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ABSTRACT

This paper addresses the design and manufacturing of
ptoducts with embedded components thiough layered
manufactuting  processes such as  Shape  Deposition
Manutacturing (SDM). Embedding components allows the
creation of novel designs such as "smart” products and
integrated assemblies of sensors, actnators and other mechanical
components. We present prototypes to illustrate the possibilities
for such devices and we address the issues that constiain thelt
process planning. Next, we present a combination of process
planning algorithms and manufacturing methods that we have
developed to support the design of layered products with
embedded components

1. INTRODUCTION

Layered manutfacturing processes such as Shape Deposition
Manufacturing [Me1z 94] provide a number of capabilities not
casily achieved with conventional manufacturing. Examples
include the ability to create complex three-dimensional shapes
with internal voids and passages, the ability to produce parts
with continuously varying matetial properties and the ability to
produce parts with embedded mechanical and electrical
components

The last of these capabilities is perhaps the least explored
but also the most useful, particularly when working with plastic
materials which can encapsulate components without subjecting
them to high temperatures or pressures. The possibilities
include embedding sensors and microprocessors to create
“smart” products and embedding bearings, shafts and other
items that have materials propetties, tolerances, or finishes that
would be difficult to obtain with the layered manufacturing
process. Indeed, as long as issues such as inter-layer bond
strength, control of material properties and surface finish during
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deposition, and materials shrinkage remain incompletely solved,
the ability to embed discrete components is essential for
achieving high-quality products. Embedding components is
especially advantageous for creating small electromechanical
systems, whete the size and weight of the design are constrained
by the need to provide sufficient material for screw holes and
fasteners and whete reliability is often limited by the integrity of
the connections between components.

To our knowledge, there are few examples of layered
products with embedded electrical and mechanical components.
We present example artifacts created at Carmnegie Mellon
University and Stanford to provide an idea of the possibilities.
We then examine the process planning requirements associated
with embedding components. Fundamentally, the desite to
embed components requires that the designer assume more
conttol over the manufacturing process than is usually done
when making homogeneous layered parts from a CAD model
We present a combination of process planning algorithms and
manufacturing methods that we have developed to support the
design of layered products with embedded components. We
conclude with a look at future directions for heterogeneous
products with embedded components and a design system that
tacilitates their creation.

2. LAYERED PROTOTYPES WITH EMBEDDED

COMPONENTS

The development of prototypes with embedded electronics
began at Carnegie Mellon University with the fabrication of an
electronic game [Beck 92]. Subsequent products have included
a series of compact wearable computers [Weiss er al 96]. The
latest in the series is Frogman (Figure 2.1) a waterproof,
wearable computer that can store maps for navigational aids, or
detailed assembly drawings for service, maintenance, or field
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Figure 2.1. The Frogman waterproof computer developed ar
Carnegie Mellon University. A CAD model is shown on the
left and the artifact is shown on the right

operations. The device is built in layers of castable
polyurethane and sacrificial wax. No custom tooling is required
Embedding the electronic components and interconnects
directly in the urethane structure increases product durability
and facilitates waterproofing With the approach used to create
Frogman, it becomes feasible to fabricate 1ugged, customized
computer modules in small lot sizes

Figure 2.2 shows another example of a device with
embedded components. The device is a small robot limb with
an embedded pneumatic cylinder and valves, a pressure
transducer, and associated circuitry for signal amplification.
There is also an embedded steel leaf spring at the joint. By
embedding the components in a solid structute it is possible to
locate the valves and pressure transducer immediately adjacent
to the cylinder, avoiding some of the compliance and
ttansmission delays typically associated with pneumatics
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Figure 2.2. A prototype linkage with embedded pneumatic
components and a flexible joint developed at Stanford

connected through hoses or tubing. As with Frogman,
encapsulating the electronics also helps increase durability.

Designs such as those in Figures 2.1 and 2.2 show some of
the potential for creating complex products using layered
manufacturing with embedded components. However, neithet of
these designs would have been possible without special
attention to the manufacturing process, including the addition of
extra processing steps. In the following sections we briefly
describe the basic shape deposition process with embedded
components and then discuss processing issues that arise with
embedded parts. Finally we present algorithms that automate
the process planning for layered manufacturing with embedded
components

3. SHAPE DEPOSITION MANUFACTURING WITH

EMBEDDED COMPONENTS

The process on which we will focus our discussion is Shape
Deposition Manufacturing. However, similar issues are likely to
arise for other rapid prototyping processes when discrete
components are inserted during the fabtication cyele. The
characteristics of SDM manufacturing have been covered
elsewhere (e g., [Merz 94; Ramaswami 97]) and will not be
repeated here Figure 3.1 shows how discrete components can
be added during the processing cycle

Embedded Component g

=~ | Part

Deposit (support) Embed

N~

Figure 3 1. Shape Deposition Manufacturing Cycle The figure
shows a prefabricated link and bearings being embedded
between shaping and deposition operutions.

In this example, the existing support material is machined
to create a mold to shape the underside of the pait, which is
deposited using casting, micro-casting, laser welding or other
deposition processes. More support and part material are
deposited and machined to continue the part build-up and to
create support material features for the embedded components.
The shaping process, performed after each layer of pait or
support material is deposited, is done by CNC milling to obtain

o
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the desired geometry. accuracy and surface finish. Prefabricated

components can be embedded after any shaping step. In this

case a prefabricated assembly of bearings and a linkage with an
integrated shatt are inserted part way through the build cycle

The embedded component is then encased in the next layer of

material (in this case mote support) which is subsequently

shaped. Additional processing steps such as cleaning, stress
relief or surface preparation may also be inserted at any point in
the SDM cycle. The key feature of the process is complete
access to the interior of parts as they are being created.
Additional advantages of embedding components with

SDM include:

- Deposition can be tailored to obtain the best material
properties because the removal process is 1esponsible for
achieving net shape.

- Discrete components can be used whete local geometry is
critical. Gap pieces can also be created explicitly and
embedded to provide critical alignment or spacing

- Fully functional components like sensors, motors, or
beatings with known perfoimance specifications can be
included in an SDM part or assembly rather than trying to
build them in place or duplicate off-the-shelf items

4. MANUFACTURING TECHNIQUES FOR SDM
PARTS WITH EMBEDDED COMPONENTS
Embedding components is easy in principle, but each kind

of component piesents practical challenges in positioning and

fixtmring, maintaining functionality, and dealing with toletances

Techniques used to solve these problems involve the addition of

extra steps applied to the component before it is embedded or

between subsequent shaping and deposition steps. These steps
include for example: pre-tieating the embedded component by
adding sacrificial or temporary material (for instance, to
preserve ait space around a motor aimature), and adding
alignment features to the surtounding material design o1 the
embedded component. In addition, the processes used to
deposit, shape and remove the part and support materials must
be thermally, chemically and mechanically compatible with
the embedded components. We now present some of the

(a) (0)
Figure 4.1. {ua) Example of wsing additional parts, or
spacers, for fixturing of irregularly shaped components
The figure in (b) shows a leaf spring, circuit board, tubing
fitting and electrical connectors with their spacers. These
spacers were manufactured in a separate production run
using the same design and manufacturing interface

practical challenges that arise in embedding components and
examples of techniques used to address them.

4.1 Positioning and Fixturing. Locating embedded
components is patticulatly a problem when the component has
an irregular shape or is flexible, as is the case in embedding
wires or tubing. A solution is to add locating features to the
embedded component by creating additional patts made of partt
or support material (see Figure 4.1a). The additional parts ate
then embedded with the component. An example is the use of
spacets for connectors, valves, pistons and motors, as shown in
Figures 4.1b, 44 and 4.5

Strain gags

{a) (b)
Figure 4.2. Example of creating features for fixturing Here
the features help position a strain gage and wires in a
urethane specimen. Placement of the gage on the smallest
ledges also allows the urethane to contact both sides of the
gage for complete encapsulation. (a) CAD model and (b)
strain gage aligned in pocket

Another general solution is to create locating features, like
pockets or posts, in the preceding part geometry that the
embedded component can be aligned or affixed to An example
of this is the use of pockets and "shelves” to position a strain
gage and its wires in a urethane tensile specimen (see Figure
4.2). The gage is supported on a pair of ledges that allow the
liquid urethane to flow to the front and back of the gage for
good adhesion. The channel is sized to the width of the gage to
provide alignment and runs the length of the component to
position the wires and guide them to the edge of the part
Another example is shown in Figure 4.3, wheie posts and
surrounding geometry help position the embedded components

4.2 Functionality. Successful embedding of a component
requites that its function be preserved in subsequent processing
steps. Of course, techniques to achieve this will vary not only
from component to component, but also according to the build
direction and surtounding geometry. In general, the types of
challenges encountered thus far have required the selective use
of sacrificial and temporary materials and additional parts like
spacers as demonstrated by the following examples
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(a) (b)
Figure 4.3 Embedded components can be positioned by
creating locating features in the preceding geometry. (a) Model
of gear teeth and a shaft with a connector being embedded in a
link. (b) This link is subsequently embedded in the construction
of the second link. Magnetic sensors detect the gear teeth and
provide position sensing

Moving parts: Bearings, actuators and other pre-fabricated
mechanisms must be protected from infiltration by part
material. One example is a pneumatic actuator that was
embedded in the prototype urethane 1obot leg. Here, the inlet
port and the piston were encased in sacrificial materials
(glycerin soap and wax) that were easily removed once the part
was finished (see Figure 4.4b). Another example shown in
Figure 4.5 is the use of spacers to define bartiers between part
and suppott

Sacrificial
Material

Piston

Sactificial
Material

Electrical Connectors

Spacers

One-way Valve §

(@) (b
Figure 4.4 (a) Model of an air valve and spacers. The
combined component is then placed in a pocker as shown in
(b). (b) Example of using sacrificial material to encase critical
parts of the embedded component. The figure shows a
preumatic actuator and an air valve encased on either side
with red wax. The spacers are used as dams here when pouring
different materials on either side of the spacer.

Flow channels: Similar to moving parts, fluid-system
components such as pressure sensors and valves tequire that the
airspace and connectois be protected. In the case of the valves,
the inlet and output ports were encased in sacrificial material to
protect them during subsequent deposition steps (see Figuie
44) The sacrificial material used must be easily and
completely removable in order to prevent clogging or restricted
flow. For example, glycerin soap, which is soluble in water, was
used to protect the valve poits.

Yy,

Figure 4.5, Embedded components like these electric motors
must often be embedded half in part material and half in
support material. The spacers shown in (a) are assembled with
the motors before they are encapsulated (b). The photograph in
{c) shows the motors with the front end encased in soap support
material. Urethane then encapsulates the exposed sections

Contact and adhesion: Mechanical components that
transmit forces such as motor shafts or springs need strong
adhesion between the part and the embedded component
Similarly, the pertormance of embedded strain gages depends
on the quality of the bond with the part material (Figure 4 2)
The design of the mechanical interface and surface piepatation
must provide features that allow sufficient access of part
material for good mechanical contact and strength. For
example, the embedded leaf springs shown in Figure 4.1 were
abraded and altered to include gripping teeth at the interface
with part material. In contrast to embedded components that
need good adhesion, the Frogman computer purposefully
embedded a removable teflon-coated aluminum mandrel with
poor adhesion in otder to create cavities for batteries.

4.3 Multilayer Interfaces: Components that cross the junctions
of two or more layers require special consideration. For
example, it was necessary in the case of the Frogman computer
to connect a circuit board embedded in a layer of urethane to
another citcuit board embedded in a subsequent layer (see
Figure 4 .6a). Other examples ate components between part and
support material such as connectors for electrical and fluidic
systems that must be accessible to the outside of the part (see
Figure 4 .6b)

Accessibility: Connectors such as the ones mentioned
above must often be made accessible between SDM steps. In
the Frogman computer, for example, a protective cap was used
to prevent part material from completely encasing the electrical
connectors as shown in Figure 4.6a. Spacers and sacrificial
material were used to partially encase the electrical and
pneumatic connectors of the prototype leg shown in Figure 4.1b
and 4 6b

Stress and Abuse: Embedded components experience stress
concentrations at sharp transitions between materials;
provisions must be made for protection and stress relief at the
exit of items like wires or connectors. For example, silicone was
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applied to the circuit components in the Frogman computer in
oider to protect them from the stresses tesulting fiom shiinkage.

Circuit Board Protective Cap

Pin Receptacle /
Drill hole /

Connectors
(b)
Figure 4.6. (a) Electrical connection between different SDM
steps. Here, a pin receptacle is first soldered to a circuit
board. A protective cap covers the receptacle to avoid
complete encapsulation by the next deposition step. A drill
hole then makes the receptacle accessible to the circuir
board in the next layer. (b) Example of connectors that join
componenrs inside the part to the exterior of the part

Alignment and Tolerances: Dimensional and locational
tolerances of the embedded components are particularly an
issue when the component lies at the boundary of two layers
since subsequent shaping steps can damage the part. Factors
such as poor alignment, dimensional inaccuracy, and part
shrinkage can stack-up unfavorably to place the embedded
component in a toolpath. Components that protrude from one
layer into the next, such as shafts and bearings, need to be
protected during machining from damage by tools or debris.
Such embedded components can be defined with a dimensional
buffer zone and a sacrificial matesial can be used to tempotratily
encapsulate and protect them during processing. Figure 47
shows a modified build cycle for the example first presented in
Figure 3 1

4.4 Integrated Analysis. The design of parts with embedded
components requires integrated analysis. In addition to design
rules that ensure manufacturability, analysis tools aie needed to
allow the designer to verify functionality, mechanical behavior
of composite structures (e g., deflections and stress gradients)
and thermal profiles during operation For example, embedding
electrical components affects their heat dissipation and
embedding wires atfects the mechanical integrity of the part by
introducing stress concentrations as well as varying material
properties. Integrated thermal analysis for cooling of embedded
electronic components is under investigation at Carnegie
Mellon [Egan 96].

5. AN ALGORITHM FOR DESIGN AND PROCESS
PLANNING WITH EMBEDDED COMPONENTS

The techniques described in the previous section were
performed manually for prototypes such as the Frogman
computer and the robotic limbs in Figuies 2.2 and 4 3a. As we
have seen, the inclusion of embedded components requires that
designers have more control over the manufacturing process
than is vsually the case when sending a CAD model out for
layered manufacturing using a homogencous material

Presently, the designer must understand the SDM process and
understand how parts with embedded components will be
processed. Indeed, the success of the prototypes shown was
largely due to the fact that the designers were also the
manufacturers

Furthermore, it does not appear, at least for SDM
processes, that completely automated design decomposition and
process planning are feasible in the immediate future. To this
end, we are developing a semi-automated approach that will
make it easier for designers to build heterogeneous products
created by SDM

Our solution is an extension of the Design-by-Composition
approach described in [Binnard and Cutkosky 98] In this
system, designers use a library of primitives as design building
blocks (see Figure 5.1). Each primitive has an associated
manufacturing plan, in the foum of part and support matetial
compacts and a precedence graph. A compact is a volume of
material that can be manufactured in one cycle of shaping and
deposition, as described in [Merz 94]. When the user creates a
new design from two primitives, the CAD system automatically
combines the two manufacturing plans to create a plan for the
new design. The merging algorithm detailed in [Binnard and
Cutkosky 98] allows designers to merge primitives and
automatically computes the resulting compacts and process
ordering constraints

In order to fice the designer fiom manually planning all the
special techniques described in Section 4, we create pre-defined
libraries of generic embedded components The embedded
components, as defined in the library, include the necessary

l Embedded Component

Part material

Support material

D Temporary material

OF

Final part deposition
Figure 4.7 Embedded components that are exposed berween
SDM steps can be damaged by shaping operations such as
machining. Here, the embedded bearing is first modeled with a
buffer zone around it. A temporary material is deposited on the
embedded component to provide this buffer zone for the
shaping operation

Removal of temporary material

5 Copyright © 1999 by ASME




Primitives Merged by Designer Manufacturing Plans Merged

By Algorithm
al ' —— b3
az - — — b2
- -
2l — _/ bt
Primitive A Primitive B Compact Compact
List A List B

Result Primitive

Result Compact List

’—<” Primitives Part Compacts B Support Compacts ’7
Figure 5.1 Design-by-Composition: The designer builds
designs by combining primitives with Boolean operations. Each
primitive contains its own high-level manufacturing plan.

process modifications, such as spacers, channels for wiring and
connectors, fixturing features for accurate placement, and
standoffs for flow access of the next layer pouted. An example
is shown in Figure 5.2

The challenge is to find ways to represent these specific
manufacturing techniques, which include geometric and process
ordering constraints, in the library and to ensure that library
components remain valid after merging with other primitives
We believe that a solution lies in the following two directions:
1 Expand the list of properties that compacts can have. This
list already includes material type and geometry, but can be
expanded to include material-specific Boolean operations
and compact-list merging constraints.
Encapsulate the manufacturing techniques discussed in
Section 4 by constructing library elements from a
collection of compacts of part, support, and embedded-
component materials that have special material properties
and ordering constraints
As a starting point, we have expanded the previous merging
algorithm to suppott primitives that are of "embedded” material.
The designer can now create embedded components trom
libraries ot simple shapes and merge them with other primitives.
For example, the ledges and channels needed for embedding the
sttain gage shown in Figuie 41 were created by specifying an
embedded component with the shape of the ledges and
channels

Because embedded components such as shafts, beatings,
sensors, and circuit boards cannot be divided, the compacts that
represent them must be handled ditferently from ordinary part
and support compacts. Thus, the geometric merging procedures
must be modified as well as the matetial merging and ordering
rules. We now present a simplified example to illustrate the
three general parts of the original algorithm described in
[Binnard and Cutkosky 98] and the modifications made to them.

[N}

\

| Library Gomponent ’ ] What the designer seesi

Support ‘ Valve '

—‘1 [JEmbedded Ml Primitives [l Part Compacts Bl Support Compacts'_
Figure 52 Library Components. The designer places
embedded components from a predefined library into an
emerging design. These library components contain the extra
steps needed to successfully embed them. In this example, the
definition of an embedded valve already contains the necessary
part, support and spacer compacts

In the example. we wish to merge the two simple primitives
A and B with a chosen operation, as shown in Figute 53 Both
primitives contain the list of part and support compacts that
represent their manutacturing plan. For example, compact list
A is shown in Figure 5.1, and it consists of compacts {a;, a,
az}. When ptimitive B is an embedded component, the Result
primitive from the operation will be diffetent, since compact b,
is of "embedded” material. The Appendix contains a listing of
the algorithm, discussed below

Part 1. Generate Intersection List C. Part 1 of the
algorithm generates a third list of compacts, C. This list is
generated fitst by finding the geometiic intersection between
pairs of compacts from the parent sets A and B. Thus, the list C
will contain {a,b,, a;bs ... azby, .}, whete a;b; is the geometric
intetsection between compacts ¢; and by In the original
algotithm, these intersections ate then removed from theit
parent compacts. For example, this results in the adjusted lists

Primitive A Primitive B anmve A

[ ]

Primitive B

¥

¥ 4y
ﬁElﬂ

- AnB  AxoRrB AuB -

¥ ) N\
ﬁEDE:

AnB  AxorB

| B Primitives ] Embedded |

Figure 5.3 Simplified example of primitive operations. The
figure on the left shows the operation results of two primitives
of "part” material. The figure on the right shows the results
from a "part” and an "embedded” marerial primitive
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A" and B', shown in the left side of Figure 54 Finally, each
compact in C is assigned a material type based on the materials
of the parent compacts and the rules shown in the material-

merging truth table of Figure 5.5

example)}

B Part [ ] Embedded B Support

Figure 54  Generation of intersection list C First, the
geometric intersections are generated and removed from the
parent compacts.  The material types of these intersection
compacts are determined by the material merging rruth tables

In the modified algorithm, we must first check for the
geometric intersection between compacts of embedded material,
which will return an error. We then proceed as in the original
algorithm, except for geometric intersections between an
embedded compact and a non-embedded compact.  Since we
cannot divide the embedded compact, we leave it intact and
remove the intersection from the non-embedded compact. One
exception is for the (A - B) operation, whete we can divide the
embedded compact since it will not be part of the final Result
set. The final moditication to Part 1 of the algorithm is the
extension of the futh table to include material of type
"embedded,” as shown in bold in Figure 5 5

Add Subtract Interseet Exclusive or
AUB A-B ANB (A+B)-(ANB)
a bc a b|c¢ a bc a blc
P PP P PI|S P PP P PSS
P S|P P Sip P SIS P S|P
S P|P P E|S S PSS S PP
S SIS S PI|S S S 1|8 S SIS
S S|S
S E[S

Figure 5.5 Modified material-merging truth tables. P = Purt,
S = Support, E = Embedded. The only modification is to the
case of (A - B), since it is the only case where we divide the
embedded compact.

Part 2. Find the Result List. The second pait of the
algorithm simply chooses the Result list among the lists A, B’
and C, based on the desired operation. For example, Figure 5.6
shows that for the case of (A - B), the Result set is the union of
lists A’and C,

(A - B example)

Result Result

Part [ Embedded B Support
Figure 5.6 Find the Result List. The final Result compact list
is selected among lists A, B and C based on the operation

In the modified algorithm, we must make a special case for
the (A~ B) operation. Pait 1 leaves all embedded compacts in
their parent lists, A’ or B” Tf there are any embedded compacts
in either list A’or B’, we want to include them in the Result list
For example, as shown in the right side of Figure 5.6, in order
to include the embedded compact in the Result list, we have to
convert all non-embedded compacts in B’ to suppoit matetial.
This prevents the embedded compact from "sticking out” of the
Result list. Thus, the final Result list is the union of lists C and
the modified list B’

Part 3. Establish Precedences. A precedence graph
contains the necessary manufacturing order of the compacts in a
compact list [Pinilla ez a/, 97]. An example is the compact list
A shown in Figure 51 Compact «; must be manufactured
before compact az, S0 a; precedes as, or a; -> a;. Since we are
merging two compact lists, we must establish the precedences
of the Result compact list. Precedences between compacts
within the parents lists A’ and B’ remain the same as before the
merging operation. This is because all intersecting surfaces
between the two lists are paiallel to the build ditection
Precedences between compacts within the intersection list C are
constructed based on the precedences of their parent compacts
and a set of 1ules (listed in the Appendix), as shown in the left
side of Figure 5.7. In the original algotithm, we did not need to
establish precedences between compacts in C and compacts in
Aor B’

In the moditied algotithm, precedences are established the
same way as in the original algorithm. However, Part 1 left the
embedded compacts in their parent lists in order to avoid
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Figure 5.7 Establish Precedences. As shown ar left, the
manufacturing order of the new compacts in the intersecting
list C depends on the precedences of their parent compacts. In
the modified algorithm, we must also establish precedences
between these compacts and embedded compacts, as shown at
right

dividing them. Therefore, we must establish precedences
between these compacts and the new compacts in the
intersection list C, as shown in the 1right side of Figure 5 7. The
modified precedence rules are also listed in the Appendix

6. DISCUSSION AND FUTURE WORK

Unique mechationic designs that would be difficult ot
mmpossible to make by conventional means can be created using
layered manufacturing processes with embedded components.
However, constraints on the design are still necessary to ensure
manufacturability. It designers are going to exploit the
capabilities of layered processes, it will be necessary to piovide
a design interface that allows them to create parts and embed
components without laborious process planning

The algorithm presented above is patt of an effort to
develop such a design interface. The interface will include
Tibraries of previous designs that can be integrated with any new
design. The library should include standard components such as
shafts, motors, bearings, batteries and circuits for embedding
We have described an approach in which these components are
defined in terms of process-telated geometries and associated
ordeting constraints. Components ate defined with features that
facilitate placement of parts that are difficult to locate
accurately or have special alignment and encapsulation
requitements (e g, embedded sensois and motos).

The embedded component library, when combined with the
merging algorithm, is analogous to feature-based CAD. The
features contain fragments of predefined process plans, with the
result that manufacturing planning and analysis can be
performed incrementally, as the design evolves [Kambhampati

et al, 93]. In the present case, we have an important advantage:
for processes like SDM, in which parts are built in layers and in
which the support material eliminates traditional tixtures, there
are relatively few global feature interactions of that kind that
complicate traditional featuie-based CAD/CAM.

Future improvements to the system will allow user
interaction in the selection of the build order to obtain optimal
surfaces and protection of embedded components. An open
question is whether the library definitions can be made
sutficiently flexible that they will work with many parametric
variations, or whether a large number of special-cases will be
needed tor pairticular geometiies, orientations and material
combinations

Investigations are also underway to characterize the
performance and reliability of embedded components like
sensors and actuators. Future 1esearch will addiess the
development of an integrated design interface that includes
design rules (analogous to those developed to ensuwre the
manutfacturability of VLSI citcuits) and tools for mechanical
and thermal analysis and witing layout
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APPENDIX

For a more detailed description of the algorithm and the
precedence tules, ncluding proofs of completeness and an
analysis of complexity, see [Binnaid 99]

Parts | and 2 of the compact meiging algorithm are shown
Figure A1 For Part 3 of the algorithm, the precedence rules
between compacts in the intersecting list C, a.b, and ab;,
depend on the precedences of their parents:

ab,—ab; it
(a,=a; and b,—b)) or
(b,=b; and a,—a,) or
(a.—a; and b,—b))

The precedence rules between an embedded compact, b,
and compacts in the intersection list C, b, and by, also
depend on the precedences ot their parents:

if (b, a) != O and material(y,) = EMBED
if (b,—b)) then b,—ba,
if (;—b,) then bju;, — b,
if (b,—b)) and (a,—ay) then b,—ba,
if (6;—b,) and (a,—a,) then ba,—b,

VbeB
Yas A
if matl{a)=EMBED ~ matl(p)=EMBED
error: EMBED components intersecting
if (matl{e)=EMBED A matl(h)=EMBED)
v (matl{a)=EMBED A matl(h)=EMBED ~ oper=SUBTRACT)
Il create intersections per
[ truth table
il subtract from source

/I PART 1:loop through all
/I A and B compacts

new(ice C) =anb

matl{c) = f{mati(e), mati(h), oper}

a=da-c

b=b-¢ /I compact sets

it matl{a)=EMBED A matl{h)#EMBED  /f embedded compacts in A
h=b-{anb)

if matl{a}=EMBED A matl(h)=EMBED /] embedded compacts in B

a=a-{amb)

if (oper = ADD) v {oper = XOR)
C=CUAUBRB
if oper = SUBTRACT
C=CUA
if oper = INTERSECT
if Jafae A A matl{(a)=EMBED]
Valae A A matl{a)zEMBED]
mat{a)=SUPPORT
C=CuUA
if 3blbe B A matl(h)=EMBED]
Vblb € B A matl(h)zEMBED]
matl(h}=SUPPORT
C=CuUB

/I PART 2: copy non-
/lintersecting compacts

/I make sure embedded
{I compacts and support get
il copied

Figure A 1 Embedded component merging algorithm
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