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Abstract

ROSE 1s an expenimental database system for
CAD/CAM applications that organizes a database into enti-
ties and relationships The data model of ROSE 1s an exten-
sion of the relational model and the data manipulation
language 1s an extension of the relational algebra Inter-
nally, ROSE 1s organized so that 1t can use operating sys-
tem services to implement database system services In this
paper we describe five optimizations that have helped to
make ROSE a fast database system for CAD/CAM

1 Introduction

On one level the answer to the question posed by the
title of this paper 1s simple ROSE 1s fast because
CAD/CAM applications need to be fast [S1d80] On another
level the answer 1s more complicated because fast general
purpose CAD/CAM database systems are difficult to imple-
ment [Kat85]

ROSE 1s an acronym for the Relational Object Sys-
tem for Engineering The word ‘‘Relational’” 1s important
here because ROSE has a data model that 1s a superset of
the relational model and a data manipulation language that
1s a superset of the relational algebra This feature of ROSE
may be surprising because engmeering ‘‘folklore’” states
that relational databases are too slow to be used 1n
CAD/CAM

In the acronym the word object 1s used in the sense
of Complex Object database systems [Lor83], not in the
sense of object oriented programming languages [Dit86]
For this reason 1n this paper we will use the term entity to
describe umits of data that mught elsewhere be called
objects [Spo86] ROSE models a database as sets of entities
where each entity can be a complex data aggregate The
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important features of ROSE are summarized below

1 It models databases using the Entity-Relationship
model [Che76]

2 It describes entity data structures using AND/OR
trees [Mcl83]

3 It stores entities as files in operating system direc-
tories

4 It manipulates entiies using an entity algebra that 1s
an upward compatible extension of the relational
algebra [Har87]

5 It caches entities 1n a main memory workspace while
they are being edited

In each of the next five sections we give one reason
why ROSE 1s fast In the sixth section we outline a typical
ROSE application and 1n the last section we give some per-
formance statistics that demonstrate that ROSE 1s fast in an
‘‘artificial’’ application

2. Entity Data Structures

The first reason for the speed of ROSE 1s stated
below

1 The data 1n an entity can be found 1n a single
search

In ordinary relational databases the data in a
CAD/CAM enuty has to be distnbuted between many
tuples Therefore, this data must be retneved in several
searches (using joins) The time to perform these searches
may not be significant if all of the tuples are clustered into
the same disk block [Lor83, Wil85], but this 1s difficult to
achieve when different applications want to cluster data n
different ways In Section 4 we discuss how ROSE
manages multiple applications that share the same data In
this section and the next section we show how ROSE
manages the data of a single application

ROSE defines the data structure of an entity using an
AND/OR tree [Mcl83] Figure 1 shows how two AND/OR
trees can be used to define the data structures of two simple
entites The first tree 1n the figure defines a domain for
point entities using an AND node The second tree defines
a domain for number entities using an OR node The dis-
unction between the trees 1s shown by an arc joimng the
downward edges of the AND node Upper case names
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Figure 1 AND/OR Trees for Points and Numbers

represent attributes and lower case names represent
domains

An AND node defines a domain so that an entity 1n
that domain must contain a sub-entity in every one of 1ts
attributes An OR node defines a domain so that an entity
1n that domain must contain a sub-entity 1n exactly one of
its attributes [Sm177] Hence

1 A point entity must be created by abstracting a real
entity with the attribute X and a real entity with the
attribute Y

1 A number entity must be created by abstracting either
a real entity with the attribute FLOAT or an integer
entity with the attnbute FIXED

We will use an AND/OR tree to descibe a data
structure for circuit logic entities A circuit logic entity
descnbes a circuit as a list of sub-circuits connected by
wires In our database, the description of a curcuit will be
broken nto two parts The interface part will describe the
external pins of a circuit and the version part will describe
an 1mplementation of the circuit. Each interface may be
associated with multiple versions because a circuit can be
mmplemented in many different ways [Bat85] We will
describe a data structure for version parts and assume that
the reader can invent a suitable structure for interface parts

Figure 2 contains an AND/OR tree for version ent-
ties The tree makes a version entity contain an INAME
entity and a CONTENTS entity The INAME entity 1s used
to contain the key of an interface entity (The meaming of
this key will be described in the next section ) The CON-
TENTS entity contains a list of entiies, where each entity
describes a SOCKET, a GATE or a WIRE 1n the circuit
The list property 1s shown by a star (*) below the ongin of
the contents node This property allows the entihes in a
domain to contain any number of OR abstractions if the
node 1s an OR node, and any number of AND abstractions
if the node 1s an AND node

A SOCKET enuty descnibes a sub-circuit with a
known interface (specification) but an unknown version
(implementation) [Bat85] A GATE entity defines a sub-
circuit with a known 1nterface and version Both types of
entiies have a data structure defined by the cell domain
This structure contains ‘‘slots”’ for the key of an interface
or version, the coordinates (LL and UR) of a bounding box
surrounding the entity, and an identifier that distinguishes
this entity from all of the other sub-circuits 1n a circuit
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INAME CONTENTS SOCKET GATE WIRE
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Figure 2 Structure Model for Circuit Logic Entties

A WIRE entity connects two pins 1 a circuit These
pins are described by the interface of a GATE or SOCKET,
or by the interface of this circmt If we call a GATE or
SOCKET a cell, then a wire entity contains ‘‘slots”’ for the
ID’s of two cells and two pins The pin ID’s are
represented by pin NUMBERs that must be umique within a
particular cell The cell ID’s correspond to the CID attr1-
bute of a cell entity By convention, no cell 1s given a CID
value of zero because this value 1s used to show that a wire
1s linked to an external pin of the circut

Figure 3 descnibes an entity belonging to the version
domain This entity 1s a four input AND gate that has been
mplemented by instantiating and connectung three, two
mput AND gates The circuit does not contain any
SOCKET entities because the designer has been able to
select versions for each of these gates The entity 1s
described using a modified LISP notation The notation
gives an entity or nested sub-entity a left parenthesis, an
attribute, a data value and a nght parenthesis If the data
value 15 not primutive, then 1t will be made up of nested
sub-entities described using the same notation

Although the notation shown in Figure 3 1s easy to
use, 1t has the unfortunate property of hiding the relation-
ship between ROSE and relational databases Nevertheless,
we hope the reader can see that a ROSE database contain-
ing one level AND nodes only 1s an unusual type of rela-
tional database, and a ROSE database containing AND
nodes nested to any depth 1s an unusual type of Non Farst
Normal Form (NFNF) relational database [Dad86)

3 Entity Keys

In ROSE the name of an entity 1s a key that can be
used to find that entity [Sto83] Our second optimzation
makes the search for this entity more efficient



2 After the first search, the physical address of an
entity 1s stored as a hidden field within the key
used to select that entity

This optimzation requires the address of an entity to
be constant for the duration of a design session It does not
work until after the first search because not every name
value stored in a database will be used to find entines
Therefore, ROSE does not convert the logical address given
by a name mto a physical address until a request 1s made
by the user Furthermore, in ROSE entities in different
.enttty sets can have the same name so the system 1s careful
to make sure that an optimized search refers to an entity 1n
the same entity set

Figure 4 contains a modified Entity-Relationship (E-
R) diagram for a database that makes sigmficant use of this
optimuzation This diagram divides a logic circuit into
CELLs, WIREs and PINs so that these entities can be
edited and manipulated, individually As mn a normal E-R
diagram, Figure 4 represents entity sets by square boxes
and relationship sets by diagonal boxes However, unlike a
normal E-R diagram the rounded boxes descnbe the key of
an entity, they do not describe the atmbutes of an entity
because these attmbutes are described in a separate

(VERSION (INAME 4and)
(CONTENTS (GATE (NAME and)

(LL X 10) (Y 10)
(UR (X30) (Y 30)
(CID 1)

(GATE (NAME and)
(LLX10)(Y50)
(UR (X 30) (Y 70)
(CID 2))

(GATE (NAME and)
(LL X 50)(Y30)
(UR (X 70) (Y 50)
(NAME and)
(CID 3))

(WIRE (S-CELL 1) (S-PIN 3)
(E-CELL 3) (E-PIN 1))

(WIRE (S-CELL 2) (S-PIN 3)
(E-CELL 3) (E-PIN 2))

(WIRE (S-CELL 0) (S-PIN 1)
(E-CELL 1) (E-PIN 1))

(WIRE (S-CELL 0) (S-PIN 2)
(E-CELL 1) (E-PIN 2))

(WIRE (S-CELL 0) (S-PIN 3)
(E-CELL 2) (E-PIN 1))

(WIRE (S-CELL 0) (S-PIN 4)
(E-CELL 2) (E-PIN 2))

(WIRE (S-CELL 3) (S-PIN 3)
(E-CELL 0) (E-PIN 5))))

Figure 3 A Version Entity
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AND/OR tree

The key of an entity 1s treated specially because 1n
CAD an enuty’s keys 1s usually not an mntrinsic part of 1ts
data value Instead, 1t has a role with respect to the entity
stmular to the role of a file name to a file in a text process-
ing system That 1s, 1t 15 an identifier nvented by the user
or the operating system to distingwmsh this entity from the
other entitzes 1 an entity set In ROSE the key of an entity
18 used to implement relationships because if there 15 a rela-
tionship from entity set A to entity set B, then key values
from B will be stored n A The degree of a relationship
(one to one, one to many, etc ) can be controlled by making
room for the appropnate number of ‘‘slots’ mn an entity’s
data structure

The atmbutes of the VERSION, GATE, SOCKET
and WIRE enuty sets in Figure 4 were described in Figure
2 The attributes of PIN and INTERFACE entities will not
be described here Note that every entity in the modified
E-R diagram must have a data structure defined by an
AND/OR tree, but the opposite 1s not true because a node
1 an AND/OR tree need not correspond to an entity set in
the E-R diagram If this 1s the case, then entties in this
doman cannot be stored 1n a database unless they are first
itegrated nto a higher level entity For example, a POINT

entity must be ntegrated into a SOCKET or GATE entity
before 1t can stored 1n the database of Figure 4

4 The Entity Algebra

When a circuit 15 being edited 1t 1s divided into
WIREs, CELLs and PINs so that each of these features can
be edited and manipulated, individually When a circuit 1s
used as a sub-circuit 1t 1s stored as a single indivisible umt
of data (in the VERSION entity set) so that its ‘‘design
space”” will not conflict with the ‘‘design space’” of the cir-
curt that 1t being edited Hence, the third reason for the
speed of ROSE 1s as follows

3 Entities can be translated between data structures
1n an application independent way

This advantage supplements the first because, in prin-
ciple, 1t means that every application can have an organiza-
tion that allows the data 1n an entity to be found 1n a single
search We qualify this statement with the phrase ‘‘in prin-
ciple”” because some CAD applications need extremely
complex databases and the best way of orgamzing these
databases 1s not yet clear [Afs85] For example, consider a
circuit design application where a circuit can have behavior,
layout and logic descriptions

There are two reasons why ROSE is able to tailor the
data structure of an entity to its current apphcation The
first 1s the nature of CAD applications [Kat85] The typical
CAD transaction corresponds to an engineering design ses-
ston Therefore, 1t takes place over an extended period of
time and the overhead of translating data structures at the
start and end of a transaction 1s not excessive The second,
more ntrinsic, reason 18 ROSE’s entity algebra

The entity algebra 1s an extension of the relational
algebra It contans functions that can be used to create
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Figure 4 Storage Model for Logic Circuits

entities out of tuples and vice versa For example, a version
entity can be created out of a tuple with INAME and CON-
TENTS attnbutes In ROSE a new type of relation has
been 1nvented so that 1t can be used to create entities with a
data structure defined by an OR node A relation of this
type 1s defined so that its tuples must contain a value in
exactly one of their attributes The other attributes must all
be empty (contain null values)

As an 1illustration, the first expression below creates a
point entity out of a tuple with X and Y attributes, and the
second expression creates two number entities out of two
tuples with FIXED and FLOAT attnbutes In the first
expression the double ampersand (&&) symbol represents
the Cartesian Product operation, and 1n the second expres-
sion the double bar (Il) symbol represents a new ‘‘Cartesian
Sum’’ operation In both expressions the colon () symbol
represents a label operation and the ‘‘senc” symbol
represents an abstraction operation The curly braces ({})
are used as delimaters in ROSE’s notation for name values

10X && 20Y senc {POINT}

POINT
(X10)(Y20)

15 FLOAT Il 10 FIXED senc (NUMBER}
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NUMBER

((FLOAT 15))
((FIXED 10))

More details on the algebra can be found elsewhere
[Har87] For the moment these details are not important,
instead what 15 1mportant 1s the principle of being able to
manipulate entities 1n a way that 1s independent of any par-
ticular application This 1s what relational databases can do
for relations and 1n our opinion 1t 1s a major reason for the
populanity of relatonal databases

5. Main Memory

The fourth reason for the efficiency of ROSE 1s
stated below

4 Durnng a design session the entities of interest
to an application are stored in a main memory
workspace

The advantage of this reason 1s obvious What 1s less
obvious 1s the way the E-R diagram shown in Figure 4
helps a database programmer decide which entities should
be stored 1n the main memory workspace In particular, the
diagram 1s coded so that

1 A solid box 1n the top left corner of an entity’s box
means that this entity set 15 a database entity set that
will exist for longer than a single design session

1 An open box means that this entity set 1s an edifing
entity set that will exist only while an application 1s
executing

m  No box means that this set 1s a virfual entity set used
to make the description of a storage model simpler
These sets are connected to other sets that contamn
data by IS-A relationships

A typical ROSE transaction proceeds as follows (1)
at the start of the transaction a database entity 1s marked
(checked out) so that other users will know that 1t 1s being
edited, (u1) edinng ennty sets are created by taking a copy
of the marked entity and distnbuting its data, (1) during
the transaction the user edits and manipulates the data in
the ediing entity sets, (1v) at the end of the transaction a
new database enuty 1s created out of the new data mn the
edinng entity sets, (v) the new entity either replaces the
entity marked at the start of the transaction, or 1t 1s added
to the database entity set as a new entity

The important feature of this protocol 1s that an edi-
ing entity set contamns data that 1s normally stored in a
database entity set Hence, 1t will represent a small fraction
of the total data in a database, and 1t can be ldden from
the other users of a database because they can continue to
use the database entity Therefore, the edining entities of an
application can be stored 1 a private main memory cache
while that application 1s executing

Of course, this protocol 1s only appropnate when a
single user wants to modify an entity This 1s reasonable for
small entities, but 1n large projects a group of people may



want to modify a very large entity In this case step (u1)
above can be modified so that a team leader creates new
database entiies The team members can then modify those
entities 1n the normal way Obwiously, this will be harder to
manage 1n practice than 1t 1s in principle, but because of the
next feature of ROSE described below we can use a code
management system (or simlar system [Kat87]) to reduce
the complexuty of this problem

6. Size

ROSE 15 implemented as a threaded code interpreter
for a main memory workspace It allows the ennty algebra
to be apphed to entines stored in this workspace
Currently, ROSE contains about 30K lines of C source
code that produce about S00K bytes of executable code on
a SUN 2/50 This leads to our final reason for the speed of
ROSE

5 Small code size allows more space to be used to
cache enties

The cause of this reason may be controversial
ROSE 1s small because 1t uses operating system services to
implement database system services For example, entity
secunity 1s implemented using file system securty, entity
distribution 1s implemented using file system distnibution,
and entity concurrency control 1s managed using file system
concurrency control

ROSE 15 able to use operating system tools to imple-
ment database system services because 1t stores a database
entity as a file 1n an operating system directory This 1n
turn 1s possible because the typical database entity 1s a
relatively large piece of data Therefore, the overhead of
storing this entity 1n 1ts own file 1s much less significant
than the overhead of storing a traditional relational database
tuple 1n 1ts own file

A ROSE database 1s organmized so that an entity set
1s represented by an operating system directory, an entity is
represented by a file in that directory, and an entity’s key
corresponds to the file name of the file used to stored that
entity Hence, 1n the database of Figure 4 there will be one
file 1n a directory called Interface for each entity in the
INTERFACE entity set, and there will be one file 1n a
directory called Logic for each entity 1n the LOGIC entity
set One of the files in the LOGIC directory mught be
called ‘“4and” and contamn the value shown in Figure 3

The cntic of this architecture must ask what are the
reasons for storing database data in the traditional way
[Sto81] We think the only major service mussing from
ROSE 1s an associative search engine The entity algebra
can be used to program searches, but like the relational
algebra 1t 15 not as well suited to this task as a language
such as SQL  Of course, the tools 1n todays operating sys-
tems are not perfect [Rom87] But, CAD/CAM data 1s
different to data processing data, and we think there 1s
more to be ganed by exploiting what 1s available 1n todays
operating systems and what will be available 1n the future,
than by implementing CAD/CAM databases in the tradi-
tional way
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7 Outhine of an Applhcation

In the last five sections we have explained how
ROSE has been made fast In this secuon we will attempt
to put these optimizations into context by outhning a typi-
cal ROSE application

The first step 1s to define a database using the tech-
mques shown in Figures 2 and 4 The second step 1s to
define the semantics of that database by defining semantic
functions [Har87] These semantics will be common to
every applicaton that uses the database and they will
encapsulate formulas that show how properties can be cal-
culated using the values stored in entiies For example,
how the length of a wire can be calculated from the X and
Y coordinates of 1its end points, or how the output of a cir-
cuit can be calculated from 1its inputs

The third step 1s to write an application that uses the
database From the perspective of the application program-
mer there are three advantages to using ROSE at this step

1 Persistence The data i a database will continue to
exast after an application has fimshed execution

i Shaning Daifferent applications can share the same
database

Documentation The ROSE data models make the
organization of a database easier to understand

A ROSE application can be coded 1n two ways The
first way 15 to call ROSE from a program written 1n a con-
ventional programmung language The second way 1s to
write programs in ROSE’s internal programming language
This language allows menu dnven, graphics oniented apphi-
cations to be rapidly prototyped

For example, Figure 5 contains a screen dump of an
application that has been wntten using ROSE’s internal
language This application allows the user to edit a circunt
belonging to the database of Figures 2 and 4 For example,
a new wire can be added to a cucwmt by selecting the
“ADD WIRES”’ option from the menu shown in the top
half of the figure When this optton 1s selected a ROSE
procedure 1s called that (1) asks the user to idenufy two
wire pins using a mouse pointer, (1) draws a line on the
screen representing the wire, and (in) adds an entity to the
WIRE entity set of Figure 4 Each hine of the procedure 1s
coded as a statement (containing entity algebra expressions)
that either sends data to a graphics package or updates an
entity set

m

8. Performance Statistics

To venfy that ROSE has good performance we have
tested 1t using an ‘‘artificial> applicaton In this application
we created an entity set where each entity was a collection
of mtegers The experiments measured how much time
was needed to retrieve different numbers of entities in
different size entity sets with different size collecions We
used two measuring nstruments a wall clock, and a iming
function provided by the VAX/VMS operating system Our®
measurements were made on a DEC Micro-VAX GPX
workstation with 12 Megabytes of real memory The times
shown are 1n seconds
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Figure 5 Screen Dump of an Executing Application

Table I shows the effect of varying the size of an
entity set while keeping the size of each enuty and the
number of entines retrieved (the search size) constant
Tables I and II vary the other two parameters The fol-
lowing procedure was used to get the numbers shown m
these tables

1 An entity containing X integers was created where
the value of X 1s given as the Collection Size param-
eter 1 each table

1 An ediing entity set was created containing the entity
created at step (1) duphcated Y times where the value
of Y 1s given as the Set Size parameter 1n each table
The first entity n this set was given the key ““1”°, the
next entity the key ‘2’” and soon up to “‘Y”’

Z keys were created by generating integers between 1
and Z These keys were stored mn a vaniable The
value of Z 1s given as the Search Size parameter in
each table

The Z key values were used to retrieve Z entities

from the editing entity set and the time was recorded
1n a table under the ‘“Unoptimized Time’’ column

m

v

v To measure the effect of our third optimization, step
(1v) was repeated and the new time was recorded 1n a
table under the ‘‘Optimzed Time’’ column

ROSE organizes the keys of an entity set into an
AVL tree [Gon83] The mnternal AVL keys for this tree are
generated by creating a four byte word out of the first char-
acter and the last three characters of the entity’s key For
example, the AVL key for an entity with the key ‘13690’
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15 ‘1690°" If two or more entity keys have the same AVL
key then the addresses of these entties are stored in a
hnked list The ‘‘Unoptimized Time’’ column of each
table measures the time needed by ROSE to search the
AVL tree and these hinked lists The ‘“‘Optimized Time'’
column measures the time needed by ROSE to discover
that the address of an entity 1s already stored within a
search key

From the tables we can see that the wall clock times
agreed with the VAX system function times until we
created entity sets contarning more than 300,000 integers
For these entity sets the real ume performance of the sys-
tem rapidly deteriorated because of paging problems

The times shown 1n the tables are fast because they
are measuning trivial operations (an AVL search for the
unoptimized tme, and a companson for the optmized
time) They are umnteresting 1n the sense that these results
could have been predicted However, they are interesting
m the sense that these operations are precisely the opera-
tions that ROSE needs to perform to retneve an entity
Therefore, they dramatize the effect of the five optimza-
tions described 1n this paper

In another experiment we determuned that 40 entities
containing 400 integers each could be stored m 025

Table I Varying Set Size

Collection s1ze 10, Search size 10,000
Size Unoptimized Time | Optimuzed Time
Wall | Function | Wall | Function
10,000 115 10 66 09 058
20,000 115 1007 09 058
30,000 120 1006 09 057
40,000 | 238 1145 09 058
50,000 [ 295 1146 09 058
Table I Varying Collection Size
Set s1ize 10,000, Search size 10,000
Size | Unoptimized Time | Optimzed Time
Wall Function | Wall | Function
20 130 12 45 09 058
30 160 1396 09 057
40 181 1526 09 058
50 750 18 45 09 058
Table Il Varying Search Size
Set size 10,000, Collection size 10
Si1ze | Unoptimmzed Time | Optimuzed Time
Wall | Function | Wall | Function
2,000 19 191 04 012
4,000 45 364 05 023
6,000 72 626 06 035
8,000 97 8 62 07 045




megabytes, a result we expected from theoretical analysis
This corresponds to an overhead of three words for each
word used to store an integer For nicher data structures this
overhead will be larger, but we do not expect any data
structure to be rich enough to double 1t to six words Also,
i this expennment we were able to neglect the overhead
needed to store the key of each entity because this over-
head was only twelve words per entity For the larger entity
sets shown in the tables this overhead was significant
because each key had to be generated and stored twice
once for an entity stored 1n the edifing entity set, and once
for the vanable used to perform the searches

9 Conclusion

ROSE 1s an experimental database system for
CAD/CAM applications that has extended and modified
relational concepts 1o make them more suited to
CAD/CAM ROSE models databases using the Entity-
Relationship model It descnbes the data structure of an
entity using AND/OR trees, and 1t stores an entity as a file
m an operating system directory In this paper we have
descnbed five optimizations that have helped to make
ROSE a fast database system for CAD/CAM applications
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