in most cases it is 
desirable to propagate the changes through to the parent 
tree, which is usually the mainline. This is possible, indeed 
automatic, if the revision of the file for the split is the same 
as the revision for the parent. In this case, checking the 
file into the split automatically checks the same revision 
into the parent. This functionality can be exploited in that 
many defect fixes can be made once in the split, then 
checked into both the split and the parent in one operation. 

In the case where the revision of the file for the split is 
not the same as the revision of the file for the parent, the 
changes cannot be propagated to the parent. In this case, 
a new branch is either created, or an existing branch con 
tinued. If the changes are to be propagated to the parent, 
then the file must be checked out, modified, and checked 
back into the parent environment. The RCS command 
rcsmerge is often used to merge in the changes semiauto- 
matically in this scenario. In practice, the automatic propa 
gation case mentioned first occurs far more frequently than 
does the nonpropagation case, so there has not been much 
incentive to automate the case in which changes cannot 
be propagated to the parent. 

Although it is usually desirable to attempt to propagate 
defect fixes automatically from a split to its parent, in some 
cases this is not desired at all. In these cases, the user can 
force an RCS branch during check in. Again, in practice, 

F i l e  f o o . c . v  B e f o r e  F i l e  f o o . c . v  A f t e r  

mO 

M a i n l i n e  -  

Fig.  7.  Creat ing an RCS branch when a revis ion is not  at  the 
head of  an exist ing branch.  In th is case foo.c.v has four revi  
s i ons :  1 .1 ,  1 .2 ,  1 .3 ,  and  1 .4 .  Rev i s i on  1 .3  i s  symbo l i ca l l y  
named mO.  Check ing  a  change  to  foo .c .v  in to  the  mo sp / / f  
forces the creat ion of  the RCS branch 1.3.1.1.  The symbol ic  
n a m e  m o  i s  u p d a t e d  t o  p o i n t  t o  t h e  n e w  r e v i s i o n  1 . 3 . 1 . 1 .  
Check ing the change in to  the mo sp/ / f  does not  resu l t  in  i ts  
be ing checked in to the main l ine.  

this occurs very infrequently. 

Quali ty and Productivi ty Gains 
Many quality and productivity gains have resulted from 

the mechanism described in this article. First, development 
on new projects can continue independently in the main 
line while a split is created for software slated for release 
{i.e., baseline software). Final functional test, which often 
takes four to six weeks, is done on the split, stable, software. 
Changes to the stable software are limited to certain defect 
fixes and are extremely well-controlled. New development 
for future projects can take place simultaneously and inde 
pendently in the mainline. In the past, new development 
(or at least file check-ins related to new development) had 
to cease during the several weeks of functional test, creating 
many bottlenecks, not to mention idle software engineers. 

Next, in the past, files were simply copied from one place 
to another during the process of creating final (frozen) 
software. Once this was done, it was extremely difficult to 
propagate changes from one version of the software to the 
other reliably. This put an excessive burden on the software 
engineers charged with maintaining several completely 
separate versions of released software, and this generally 
manifested itself as a schedule slip during functional test as 
problems were uncovered. This problem has been reduced 
to manageable proportions by the parallel development 
mechanism described here. As discussed above, changes 
can in most cases be automatically propagated from a split 
to the mainline. Also, since all versions of the software are 
centralized in one set of RCS files, it is easy to track the 
status of all software versions. Reports can be generated 
(typically via the rlog and awk programs) to describe all the 
changes to a split since a certain date, time, second, and 

F i l e  f o o . c . v  B e f o r e  F i l e  f o o . c . v  A f t e r  

M a i n l i n e  

Fig.  8.  Making a change to a f i le  when the rev is ion is  at  the 
head of a branch. In this case foo.c.v has three revisions: 1.1, 
1 .2 ,  and  1 .3 .  Rev i s ion  1 .3  i s  symbo l i ca l l y  named  w i th  the  
spiit_name mo. Checking a change into foo.c.v results in a new 
revision, 1 .4. The split_name mO is updated to point to revision 
1 .4. Since 1.4 is now the head of foo.c.v, this new revision is 
used by the mainl ine as wel l .  
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Third, custom software loads in which several files (ei 
ther experimental or from the mainline) are added to a base 
line of stable software (typically a split), are much easier 
to generate with the mechanism described here. Because all 
versions of the software are kept in a single set of RCS files, 
it is easy to identify and extract the proper revisions for 
the custom load. Furthermore, these customizations are 
very well-controlled because they are built on a baseline 
of stable software. This is very important for ISY because 
field trials are often conducted to evaluate a single feature, 
with all other functionality assumed to be unchanged from 
the given released software. In the past, generating custom 
software had the unpleasant side effect of incorporating 
changes to files unrelated to the features under test. 

Finally, management is now able to assume that software 
splits are now not only possible, but reliable as well. This 
has allowed an additional degree of freedom in project 
planning which was not previously available. 

Conclusion 
The mechanism described here has been in use at ISY 

for approximately two years. During that time, the software 
environments for three major subsystems of the HP SONOS 
500/1000 ultrasound system have used the split mecha 
nism a dozen times for both formal software releases and 
field trial software. These three subsystems are made up 
of approximately 1000, 500, and 300 source files. 

Although the use of RCS to implement parallel develop 
ment capability has been highly successful within ISY, it 
is not perfect. First, there are some minor problems in the 
RCS toolset which require an awareness on some level, 
either by the software development environment adminis 
trator, or by the software engineers themselves. As an exam 
ple, the RCS tools do not allow concurrent access to an 
RCS file, so two users cannot check out different revisions 
of the same file at the same time. Another problem is that 
although the mechanism described in this article is ideally 
suited for splitting off software revisions which then 
become relatively stable (e.g., software release), it is not 
very well-suited for long-term parallel development in 
which multiple revision threads are all active and all 
equally important. This gets back to the very structure of 
an RCS file, which is a single, dominant trunk with an 
arbitrary but inferior branch structure. 

Overall however, the parallel development mechanism 
described here has been highly successful across multiple 
software development groups within ISY. It allows excel 
lent control over stable software in conjunction with inde 
pendent parallel development of new software. Best of all, 
the mechanism is simple and applicable to any software 
development environment in which RCS is used for revi 
sion control. 
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Building and Managing an Integrated 
Project Support Environment 
HP's Rosevi l le  Networks Div is ion has developed an 
in tegrated,  cost -ef fect ive comput ing envi ronment  that  
fosters cooperative computing and provides R&D engineers 
with easy access to the tools and methodologies for product 
development.  

by Ronald F .  Richardson 

ONE OF THE WAYS to foster increased quality and 
productivity in an R&D environment is to provide 
consistently managed and maintained computing 

facilities that allow engineers to have easy access to the 
latest tools and methodologies. In August 1 988 the software 
quality and productivity team at HP's Roseville Networks 
Division (RND) was assigned the tasks of managing the 
overall R&D HP-UX computing facility and developing a 
foundation from which to build a highly integrated project 
support environment. The primary goal of this effort was 
to provide a tool-supported software engineering process 
built on sound engineering platforms to facilitate creating 
better products faster. Our challenge was establishing a 
computing strategy and direction for laboratory-wide coop 
erative computing in an R&D organization that traditionally 
addressed their computing needs on a project-by-project 
basis. 

This paper discusses cost-effective HP-UX computing 
and ways of reducing the effort of maintaining and admin 
istering this environment. The main areas discussed 
include financial aspects, cooperative computing, network 
architecture, and a management model for system admin 
istration. 

Financial  Aspects 
The first hurdle we had to overcome was convincing 

senior management that workstations for software 
engineers made financial sense. The current environment 
was primarily based on central HP-UX timesharing sys 
tems. Most of our software engineers had three to four 
terminals in their office to emulate a windowing environ 
ment. This was required because in developing networking 
products many machines were used. Remote communica 
tion from one machine to another via data switching was 
extremely time-consuming and multitasking was not easily 
achieved. Hardware engineers were just beginning to use 
workstations within their areas. The financial situation 
required outfitting over 100 engineers with workstations 
while keeping the cost per engineering seat close to the 
cost of multiple terminals or personal computers. 

Fortunately, at that time, HP's HP-UX development lab 
oratory in Colorado had just finished developing the first 
version of HP-UX diskless workstations.1 Diskless systems 
have the advantages of a timeshared environment while 

maintaining the performance of standalone workstations. 
In fact, depending on the configuration, performance 
exceeding that of a standalone system is possible. Advan 
tages of diskless systems include: 
â€¢ Centralized file system. The user sees a single file system 

from any workstation, even though the file system may 
be located far away on a file server. 

â€¢ Lower total system cost. Peripherals such as disks and 
tape drives are only needed for the file server. This sig 
nificantly reduces the cost per user. 

â€¢ Lower cost of ownership. With fewer mechanical parts 
(disks, tape drives, printers, etc.) maintenance costs are 
reduced over those of standalone systems. Additionally, 
software support contract prices are also reduced. 

â€¢ Easier system administration. Administration focuses on 
the file server and the cluster disk, and support of the 
diskless nodes is no longer an issue. Contrast this with 
a standalone network in which each machine is admin 
istered individually. 
The financial model was not one of accounting genius 

but mainly common sense. R&D was evenly split between 
hardware and software engineers. The hardware engineers 
were currently purchasing standalone workstations with 
four disks. Using diskless workstations and amortizing the 
cost of the server over eight nodes per cluster, a hardware 
engineer could be outfitted with an HP 9000 Series 360C 
with 16M bytes of memory for 25% to 50% of the cost c i 
a standalone system. As an additional checkpoint, our 
finance department used a standard accounting model to 
determine that a 7.2% productivity increase was required 
to achieve a 20% ROI (return on investment) on the work 
stations over a five-year period. Subjective measures led 
us to believe that this productivity increase could be 
achieved. Given the savings associated with diskless work 
stations, having an attainable productivity goal, and realiz 
ing that software engineers were undercapitalized relative 
to their hardware counterparts, funding was provided to 
purchase 110 workstations. 

Architecture 

A successful diskless implementation is based on a well- 
designed and maintained network. If a reliable network 
cannot be achieved, diskless is not the preferred distributed 
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computing environment. In this section we first look at the 
logical model of our cooperative computing environment 
to obtain an overview of workstation and server organiza 
tion, then review the physical model of the network topol 
ogy including the lower layers (physical, link, and net 
work), which provide the foundation of the network. 

Logical Model 
The essence of workstation organization is a triad of sys 

tems supporting a project team. The first system is the boot 
server. This machine's primary functions are to provide 
HP-UX facilities to its configured diskless clients and swap 
ping over the network. The second piece of the triad is the 
diskless clients. There is one of these diskless workstations 
in each engineer's office. The workstation is the engineer's 
user interface into the computing environment. Using X 
Windows, this is where most of the engineers perform their 
work ranging from schematic entry to C compiles. The final 
piece of the triad is the project server. It acts as a file server 
and compute server for project-specific needs. All three of 
these components need to be highly integrated over a fast, 
reliable network. 

Physical Model 
A local area network must move packets of data from 

one host to another as quickly, reliably, and efficiently as 
possible. The diskless configuration also requires the LAN 
to have minimal impact on the individual user (host). Not 
only should office connections to the network be unobtru 
sive, but maintenance and reconfiguration should be virtu 
ally unseen by the workstation user. If careful choices are 
not made, there is the risk of maintenance problems later. 
Requirements. HP StarLAN 10 was chosen as the main 
transmission medium connecting the triad of machines 
supporting the project team. HP StarLAN 10 provides the 
same functionality as Ethernet, only over a 10-Mbyte/s 
twisted-pair cable with the added benefit that connections 
are like point-to-point. Administration of the current R&D 
'The HP ca l led products  ment ioned in  th is  paper  have been updated and are  now ca l led 
the Ethertwist 2'3 family of network products. 

laboratory HP ThinLAX network, from a hardware perspec 
tive, consisted of "install and forget until the network stops 
working." This approach could not be taken with the new 
HP StarLAN 10 network because we would be sen-icing 
over 100 diskless workstations. Our problems included 
reconfiguration, fault isolation, and traffic management. 
â€¢ Reconfiguration. More hosts require continual expan 

sion and reconfiguration of the network. These changes 
must have minimal effect on the current users. 

" Fault isolation. Problems are inevitableâ€” the more sys 
tems, the more faults. A failure, either hardware or 
software, should not affect the entire network. 

B Traffic management. As the network grows, so does traf 
fic. The ability to contain local traffic in one area becomes 
extremely important with a diskless system. 
To address these issues we use HP StarLAN 10 hubs 

(multiport repeaters and wire centers) and bridges. 
Cabling Plan. The engineers' offices were wired with four- 
pair twisted-pair cable. This eight-wire cable is split into 
two four-wire portions: two pairs for phone and two pairs 
for HP StarLAN 10. We use HP StarLAN 10 transceivers 
to connect the workstations to the network. Unlike HP 
ThinLAN coaxial cable, which can be 185 meters in length 
and have 30 nodes attached to it, the HP StarLAN 10 cable 
has a 100-meter length restriction and can only have one 
node attached much like a terminal point-to-point connec 
tion. To bring together these multiple segments we use HP 
StarLAN 10 hubs to concentrate twelve segments at a single 
point. They are then interconnected via a standard HP 
ThinLAN backbone segment (see Fig. 1). In addition to 
providing interconnect convenience, the HP StarLAN 10 
hubs provide electrical isolation of individual segments 
from the entire network. Should a cable become damaged, 
only the user on that segment is affected and troubleshoot 
ing is much easier. 
Gateways. Like any repeater, HP StarLAN 10 hubs appear 
transparent to the interface on any host. Except for electri 
cal problems on any given segment, repeaters do little to 
provide segment isolation. To control and monitor network 

'HP StarLAN 10 t ransceivers are a lso ca l led media access uni ts  (MAUs).  

HP 
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Nodes 
(Workstations) 
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Printer Node 
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Interface Card 
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F ig .  1 .  Mu l t i p l e  segmen ts  (wo rk  
s t a t i o n s  o r  s e r v e r s )  a r e  c o n c e n  
t ra ted a t  a  s ing le  HP StarLAN 10 
hub, which in turn is connected to 
an  HP Th inLAN backbone .  Up  to  
12segments are al lowed per hub. 
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traffic a device is needed that deals with levels of network 
ing beyond the Ethernet level (i.e., network layer of the 
Open Systems Interconnect (OSI) Reference Model). 

Since our network is exclusively internet protocol (IP) 
based, the obvious choice for such a device is an IP gateway 
or router. Part of the internet protocol is the concept of 
logical subnets. This concept and its ramifications are out 
side the scope of this paper, with one exception: logical 
subnets provide a method of breaking apart a network into 
a local setting or a wide area network. Subnetting makes 
the division of local network traffic feasible. 

Broadcasts prove to be the most troublesome traffic prob 
lem. Every interface that sees an address resolution pro 
tocol or user datagram protocol broadcast interrupts its 
host processor even if the packet is not required by the 
host. As the network grows, more CPU time is spent servic 
ing these broadcasts. The IP gateway provides a logical 
boundary and constrains subnet traffic, including broad 
casts, to a particular LAN segment. 

We found that the organizational boundaries within our 
site suggest logical places for subnet partitions. Organiza 
tional partitions distribute the administrative responsibili 
ties of each subnet to the appropriate entity. The gateway 
indirectly provides a psychological division that enables 
each group or entity to control its own network (subnet), 
yet retain connectivity with the entire corporate network. 
To the user, a neighboring host appears the same as a host 
in a different subnet, no matter where the subnet may be 
physically located. 
Troubleshooting. Hardware problems are a constant source 
of worry for administrators of large networks. Certain tools 
are necessary to maintain and debug networks. When entire 
groups of hosts fail, the problem can usually be traced to 
a single segment failure, a hub failure, a bridge failure, or 
possibly a gateway failure. These types of problems are 
easy to find and correct. Since logical divisions are already 
in place, many of the more common problems are elimi 
nated before a system administrator has to begin a binary 
host-to-host search for possible failures. The problems that 
cause the most difficulty are the host that occasionally 
transmits bad packets, or the segment that loses connectiv 
ity to certain other hosts on the subnet because of 
irregularities in cabling. 

Conceptually we would like to know how well each host 
sees traffic (i.e., what percentage of incoming packets are 
bad). We also want to know how other hosts on a subnet 
see packets from a specific host. As a first-order solution, 
the internet control-message protocol echo (ping) can be 
used to provide some information on the performance of 
a subnet. The usual test is to send ping packets from one 
workstation to another and examine the error statistics on 
the returning packets, then proceed from machine to 
machine looking for a host or group of hosts with signifi 
cantly more errors or a pattern of failed responses . A typical 
problem could be a host responding to only half the pings. 
This could indicate an electrical problem with the cable 
(e.g., the cable is too long). 

The method works most effectively when the problem 
is fairly solid. However, experience has shown us that more 
often than not, users perceive an intermittent performance 
loss on the network as a failure. A quick check reveals 

nothing wrong. Solving intermittent problems requires 
some long-term statistics gathering. For this we use a net 
work protocol analyzer and HP BridgeManager4 (personal- 
computer-based network management software for bridge 
interrogation). With a statistics application package it is 
possible to obtain detailed information on any individual 
node as well as the network in general. We are able to 
gather such information as percent network use, error 
count, and collision count, in an understandable graphical 
format. Additionally, the protocol analyzer can provide 
these same statistics on any individual node or group of 
nodes. We have also used it effectively as a ping generator 
to check the performance of various hosts and gateways 
on the network. Given that the protocol analyzer is the 
most powerful device on the network in terms of frames 
per second, it can be dangerous and should only be used 
for stress testing during off-hours. 

If the protocol analyzer has one fault, it is that it cannot 
examine how a particular interface sees the network. Often, 
one node will see the network with many errors while its 
neighbor only a few feet away sees few errors. Typically 
these errors include bad frame checksums or misaligned 
frames. Usually, bad cable connectors, a defective trans 
ceiver, or a bad tap are the causes of such problems. These 
types of errors may simply go undetected until a node with 
this problem attempts to connect to another node, where 
upon the errors become so prevalent that reasonable data 
transfer is impossible. 

To detect these sorts of problems before the user notices, 
an administrator needs to see how each node on the net 
work "feels" about its interface. Since dragging the analyzer 
to each port on the net would be impractical, we log in to 
each machine remotely to execute diagnostic tools such as 
landiag and ping. This allows us to interrogate each system's 
view of the network. 

Bringing I t  Al l  Together 
Our data center physical environment consists of a tradi 

tional raised-floor management information systems (MIS) 
machine room. The diskless computing equipment shares 
this space with the HP 3000 machines that support the rest 
of the division. We have 10 boot servers that provide 100 
diskless clients with HP-UX facilities and swapping over 
the network. All boot servers have a standard configuration, 
allowing mutual backup in the event of a system failure. 
Each boot server is an HP 9000 Series 360C computer with 
8M bytes and a single HP 7937H disk drive. All servers 
and their corresponding disks are rack-mounted in HP 
19514A eight-pack cabinets. The console lines are run to 
multiplexer cards in another workstation in which each 
boot server has a dedicated console window. Ergonomics 
are done quite nicely. 

In the mezzanine we have banks of HP StarLAN 10 hubs 
that support various areas of the office floor. Depending 
on project team location, their workstations will be con 
nected to one or more of the hubs supporting that floor 
area. Each hub supports twelve ports and normally all 
members of a project team share one hub. The project 
server, which is also in the office area, is connected to port 
two of a team's hub. The boot server for the project team, 
located in the data center, is connected to port one of their 
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hub. The result is that all systems of the triad supporting 
the project team are physically on the same HP StarLAN 
10 hub. All network file system (NFS) mounts and 
associated traffic are thus localized to one hub. In the event 
that the team generates too much network traffic, the hub 
is bridged from the HP ThinLAN backbone as shown in 
Fig. 1. Because we are using twisted-pair cable and cross- 
connect blocks to make the connections, patching between 
hubs, workstations, and servers is trivial (see Fig. 2). When 
engineers move, all they do is plug their workstations into 
the HP StarLAN 10 ports in their new offices. Their work 
stations will automatically boot from the correct server. 
Once the entire project team is situated, the boot server is 
patched to the appropriate hub supporting their new 
offices. 

Today our new HP StarLAN 10 network and the old HP 
ThinLAN network, which is used for the remaining stand 
alone systems, share the same subnet in the gateway. The 
HP StarLAN 10 hubs provide the network with a method 
of expansion and fault isolation within the user (office) 
environment and across the project team triad. Point-to- 
point functionality further increases fault isolation. The 
concept of subnets and the use of gateways add further flex 
ibility to the network and their use will be expanded as 
traffic levels dictate. The twisted-pair cabling offered with 
HP StarLAN 10 makes reconfiguring the network to meet 
changing traffic patterns a trivial task. 

A Management Paradigm 
for System Administration 

Having effectively laid the computing foundation for 
future work toward building an integrated project support 
environment, the challenge of managing it arises. R&D com 
puting facilities consist o'f many components, including 
the diskless environment just described. We were faced 
with developing a support paradigm that would merge the 
best practices of other organizations managing computer 
facilities while retaining much of the "hands on, no con 
trols" mentality traditional to an R&D environment. The 
three major computing environments within HP were 
evaluated and their merits weighed. 

Dedicated Data 
Cross-Connect  Block 

Integrated Voice and Data 
Cross-Connect  Blocks 

y  T o  C o m p u t e r s  
\  "  o n  t h e  N e t w o r k  

Pa tch  Cab les  and  to  Phones  
(Jumper Wires)  

25-Pair Cable 

To Computers  
on the Network 
and to Phones 

F ig .  2 .  Connec t ion  o f  c ross -connec t  b locks  to  an  HP S ta r -  
Lan 10 hub. 

C o m p u t i n g  E n v i r o n m e n t s  a t  H e w l e t t - P a c k a r d  
It is necessary to understand three computing environ 

ments within HP to put the HP-UX support issue into per 
spective. These computing environments are R&D, manu 
facturing, and management information systems. Each 
environment is different in its focus, the metrics by which 
it is managed, and its hardware and software configura 
tions. 
R&D Computing. R&D computing is often managed and 
administered from an R&D productivity department. This 
department typically reports to the entity's R&D productiv 
ity manager. The department staff are engineers and system 
administrators (or they may be system administrators who 
are engineers). This department manages all aspects of R&D 
computing including installing applications, writing utili 
ties, tuning performance, and designing and managing net 
works. Most of the users of these services are engineers, 
although cross-functional applications bring in other users. 
Managing CAD systems, design information, and CASE 
tools seem to be the primary concerns in R&D computing. 

R&D computing is highly distributed and typically based 
on the HP-UX operating system running on HP 9000 sys 
tems. The highest premium in this environment is placed 
on productivity and ease of use of the various resources. 
Also, networking and connectivity are prime services to 
the R&D engineer. With the ever-shortening R&D cycles 
and increasing competition in HP's markets, any service 
allowing the R&D engineer to be more productive is highly 
valued. Security and control are acknowledged as impor 
tant in this environment, but the trend has clearly been to 
emphasize openness and not to sacrifice productivity for 
security and control. 
Information Systems Computing. Information systems 
computing is usually managed by an information systems 
department that reports to the entity or site information 
technology manager or entity controller. This department 
is responsible for all aspects of business computing and is 
accountable to entity management as well as HP corporate 
information systems. They may also be responsible for site 
communications and networks and the site data center. The 
department typically installs and supports all corporate- 
developed information systems that are used at the entity. 
A well-established internal audit process exists providing 
business control feedback on this group's performance. 

Information systems computing has traditionally been 
centralized (few machines, many terminals) and primarily 
based on the MPE XL operating system and HP 3000 com 
puters. The highest premium is placed on reliability, integ 
rity, control, and security. Secondary importance is placed 
on the effective use of resources and on ease of use. Of 
course, productivity is the driving motivation behind all 
information systems. However, the trend in information 
systems has clearly been to emphasize security and control, 
sometimes at the expense of individual user productivity. 
Manufacturing Computing. Manufacturing computing 
includes the elements found in R&D computing with two 
additional major areas of emphasis: process control and 
computer integrated manufacturing (CIM). Manufacturing 
computing is usually managed from a combination of the 
following. 
â€¢ Information systems departments (business systems) 
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â€¢ R&D productivity departments (engineering systems and 
R&D links) 

â€¢ Manufacturing systems departments (business systems 
and CIM) 

â€¢ Manufacturing engineering departments (engineering 
systems and CIM). 
The staff in these departments includes all types of infor 

mation systems personnel and engineers. 
The manufacturing computing environment encom 

passes both the R&D and MIS environments. In manufactur 
ing there exists a large mix of computers and operating 
systems including HP 3000, HP 9000, HP 1000, and HP 
Vectra computers running the four major HP operating sys 
tems (MPE XL, HP-UX, RTE, and MS-DOSÂ®). There are 
also non-HP computer systems that control non-HP process 
equipment. The move toward CIM has placed great 
emphasis on heterogeneous computer architectures in 
manufacturing because of the large mix of available process 
control equipment. The issues of productivity, security, 
and control have about equal importance in manufacturing. 

Comput ing Support  Model  
The goal of the computing support model is to achieve 

a balance between the high value placed on productivity 
and ease of use by R&D and the concerns about reliability, 
integrity, control, and security paramount to the MIS com 
munity. To achieve this end, the model focuses not on the 
concerns stated above but on the data accessible and tasks 
performed on a given R&D HP-UX machine. From a security 
and control perspective, if a machine does not have data 
that could violate the rules of confidentially or harm the 
corporation by loss or disclosure, that machine does not 
MS-DOS is a U.S.  registered t rademark of  Miordsof t  Corporat ion.  

pose a security risk unless it can facilitate "hacking" a 
machine or network that contains sensitive data. From a 
productivity and ease-of-use perspective, based on the 
diskless environment using X Windows, any auditable 
service is instantly available by opening a window to the 
secure machine providing that service. By layering services 
across many machines, as opposed to the traditional model 
of all services being on all machines, tight controls can be 
instituted on the machines and services that require them 
and more openness can be maintained on machines that 
do not house those services. This paradigm shift was 
reviewed with the internal audit team in 1988 and was 
viewed as a valid approach. 

Fig. 3 shows an overview of our computing support 
model. Color codes are assigned to all the machines to 
indicate the level of service, the level of security and con 
trol, and the predominant use of the machine. Red and 
yellow machines are used for product development with 
the red machines designated for testing. The green 
machines have some development responsibility, but are 
primarily devoted to administrative and production- 
oriented engineering duties. 

Through the model we are successful at stratifying our 
computing services through color codes so that the appro 
priate level of control, accountability, and access can be 
given to the right individuals without compromising the 
integrity of the overall computing environment. As an 
example, e-mail on HP-UX systems is viewed by the corpo 
ration as an auditable service on a par with HP Desk on 
MPE XL. The model therefore considers this service green. 
Mail then must be managed on a secure green machine 
and mail messages are only allowed to flow between other 
green machines on the network. If an engineer is working 
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Fig. 3. Computing support model. 
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on a red machine, which is typical of the testing environ 
ment, it is a minor inconvenience to open a window to a 
green machine offering mail. This approach ensures the 
integrity of mail confidentiality and administration with a 
minimal productivity impact. 

Collaborat ive Resources 
The service model matrices in Fig. 4 indicate that we 

have five organizations supporting the R&D computing 
environment. Based on the color assigned to each machine, 
each organization supports different services and varying 
levels of service. For example, the technical computing 
environment service team, which is made up of two system 
administrators, is responsible for most services on green 
systems (see the first matrix in Fig. 4). The trusted user 
team (second matrix in Fig. 4) is made up of R&D engineers 
who have the responsibility of providing HP-UX system 
administration and most other activities on red machines. 
These two groups meet monthly to work collaboratively 
on solving laboratory-wide productivity issues related to 
the computing environment. The remaining three organiza 
tions (information technology, site telecommunications, 
and electronic maintenance) are used like subcontractors 
for providing basic services such as backups, cabling, and 
preventive maintenance. By placing our services on ma- 
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trices and overlaying them we can see any holes in cover 
age. The support model has helped us stratify our support 
services and understand their requirements such that the 
annual business audit is effectively addressed. By building 
collaborative support teams with strong management sup 
port we are effectively bridging the gap between service 
providers and the end user. Because the trusted user team 
is effectively end users they help ensure that the customer's 
voice is incorporated into services provided. 

Conclusion 
Diskless systems have proven to be an outstanding first 

step toward implementing a cooperative computing envi 
ronment. Each engineer has a CPU to perform general 
development tasks while the highly tuned project servers 
and boot servers execute very specialized requests. In terms 
of hardware acquisition and maintenance costs, diskless 
computing is a very cost-effective alternative to standalone 
workstations. Diskless performance has met and in many 
cases exceeded our expectations. This must be qualified 
by indicating that the diskless clusters must be tuned to 
specific types of workloads. An optimum configuration for 
us has been eight to ten nodes per cluster. Past this point 
diskless performance begins to degrade over that of a stand 
alone system. Using diskless clusters has provided monu 
mental strides in HP-UX system administration. We suc 
cessfully support over one hundred diskless workstations 
with just two systems administrators. The old support 
ratios were one systems administrator for every ten to fif 
teen stand-alone machines. Diskless computing has helped 
us achieve economies of scale in many areas. HP StarLAN 
10 has also proven itself extremely well by providing point- 
to-point functionality. If a node is unplugged, it has no 
effect on the rest of the network. Compare this with an 
open occurring on a standard HP ThinLAN network, which 
can have adverse effects on all nodes. 

As well as it has worked for us, the diskless workstation 
concept has been a problem in a few cases. For example, 
hardware engineers can generate some huge files and swap 
ping over the network can cause performance problems. 
Because of this we use local swap disks for most of our 
hardware engineers. We use HP 7958 132-Mbyte disks. We 
had many of these left over from converting stand-alone 
systems to diskless clusters. Therefore, these disks had 

little financial impact on the implementation. 
Managing NFS mounts so that the correct file systems 

are coming from the correct servers for each project team 
is not something to be taken lightly. We have been success 
ful at managing this aspect but it takes a fair amount of 
work. It especially gets challenging when more than one 
project team shares a boot server. At least two project ser 
vers are involved and they can occupy geographically dif 
ferent areas in the office environment. This has an impact 
on which HP StarLAN 10 hub they are connected to and 
how bridging is achieved. Again, we have been quite suc 
cessful but we have room for improvement. 

We have successfully laid the computing foundation to 
build an integrated product support environment for our 
R&D Laboratory. We still lack a solid integration framework 
and the methods and tools to support all phases of the 
product life cycle. We have begun to experiment with a 
fourth component to our cooperative computing platform, 
application servers. These machines house laboratory-wide 
tools that cross project team boundaries. We have success 
fully implemented two design capture system application 
servers for hardware design and an HP Teamwork applica 
tion server for structured analysis and design for software 
engineers. We are in the process of implementing a labora 
tory-wide HI-LOÂ® simulation application server and exper 
imenting with SoftBench as our software engineering inte 
gration framework for CASE tools. 

The computing support model, truly collaborative sup 
port teams, and strong management commitment have ena 
bled us to achieve a score of eight on a scale of one to ten 
for our diskless environment according to those who man 
age the environment and those that use it. 
HI-LO is  a U.S.  registered t rademark of  GenRad, Inc.  
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