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In this Issue

HP DesignCenter
is the namegivento a collection
of designautomation
softwarepackagesthat run on the HP 9000familyof technicalcomputers.
These productsare tools that help electronic,mechanical,and software
engineers
be moreeffectivein theirjobs.Whattheydo is oftenspokenof
in acronyms-CAE(computer-aided
engineering),
CAD(computer-aided
demanufacturing).
sign),CAM(computer-aided
On pages4 to 33 of thisissue,
designersof the HP DesignCenter
Mechanical
Engineering
Series5 and
Series10systems,ourcoversubjects,
describe
the structure
andoperation
of theseadvanced
two-dimensional
designanddraftingpackages.
Automatpartspresented
ingthe processof designing
mechanical
numerous
engineering
challenges
that
requiredcontributions
in userinterface
design,memorymanagement
anddatastructure
design,
andalgorithm
design.For ME Series10,an additional
designchallenge
wasthe requirement
to
withsystemsfor finiteelementstructural
communicate
analysisand systemsthattranslatepart
(NC)machinetoolsthatmakethe parts.The
dataintoinstructions
for the numerically
controlled
paperon page4 describes
the ME Series5/10productsandtheiruserinterface.
Thesystemis
designed
to be botheasyto learnfor the noviceandpowerfulenoughnotto limitor frustrate
the
expert.Thecommandlanguage
and its user-definable
macrofacilityarenoteworthy.
Datastructuresand algorithms
for geometryconstruction,
dimensioning,
hatching,
and pansdefinition
are
in the paperon page16.On page30 is an unusual(forus)reportlroman HP Division
discussed
thatactedas an alphatestsitefor the ME Series5/10andis nowusingthesesystemsto design
printerparts.
Becauseit'salreadythere,electricwiringhaslongbeenusedfor manythingsbesidescarrying
electricpower.In homes,for example,somecordlesstelephones,
intercoms,
musicsystems,
appliancecontrollers,
and burglaralarmsuse the powerlines,savingthe expenseof separate
peopleare nowconnecting
wiring.Notsurprisingly,
computers
overlocalareanetworks(LANs)
that use the powerlinesfor data communications.
On page35, we havea reporton an HP
Laboratories
researchprojecton power-lineLANs.The researchrevealedsignificantobstacles
to reliabledatacommunications
over powerlines,includinghigh noiselevelsand highsignal
attenuation
thatvarywithtime andfromsiteto site.To dealwiththeseconditions,
a wideband
schemewastestedandfoundto permitusabledataratesup to 100,000bitspersecond,much
higherthanpreviously
reported.
-R. P. Dolan

What's Ahead
TheJuneissuewillcovera varietyof topics,including
HP'sHumanInterface
Link(HP-H|L)
for
personal
computer
andworkstation
inputdevices,
thedesignof a low-costHP-HILgraphics
tablet,
interprocess
communication
mechanisms
for UNIXsystems,
verification
andsoftware
usingbranch
analysis.Completing
the issueis a Viewpointarticleon the directionof CMOStechnology
by
YoshioNishi.

to editing. Letters should be addressed to: Edilor, Hewlett-Packard Journal, 3200 Hillviw Avenue, Palo Alto, CA 94304, U.S.A.
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State-of-the-ArtCAD Workstationsfor
MechanicalDesign
MESeries5ll0workstations
PartofHP'sDesignCenter,the
simplifythe creationof part drawingsand the designof
A shareddata baseimproves
mechanicalassemblies.
amongdesignerson a projectand the
communication
for useby NC
resu/fscan be formattedautomatically
manufacturing machinery.
by WolfgangKurz, DieterSommer,Karl-HeinzWerner,DieterDeyke,and HeinzP. Arndt
UILDING A HIGH-PERFORMANCECAD SYSTEM
takesmore than putting a number of wonderful features together.The majority of today's CAD (computer-aided design) systems for mechanical engineering
can more or less do the job, but many of the systems demand
an extensive amount of training before the user can become
productive. Another concern is that as a user's proficiency
grows, requests for modification, customization, and new
features arise.
To resolve some of these difficulties and to provide designers with tools to aid them in their designs, HP has
developed a family of workstations, the HP DesignCenter,
for use in various technical fields. Two examples are the
Mechanical Engineering Series 5 and Series 10 (Fig. 1)
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discussed here. These workstations represent one of a
group of HP projects to develop software for various CAD
systems and more general interactive graphic systems. Software reusability is a high priority in these projects. This
not only saves substantial development effort, but also benefits the user by providing a uniform set (or subset) of
functions across a range of products.
Another HP DesignCenter goal was building a CAD user
interface that enables productive use of a system after only
a few days, even for a novice without formal training. At
the same time, the system does not disappoint an expert
user. The ME Series 5/10 provides over 250 commands and
functions with different options for many of them. A very
efficient method of combining these primitives to form

Fig. 1. Ihe MechanicalEngineerrng Serles5 and Series 10 Workstallonsof HP'sDesignCenterare
versatile systems for two-dimensional drafting (Series 5 and
Series70)and mechanicaldesign
(Series10)applications.Bothfeature a friendly and easy-to-learn
user inbrtace designed for technical illustrators,drafters,and engineers. Ihe Serles 5 provides
many tools for the preparation of
drawin gs, flowcharts,schematics,
layouts, and documentattonand
can be easily upgraded to the
Series 70, whrch provides many
faciI itiesfor mechanicalengineering design such as parametric design evaluations, customizability,
and interfaces to other CAD systems (e.9., for finite-elementanalysis,)and to numerically controlled
(NC) machinery.
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Fig.2. A typical ME Serles 5/70 drawing

more complex command structures provides the experienced user with a powerful tool for daily design tasks.
Feature Highlights
The HP DesignCenterMechanical EngineeringSeries 5
and 10 are advancedtwo-dimensional designand drafting
systems for mechanical engineering applications. Fig. 2
shows a typical ME Series5/10 mechanical drawing.
The ME Series5 and ME Series10 have the samesoftware
architecture,basic user interface, and model data structures. The ME Series5 offers a subsetof the ME Series10
capabilitiesat an economicalprice. It is upward compatible
with and upgradableto the ME Series10.
ME Series10 featuresinclude:
r Comprehensiveconstruction and annotation capability
. Choice of user interfaces-tablet/screen or screen only
r Powerful command set to perform fast designmodifications
r Sophisticatedmacro languagefor parametricdesignand
design evaluations
r Customizability for specific applications
r Interfacesto other CAD systems(IGES),NC machines,
and finite element analysis systems.
The ME Series5 offersthe samefeatureswith the following limitations:
r Limited drawing size
r Limited macro capabilities
r No editing for hatch parameters,attributes,or fillets

r No interfacesto NC, FE, or IGES systems.
ME Series 5/1.0 construction geometry simplifies the
work previously done using a pencil, compass,and ruler
on a draftingboard.Constructiongeometryconsistsof basic
figures like circles and endlesslines. There is a mode to
overdrawthe constructiongeometry,like inking in the pencil lines. The user can also create real (inked) geometry
directly. The set of geometryelementsincludes third-order
splines (with dampingl which can be convertedinto a contour of tangent lines and arcs if the geometry is to be transferred to an NC system (numerically controlled automatic
machining equipment).Besidesthe easyhandling of texts
and symbols, other annotations such as hatching and dimensioning not only comply with different standardslike
ANSI, ISO, DIN, or JIS,but are sophisticatedenoughto be
updated automatically when the associatedgeometry is
altered.The ability to createassembliesand hierarchically
structured parts simplifies the handling of large amounts
of data.Sincethe databasecanbe sharedwith other designers at other ME Series5/1.0workstations,eachdesignercan
alwayshavereadyaccessto other partsaffectingthe designer's particular design.(Seethe article on page16 for details
about ME Series 5/10 geometry, dimensioning, hatching,
and parts.)
The ME Series5/10 products aretailored for the HP 9000
Series 300 Computers,l but are also supported on the HP
9000 Series 200 Computers. They take full advantageof
the different hardware configurations and the broad range
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Fig. 3. Software architecture of
the ME Series5110.

of supported peripherals. The operating systemsthe products run under are the HP-UX operating system and the
Pascal workstation systems (Series 200). An interface to
each operating system is provided to take advantageof all
of the features of the operating system.
The hardware configuration can be as simple as a single
stand-alone 16-bit workstation using a medium-resolution
monochrome display and a mouse as the input device. For
more sophisticated applications, it can be extended to a
network of 32-bit, floating-point workstations with highresolution color displays,B/A3-sizegraphicstablets,printers, a choice of disc drives with storage capacities from
270 kbytes to 571 Mbytes, and E/A0-size plotters with automatic paper feed to provide multiple frame plots.
Customers with special applications need to customize
their systems. The ability to run other programs on-line,
together with a macro programming capability, makes the
ME Series 5/10 useful to customers other than those in the
mechanical and electromechanical design fields. Various
macros, symbols, text fonts, and standard parts are available.
Customizing also means being able to use the system in
the user's native language, Localized versions for France,
Italy, and Germany are available. A fapaneseversion with
approximately 4000 Kanji characters is available; it supports 16-bit Kanji charactersin the editor, macros,menus,
help subsystem, and text commands.
ME Series 5/10 is designed to restrict the user as little
as possible. For instance,the number of elements in the
model or drawing is bound only by the memory (or virtual
memory) available. The number of macros, screen tablet
menu fields, simultaneoustext fonts, or symbolsis limited
only by the underlying operating system.
The ME Series 5/10 is compatible with earlier HP CAI)
products like HP Draft, HP EGS, and HP Design. The valuable data created by these systems can be transferred to
the ME Series 5/10, An open system architecture not only
means having interfaces to other HP products, but also an
IGES (Initial Graphics Exchange Specification) interface to
systems made by other manufacturers.
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Software Architecture
The design goal for the software architecture was to develop a uniform user interface and operating system interface for all commands and functions, and mechanisms for
additional commands, new applications, and different data
bases.The U-shaped areain Fig. 3 contains all the software
dealing with the user interface, customizing, command
parsing, VO device support, and general operating system
support. Action routines define all user interaction for a
specific command or function. The command's syntax is
only defined inside the action routine. Action doers are
more generalmodules containing mathematical algorithms
and various calculations.
User lnterface
The large functionality built into ME Series 5/10 is accessed by means of a command language with a defined
syntax. However, for more efficient work and easier learning it was necessaryto create a friendly environment for
all commands and functions. There are combined graphics
tableVscreenand screen-only user interfaces.All tablet and
screen menus have been defined with ME Series5h0 commands using the ME Series 5/10 macro language and can
be easily customizedby the user.
Catching a Point. The ME Series 5/10 catch mechanism
allows the user to catch (select) a point in various ways.
The point caught is the closest point of a preselectedtype
within the circular area around the cursor center. It may
be the closestvertex (end pointJ,intersection,grid, or perpendicular projection point of the cursor center onto an
element, or nothing. The catch mode can be changed at
any time. Hence, while creating a polygon, it is possible
to changethe catch mode from vertex to intersection to get
the third polygon point correctly. The window can similarly be changed to get a point outside of the current window. Catching is confined to the cursor area boundaries.
These boundaries can be set by the user, who can always
see the cursor on the screen and has complete control of
the catch results. Hence, it's not possible to catch an intersection point in the upper right corner of the viewport by

Fig. 4. ME Series5/10 tablet overlay
indicating a point in its lower left corner when the cursor
size is five pixels.
TableUScreen User Interface. The ME Series 5/10 tablet
area can be used for two different purposes: to pick the
geometry points and to choose commands or functions. An
overlay (Fig. 4) indicates the softkey locations on the tablet.
Following the desktop metaphor, we put all commands
and functions that should always be available on the
graphics tablet, while the items that are mainly used in
certain design phases are found in screen submenus. This
defines a clear and easy-to-learn structure for the user interface and makes its use much more effective. For example,
a user can pick window functions or construction geometry
commands from the tablet at any time without needing to
change the CREATEscreen submenu for that purpose.
The tablet overlay consists of:
r A column with often-used commands: DELETE,CONF|RM,
UNDO,END,CANCEL,and neLp.
I Functions that can interrupt the active command at any
time and functions for display options. Examples are
SHOW,WINDOW,CATCH,RULER/GRID,
ANd COLOR.
I Selection items that are normallv used tosether with
certain commands.
I A numeric keypad.
r Two columns with screen submenu calls.

On the tablet overlay, commands have a dark gray background color, functions and selection items are placed on
a light gray background, and screen submenu calls are
printed on a white background.
AII commands and functions that are mainly used in
special design phases have been collected in screen submenus with one or two screens each. The screen submenus
are:
r CREATE(two screens). General drawing commands for
real geometry. Hence, a user carl create real geometry
and construction geometry at the same time since the
construction geometry block is placed on the tablet overIay.
r DIMENSION(two screens). Automatic or manual dimensioning and unit conversion.
I HATCH.Automatic or manual hatch, and simple hatches
and hatch patterns.
I TEXT (two screens). Editing of texts and leader lines and
font selection.
r FILE (two screens). Loading, storing, directory catalogs
with sorting items, and general file operations.
I PLOT.Local plot and spool plot.
I MODIFY.Moving, copying, rotating, mirroring, scaling,
stretching, and isometric modification of real geometry.
r PARTS(two screens). Commands for a single-level or mul-
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Fig.7, Example:Catalogfunction.

Fig. 5. Screensubmenusof the tabletlscreenuserinterface.
tilevel parts structure and parts lists. The PARTSblock
on the tablet overlay contains a small subset of the screen
submenu functionality and offers only single-level parts
commands. This enables the novice user to work with
a flat tree structure (all parts on the same level) whereas
the experienced user can use the more sophisticated
parts commands of the screen submenu to create more
complicated parts structures.
SET UP (two screens). Commands for changing the working environment, such as setting units, plotting defaults,

dimensioning options, and dimensioning defaults.
SYMBOLS(two screens). The first menu contains a set of
ISO symbols in different sizes and the appropriate symbol box elements. Since many users want to use their
own symbols, the second screen is left empty to offer an
easy-to-use way to add custom symbols.
r lNFo. Commands for associated texts.
Screen-Only User Interface. For users who prefer working
with a mouse or do not want to spend money for a tablet,
we implemented a screen-only user interface. Our main

I

Fig. 6. Screensubmenusof the screen-onlyuser interface
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goal was to design both user interfaces to be as similar as
possible by using the same structure for tablet overlay command blocks and their screen-only representation, and the
same internal structure of the screen submenus like CREATE
or DIMENSION.
The scheme for the screen-only user interface
consists of five parts:
r Calls for changing screen submenus. For example,
CREATEand DtttleruStoNas you would find them on the
tablet overlay.
r Calls for changing screen submenus that simulate the
tablet overlay function blocks like W|NDOW, SHOW,
LINETYPE/COLOR,
ANd SELECTION.
I An area in which the changing screen submenus will
appear.
r A block with the main commands: DELETE.CANCEL.
UNDO,CONFIRM,END,and NCLP.
I A numeric keypad.
With the exception of the changing submenus, all other
menu parts remain on the screen all of the time. Each menu
part has a different background color. One additional function has been implemented in the screen-only interface.
The BACK function leads the user directly to the previous
command submenu after working in a function submenu
like LINETYPEiCOLOR.
Screen Submenus. Both user interfaces use several screen
submenus (Fig. 5 and Fig. 6) with the same internal structure of commands. This makes documentation much easier
since one manual describes both user interfaces.
Some of the menu items are enhanced by a background
color selected according to a simple scheme. Normally, a
command (white background) offers several options (black
or blue background). If a user picks the command name
itself, the user gets the default option that is always
positioned to the right of the command name. To select an
option, the user can pick it directly without picking the
command name first. However, some commands or functions can be executed with more than one option at the
same time. For example, let's take a closer look at the
catalog function (see Fig. 7).
First, the user decides whether to see the current directory fpick CATALOGor Currenr)as the default option or
another directory (pick Name and enter a directory name).
Second, the user can select one or more options with a
blue background to select certain catalog items (e.g., Fite
Type), or sort the output list according to an item like file
name, file size, create date, and so on. Finally, the user has
to decide the destination for the catalog list. For this purpose, a blue background menu field named OpTtoNS at the
bottom of the screen submenu offers Screen and printer as
devices or DeleteOld and Append for the destination file
specified.
The different background colors in the screen submenus
are used to simplify interpretation of the listings presented.
A white background is used for command and function
names. A black background shows necessary options that
the user has to select with the first pick. Blue background
options can be selected after the first pick.
User Interface Files. The user interface is completely written using the ME Series 5/10 macro language. It is divided
into nine files which can be easily modified by the user:
hp-macro:All macros used in both user interfaces.

hp_macro_t:
Macros and screen menus used only by the tablet/screen interface.
hp_macro_s:
Macros and screen menus used by the screenonly interface.
hp-menu-t:Definition of the menu slot layout for the tableU
screen interface.
hp-menu-s:Definition of the menu slot layout for the screenonly interface.
hp-tmenu:The tablet overlay menus for three HP graphics
tablets.
OVL9111, OVL460B7,and OvL+6Ogg:ME Series 5/10 drawings
of the tablet overlays for the three HP tablet types.

ME Series5/10Language
In addition to screen and tablet menus, special function
keys are available. This highly customizable user interface
system is based on an interactive command language chosen to be independent of input devices and input techniques and to provide an easily extensible system. Besides
the basic commands and functions for invoking the system
features, there are extensions for expression evaluation and
macro definition.
Basic Constituents. Processing ME Series 5/L0 input can
be split into two parts: character processing and token processing. All logical input devices, such as the keyboard or
a screen/tablet menu, send characters to the scanner. The
scanner understands the syntax of all token types. It decides
by looking at the stream of characters if the token is a point,
a string, a number, et cetera. For example, 4,S is a point,
"ENGINEER" is a string, and 3.14 is a number.
A token is an entity of information (represented by a
modified Pascal record) containing the token type (e.g., a
number), its value (e.g., 3.14), and a link to the next token
to be processed. The value of a token is in binary format,
the value of a command token is an internal command
number, and the value of a macro token is a pointer to the
macro definition. This format was chosen because it is a
compact representation and, since tokens are normally processed more than once, processing time is saved because
most of the work is done when the token is built. The
possible token types are listed in Table I.

Table I
Token Types and Examples
TokenType

Example

Command
Function
Qualifier
Pseudocommand
Mathfunction
Symbol
Macro
Literal
Number
Point
3D point
Illegal

LINE
WINDOW
DOT_CENTER
LOCAL
INQ
Center_lines
"Identify circle"
3 . ' t4
3.1,4,403
0,3.14,403
1,a

Commands and functions are the primary keywords that
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Fig.9, General

(b)
Fig. 8. (a) Typicalcommandsyntax.(b) Functionsyntaxdiffersfromthecommandsyntaxin thatit lacksthetypicallaop
structure.
invoke a specific system action. We have chosen different
terms to reflect the two uses. A command (e.g.,LINE)is
normally active until another command is entered' This
means that the user inputs lines until another command
is chosen.The typical command syntax is shown in Fig. Ba.
is normally only active until
A function (e.g.,WINDOW)
the datarequired for this specific function has been entered'
Then the function terminates (seeFig. Bb).It does not have
the typical loop syntax of the commands. Functions are
those actions in the system that do not change the data
model, but may changethe values of variables defining the
environment, such as a catch mode.
A special property of a function is that it can interrupt
a command. That means that at any stageof the command,
instead of entering the required data for that command,
the user can select any function, After completing the function the system will ask for data for that command again.
Even inside a function, another function can be invoked,
which again interrupts the previous function.
Both commands and functions are implemented in action
routines (seeFig. 3).
Expression Evaluation and Macro Processing.Between the
scanner, which performs s5mtacticanalysis and generates
tokens. and the action routines, which consume tokens for
semantic analysis to carry out the requested actions, is a
filter to evaluate expressions and expand macros. Expression evaluation transforms several tokens into a single
token. Macro expansion takes a single token and replaces
it with one or more tokens. For example, the seven tokens
3.14 x 10 x 10 arereplacedby the token 314 and the macro
ALLCONFIRM.
token Dacis replaced by the tokens DELETE
Examples of expression operatorsare *, which adds two
numbers orvectors or concatenatestwo strings, ROT,which
rotates a vector, and pOS,which retums the position of a
substring within a string. One special operator is lNQ. It
can be used to read the current environment (e.g',window

setting,color, catch mode, and availablememory),the type
and parameters of drawing elements (e.g., coordinates,
radius, and color), and miscellaneousitems (e.g.,last measured distance).
Macros can be used for the following reasons:
r Abbreviations such as Dacfor DELETE
ALLCONFIRM
I Speed (executing a macro is much faster than executing
the same commands given in character representationl
I Localization. For example, using German KREISfor English ctncle
I Variablessuchaspoint coordinates,loop counters,etc.
I User-definedfunctions to extend the built-in functional
capabilities
r User-definedaction routinesto extendthe overall system
capabilities,such as an ellipse routine
r Parameterized library parts such as bolts and nuts.
The macro featuresinclude nesting fmacroscan use other
macrosl, local macros,and parameters.To avoid conflicts
with a global macro with the same name, a macro should
be declared local if it is only used inside another macro.
Parameters are the same as local macros, except that an
initial value must be provided when calling the macro.
There are also several control structures to be used inside
REPEAT
UNTIL,LOOP
macros, These are WHILEEND_WHILE,
EXIT_IF END-LOOP, ANd IT ELSEJF ELSE END-IF, USET iNIETAC-

tion is provided by the READfunction, which includes type
checking, rubberbanding, catching, and default values.
Macros can be not only saved in ASCII representation, but
also stored in a binary format and secured as appropriate.
The TBACEfunction can be used to monitor macro exptlnsion and expression evaluation. It lists all tokens processed
by the macro/expression filter either to an output device
or to a file.
A short example in the box on page 12 explains the ME
Series5/10 macro capabilities in more detail.
Action Routines. Action routines are the lowest-level user
interface in the system. They cannot be changed by the
user, and within the same product and revision, they are
the same for all countries.
The general program structure of ME Series 5h0 can be
visualized by the diagram in Fig. 9. An action routine interfacesthe user to the sub action level. For example, to create
a line, the user enters LINEinto the system (this can be
done in various ways). LINEis recognizedby the systemas

MAIN
I
I

L-l oru lcnelre I moorpvI srnucrune I arllvsrs I olre-m lsvsTEM_MI

tttiii

lurrr-ro
r yil r r . . . . . . . . . . . .
V
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Fig. 10. Expansionof action routine structurein Fig 9.

a command and the line action routine is called by MAIN.
This routine now handles all interactions with the user to
create the line the user wants. In general, an action routine
reads a specific set of tokens and changes the state of the
system accordingly. The state of the system includes the
values of global variables, local variables, data structures,
the file system, et cetera.
Fig. 10 expands the action routine structure and shows
some of the ME Series 5/10 action routines. UTILITYdenotes
a set of action routines used by other action routines. Basically these routines deal with selection. Other action
routines shown in Fig. 10 are:
r DlM, which handles dimensional data
r CREATE,which creates geometric information
r MODIFY,which deals with DELETE,SPLIT, MERGE, and
MODIFY
I STRUCTURE,which deals with parts and layers
I ANALYSIS,which calculates properties of the created
geometry such as center of gravity
I DATfuM, which manages data structures (LOAD, STORE,
and ut)
I SYSTEM-M,which manages system parameters, macros,
et cetera.

Store and Load
Storage Formats. ME Series 10 can store drawings, subparts, or library parts in two different formats: binary or
MI (Model Interchange). ME Series 5 offers only the binary
format. The binary file format corresponds to the internal
representation of drawings, subparts, or library parts in ME
Series 5/10. Very little conversion is necessary when storing
to another binary format. This results in compact data storage and provides for fast storage and retrieval of ME Series
5/10 model data. The MI format is an HP data exchange
standard similar to IGES that requires transformation of
the internal data structure to an ASCII format for long-term
storage and interfacing to external programs.
Some techniques used to store data are applicable to both
formats. In particular, the same mechanism is used to store
lists and object references. Before explaining the way ME
Series 5/10 stores model data, it is necessary to describe
some aspects of the internal memory management and the
data structure of ME Series 5/10.
Memory Management and Model Data Structure. All objects that are created in a dynamic fashion or vary in size
are stored in the heap storage area. To manage the heap
area, ME Series 5/10 uses its own heap manager to obtain
sufficient performance for creating and deleting dynamic
objects. This helps achieve a satisfactory interactive re-

Dim line,info

Dim_char-info

Local Part Data

Cmpnt-sim

Dimension

Parts Tree
Contours

Fig. 11, Objects are linked with references (black arrows) to one another
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Example Macro
DEFINECenter_lines
LOCAL P LOCAL R LOCAL C LOCAL L
END
lNo_ENV3
LET C oNO 201)
LET L (rNO302)
LOOP
RGB-COLORC
LINETYPEL
END
LOOP
READPNT'ldentify circle' P
INQ_ELEM
P
EXIT-lF(lNQ403=CIRCLE)
BEEP
END_LOOP
LETP 0NO101)
L E TR ( 1 . 1 * l N O 3 )
LINE
YELLOW
DOT_CENTER
(P-PNT_XYR o)(P+PNT_XYR o)
(P-PNT_XY0R)(P+PNT_XY
0 R)
END_LOOP
END-OEFINE

(Oeclaremacrosused locally)
(Terminateany activecommand)
(lnquirecurrentcolor and
linetype,and savevalues
in local macros)
(Restorecolor)
(Restorelinetype)

(Ask user to identitya circle)
(Get element parameters)
(Exitloop it element=clRCLE)
(ElseBEEP
and continueasking)
(lnquirecircle cente.point)
(lnquireradius,scaleby 1.1)
(Switchcolorto YELLow)
(Swilch linetype to oor,cENTEB)
(Drawhorizontalcenterline)
(Drawverlicalcente.line)
(Askfor next circle)

The macrolistedabovewillcontinuouslyask the userto identify
a circleto add centerlinesto. The centerlineswill be yellow,in
a doLcenter
linetype,and will be 10%longerthanthe circle radius.
The input of any commandwill terminatethe macro and execute
the command.

sponsetime in ME Series5/10.
The storing of objects organized in a heap area takes
longer than storing an array of bytes containing all objects
compacted with no free spacebetween the objects.Such
compactarraysof bytes can be copied from memory to disc
in a very fast manner. But, in ME Series5/10,all important
data structures are organized as linear lists, binary trees,
quad trees,part trees, etc., with many referencesbetween
the objects. Using a heap storage area offers much more
flexibility than reserving a fixed amount of storage organized as an anay. The size of the model data is only
limited by the installed memory.
To get the required functionality and to represent the
dependenciesof the objects that ME Series 5/10 creates
and uses, most objects are linked with referencesto each
other (see Fig. 11). If there were no restrictions on the
referencesbetweenthe objectsstoredin the heap, then the
net of objectscould be describedwith a generalgraph.
ME Series5/10 organizesthe model data as a hierarchy
of objects with references only in one direction from the
higher to the lower levels, with the result that the model
data can be seen as a directed cycle-free graph. The hierarchy of model data from highest to lowest levels is:

nents and other objectscan be simplified and done more
efficiently.
All objects can be divided into two groups. There are
objectsglobal for all parts (sharedby all parts) and objects
local to a particular part, to which they belong.Examples
are:
Global objects:
Dimension line data
Dimension characterdata
Hatch
Patterns
Associatedtext
Local objects:
Model points
Components
Dimensions.
Sharedobjectreferencesare used to link local objectsto
global object data and to link local objectsin a part to each
other as listed below:
Simple components- model points
- associatedtext
All components
Contours
Faces
Hatch
Part

Dimension

-simple components
+contours
-hatch
e patterns
-simple and composite components
(all components belong to one part)
+part (shared and unshared subparts)
- associated text
- dimension line information
+ dimension character information

:H;tiLo":11H"""",,
For many temporary processes,each sharableobjecthas
a slot called temp-attr(temporary attribute). The information
stored in temp-attris only valid within a single command
or function. The temporary attribute is used to:
r Number objects in a list to transform references, mark
objects, and assign temporary information.
I Produce a listing of the assembly structure or of the
number of occurrences of all subparts.
r Temporarily store pointers to the image of modified sharable componentsto avoid duplicate processingduring
the MODIFY
command.
r Find all faces and contours with all their referenced
componentsincluded in a given list of selectedcompo-

Highest level +Parts
Faces.dimensions
Contours
Components
Lowest level - Model points and global data
Becauseof this data organization, the storing of compo-
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Fig. 12. Lists of model points and components with references from the latter into the former.

nents.
r Detect cycles during automatic hatching.
r Temporarily store topological information during the
command.
STRETCH
r Temporarily mark selected elements during selection
and support logical operationsin the selectionmechanism.
Example: Storing Lists of Obiects. As an example, we describe the mechanism to store two lists of objects with
references from the second list into the first list. Let us
assumethat the first list contains model points (MPx) and
the second list contains components (CPy) as shown in
Fig. 72. To store this structure the following actions are
performed:
1. Initialize the temp-attrof all objects in list MP to zero,
2. Mark all model points referenced from components in
list CP.
3. Order all marked model points by assigning to temp-attr
a sequence number according to the position in list MP
and remember the total number of model points.
4. Store the total number of model points followed by the
model points in list order. The model point count is used
to detect the end of the list during load and to calculate
the number of bytes needed to store object referencesinto
this list.
5. Count the number of componentsin list CP.
6. Store the count of componentsfollowed by the components in list order and convert model point referencesby
storing the value of temp-attraccessedby dereferencing the
model point reference.
Storing the Data Structure. Before any data is stored on
externalfiles, the model data is inspectedto checkthat all
referencespoint to legal objects.This is accomplishedby
adding a sequencenumber to the temp_attr
of the particular
object and verifying that all referenced objects have a sequence number in the appropriate range fbetween zero and
the number of elements of the particular object type).
All quad trees for model points are reorganizedto delete
model points that are not leafs and that are no longer referenced by other objects [i.e., all use counts are zero). The
leaf nodes that have no other referenceshave already been
deleted.
This mechanism is used for all lists representingthe
model data. The order in which lists are stored is important
to guarantee that during the reload of these lists, all ele-

ments of other associated lists are already loaded when
referencesto these elements are encountered. Translating
a reference means to follow the reference and get the
number in temp-attrassigned during previous numbering.
These numbers are always relative to the beginning of the
list the referencedelement belongsto.
To get a compact storageformat, the numbers are stored
as one, two, or four-byte integers when the number of elementsin a list is lessthan 28,216,or max-integer,
respectively.
All objects that can be referenced only one time need no
special actions becausethe contentsof theseelementscan
be stored without pointer information. All objects of the
same type within a part are stored together to eliminate
storing the type flag for each element. Instead, there is one
type flag stored at the start of the list of objects of the same
type.
The structure information of the quad tree is also stored
with the model points. At load time, the tree can be built
very quickly without time-consuming reconstruction by
insertion of each model point in a new quad tree. To store
the parts structure, there is a small difference in the mechanism. Each referenceto an unstored part initiates the storing of this part and the fact that it was stored is marked in
the temporary attribute of the part by setting temp-attrto the
sequence number of the part. The next references to this
part are stored by using the sequence number read from
temp-attrfor this part.
Loading Data. The loading of the model data lists is done
from the lowest to the highest level in the objectshierarchy.
A transformationtable is constructedfor each list of sharable objects in which the address for each member of the
list is stored on the index that equals the sequencenumber
in the list. To resolve shared object references,the address
of the already created object is retrieved from the appropriate transformation table. To minimize the temporary
storage requirements, the lifetime of the transformation
table is reduced to the time required to load one part.
Help System
A CAD system should not only be simple enough to be
operated by a user who works with the system only now
and then, but also sophisticatedenough to allow a very
experienced user to perform very special operations. In
both casesthere is a need for occasionalassistance.for

SToRE command
-->(STORE)-->+---'-->+-+--->(ALL)------>+-->+----

l t t' -t l- t

t - 1 1 I' l) - > '

l p a r t n a m e l -- > '

--->+->lfite

namel--->

' - - t ( D E L _ o L D )--> '

S T o R Es t o r e s t h e d f a H i n g t o t h e n a m e df i I e .
I f t h e n a r n e df i t e a t r e a d y e x i s t s ,
y o u m u s t u s e t h e D E L _ o L Do p t i o n .
S T o R Ec a n p r o d u c e e i t h e r o f t w o f o r m a t s ,
l i l l s e I e c t s t h e M O D E LI N T E R F A C S
E T A N D A RfDo r m a t .
This is a text format intended
for Iong-term archiving and for interfacing Hith other systems.
The defautt format is an internaL binary forrnat.
Files
in
smaIter than MI files, and can be written and read faster.
Fites in eithef

this

format

are

format are readable Hith LoAD.

ALL means to
store the entire drawing, from the top part doHn.
n a m ea p a r t , a n d o n t y t h a t p a r t w i [ [ b e s t o r e d .

You can atso

Fig. 13. Examplefrom the nePfile.
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ME Series L0 Link to HP-FE
The finite elementmethod allowsthe engineerto analyzethe
behaviorof a design accuratelybefore it is manufactured.The
design process can be consideredas a two-steploop.The first
step is the creationor modificationof a design.The secondstep
is the analysisof the design.lf the analysisgives negativeresults,
both steps have to be repeated.
HP-FE is a general-purposefinite element system for linear
structuraland thermal analysisof two-dimensional,symmetric,
and three-dimensional
structuresconsistingof linearelasticmaterial with homogeneous, isotropic material properties. lts
analysiscapabilitiesinclude linearelastic, linear dynamic,and
linearheat transfersolutions.
The programperformsin three steps:input of necessarydata,
calculation,and display of results.The input process involves
two steps:describingthe geometryof the structureand defining
the finite element mesh. The user only needs to enter enough
pointsto definethe boundaryof the structure.Giventhe boundary
of the obiect, a cross partitioninginto varioussubregionsmust
be specified.The geometrydata consistingof points and lines
(polygons)for each subregioncan either be defined directlyin
the preprocessoror transferredfrom the ME Series10 system.
The ME Series10 data exchangeprogramextractsand reformats the geometricaldata requiredfor the HP-FEprogram. In
the ME Series 10 environment,the user chooses the drawing.
For manipulationssuch as partitioning,the whole ME Series10
modificationcapabilitiescan be used. Then the geometrycan
be passedin a well-definedmannerto the preprocessorof HP-FE.
The data exchangesets the third coordinateequal to zero,thus
embedding the two-dimensionalME Series 10 data in an X-Y
planethroughthe origin.Becauseof differentoperatingsystems,
the file format is ASCll. After the transferthe user switchesto
the HP-FEprogram where it is possible to add finite element
specific information.This consistsof:
I Definitionof the mesh
r Prooertiesof elements
r Boundaryconstraints
I Definitionof loads.
Enteringthisdata permitsfiniteelementanalysisto be performed.

GuenterYoss
Fr
-.lgtneer
BdblingenEngineering
Operation
Florrolnnmonl

example, to give the former user a hint about the order of
input and to show the latter user a different way to deal
with problems most efficiently. The assistanceshould give
guidance, such as when a user just forgets how to input
the correct command sequence,and should give hints about
other commands or options that could be used as a better
solution for the user's problem.
A configurable and expandable system that can be modified by the user should also allow the user to incorporate
information about a specific functionality into the help
system. The information presented should be technically
correct and comprehensive.The technical user should find
a notation that allows the user to check the syntax of commands, functions, and macros at a glance. Therefore, we
chose the so-calledrailroad notation. where the user can
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travel along and find all options of a given command and
the sequencein which they have to be entered.
The ME Series10 help systemis made up of three files.
One, called help,is shipped with the system.The other two
files are generated by the system and are called trelp.iand
help.t.One is an index file that allows very fast accessto
the formatted text file-its contents are actually displayed
on the screen.
All the information about the help systemis in the master
file called help. This file is human readable and can be
edited with a regular text editor. To explain in more detail,
let's take a closer look at a description of a specific command. Fig. 13 is an original example from the hetpfile. The
keywords are preceded by the caret ^. The keywords are
later stored in the index file and used as keys to the corresponding help paragraph.
The first keyword is the primary keyword, which normally is the same as the command name. The other
keywords may be applicable to more than one command.
To get from paragraph to paragraph containing these keywords, the help command N (Next) is provided.
The railroad structure shows all the options and the command sequence.Words in capital letters (e.g., ALLJare
known words of the system and have to be entered literally.
The railroad structure is followed by a more verbal description of what the command and the options do, hints about
performance, boundary conditions, and what happens if
an error occurs.
The user can write paragraphs and insert them into the
helpfile. The system then generatesa new index and text
file so that the user's paragraph is available from then on.
Searchingthrough the index file is very fast since the index
file is loaded in main memory. If an exact match occurs,
the key is found, and the paragraphis displayed, If no exact
match is found, a second pass through the index file is
initiated to find the best match. This meansthat if a simple
typing error occurs or the exact syntax is not known, there
is a good chanceof getting the proper help messageanyway.
Once a user has a help paragraphon screen,besidesthe
above-mentioned Next command, the user can scroll the
screento read previous or following paragraphs.If the user
is alreadyinside a command or function and doesn'tknow
how to proceed, the user simply can enter HELP,which
automatically displays the help paragraph for the current
command or function. The help systemis always available
wherever the user is in ME Series 5h0. whether in command entry, inside a command, in the editor, or even in
the help system itself.
Development Process
The developmenttook place on the Pascalworkstation
system using an HP SRM (Shared ResourceManagement)
network, which is also a product configuration. 160,000
lines of Pascalsourcecode, a few assemblermodules, and
some C languageroutines were completed in a relatively
short time. A number of tools were written to automate
and speed up day-to-daywork. Continuous porting of the
software to the HP-UX operating system and continuous
testing during the developmentphasereduced the chance
of unwelcome surprises at the end. Early prototypes and
the feedbackfrom our alpha and beta test sites (seearticle

The ME Series 10 NC Links
All NC (numericcontrol)programminglanguagesare based
on the same principle.First,geometricelementslike points,lines,
circles, and contours are defined. Then the tools are moved
alongtheseelements.For identification,
all elementsare labeled.
For examole:

Macro
APT

P1: POTNT/15.20
L1: LrNE/l5,10,30,80.2
cl : ctRCLE/50,55.3,20
Traditionally,
an NC programmeris given a set of engineering
drawingsof the part to be produced. The programmerhas to
understandand interpretthe drawings accuratelybefore proceeding to write the NC program.This is where much time is
consumed and errors are made. Sometimesthe amount of
geometrydefinitionin the NC source program is considerable
and many typing errors are possible.Therefore,it is desirable
to providelinksfroma CADsystemto an NC programmingsystem
to minimize programming time and get code free of error.
These links support NC programmingby generatinga list of
geometricelementstranslatedinto the correspondingNC language as shown by the example above. In addition,the CAD
user can also offer a drawing with the label informationthat
correspondswith that used in the NC source code.
However,most NC interfacesto CAD systemswill not support
drawing changes.That means that any drawing change leads
to totallydifferentlabelingof the elements.The resultis that all
machiningcommandsin the NC sourceprogrammust be rewrif
ten. Not so with ME Series 10. In case of drawing changes all
existinglabelsare not renamed,they are part of the model.
The followingNC links are available:
r ANSI APT
I COMPACTll (ManufacturingData Systems,Inc. or MDSI)
I NCGL(NC GraphicsLanguageof MDSI).

Fig. 1. Tr anslation processfrom ME Series10 to NC language.

Translation Proc€ss
The translationprocess is startedby an ME Series10 macro.
The translatorsare implementedas externalPascal programs
started by the RUNfunctionof ME Series10. This functionsuspends ME Series10 and startsthe externalprogram(translator).
Exitingthe program will cause ME Series 10 to resumeat the
same pointwhereit was left.The translationis based on Ml data.
lf any labeledcomponentsexist in the drawing,only the labeled
geometry is translated;otheMise, the entire geometryis translated. Fig. 1 showsthe translationprocess.
Berthold Hug
DevelopmentEngineer
BoblingenEngineeringOperation

on page 30) helped us tune the feature set and polish the
user interface.
The extensiveuse of abstractdatatypes made it possible
to keep interfaces stable while experimenting with algorithms and data structures.For example,the point storage method changed from a linear list to a quad tree while
in beta test. The test customersprobably did not notice,
except for the increasein speed.
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ME CADGeometryConstruction,
Dimensioning,Hatching,and Part
Structuring
by KarhHeinzWerner,StephenYie, FriedhelmM. Ottliczky,HaroldB. Prince,and HeinzDiebel
REATING MECHAMCAL PART DRA\MNGS iS A
necessarypart of the design processfor mechanical
engineers and drafting and documentation support
personnel. Using an tIP ME Series 5/10 Workstation makes
this task easier, simplifies the work required to make revisions later, and provides a data base that can be used by
other designers and subsequent manufacturing facilities.
The tools provided with the ME Series 5/10 allow a user
to create and manipulate the following simple geometric
entities:
I Construction lines and circles
r Lines
I Circles, arcs, and fillets (special arcs)
r Polygonsand splines.
To represent these elements in the computer, the speed
of geometric calculations and the amount of memory available are important constraints. To minimize the amount of
storagerequired, we describe the elements aboveby vector
algebraand expressall quantities as multiples of real numbers:
r Point: 2 numbers
r Construction line: 3 numbers-for instance, one point
on the construction line plus an angle of direction
I Construction circle: 3 numbers-for instance, center and
a radius
I Lines: 4 numbers-for instance, two endpoints
I Arcs. fillets: 5 numbers-for instance, center, radius, and
begin and end angles.
In the case of a construction line it is also possible to
use the equation y:ax+b to representthe (x,y) points of
nonvertical lines.

To overcome the above-mentioned storageproblem and
the topological problem of closure, ME Series 5/10 uses
the following mechanism. All points used to describe the
geometric properties of elements are kept in a common
storagearea called model points. A model point is unique.
There are points with topological relevance such as endpoints of lines and there are points with no topological
meaning, for example, the center of a circle. To distinguish
between thesecases,use counters are attachedto the points.
Entering a new point means comparing this point with
other already existing points for identity. Two points are
considered to be equal if both coordinate differences are
relatively less than a variable called data-eps.The usual
is about 0.0000000000011rO-t'1.Comparvalue of data-eps
ing new points with existing points in this way could degradethe performance of the system,so an adequatestorage
format is necessary.The model points are stored in a quad
tree.1The quad tree is a two-dimensional analog of a binary
search tree. The basic idea of the quad tree concept is to
associatefour quadrants with a given point. Another point
can then be classified to be in one of the four quadrants.
Using the standard Cartesian coordinate quadrants, it is
easyto classify points (seeFig. 1).
In the kth level of a quad tree there is room to address
4k points. So a full quad tree of seven levels can store
2'1,844points. The searchtime for a specific point is very
short if the tree has good balance. Typically the quad tree

Geometry

Geometry Data Structure
The ME Series 5/10 data structure for geometry has a
top-down structure with four levels:
r Level 3: faces
r Level 2: contours
r Level 1: construction lines and circles, lines, arcs and
fillets, polygons, and splines
I Level 0: model points.
The Quad Tree. Repeatedmodifications like scaling a rectangle (consisting of four boundary lines) may introduce
numerical errors into the values of the endpoints. It is then
possible that the rectanglewill no longer be closed. The
best closure is obtained if the endpoints of adiacent elements are identical. A less stringent form of closure is to
make the difference of the endpoints less than a given
epsilon (e).
Fig.1. Quad tree concept
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Data Structure

of a mechanical engineering object is balanced very weli.
If the model shape is equal to a nearly horizontally or
vertically extended object, the quad tree degeneratesto a
binary tree. To degeneratethe quad tree to a linear list, all
points must be placed along a single line (a shape that is
uncommon in mechanicaldrawings).The shapeof the quad
tree depends on input order. If an element referencing a
given model point is deleted,then the use countersof the
model point are decremented. If the use counters of this
model point Errezero and the program leaves the model
point, the model point is deletedimmediately. Otherwise,
the model point is removed within the STOREcommand.
An inspection of some complex mechanical engineering
drawings (about 5M bytes of data) showed the averagetree
level to be 20, with a few branchesup to 50 levels deep.
With ME Series5/10 a user can createpoints in the whole
plane (limited by the longreal format) and the points may
be arbitrarily close (again limited by the longreal format
and by epsilon).
Level 1 Elements. A construction line is considered as an
infinite line passing through a given point. The internal
representation consists of a point and a direction vector.
Constructioncircles consistof a center(point) and a radius.
Lines are represented by two endpoints. Arcs and fillets
are representedby a centerand two endpoints.Circles are
considered as arcs with identical beginning and ending
points; hence, they are representedby a center and one
peripheral point. To speedup the systemresponse,redundant information like radius and angles are also stored for
these element types.
Polygons connect data points by straight line segments.
Splines connect data points by third-order interpolating
curves with respectto a set of possible boundary conditions
and damping associatedwith each data point.
On this level the ME Series 5/10 data structure for
geometrycan be viewed geometrically as a setof elementary
curves with model points as geometric parameters. Topologically it can be viewed as an Euler net.
Contoursand Faces.With ME Series5/10it is also possible
to have composite geometric entities like contours and
faces. This is an important feature supporting modeling.
Contours are parameterized by the individual elements
forming the contour. Facesare parameterizedby one outer
and no, one, or more inner contours. Parameterization
means association:the changed underlying elements automatically influence all higher-dimensionalelements.
Entities on a given level (>0) refer directly to entities on
the level below. The problem of finding all elements on
higher levels that refer to a given element is solved by a
search processusing the use count information. Therefore
it is necessaryto have use counterson all levels (<3). For
instance,a use counteron level 2 indicateshow many faces
share a given contour.
Parts. It is desirable to collect all these element types in a
single unit called a part. Then it is necessaryto have a part
element type (seethe section on parts).
Splitting. In a technical drawing, elements such as lines
and circles are drawn in a common plane. Theseelements
can be imagesof physical edgesin different planes. Suppose now that the drawing is a front view of a simple
three-dimensional object consisting of two adjacent rect-

angles. Now add a horizontal line to the lower rectangle
extending from the left to right boundary (seeFig. 2a). This
new line may be the image of an edge in the same plane
as the lines from the lower rectangle or it may belong to
another plane (seeFig. 2b).
In the first case,the original rectangle should be split by
the new horizontal line, in the other casenot. How can the
program know whether to split or not? The splitting function in ME Series 5/10 sets a flag. If this flag is true, at the
insertion of a new simple geometric element like a line the
system splits all elements passing through the endpoints
of the new element automatically. If the flag value is false
nothing happens. In this way the user can decide whether
to split or not.
There may be situations where splitting a set of elements
or splitting at intermediate intersection points is necessary.
In this case, the SPLTT
function can be used. The SpLtT
function uses the whole selectionmechanism,that is, the
user can select a single element, or several individually
identified elements,or all elementsin a rectangularbox,
and so on. Then, in the caseof a single selectedelement,
the user is asked where to split. The CATCHmechanism
can be usedto indicate the split point. In the caseof several
selected elements the program calculates the intersection
points between these elements and splits corresponding
elements at their intersections (sptiUist).
Let us now describe how the split-tistalgorithm works.
Suppose we are given a list of N elements. To find all
intersections between these N elements one can consider
all pairs (element i, element jJ, where 1<i and i<N, and
test thesepairs for intersection.Becauseof symmetry,there
are N(N-1)/2 of these pairs. So this algorithm behaves
ORIGINAL
FRONTVEW

HOOIFIED
FRONTVEW

t---]
r---_l
RECTANGLESHOIJLD8E SPLIT

RECTAN6LE SHOUL
,D NOT BE 5PLIT

(b)
Fig. 2. Two-dimensional representations of three-dimensional objects mean that the addition of a line can be the
image of an edge in the display plane (a) or it may belong
to another physical plane (b).
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quadratically, which meansthat splitting large element sets
will be slow. With N : 1000 we would have to test for
: 500,000intersections.Assuming
approximately 7OoO212
500intersectionsper second,this would take 1000seconds.
In ME Series 5/10 another algorithm is used. As the first
preprocessing step, the smallest rectangular axis-parallel
box around the list elements is calculated. This box is
divided symmetrically into four disjoint subboxes.In the
secondpreprocessingstep, the list elementsare classified

as either belonging to one of the four subboxesor extending
across two or more subboxes.Clearly elements belonging
to different subboxes can have no intersections. The test
to determine lf an element belongs to a subbox uses four
real comparisons. Hence, the number of preprocessing
steps is proportional to N.
Next, those elements that extend over several subboxes
must be intersectedwith the correspondingelements.So
an element extending over subboxes1 and 2 may intersect
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Fig.3. Examplesof ME Serles 5/70 dimensioning

JoURNALMAY 1987
1 I HEWLETT-pAcKAFD

ilr

elements in subbox 1 or subbox 2 or another extending
element. Usually there are only a few elements extending
over several boxes in a technical drawing.
Now we are left with four problems of the same type as
the original problem. Supposethe distribution of elements
is uniform in the plane and that there are no extending
elements. Then each of the four subproblems has N/4 elements. The number of intersection calculations is now
given approximately by a(N/a)'? : N2/+.
Now we can repeatthe stepsdescribed aboverecursively.
With every recursion level, the number of operations is
decreasedby a factor of 4 under the hypothesis given above.
In the program an empirically selected constant is used to
stop recursion. If the number of elements is less than this
constant, the quadratic intersection algorithm is used;
otherwise, recursion continues. So the actual behavior of
this algorithm depends on the distribution of elements,the
number of subbox extending elements, and the cost of preprocessingsteps (on every recursion level).
Coordinates and Mapping
In vector algebrait is common to representa planar point
p in the form p : O * xer * yer, where (O,et,er)is a reference system consisting of a reference point O and two
independent planar vectors e, and er. With respect to
(O,e.,e"lthe point p hascoordinatesx,y, that is, p : (x,y).
Points need to be transformedin two ways. The first is
to change the reference system and then express a given
point in the new system.The secondis to changea given
point in a fixed referencesystem according to some type
of mapping (move, rotate, etc). The latter transformation
occurs in the MODIFYcommand. The former occurs if
geometric information from one part is compared with that
of a secondpart. Expressingboth actions mathematically,
the transformation of a point p to the new point p' is given
by,

POINTTO POINT

P' : AP+b
where A is a 2x2 matrix and b is a translation vector:

:'"""f

A:

[
b=

";,

t::l

Using homogeneouscoordinates,p' : Apr,, where po :
(x,y,l) and A is a 2x3 matrix:

A:

[

";:

:'"',

:;

]

To avoid unnecesstlry arithmetic operations and to optimize certain error handling situations, a control mechanism was established.In ME Series 5/10 there is a type
called geo operator,which consistsof a matrix, a classification, and a flag. Classification of a matrix is according
to its geometrical meaning:
r Unit (doesnothing, usually used to initialize)
I Move only (two-dimensional matrix is unit, adds only)
r Orthogonal (preserveslength)
r Conform {preservesshape,includes uniform scalingand
orthogonal transforms)
I Affine (preservesparallelism, includes scaling along an
axis and all former types)
r Perspective.
The flag indicates that the given matrix preservesorientation or reversesorientation.
The usual matrix operations like composition, inverting,
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F)9. 4. Examplesof dimensioning
commands and functions.
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and application to a point use the classification to optimize
the action. For example,the inverse of an orthogonal matrix
is the transposed matrix, which is obtained without multiplication.
The MoDIFYand stREtcx commands in ME Series5/10
use the same set of options to define the geometry of a
SCALE,
modification. The basic options are MOVE,ROTATE,
SIMILAR,
and AFFINE.There are suboptions for MOVE,ROTATE,and scALE. With each modification the options DEL
OLDor COPYand a repeat factor can be given.
These commands allow the user to define what should
be modified, and how it should be modified. The "what"
part is done by the general sELEcrloN mechanism for MoDFor the
IFYand by a special selection routine for STRETCH.
"how" part the user can define translations,rotations,reallows the
flections, and scaling in different ways. SIMILAR
user to define a transformation built up from a translation,
a rotation, and a scaling operation by indicating two points
and the correspondingimage points. Affine mappings can
be defined by three noncollinear points and their image
points. Affine mappings may destroy the type of an element, for example, a circle will be transformed into an
ellipse by the affine mapping
( 0 , 0 ) , ( 1 , 0 ) , ( 0+, 1 J( 0 , 0 ) , ( 2 , 0 ) , ( 0 , 0 . 5 ) .
BecauseME Series 5/10 in its current version does not
support ellipse elements,the circle element will be converted automatically to a spline element in the geometric
form of the desiredellipse.
The input to the general transformation algorithm used
for MoDIFYand stRetCx is a list of selectedelementsand
a geo operator. For each element type there is a special
modification routine. Modification of model points simlly
means multiplying the matrix by the coordinates of the
model point. Modification of simple geometric elements
like lines or arcs means point by point multiplication..So
a line is transformed if its points are transformed. Contours
are transformed if all constituent elements aretransformed.
Faces are transformed if their contours are transformed.
Parts are transformed if their underlying elements aretransformed. This can be done for shared parts by composing
the shared part's matrix with the modification matrix. For
nonshared parts the part's elements are transformed individually by recursion.(For details of the mapping of faces,
seethe section on hatching.)
Often two or more simple elementssharea model point.
If the image of such a model point is computed for the first
time, the addressof the image point is stored for fur.ther
use in the temporary attribute associatedwith each model
point. To use this information successfully,the temporary
attributes of all model points that can be addressedby the
given elementsare set to an initial value, say NlL.Then, at
modification time. an element is read from the list and
processeddepending on its type. The basic modification
step is to apply the given geo operatorto the model points
associatedwith an element. If the value of the temporary
attribute of the model point is NlL, the matrix of the geo
operatoris applied to the coordinates.This givesthe coordinates of the image point. Now we need a new model
point. So the coordinatesof the image point are sent to the
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model point quad tree. If a model point with these coordinates already exists, the address of this model point is
returned. Otherwise a new model point with these coordinates is created.The addressof the new model point is
then stored in the temporary attribute. The image model
point is passed to the element. This basic modification
mechanism for model points is the same for modification
with copy or modification of the original element. In the
caseof copy, a new component record is createdcontaining
the new geometric (point) information.
To describehow STRETCH
works, supposethe user has
created a line and wants to stretch the right end of the line
by ten millimeters. After calling STRETCH,
the user indicates the line endpoint, places the ruler* parallel to the
line, and indicates two ruler divisions on the ruler's x-axis
separatedby ten millimeters. On the program level, a line
element is selected,the endpoint not to be modified is
marked in the temporary attribute with its own address,
the other endpoint (indicated by the user) is marked with
NlL,and the translation operatoris calculatedaccordingto
the entered points. At modification time, the program
changes the original LO-mm-translation geo operator to a
geo operator that fixes model point 1 and shifts model
point 2 by 10 mm along the line. To do so, the program
reads the information in the temporary attribute of the
model points. The new mapping is defined by 1 - 1,2 +
2', where point 2' is calculatedfrom point 2 by application
of the original geo operator. This type of mapping is a
similarity operation. The new geo operator and the line
element are passed to the transformation mechanism. So
on the program level, stretching consists of two preprocessing steps: topological initialization of the temporary attributes and the calculation of a specialgeo operatorfor eacb
(stretch) component from the global input geo operator.
After these preprocessingsteps,the normal modification
algorithm applies.
'The ruler facility in ME Series5/10 closely resemblesa T-square. lt was created to make
the system resemblethe traditionaldrawing board that most designersand drattingpersonnel are familiarwith.
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Scalar Product Geometry
The usual geometriccalculationsusedin a two-dimensional CAD environment are:
r Length and angle calculations
I Orthogonal and parallel projections
r Parallels
r Intersections
r Tangential problems.
The basic objects to be dealt with are two-dimensional
points and vectors considered to be elements of a real twodimensional scalar product space. The usual Euclidean
distance and the angle between vectors can be expressed
by a scalar product <,>.
Two principles are used to perform geometric calculations:
1, Use a coordinate system related to the special structure
of the problem.
2. Use an orthogonal coordinate system.
As an example, consider the ME Series 5/10 solution of
the class of tangential problems called Apollonian problems. Consider all triples of elements, where an element
is a point, or a line, or a circle. Given such a triple, determine the circle tangential to these elements.
There are ten special tangent problems, namely:
(A1)-point point point (point point radius)
(Az)-line point point (line point radius)
(A3)-circle point point (circle point radius)
(A4)-line
line point (line line radius)
(A5)-line circle point (line circle radius)
(A6)----circle circle point (circle circle radius)
(A7J-line line line
(A8)-line line circle
(A9)-line circle circle
(A10)--circle circle circle.
A point can be considered as a circle with radius 0, so
the class of different tangential problems involving elements and points can be reduced to:
(C1)-line line line
(C2)----circle circle circle
(C3)-line circle circle
(Ca)-line line circle.

given by its center and one tangential element.
Now, let us consider the solution to problem A10. Given
three circles with centersm1, m2, and m3, and radii 11,
12, and 13, respectively, we want to calculate the center
m0 and the radius r0 of the tangential circle. The tangential
condition for (m1,r1)is <m0-m1,m0-m1) : (r0tr1)2
and likewise for (m2,r2) and (m3,r3).
In general,there are eight possible solutions to this problem. One possibleway is to calculateall solutions,compute
the deviations of the actual tangent points from the approximate tangent points and return the minimum deviation
solution. In ME Series5h0 preselectionof the solution is
performed by analyzing the approximate tangent points
and temporarily attachinga sign to the radii 11,12,and r3:
m0 : m1 + Id12+ px Complement(d"r)
where dr" is the unit vector from m1 to m2 and Complement(drr) is drr's orthogonalcomplement.If m1 : m2 :
m3, then there is no solution except that also (!- : 12 :
13, so after a possible rearrangement we can assume
ln1*m2.Inserting the unknowns, \, p, and r0, in the above
tangent conditions leads to three coupled quadratic equations.
Decomposethe vector dtr pointing from m1 to m3 into
d, and its complement:dr" : tdr, + r x Complement(d,r).
We then get the following system of equations:
lrt + tt' : (r0 + r1)2
(drr-).)2+pz:

(1)
(2)

(ro+r2)2

(r-)t)2 + (*- t, )t : (r0+ r3)2

(3)

These equations are solved by standard elimination techniques. There are two solution branches depending on
whether r : 0 or r I 0. rc : 0 means geometrically that
the three centersm1. m2. and m3 are colinear. In this case
the radius r0 can be found by solving a system of two linear
equations.If r * 0, then r0 is the solution of a quadratic
equation.
Geometry Software Architecture
The basic software module in ME Series 5/10 for the

There also must be algorithms for the radius problems:
Exlension Line

(C5)-line line radius
(C6)----circle circle radius
(C7)----circle line radius.
To distinguish between the different problems in the
user interface, the following options were introduced:
! tan3, covering cases A7 through A10
r tanlpt, covering case ,{4, A5, and ,{6 (radius input for
pt is possible)
I tan+Lpt, covering cases A2, A3, and ,q,4(radius input for
pt is possible )
I three-pts, covering case A1
I center, covering the case where the tangential circle is

DimensionFigure

Dimension Line

\

Fig. 6. Example of point-to-point dimensioning.
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creation of geometry is called ACT-cEo. For each type of
simple geometricelement,a specificaction routine in ACTGEOlets the user create elementsof this type in various
ways. To create a circle tangential to three other circles,
the c-circleroutine in ACT-GEOcalls a specific routine in
CMPNT-CIR.
This routine in turn calls a routine in SOLVE
to calculate the center and the radius of the tangential
circle. If a solution is obtained,anotherroutine in CMPNTCIRchecksthe solution, and if the check is positive, calls
a routine in MODELDSto createa circle element and then
calls a routine in DRAWto draw the circle onto the graphics
area.BesidesACT-GEO,
the softwaremodules in ME Series
5/10 are:
U-GLBLScontains the basic definitions of constantssuch
as r, data types such as points, etc.
GEO-MTR
contains the routines for scalarproduct geometry.
SOLVEcontains the equation solver routines for all the
geomebic problems ME Series5/1.0can handle.
MIN-DISTcontains routines that calculate the distance and
the projections from points to elements. These
routines are used by CMPNT_ANY
and MODEL_ACC
to
identify elementsby a pick in the graphics area.
MAP-GEO
containsthe calculus to deal with geo operators.
Routinesfrom this module are used by part routines,
modification routines, and routines associatedwith
the user coordinatesystem.
MODELDScontainsinsert, get, change,and deleteroutines
for elementsrealized as abstractdata types in a standard format.
CMPNT-ANY
contains routines that perform element type
independent calculationssuch as:
Routinesto get other geometricrepresentationsof
elements(e.g,,circle data from an arc).
Distancefrom point to element.

Tangent vector at a point to an element.
Intersectionpoint(s) between two elements.
Approximation of an arbitrary element by a point
polygon.
MODEL-ACC
contains all the searchroutines, using MODEL
DS ANd CMPNT-ANY.
CATCHuses the MODELACC
routines to catch accordingto
the catch mode.
MODELCHG
containssplit, merge,delete,etc.subroutines.
CMPNT-LIN,
CMPNT-CIR,
CMPNT_FIL,
etc, contain the highlevel routines to createelements.
There are two levels in this software structure with respect to data structure. On the low level, objects such as
constants,numbers, points, and vectors are defined and
can be exchangedbetween routines. On the high level,
beginningwith MODELDS,
one dealsbasicallywith abstract
objects such as faces,contours, lines, and model points.
For example,to catch to the intersectionpoint of two lines
on the screen,the user indicatesthis point approximately
by a pick with the graphiccursor.Then CATCH
callsroutines
in MODEL-ACC
that identify the part, part matrix, and line
elementsof the intersectionlines. The intersectionroutine
in CMPNT_ANY
gets all this information and decomposes
the line elementsinto beginning and ending points, which
are transformed by the part matrix to a suitable common
coordinate system.This point information is then passed
to a routine in SOLVEthat calculates the intersection point
relative to the coordinate system. After transformation of
the intersectionpoint back to the world coordinatesystem,
the MODEL-ACC
routine checks to see if the intersection
point is in the rangeof the graphic cursor.If this is not the
case,the CATCHroutine passesa NOTFOUND
to the calling
action routine. If there are more than two elementspassing
through the cursor range, then all possible intersections

Fig.7. Example of the result of
fhe DETAfLcommand.
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are calculated and the closest to the indicated point is
chosen.
Dimensloning
Dimensioning a given mechanical part means to give a
description of the physical size, shape, and position of the
geometry of that part in a human readable form. Hence,
dimensioning is one of the most important operations in
creating a detailed technical drawing (Fig. 3). There are
national and international standards for dimensioning:
ANSI, ISO, DIN, and fIS, for example.
CAD User Expectations. CAD systemsshould help the user
concentrate on the design process.Dimensioning a part in
a technical drawing should be easy and fast. The system
should provide a complete set of dimensioning functions.
It should be possible to dimension according to a given
standard. Often it happens that the geometry is changed
after dimensioning. In this case dimensioning should be
associative,that is, follow the modified geometryautomatically. This system behavior saves a lot of work and time
for the designer.Changing of dimensioning should be easy.
Sometimes it is important that a system be able to perform
isometric dimensioning. For factories using both metric
and nonmetric dimensions it may be important to have a
dual dimensioning capability.
There are many routine tasks: conversion of units, placing of dimension and extension lines, spacing checks,
changing the height of a dimension text for microfilm purposes,etc. It is expectedthat a CAD system will perform
these tasks with as little as possible user interaction.
Dimensioning in ME Series 5/10. One of the ME Series5/10
design principles is fidelity of the createddata,that is, the
user createsgeometrythat correspondsto the physical size

of the part that will be manufactured. Hence, dimensioning
a part in ME Series 5h0 means to make the inherent geometrical properties of the part visible in human readable
form.
The following dimensioning commands and functions
are implemented (seeFig. a):
r Line dimensioning. The distance between two points or
the length of an edge can be representedby either datum
or chain dimensioning. Horizontal, vertical, or parallel
dimensioning is optional. Coordinate dimensioning is
possible. To create a dimensioning line, geometrically
defined points such as the endpoints of elements or the
centers of circles are needed.
I Radius or diameter dimensioning.
I Arc dimensioning.
r Angle dimensioning. Supposea user wants to dimension
the angle between two lines. By digitizing the text position in one of the four possible quadrants defined by the
lines, it is possible to choose the angle of interest. The
dimension figures can be expressedin decimal as well
as in degree-minute-secondnotation.
The shape of a dimensioning can be optimized by the
user by changing one or more of the following parameters
(seeFig. 5):
I Text standard used
I Height and width of dimension figures
r Direction of dimension figures
I Gaps between edge and extension lines
I Length of extension lines over the dimension lines
I Number format. For example, the number 0.100 can be
expressed
as0.100,or 0,100,or.100,or 0,1,and soon.
I Position of dimension figureswith respectto the dimension line
r Units (mm, inch, fractional dimensioning in foot and
inch, dual dimensioning).
Data Structure. There are three design principles for the
dimensioning data structure: flexibility, associativity, and
compactness.Flexibility means including a complete set
of dimension parametersin the data structure so that a user
is able to generate dimensions according to a particular
standard. Associativity meansusing referencesto geometry

c/

Fig,8, /sometrlc dimensioningcan be given to shared parts
only

Fig.9. Finding the closed outer contour (solid line). The algorithm backs out of "dead-end streefs" like abcd (dashed
line)
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to let the dimensioning automatically follow any modification of the geometry. Compactnessmeans to store only the
most basic pieces of an actual dimensioning so that it is
possible to reconstruct the expected display image hom
the stored data.
As an example, we consider a point-to-point dimensioning (seeFig. 6). The picture on the display consists of the
geometry, the dimension line, the extension line, and the
dimension figure. Stored in the datastructure are references
to the geometry, the values of parameters,and the dimension text location in relative coordinates with respect to
the geometry. Drawing this dimensioning means adding
the nonstored dimension data by using an algorithm so
that the complete display picture appeius.
What do relative coordinates mean? In the case of our
example, the user must indicate two vertex points and the
text position. The text position point is transformed into
the coordinate system where the origin is defined by the
first-indicated point, the x-axis by the line connecting the
geometry points, and the y-axis by the line parallel to the
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extension lines passingthrough the origin. The length unit
on the x-axis is defined by the distance of the vertex points;
the length unit on the y-axis is defined by the internal units
(mm). The information on this user-defined text location
is kept even if the text figure does not fit between the
extension lines. In such a case, the dimension figure will
be drawn outside the extension lines. If, after a modification, the text figure will fit, the system remembersthe text
position and draws the text at the user-defined position.
To make the data structure more compact, a set of parameters that usually have equal values across a drawing is
kept in a special buffer as a single item. As long as these
parameters are used, any newly created dimensioning
points to this item in the buffer. If one of the parameters
is changed,the systemsearchesin the buffer for an identical
item. ff such an item is found it will be used; otherwise, a
corresponding item will be generated. The buffer is organized as a linear list.
Dimensioning is attached to a part. A part is an element
that contains other elements of any type, including parts.

TO
ME|O COMMAND
MAKETHISHATCH
CURRENT-HATtH-PATTERN
SOLID
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O 1 135GREEN
SOLID
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Fig. 10. Examples of hatching.
Hatch defines the location, orientation, and size of the pattern on
the face.

The dimension data is stored in this part.
Associativity of dimension data is an important feature
in ME Series 5/10. Therefore, the dimensioning algorithms
follow a high-level description of the algorithms invoked
by the MODIFYcommand. The user selects geometry elements to be modified. Theseelements are kept in a separate
list. The system searchesthe dimensioning data pointing
to geometry in this list and collects the data for the selected
elements in a separatedimensioning list. The geometry is
then modified sequentially and the affected dimensioning
is automatically adjusted to the values of the new geometry.
The text location of a dimension is defined with respect
to a mixed coordinate system. One axis of the coordinate
system (the x axis) is changed automatically by the new
geometryvalues,but the other axis value must be calculated
from the transformation type and the old value. In addition'
for stretching, the transformation can changefrom element
to element. So the dimensioning must be modified in parallel with the geometry.
Parts in ME Series 5/10 have their own transformation
(see section on parts data structures). The purpose of this
transformation is to express the part content in the parent
coordinate system. This transformation is classified by its
geometric meaning. In addition to the mathematical meaning {length, angle, parallelism preserving),there is information on the use of the part data. In the caseof an isometric
view, the part data does not represent physical data, but
instead a view of the physical data. Hence, in ME Series
5/10 an additional part identifier is included to cover the
casesof modeltype, viewtype, and detailtype parts.
By default, the system assignsa modeltype identifier to
command with shared
a new part. Using the ISOMETRIC
parts, the system automatically assignsthe viewtype identifier. On the other hand, the result of the DETAILcommand
is a shared detailtype part (seeFig. 7).
The part identifier is used to draw the part dimensioning.
The display appearanceof a dimension is generated by a
mapping mechanism, converting the stored data to the display data.In the caseof a modeltype identifier, the geometry information is transformed by the part transformation,
and then the normal display mechanism applies to this
data. For a detailtype identifier, the systembehavesas in
the modeltype case except that the dimension figure is
calculated from the original values. In the caseof a viewtype identifier, the geometry information remains unchanged while the display mechanism is adjusted to in-
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Fig. 12. Listof commandsthat could have been used to
createthe drawingshownin Fig 11
clude the part transformation. In the current state of the
program, an isometric dimensioning can be given to shared
parts only (Fie. B).
Hatching
Besidesthe geometric information, the ME Series5/10
data structure also contains topological information. The
data structure can be viewed as a topological net. A topological net is a finite set of objects from two abstract classes
called knots and edgesobeying the following rules: an edge
connects two knots (equal or unequal) and at least one edge
extends from each knot.
The elements of the topological model are:
I Model points: the knots of the topological net.
I Primitive components: edges starting and ending at
model points (e.g.,lines, circles, circular arcs, splines,
and polygons).
r Contours:an orderedset of primitive connectedcomponents where every component occurs only once in the
contour.
I Faces;definedby one outer and none, one,or more inner
contours.
Primitive components are connected if they shareat least

Fig. 11. SimpleME Series10part
drawing. (a) Geometry. @) Parts
structure.
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one model point. The components of a contour are ordered
so that every component except the first and the last is
connected with both of its neighboring components. A
property of the contour is that the components are connected with no other components in the contour except
their neighboring components. If the first and the last component of a contour are connected, the contour is called
closed.
Recognltion of Faces in Topological Nets
ME Series 5/10 includes a mechanism that recognizes
and createsfaces identified by the user. There are various
ways in which a user can identify facesto the system.The
easiestis to indicate a point on the face. Becausefacesare
defined by their boundaries, there are two tasks: finding
the closed outer contour and finding any closed inner contours.
Finding the Closed Outer Contour. An infinite ray starting
at the point indicated intersects at least once with every
contour that includes the point. Starting with the component the ray intersects first, the algorithm tries to find a
closed contour including the point. If no such contour can
be found, the next component intersected by the ray is
used for the search.
The beginning and ending points of the start component
for the contour search are defined so that the component
is run through counterclockwise relative to the point that
has been indicated. Starting at the endpoint we searchfor
connected components until the beginning point of the
start component is reached.If a point is reached where we
have the choice between several components to go along,
we use the one leading to the left. Since we run around
the point in a counterclockwise sense,going left ensures
that we find the innermost contour of all the contours that
include the point.
If a point is reachedwhere no connected component can
be found, we change direction and go back the same way
until we come to the last point where we had the choice
between severalcomponents.There we take the component
leading to the left. This is the one we would have taken if
the dead-end street we just took was not there.
Only two rules are used to determine the connected components. The first tells what to do when reaching a knot
that has several branches, and the second tells what to do
when reaching an endpoint of the net.
Keeping track of the route results in a list of components
where preceding components are connected by a common
point. This list contains all the dead-end streets we tried,

so they are to be soded out. Every dead-end street forces
a return. In the list a return is documented by a component
followed by itself. If we go back along a dead-end street,
we pass the same components we passed on our way in
but in opposite order. Hence, every dead-end street has the
following appearancein the componentlist: ...a-b-c-d-d-cb-a....(seeFig. 9).
Removing the return component d followed by itself
yields: .,.a-b-c-c-b-a..,
Going on to remove eachcomponent
followed by itself results in a contour with no dead-end
streets.It is obvious that the algorithm not only works with
simple dead-endstreetsbut alsowith complex connections
of dead-end streets.
Removing all dead-end streetsmay give a closed contour
as we have defined it above, but it need not. It also may
result in a few closed contours connected by bridges consisting of one or more components.Bridgesexist if we still
have components in our list that occur at least twice but
are separatedby other components. If we split our list at
these bridges we get several closed contours. One of them
is the outer contour we are searching for, the others are
inner contours connected with the outer contour. To select
the outer contour we search for the contour inside which
the indicated point lies.
This test depends on the fact that a point lies in a contour
when the number of intersections of any ray starting at the
point with the contour is odd. Since the direction of the
ray is optional, it is a good idea to choose a vertical or
horizontal ray to make computation easy and quick.
Finding the Closed Inner Contours. First, the number of
components that are used for the search of inner contours
is reducedby a box test using the box of the outer contour.
Then starting with an arbitrary component, we try to find
contours by searchingfor connected components. If a point
is reachedwhere more than two components are connected,
all components reachable from that point are recursively
searched.Thus, a subset of components is gained. This
subset forms a net. The outline contour or contours of the
net are to be found. This can be done using the same algorithm describedabove for finding the face's outer contour. The only differenceis that we now use a point outside
the contour we hope to find.
The start componentfor the outline searchis the component reached first when an arbitrary ray from a point outside is shot through the net. The beginning and ending
points of the component are ordered the sameway as above.
The turn-left rule used for finding the outer contour of the
face led to the innermost contour around the point. Since

List of Lines
List ot Arcs
List of Circles
Point Tree for these Elements

Fig. 13. Desiredmodification
of Fig. 12 partsstructure
(see
text).
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Fig. 14. Graphical representationof a part data structure in
ME Series10.

the point now lies outside the net, the turn-left rule leads
to the outermost contour of the net. If only points occur
connecting two components, the contour is found when
the beginning point of the first component is reachedagain.
When all contours in the box of the outer contour are
found, we have to sort out those that do not lie in the outer
contour and those that lie in other inner contours. The
following rule is used: A contour I lies in o contour O i/ I
does not intersect O ond one point of I lies inside O.
Hatch Data Structure
In mechanical engineering, the exposed cut surfaces of
sectional views are indicated by hatching. Symbolic hatching is used to distinguish various materials.In ME Series
5/10, symbolsfor materialscan be createdby superimposing setsof parallel lines. The symbolsarecalledpatterns.
The data structure for the hatch in ME Series5/10consists
of three elements:
r Simple pattern-all the data needed to define a set of
parallel lines. It contains display inJormationlike color
or linetype and geometric information defining the distance between the lines and the orientation and location
of the line set in the pattern.
r Pattern-a simple pattern or a connection of simple patterns.
I Hatch-defines the location, orientation, and size of the
pattern on the face (seeFig. 10).
A pattern can be shared by hatches, and a hatch can be
sharedby faces.
In many CAD systems, hatch is a separateelement not
coupled with geometry.In ME Series5/10 another approach
has been chosen.Hatch is consideredto be an attribute of
faces.Hence,hatch is coupledwith geometrythroughfaces.

subcomponents. So we must take care that a component
belonging to several composite components in the list is
not modified twice or more. Therefore, the first step of the
modification algorithm is to initialize the temporary attribute associatedwith each component. Only if the value of
the temporary attribute of a component has its initial value
at modification time will this component be modified and
the addressof the imagecomponent stored in the temporary
attribute. The modify information stored in the temporary
attributes is also used by an UNDOof the current MODIFY
command where the inverse transformation is applied to
all components with noninitial temporary attributes. This
is especially important for the STRETCH
command, since
the original topological information about how to stretch
is condensed to the temporary attributes.

Parts
Up to this point we have discusseda number of elements:
lines, circles, arcs, and so on. Now we turn to a new element: parts. A part is an element that contains other elements of any type, including parts. A part usually correspondsto somephysical object,like a screw,or to an assembly of physical objects,like a pump. But partscanbe simply
groups of elementsthat the user finds convenient to manipulate as a unit, and may have no direct physical meaning.
Parts in a drawing are like directories in a file system.
A part is an element, just as a directory is a file, and a part
contains elements,just as a directory contains files. A part
can contain a part, just as a directory can contain another
directory. Parts impose a hierarchy on the elements of a
drawing, just as directories do with a file system.
It is common to represent this hierarchy graphically as
a tree, much like a directory tree. Fig. 11 shows a simple
ME Series 5h0 drawing representing two symmetrical
Modification of Faces and Contours
holes, and the parts structure for this drawing. Elements
The compositecomponents,contours and faces,are upare representedas circles.The elementson the bottom line
dated automatically when the underlying simple subcomare lines (L) and arcs (A); the other elements are parts. Each
ponents are modified. However, in the case of a MODIFY hole is a part consisting of a line and an arc. The
two holes
copyoperation,hatchesare copied automatically.The user
are named Left Hole (LH) and Right Hole (RH). The holes
cannot selectfacesand contours directly. Selectionworks
belong to a part called Top, which is present in every ME
on the simple component level. So the generic input for
Series5/10 drawing.
the MODIFY
command consists of a list of simple compoThe two holes could also be drawn without parts, in
nents.This meansthat facesand contourspointing to these
which casethe only elements of the drawing would be the
simple componentshave to be recognized.If all the simple
two lines and the two arcs, plus the everpresentTop part.
componentsof a contour are in the list, the simple compoSo why should a user bother to create the part structure in
nents are replaced by the contour. If all the contours of a
Fig. 11? There are severalreasons:
face are in the list, the contours are replaced by the face.
1. A part can be treated as a single unit when modifying,
The result of this preprocessingis a list containing parts,
deleting, storing, or loading. Assume the user wants to
faces,contours, and independent simple components.
move the two holes closertogether,for example.The user
In ME Series5/10,compositecomponentscan sharetheir

Fig. 15. Data structure representationof part shown in Fig.
11

Fig. 16. Differentdata structurefor Fig. 11 if LH and RH were
shared.
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can identify the part to be moved by picking any element
belonging to it. With complex parts, this can be very convenient.
2. Parts can be reused. The user might keep a library of
commonly used screws, for example, and load them as
parts when needed. If a drawing is made completely from
library parts, the user needn't actually draw anything; the
user only needs to say where the parts go.
3. Parts can be shared. When two parts in a drawing are
shared, any change to one is reflected immediately in the
other. The two holes in Fig. 11 could have been created as
shared parts, for example, although for simplicity they were
not.
One goal of ME Series 5/10 is to treat parts like other
elements as much as possible. We have tried to avoid creating two sets of commands, one for use with simple elements
and the other for use with parts. Instead, we try to use the
same commands for all elements. For example, there is no
DELETEPART
command; there is only DELETE,which applies
to parts as well as other elements.
Nevertheless, there are a few special parts commands.
Two commands are used to create parts. With CREATESUBPART,the user specifies which elements will belong to the
new part with the requirement that the elements must already exist. lNIT-SUBPARTcreates a new part with no elements; the user can then add the elements that will be in
the part. Whether CREATE-SUBPART
or lNIT-SUBPART
is used
is the user's choice. The drawing and parts structure in
Fig. 11 then could have been made with the commands
listed in Fig. 12.
EDIT-PARTchooses the active part, which is very much
like the cunent directory of a file system. Only one part
can be active at a time. The active part is the one to which
all new elements belong. In Fig. 12, |N|T_SUBPART
both
created a new part RH and changed the active part to be
RH. LINE and RnC then created elements in RH.
The active part is also important for identification with
the tablet or mouse. Suppose the user wants to delete RH.
The user picks DELETEfrom the menu, and then picks, say,
the arc of RH. How does the system know whether to delete
just the arc, or the entire part? It doesn't, without some
convention. The convention we have chosen is that the
element to be deleted (or modified, or identified for some
other purpose) is always in the active part. In our scenario,
if the active part is Top, the system deletes RH. At that
Ievel, RH is an indivisible unit. But if the active part is RH,
the system deletes the arc. What if the active part is LH?
In this case, the system has no way to tell what the user
wants, so it just beeps.
The active part is so important that we have done two
things to make plain to the user where the part is. First,
the status line contains its name. Second, elements in the
active part are drawn with the color and linetype chosen
by the user (default values are white and solidl, while all
other elements are drawn in magenta and dotted, making
them less prominent on the screen.
Two commands are used to rearrange the parts structure:
SMASH_SUBPART
and GATHER. SMASH_SUBPART
deletes a
part, but leaves its member elements behind in the same
place. GATHERpulls elements into the active part. As an
example of the use of these two commands, suppose we
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want to modify the parts stucture of Fig. 11 so that it looks
like Fig. 13. That is, all four simple elements are to be
members of the same part. One possible way would be to
edit the Top part and then enter SMASH-SUBPART"LH".
Now
the drawing has the structure shown in Fig. 13, and the
job is half done. To finish, we edit RH and then enter
GATHER and identify the line and arc that used to belong
to LH. This produces the result we want.
VIEW is a command that causes a part to be viewed in a
viewport without its surrounding context. Normally, a port
has a view of the Top part, but it is sometimes convenient
to view some other part while you are working on it. Normally it suffices just to change the window, but if two parts
overlap, only a view can show one without the other. It is
even possible to have several viewports, with an overview
of Top in one port and views of other parts in other ports.
Parts Data Structures. Internally, each element is represented by a block of memory containing the element's
color, linetype, and other properties common to all elements. In the following discussion, we call this block the
element's head, and represent it as a circle. At the end of
the head is data specific to the type of element represented.
A line, for example, has pointers to its endpoints. A construction circle has a radius and a pointer to its center
point. A part has a pointer to a block we call the part's
body. Graphically, we might represent a part as shown in
Fig. 14. The part body contains lists of its member elements,
one list per element type. Having one list per type makes
the system faster in several situations than it would be if
all elements were in a single list. These situations arise
when the system knows that only elements of certain types
are interesting for the command. CONVERT_SPLINE,
for
example, converts splines to lines and arcs, and needn't
consider any elements other than splines. Its also possible
for the user to qualify a command with an element type,
as in DELETECIRCLESALL, which deletes circles.
Each part has its own point quad tree, containing the
model points for all its member elements, except those that
themselves are parts. This arrangement is much more suitable than having a single point tree. It is very simple to
delete a part with the current scheme, for example. There
is no need to restructure a large point tree; we just throw
away the tree of the deleted part. This scheme is also convenient for point catching, since we can easily search for
points in visible parts without having to look at points in

DRAW(ELEMENT,MATRIX)
FOR EACH NON-PART ELEMENTG
DRAW_ELEMENT(G,
MATRIX)
FOR EACH PART ELEMENTP
M:= P'S MATRIX
DRAW(P,MATRIX+M)

Fig. 17. Simple version of a draw routine. The matrix represenfs a mirroring transformation.

parts that are not being viewed.
The fact that a part's head is separatefrom its body is
the key to shared parts. Fig. 15 shows a data structure
representationof the drawing in Fig. 11. Notice that LH
and RH contain different elements.One part canbe changed
independently of the other.
If LH and RH were shared,the display would look exactly
the same,but the data structure would look like Fig' 16.
The structure is much the sameas that of Fig. 15, but with
one essential difference: the two parts LH and RH share
the same body, and thus the same elements.In this case,
a changein one part is a changein the other,sinceinternally
thereis only one representationofthe two parts' contents.
How can a data structure with one line and one arc in
Fig. 16 look the same as one with two lines and two arcs
in Fig. 15?How doesME Series5/10 know that the shared
line and arc are to be drawn twice? How does it know
where to draw them? The answer is that each part head
contains a matrix telling how to transform the part contents
for the part instance representedby the head.
The matrix can represent several types of transformations: none at all, a translation, a rotation, a scaling, or a
mirroring. In Fig. 17, Ihe matrix represents a mirroring'
The matrix can also represent combinations of transformations as well as parallel perspectives.The matrix is created
by the MODIFYcommand when it notices that the part has
If the
been declared shared by the command SHARE-pART.
part is not shared, the MODIFYcommand must transform
and possibly copy every element in the part. This can be
slow for large parts. Hence, another advantage of shared
parts is that the execution of uootrY commands is much
faster.
Since shared parts can be nested, there may be several
matrices that apply to a given element. To draw an element,
the system needs to transform it with each matrix along
the path from that element to the Top part. To draw every
element (when the user changesthe window, for example),
the ciraw routine must walk over the entire parts tree, maintaining at each point the product of matrices from the Top
part to that point. A (very) simplified version of a draw
routine is shown in Fig. 1.7 in a mixture of Pascal and
English. The routine shows the sort of recursive approach
that pervades all of the parts software.

closest element to this point within the search range. In
this case the search is successfuland the addressof the
line element is passedto the deleteaction routine. This is
what is called implicit selection.The userposesan easy-tosolve problem and the systemneed not havemore information to solve the problem.
Other featuresof the implicit selectionare given by the
automatic vertex and box option. In picking a vertex, the
system selects all elements that share this vertex. Now
supposethe user entereda point and no elementspassing
through the search circle around this point were found.
Then the system interprets this point as a box corner and
asksfor the other (diagonal)box corner.Then the elements
completely inside this box are searchedand passedto the
calling action routine.
Explicit Selection.To get explicit selectionthe user enters
the SELECT
command.For example,the userwants to delete
three lines scatteredaround the screen.Probablythe easiest
picklpick2pick3CONSELECT
way to do this is to use DELETE
FIRM.SELECT
triggersthe selectionaction routine to expect
As described
input until the loop is finished with CONFIRM.
above,a point token lets the selectionroutine searchfor a
closest element. VERTEXand aOx can now be entered as
explicit options.
With explicit selectionthe user can selectelementswith
more options.Therearethe logical operatorsAND,OR,EXOR,
LINES,
The elementtypes POINTS,
NOT,ADD,and SUBTRACT.
C-CIRC_LINES,
TEXTS,SPLINES,
CIRCLES,
ARCS,FILLETS,
CLES,PARTS,GEo, and C-GEOcan be used. Colors and
linetypes can also be used as searchpatterns,For example,
it is possibleto select all blue arcs included in box 1 and
not included in box 2. The user can also selectall elements
with the associated information string "remove me" that
arenot of long-dottedlinetype. In connectionwith information literals, wild cards can be used. seLEcT lNFo ".er"
selects all elements whose information shings end with
"er".
Reference
1. H. Samet, "The Quad tree and Related Hierachical Data Structures, Computing Surveys, Vol. 16, no. 2, June 1984.

Selection Mechanism
In many ME Series5/10 commands,the first action is to
select elements. Examples are DELETE,MODIFY,SPLIT,
CHANGE-FILLET,
etc. For these commands,
CHANGLCOLOR,
ME Series5/10usesa common mechanismcalled selection.
and STRETCH,
more
In other commands, such as GATHER
information has to be selected,so these commands use a
different selectionmechanism.
Selection works either locally in the current part or, if
the user has entered cLoBAL, in all parts.
Implicit Selection.Supposethe user wants to delete only
one line. Probably the easiest way to do this is to call
DELETEand to pick this element on the screen. On the
action routine level, the delete action routine passescontrol
to the selection action routine. This routine finds a point
token from the user pick on the screen.This piece of information causes a search of the data structure to find the
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Alpha Site Evaluationof ME Series5/10
by PaulHarmon
HEN WE FIRST HEARD at HP's Vancouver,
WashingtonDivision of a new softwarepackage
being developedin one of HP's facilities in Germany for two-dimensional computer-aided drafting (zD
CAD), there was skepticismabout the value of developing
such a product within HP. Several software packagesof
that general description already existed and some were
very good. Within HP, HP Draft had just been releasedon
HP 9000 Series200 Computers,and EGS-200was getting
a major overhaul that greatly increasedits performanceas
a mechanical engineer's tool. Outside HP, several other
programs developed by other manufacturerswere available. Beyond that, many felt that recently announcedsystems that incorporatedthree-dimensionalCAD capability
were much more powerful than any possible 2D system
and, though many times more expensive,representeda
better investment.
At HP's VancouverDivision (VCD),we had two projects
that were making use of CAD to design next-generation
personal workstation printers. The first project used HP
Draft on our HP 9000 Series 200 Computersand was an
alpha test site for the secondgenerationof EGS-200.The
secondproject used anothercompany'sthree-dimensional
solids softwareon dedicatedhardware.Another group,still
working with pencil and paper, was considering making
the switch to CAD.
Consensusas to which system the whole lab at VCD
should adopt was difficult to arrive at, since each option
had advantagesas well as disadvantages.
The ldeal CAD Workstation
As we worked with our CAD tools, we beganto seewhat
an ideal systemshould include:
r The hardware should be inexpensive so that each engineercan be provided with a personalstation,eliminating timesharing(which we found to be deadlyto productivity).
r The system should be powerful enough to execute the
CAD program quickly while being flexible enough to use
for other engineering tasks such as instrument control,
custom analysis,document preparation,and electronic
mail.
I The individual workstations should be networked so
that data can be shared instantaneously within the development organization, and eventually between organizations.
r The operating system should be easyto comprehend and
allow multitasking for shared tasks such as instrument
control, long batch mode analysis,etc.
I The program must be accurateenough to cover the range
of sizeswe would have in a typical layout.
r The software should incorporate a three-dimensional
solid modeler as well as an easily understood two-dimensional graphics editor with a full feature set.
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r It should be possibleto customizethe user interfaceand
write special subroutines,or macros.
I Thereshould be links to both finite element(FE)analysis
programs and numerically controlled (NCJ machinery
for CAD/CAM integration.
r Links should exist to outside vendors,possibly through
the Initial GraphicsExchangeStandard (IGES).
I There should be easy accessto spreadsheet,word processing, and electronic mail to provide an integrated
workstation for maximum productivity.
r Above all, each part of the system should be reliable. It
doesn't take long to eliminate all productivity gains if
the systemfails often.
The CAD systemswe were familiar with provided less
than half these capabilities. When we asked about ME
Series10, we found that it was being designedto run under
the HP-UXoperatingsystem(HP'sversionof AT&T's UNIX*
operatingsystem)on HP desktopcomputers,provide links
to FE and NC packagesthat we were already successfully
using with HP Draft, and provide a macro languagewhich
would allow a high degreeof flexibility. Although lacking
three-dimensionalsolids modeling capability, ME Series
10 was always intended to be the user interfacefor the new
three-dimensionalmodeling system (ME Series30) introduced by HP in November 1986. Since the description
sounded so close to our concept of the ideal CAD system,
we offeredto be an alpha testsite.Although HP's Boblingen
Engineering Operation in Germany (the authors of ME
Series 10) initially thought Vancouver, Washington was
too remote to be an effective test site, effective lobbying
from Trent Christensenof Lake StevensDivision (the U.S.
support engineerfor ME Series10)and our CAD experience
with other systemsconvinced them it was worth their time
to add us to their list.
Testing ME Series 10
A team from HP's Lake StevensDivision and Boblingen
installed our fir.st revision of ME Series 10 on our local
sharednetwork and we immediately beganusing it to design someof the parts for a new printer. As we went through
the design process,we discoveredsome very impressive
new capabilities,some very irritating limitations, and our
quota of bugs. These observationswere collected over the
network and sent to Boblingen once a month via HP Desk,
HP's electronic mail system. The ME Series 10 authors
would then respond as they deemedappropriate.
From the outset it was apparent that we were working
with a winner, although one that needed a little smoothing
out. Engineers familiar with HP Draft were up to speed on
ME Series10 (creatingdrawings, doing isometrics,etc.) in
a couple of weeks from a cold start. (The isometric shown
in Fig. L was created by an engineer Iess than a week after
he transferred to ME Series 10 from HP Draft.)
Yet these same users have not found the program to be

a toy that is restrictive or lacking in power. As the experience of our group using ME Series10 progresses,we find
the programa powerful tool that aids us in the development
process.
One of the disadvantagesof being an alpha site is the
Iack of manuals.It is a credit to the programthat our users
were able to transfer their knowledge from HP Draft to ME
SeriesL0 so quickly using only the on-line help provided
within the systemaugmentedby startuphelp from the local
ME Series 10 guru. Still, some of our engineersfound it
difficult to use the compact flowchart style information
presentedtherein and would have preferredan illustrated,
written manual.
The biggest disadvantageof being a test site for new
software is the potential for losing data to softwarebugs'
We (and several other sites) came up with severalbugs,
including one in the beginningthat occasionallydestroyed
not only the drawing currently in memory, but its stored
copy as well! However,if ME Series10 had beentoo fraught
with bugs we would have stopped using it. Becausethe
bugs were few and quickly fixed by the authors,we used
ME Series10 throughout our developmentproject'

Missing Capabilities
A powerful macro languageis included with ME Series
10 that lets you virtually redefinethe product if you desire.
Still, with experiencewe found some languagefunctions
missing that we could not easily work around. The ME
Series 10 development team was very responsiveto our
requests,and as eachsuccessiveversion cameout, we were
pleasedto find one complaint after anotherdisappear.The
more we use the ME Series 10 macro language,the more
we wish to do with it. However, it is unlikely that the
authorswill be able or willing to satisfyall of our requests'
We noticed in our evaluation that alpha test sites never
ask for fewer features,always more!
One of the limitations we found in the early versions of
ME Series 10 was a lack of any layering capability. Although it provided a method of viewing parts individually
(using the parts tree), no method to view groups of parts
from different assemblies was provided. Layering was
added and the user can now have a part on several layers
at once, a nice advanceover previous CAD systems.
Dimensioning was quite irritating. In trying to provide
a completely automatic method for the engineer,ME Series

ASSEMBLE

Fig. 1. /sometrlcdrawing created
by engineer with one week's experience on ME Series 10.
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L0 would place dimensions in accord with standardsset
up by ANSI. While admirable,not all situationsareforeseen
by this august body and occasionally (but too often) we
found the programputting dimensiontext where it decided
the text should be and not where we wanted it. The ME
Series10 developmentteam saw nothing wrong with this
state of affairs and would have released the product with
completely automatic dimensioning intact. While we are
all for ANSI standards,we did not like the program enforcing the letter of the law and convinced them that most
engineerswould not like it either. ME Series 10 now offers
greaterfreedom for dimension placement.
In the early versions of ME Series 10, plotting was difficult. Although we usually prefer flexibility, when it
comesto plotting we want no surprises.ME Series10 has
the capability to plot anywhere on the pageand in the early
versions the user was required to tell it where to plot on
a page. The authors have added macros to make normal
plotting (i.e.,putting aD-sizedrawing on paper)straightforward. Users simply tell the program to send the contents
of the screen to whatever paper is in the plotter. Custom
positioningon a sheetis still possiblefor the advanceduser.
When we first received the program, there were no plans
for manual hatching. Automatic hatching is very fast and
quite powerful but there are circumstances where the user
wants to do it manually and the development team had to
be convincedof this. ME Series10 now has a manualhatching mode.
SometimesYou Don't Get What You Ask for lmmediately...
There are a few functions in ME Series 10 that we feel
still need development and as an alpha test site we had
the opportunity to presenttheseto the program'sdesigners.
The program's authors had several more pressing issues to
attend to before the introduction of ME Series 10 and, as
a consequence,some (in our opinion) needed improvements did not make it into production code. We have been
told these will be incorporated in a future revision, however.
...And You Don't Always Want What You Ask for!
Sometimes the authors refused to make a requested
changeand we later realized that they were correct in doing
so. For instance, at the beginning we requested that ME
Series 10 set up the drawing area with the user-selectable

"electronic sheet of paper" (A, B, C, etc.) analogy,just as
HP Draft had done. We were comfortablewith the analogy
and felt a little lost without it. The authors refused and as
we becamemore familiar with ME Series10 we found that
being locked into standardformats was indeed restrictive.
We came to appreciate the infinite work surface of ME
Series10.
As another example,we often askedthe authors to provide more macroswith the basesystem.They politely told
us to go write them ourselves.After a hesistant start we
found that writing macroswas as easyasthey said it would
be. By encouragingus to write macros,the authors showed
us the means for achieving great flexibility and control.
We use our fluency with the macro languageto help get
maximum performance from the program. We often write
small procedures to help with particularly repetitive or
automatabletasks(like "While I'm at lunch, plot this drawing, load that one, plot it, and then load another one.").
Some Functions lmpressive from the Start
The macro languageof ME Series 10 and the way it is
implemented are extremely impressive and the key to very
high productivity. All eight engineers using the program
have developedindividual menus and commands,collectively referred to as personalities.Macros are easy for the
interested novice to learn, yet powerful enough for the
experienceduser.We have written macrosranging in complexity from simple one-line typing aids to a set that provides an on-screen, full-function RPN calculator and
another setthat helps an engineer design cantilever beams.
A simple screeneditor is provided within ME Series10
to help in macro deveiopment.Basic system instructions
are keywords such as LINE,ARC,FtT,and ED|T_PART,
which
make it easy to remember command names. Becauseof
thesefeatures,it is productive for us to createsmall macros
as we work. If we feel some feature of ME Series 10 is
awkward or a function is missing, we can usually add the
function through macros or change the operation of the
feature on the spot and store it for future use. This provides
easy adaptability that actually gets used often.
We are continually impressedwith a function designed
to help construct isometric and general three-dimensional
views of the part we are designing.Using AFF|NE,a user
can createtwo-dimensional isometric, dimetric, and trimetric drawings in a third of the time required to do so without

Fig. 2. Using a group of filesin an
SRM directory as a development
team's master layout changes the
information flow within a project
from (a) to (b).
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it. This functionality relieves some (but not all) of our desire
for three-dimensional solids modeling, because AFFINE
makes it fairly easy for us to provide the shop with general
views of a part we wish to have created.As an added benefit
we often find mistakes during the process of creating the
isometric view, saving us time and embarrassment.With
complex parts the model maker rapidly gets a good feel for
what is to be created. Although the value of an isometric
view is less for a simple part, the processused to create
the view is then so easythat we almost always make one'
ME Series 10 supports group interaction during the design process well, The parts tree structure allows layouts
to have logical part groupings.This means subassemblies
can be moved around and edited easily' In fact, subassemblies can be kept in several different files and pulled
in only when needed. This allows engineers to work on
their designs and yet communicate changes in near realtime to the entire product team. We have our printer
geometry divided between several files in a master layout
subdirectory on our Shared ResourceManagement (SRM)
network which the engineerswork in and add information
to. Product development time is conservedby lowering the
number of build cycles required to find interferences between parts. We can do this because each designer can
view on a local workstation how a particular design relates to other parts. Hence, our intragroup communications
have becomemore effective (seeFig. 2')
The two-dimensional analysis function built into the
code was well received. It allows calculation of area,
perimeter, and moments of inertia for any shape you can
sketch.Dimensionscan be moved around oncecreatedand
automatically change in value if the part is stretched or
changed.Dimensions for the whole drawing can be converted from metric units to inches with a simple toggle.
Hatching stretches with the part. It is possible to change
the size of a fillet after putting it in place, a great help.
Three different types of layout grids areincluded (dot' line,
and ruler). Full HP Draft construction line functionality is
included. In short, ME Series10 now has all the capability

expected of a two-dimensional system plus some added
special features.
Using a translator, we can move ME Series 10 drawings
directly into progtams for driving our model shop's NC
milling machine. The existence of this link (which also
exists for HP Draft) has greatly enhanced the efficiency of
the shop and has yielded a noticeable drop in part defects
causedby poor communication comparedto the time before our link was in place.
Throughout our testing of ME Series 10 we found the
development team at Bdblingen to be enthusiastic and responsive to our suggestions.They were surprised that we
preferred the option of having manual methods available
rather than relying on automatic methods completely and
learned that mechanical engineers like to do things their
own way, regardlessof how it is done down the street.We
were impressedwith the capabilitiesof ME Series10 and
saw an opportunity to define a tool for ourselves, getting
a few steps closer to that ideal CAD station. In the process
we learned a lot about the way we use our tools and in so
doing increased our productivity. I would like to stress
that our testing was done while we were actively designing
a new printer as a team. If we had felt we were being slowed
down by ME Series 10 we would have gone back to HP
Draft because finishing the design and bringing our own
product to market was, of course,our highest priority. The
fact that we never looked back once we got up on the
program is a testament to its basic functionality and the
support we receivedfrom Briblingen on bug fixes.
The ME Series 10 authors now have a product that has
passedthrough the hands of real-world users.Using us as
an alpha test site involved extra effort for both groups,but
each found benefits coming from the work. I hope we can
do it again.
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IntrabuildingDataTransmissionUsing
Power-LineWiring
of
Aninvestigation
of thetransferand noisecharacteristics
intrabuildingpowerlineshasindicatedthefeasibilityof their
at dataratesgreaterthan
useforlocaldatacommunication
100kbitsls.Withincertainconsfrainfs
, dataratesof 1Mbitsls
paperdiscusses
typicalpoweror greaterarepossible.This
line characterisfics
in the 1-to-2)-MHzregionand one
implementation
of a 1)}-kbifslsspread spectrumdatalink
range.
operatingin the 3.5-to-10.5-MHz
by Robert A. Piety
ARRIER-CURRENTCOMMUNICATION is not new.
Utility companies have used this technique for control, telemetering, and communication over highvoltagelines since the early 1920s.1Most nonutility users,
however, operateon the low-voltage,72ol24oYlines. University campus radio systems have often used the power
lines for campus-wide broadcast-bandprogramming. Other
devices that use carrier-current communications include
cordlesstelephones,intercoms,music systems,appliance
controllers, and burglar alarms. Recently, Iocal area networks (LANs) that communicate over the power lines have
becomecommerciallv available.

Virtually all existing carrier-current systems operate in
the 10-to-500-kHzrange,2with the exception of the campus
radio systems.Use of such low frequencies usually Iimits
the data bandwidth of these systems to less than 10 kHz.
Until recently, such data rates and bandwidths have been
sufficient for most applications. However, the current explosive growth in the use of distributed computers and
terminals in offices and factories has created a demand for
higher-bandwidth LANs.
Several obstaclesmust be overcome when dealing with
the power line's hostile environment. High noise levels
and high signal attenuation are common. Furthermore,
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Fig. 1. Typical attenuation and
background noise for a 1)lJootlong power-linepath (reference =
0 dBm, resolutionbandwidth : 10
kHz).
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theseconditions not only vary from siteto site,3'abut (along
with impedance) also vary with time. To evaluate these
difficulties, a variety of measurernentswere carried out at
several different commercial buildings.
Line Characteristics
First, the power-line impedancewas measuredto determine what type of coupling network would be required.
The results were site and frequency dependent-impedance magnitudesin the 1-to-100 range at 100 kHz to the
20-to-120o. range at 10 MHz were observed. The results
indicate that 50O provides a fair match, especially at the
higher frequencies.Transfer characteristicsmeasuredfrom
earth ground to the energized (hot) conductor were not
substantially different from those taken between the common and hot lines. Hence, subsequentdata was usually
taken between the hot and earth ground conductors.
Using a spectrum analyzer and a sweepgenerator,attenuation and background noise measurementswere made at
several locations, including different buildings in the Palo
Alto, California, area.Since all buildings testedwere commercial structuresand wired in accordancewith the U.S.A.
Uniform Building Code, attenuation results did not vary
widely. Noise characteristics,however, did vary considerably, being worst in areas containing heavy electrical machinery. Background noise at these locations in a 10-kHz
bandwidth was as high as - 20 dBm at 1 MHz, dropping
to - 65 dBm at 10 MHz. Typically, in most other areas,the
noise was 20 dB lower. Also observedwere random. infrequent, broad-spectrumnoise spikes of high (>0 dBm)
amplitude.
The signal coupling between the three power-line phases
and between branch circuits is quite high above 100 kHz.
Typically, a signal injected into one circuit was detected

at the same levels within 3 to 5 dB in other circuits that
were routed in the same conduit. It is extremely difficult,
if not impossible,to isolate a specific signal path because
of this coupling. Hence, datafor attenuation versus distance
can fluctuate wildly. Therefore, radial distanceswere used
to specify the path length for a given situation {rather than
the actual, often unknown, route). Over 30-meter radial
distancesthe typical attenuation was 20 to 30 dB at 1 MHz
and 40 to 60 dB in the 10-to-2O-MHzrange as shown in
Fig. 1.
Much of the attenuation is causedby equipment plugged
into the power-line network. For example, the typical office
and laboratory environment contains numerous pieces of
electronic equipment such as power supplies, oscilloscopes,CRT terminals, desktopand other computers,disc
drives, printers, etc. Most of theseremain pluggedinto the
power line whether or not they are switched on at the time
of the test. Virtually all have a capacitor and/or inductor
line filter designed to shunt and/or block radio frequencies
traveling in either direction. The shunting effect of these
filters is responsiblefor much of the attenuationobserved.
Switching the equipment on or off usually makes little
changein this attenuation.
A comparison experiment, in which all the equipment
was unpluggedfrom a L00-foot-longcircuit path, produced
interesting results as shown in Fig. 2. The top curve shows
the power-line attenuationwith the equipmentunplugged.
Becauseeachwire sharesthe sameconduit with other circuits and there is excellent coupling between them, the
effectsof all the equipment coupled to the line cannot be
totally removed--only minimized. When the equipment
was pluggedin, therewas a 20-to-30-dBincreasein average
attenuation, as well as spectral differences in the position
and depth of attenuationnotchesand an increasein their
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Fig.2. Attenuatrbn/ossescaused
by equipment on power line.
Upper curve is tor equipment removed and lower curve is for
equipment plugged in (resolution
bandwidth : 10 kHz).

of this type of modulation is that the transmitted energy
is spread over such a wide frequency band that there is
little or no interference with nanowband systems. One
disadvantagein these systems is that the wide-bandwidth
front-end amplifier is more likely to be subject to overload
from strong interfering signals.
There are several spread spectrum schemes including
wideband FM, frequencyhopping, direct sequence,chirp,
and various hybrid forms employing combinations of the
above. (Wideband FM is not usually considered spread
spectrum since, in this case,the spreading is a function of
the information signal alone.J A process or signal other
than the information itself is used for spreading the signal
bandwidth in all conventional spreadspectrum systems.s
The basic principle of frequency hopping involves the
radio carrier's hopping from one discrete frequency to
another in a pseudorandom fashion. The receiver must
have knowledge of the frequencies, their specific hopping
sequence,and their rate, and must be synchronizedwith
the transmitter before successful reception of the information is possible.
Chirp spreadspechum usesa swept signal.The receiver
must know the frequency range and sweep rate to detect
the signal successfully.Dispersivedelay lines matched to
the angular rate of frequency changeare often used to reconstruct the chirp signal.
Direct-sequence spread spectrum uses a high-rate
pseudorandom digital sequenceto modulate the radio-fuequency carrier directly. Detection requires synchronously
mixing a copy of the pseudorandomsequenceor using a
SAW (surface-acoustic-wave)
deviceoor tapped-delay-line
correlator that is matched to the specific spreadingcode.
This latter type of system was chosen for our power-line
communicationsbecauseit is simple to implement; it also

number. These notches are a result of resonancescaused
by the lumped and residual reactancesassociatedwith the
equipment and line filters, as well as standing waves on
the lines. Becauseof these effects,there areoften significant
differences in attenuation at any given frequency between
outlets close to one another.
Attenuation not only varies with location, it also varies
with time. This is causedby the ever changing load on the
power line with equipment frequently being plugged in,
unplugged, switched, or moved from one location to
another. Sharp attenuation notches not only continually
form and disappear' but change frequency and depth. Fig.
3 shows broad and narrow attenuation changes (as much
as 40 dB) recorded over a three-week period in one laboratory-and-office environment. It is clear that the use of a
narrowband communication scheme in such a hostile environment is impractical unless extremely high transmitted
power is used. Although it may be possible to deal with
these nanowband problems through manual or automatic
carrier-frequency changes, wideband communication
methods appear better suited for this environment. An interesting form of wideband communications considered
for this situation is spread spectrum.
Spread Spectrum
Spread spectrum transmissionis a relatively new communications method where the baseband signal is spread
over a wide frequency band-much wider than the required
bandwidth for the information itself . Spreadspecttum communication appears very suitable for power-line applications becauseit has high immunity to narrowband interference and varying attenuation notches. This immunity is
approximately the RF bandwidth divided by the data rate.
(This ratio is calledthe processinggain.)Another advantage
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F)9.3. Variationin attenuationon
different days (resolution bandwidth : 10 kHz).

louRner 37
MAyr987HEWLETT-pACKARo

demonstratesthe capability of low-power data links to operate reliably on the power line.
Similar work with spread spectrum communication on
power lines was done earlier by Heinz OchsnerTin Switzerland. Although the frequencies and data rates reported by
him are much lower than those used here. the obstacles.
methods, results, and conclusions are quite similar.
The Hardware
To evaluate power-line data transmission feasibility, a
direct-sequencespread spectrum transmitter and receiver
were built as shown in Figs. 4 and 5. A 3L-bit pseudorandom spreadingcode,clockedat 3.5MHz, is usedto biphase
modulate a 7-MHz carrier. For eachdata bit, all 31 spreading code bits (chips] are sent. The data bit can invert the
chip sequencein antipodal modulation or, for simplicity,
can amplitude modulate the output amplifier as done in
this case. Thus, a one is represented by the transmission
of the 31 chips and a zero by an absenceof signal. The
resulting data rate in the systemis 112.9 kbits/s.
The (sin x/x)2 output envelopeis shown in Fig. 6. Since
90% of the energy is contained in the main lobe from 3.5
to 10.5MHz, the lower and upper lobescan be filtered out
without significant performance degradation. (In Fig. 6, a
27-MHz clock was used instead oI 28 MHa thus the frequencies of spectral features shown are offset slightly.)
The receiver amplifies the sigrral and digitizes it using
a ground-referenced comparator. The resulting digital signal is shifted through a 1,24-stage
shift register whose parallel outputsareanalogsummedto either of two nodes.Since
the chip rate is 3.5 MHz, and the carrier is at 7 MHz, there
are two completesine wavesfor eachof the 31 chips. Since
each sine wave has a positive and a negative peak, there
are a total of 124 such peaks for each data bit. Thus, each
register output is connected through a resistor to the summing node in a manner corresponding to the expected polarity of the signal at that particular instant in time.
As the pseudorandom signal stream shifts through, the
summing nodes show only a small background signal
whose relative amplitude is determined by the specific
pseudorandomspreading code used. A sequencewith a
low background value was specifically chosen. When all
124 bits shift into their expectedpositions,the now-correlated signal produces a strong peak at the summing nodes,
as shown by the simulation in Fig. 7. This bipdlar signal
is squared, integrated, and synchronously detected to recover the original data.

Since an analog delay line was not practical and the
receiver's clock is not s5mchronizedwith the transmitter,
two identical shift registerswere built, the second being
clocked at a 90' offset from the first. By using the summed
and squaredoutputs of these correlatorsand summing them
again, the need for clock synchronization is eliminated. In
retrospect,a phase-lockedloop and a single shift register
could have been a simpler and better choice.
The transmitter output power is 5 mW, which corresponds to a very low power density of 0.ZSnWHz and is
equivalent to 7.5 pW in a 10-kHz bandwidth. Over a 100foot transmission path through the power lines the data
was recoveredwith typical bit enor rates (BERs)of 10-o
to 10-7. Increasingpower did not substantially improve
BER, although the working distance was extended. This
suggeststhat unusually strong transients, rather than the
typical backgroundnoise, are responsiblefor most of the
residual errors. Since these transients are relatively infrequent, retransmission or redundancy-error correction
can be used to overcometheir effects.
Interference tests indicated that the noise level radiated
by the transmitter was approximately the same as that
radiated by a disc drive. Both were found to be - 70 dBm
at a distance of 3 meters using a l-meter vertical antenna
and a calibrated spectrum analyzer. Average background
noise in the building was - 85 dBm.
Although performancedifferencesbetween balancedand
unbalancedcouplingto the power line were slight,balanced
transmissionmay be a better choice since the power lines
then radiate lessenergythan for unbalancedtransmission.
Conclusion
This work has shown that the usable data bandwidth of
the power lines is much higher than had been previously
reported,thus permitting dataratessuitablefor high-speed
LANs to be transmitted over a building's existing power
lines. Because of the dynamic nature of the power-line
environment, especially pertaining to narrowband interference, spread spectrum techniquesare well suited for this
application. The insurmountabletransientsthat do inevitably occur are relatively infrequent, so reasonable error
rates are attainable. By using the full bandwidth available
and raising the spreading code rate, data rates of 1 MbiUs
or greaterare possible.Here again, the key to power-line
communications is to use wide-bandwidth signals to
minimize the effectsof narrowband interference and changing attenuation patterns.
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Fig.4. Powerline spread spectrum transmitter.

Correlatot

Fig.5. Powenline spread spectrum receiver.

Reliable,high-speed,power-line data communication is
well-suited to installations where wiring expensesfor such
communications iue excessiveor not practical, such as factory floors, older buildings, temporaryor movableinstallations, and certaincomputer-peripheralinterfacing situations.
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