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ABSTRACT

This effort explores the design requirements for an expert translator
to be used as an interface between present Computer Aided Design (CAD)
and Computer Aided Manufacturing (CAM) systems. The translator’s purpose
is to periorm certain standards checks on the design data and pass
assembly information as well as material requirements from CAD to CAM.
An example translator was implemented for a simpie one room house
construction problem using the artificial intelligence language Prolog.
This research is part of an effort to design a generic Computer Integrated
Manufacturing System in which the design through manufacturing process
is totally automated.
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I. INTR TION

In the not too distant future, most factories will be using an
integrated, computer aided, design and manufacturing system. There has
already been much work performed in Computer Aided Design (CAD) and
Computer Aided Manufacturing (CAM) techniques. Although definitions may
vary slightly, Ness {Ref. 1] defines CAD and CAM as follows:

Computer Aided Desi,cI]n.is_the application of computer technology to the
design of a product. This includes layouts, detail design, analysis,
drafting and formal release of design data.

Computer Aided Manufacturing is the application of computer

technology to the fabrication, assembly and verification of a product
that does not depend on and cannot productively use specific CAD data.

Expanding on the above concepts, the CAD process consists of product
specification and design. CAD may allow for product simulation and
performance analysis using computer models. Some pre-manufacturing
testing may also be performed. Product tayouts may be generated.
Increased interest recently has been focused on the use of interactive
graphics with CAD; Beeby [Ref. 2] discusses this issue as applied to the
construction of the Boeing 767 airplane. Interactive graphics systems
allowed the designers of the Boeing 767 to interact with the design
system and data in real time. In addition, some design changes were
automatically propagated through the entire design relieving the designer
cf the update responsibility. Beeby [Ref. 2] cites as an example that
changes made to the thickness of the spar chord in the wing of the Boeing
767 produced automatic changes in related items such as ribs and clips

without designer intervention.




To expand on the CAM process, it is only necessary to look at some of
the methods presently used in the manufacture of the Boeing 767.
Computer aided tools locate, drill and fasten wing spars. Robots handle
sanding and painting tasks. A self-propelled drilling unit travels through
the interior of the plane drilling the more than eight thousand holes that
are required for seat installation.

However, it is the lack of integration of the design data produced by
CAD into the manufacturing process handled by CAM that is our primary
concern. The future goal is to build factories in which a network of
computer systems is used to support product design, planning and
manufacture and thus facilitate faster and more economical production
[Ref. 3]. Current CAD and CAM systems are primarily independent and thus
unable to effectively communicate with each other. One solution to this
problem is to define a standard data format which will be accessible to
both CAD and CAM. With a standardized data format, future CAD and CAM
systems, which are built to use the format, will be able to communicate
with each other freeiy.

For example, Boeing Commercial Airplane Company (BCAC) has
introduced a standard geometric data format as part of its CAD/CAM
Integrated Information Network that has now become the framework for
the Initial Graphics Exchange Specification (IGES) [Ref. 4). More recently,
the International Organization for Standardization (ISO) has been
developing the Programmer’s Hierarchical Interactive Graphics System
(Phigs) standard which is based partially on the Graphical Kernal System




(GKS). Both of these systems demonstrate the intense interest in forcing
standardization of data.

Another solution to the communication probiem between CAD and CAM
is to design a communications interface that could be used with current
CAD and CAM systems with little change in their structure. The advantage
to this method is there is no massive redesign of CAD and CAM systems
required to meet the requirements of a new standard data format.

The purpose of this research is to define the software and data
requirements that are necessary to integrate CAD and CAM into a fully
compatible system by the use of such an interface. we shall call this a
Computer integrated Manufacturing System. The interface will consist of
an expert sustem transiator used to {ink the CAD output data and CAM
input data. An example translator will be presented and discussed. This
translator will be an enhanced version of the transiator first presented in
[Ref. SI.




I1. Background

The Expert System Shell Transiator design to be proposed in this paper
will be based on the concepts of Computer Integrated Manufacturing (CIM)
as described in [Ref. S]. CIM can be defined as the use of integrated
computer systems to automate the manufacturing of an item starting with
design and continuing through final production [Ref. 6]. Two portions of
any future CIM computer system that are widely used today are Computer
Aided Design (CAD) and Computer Aided Manufacturing (CAM).

With the introduction of the minicomputer and the increasing power of
the microcomputer, significant gains have been made in designer
productivity and accurracy [Ref. 7). In addition, newer CAD systems even
allow simulation and perfomance analysis. Similar gains are being made in
CAM with the advances in sensor technology, computer controlled robot
devices and numerically controlled machines. Examples of numerically
controlied machines are the tube bending digitizers that automatically
measure and record hydraulic tube shapes and then perform multiple tube
bends during the construction of the Boeing 767 [Ref. 2]. What is currently
missing is a link between CAD and CAM to allow data transfer from one to
the other thus allowing a completely automated factory. In an ideal
factory, a product would be designed using CAD and then the design would
automatically be transformed into a final product with very little human
intervention. To even approach such an ideal, a communications path must
be established between CAD and CAM. Figure | shows how an Expert
System Shell Translator would be used to fill this gap.




An example expert translator system was proposed and partially
implemented in [Ref. 5] for the construction of a house. In this paper, we
will enhance the trans'ator to demonstrate its feasability using a more
realistic product design. In addition, proposed data models for CAD output
and CAM input as suggested in [Ref. 5] will be refined as necessary to

facilitate the enhancement.

CAD

CAD
Output Data

Expert System Shell Transiator

CAM
input Data

CAM

Figure 1. Relationship of Expert System Shell Transiator
interface to CAD and CAM.

There are at least two reasons for developing the technology to
integrate current CAD and CAM systems rather than starting over with a
fully integrated CIM system from scratch [Ref. 8). First, low level

manufacturing equipment will most likely be produced by a varied
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assortment of manufacturers and will require different hardware and
software for control. Second, factories that are interested in increasing
automation will be more likely to add to existing equipment to reduce
costs. They cannot afford to keep up with the latest in technology and
abandon their previous investments. Each of these component systems can
be expected to have a wide variety of data management systems.
Therefore, an easily adaptive CIM system structure is required to handle
these differences. The translator provides that adaptability by providing
the interface necessary to link the various CAD and CAM systems already
in use.




1. Data Qutput ification f i ign
Figure 2 shows the necessary processing and generation of data
performed by CAD.

[Canceptual Schema J

CAD Dats Model )

| A

[ Schem Data J ( Design Date )

Figure 2. Processing of data during Computer Aided Design.

Using both the conceptual schema and the data model as input, CAD
generates a design schema and the corresponding design data for the
product to be manufactured. The conceptual schema provides the
hierarchical part_of relationships while the data model acts as a guide
for the CAD process.

A. CONCEPTUAL SCHEMA
Most of our discussion in this section will center on the proposed

format for the design data but first lets examine a samplie conceptual
schema. Figure 3 is the conceptual schema for a generic house

12




construction application. The conceptual schema provides CAD with the
hierarchical part_of relationships between primitive types from which
composite objects can be built. Each block in the conceptual schema
represents a different primitive.

==
floorplan

e =

] 1 | |
insulation covering suh—mrirq opening

frame connection vindew door
|

ges_|prumbinglfoictric]teeting] [ ﬂ;uL]I pans

Figure 3. Conceptual Schema for 8 generic house.

Each part, real or abstract, of a final product house would correspond
to an instantiation of some primitive. Instantiation is said to occur when
a primitive is copied and that copy refers to an actual part of a design in
progress. For example, the living room and bedroom of a house are

13
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different instantiations of the same primitive room while their walls,
floors and ceilings would correspond to the primitive face. There is
actually a two-way relationship present. That is, if a particular face,
face_A, is part of a room, room_1, then room_1 contains face_A.
This dual relationship will be used later in the development of the design
data. It is also important to note that while a sub_cover must be part of
some given face, it is not true that any instantiation of a face must

contain a sub_cover. For example, consider a face consisting of unpainted
brick attached to a wooden frame. Then the face would consist of a cover
(the brick) and a frame. If painted, the brick becomes a sub_cover with
the paint acting as a cover.

Primitive types may be defined to any level of abstraction and become
the building blocks for the final product design; thus, each conceptual
schema is product dependent {Ref. S). Those primitive types with dark
borders in Figure 3 have named subtypes associated with them. A house
may be subtype colonial or ranch for example. A room may have subtype
bedroom or bathroom. The use of subtypes aliows information about
specific configurations of types to be stored for later use. They become a
framework on which to build. For example, there are certain
characteristics about a bathroom that makes it a bathroom. The subtype
bathroom should capture that information which is true for all bathrooms
for use in future designs.

The CAD process, guided by the data model, records actual
instantiations of the primitive types of the conceptual schema to form the
design schema for the product of interest. A particular house design

14




schema for which our example transiator will be based is shown in
Figure 4.

The design schema for a product uses inheritance properties to infer
some information about the primitive types using known information about
related types. Inheritance refers to those cases where there is no need to
specify different values for two different types that are related in a
specific manner. One type simply inherits the information from the other
type. Consider a car being manufactured. If the car has its color specified,
then parts of the car such as fenders, doors and hood would inherit that
color information. In addition, using both part_of and contains
relationships, this information is easily passed both up and down the
hierarchical structure. The conceptual schema provides the CAD/CAM
translator information on how the different building blocks of the final
product will fit together.

B. PROTOTYPE
A prototype can be thought of as a block of memory allocated to store

data for any given type (primitives and subtypes). For each different type,
a new prototype must be defined since the amount of memory storage
required is type dependent. In this way, we can partition our data such
that all the facts known about any particular type instantiation can be
aggregated in much the same way modern programming techniques allow
the partitioning of programs into modules (Ref. 9]. There exists a
one-to-one correspondence between the set of all types and the set of all
classes or prototypes [Ref. 51.

15




1
exterior1

=1 E3

: frome1l frame2
cover 1] cover 12
sub_cover! suLmrlS]
sub_cover2 {sub_cover{

fca1 ] Jrce2]  fece3]  fracea] [reces]

cover2ll  fcover3|] [eovera]l [covers]|| [coverio]| [cover1y]

sub_cover3 suh.mr;"suh.mrsl sMrsl sub_cover! II

Figure 4. Design Schema for House|.
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The set of all prototypes for any given conceptual schema will be
designed to provide the interface between CAD and CAM with the
necessary data to determine all required input for the CAM routines. Now
consider the design of a prototype that will allow us to accomplish this
task. Figure S is an example prototype for the primitive type cover listed

in our conceptual schema presented earlier.

# x> attribute may be inherited
from face prototype

& =) attribute is optional

Figure S. Protatype for primitive Cover.

Each prototype has named slots which can be filled in for a particular
instantiation of that prototype. These slots contain either relation or
attribute data. The siot part of inFigure S is for relation data. It relates
the cover to a particular face. The slot material type is for attribute
data and is used to store material information about the cover.

A blank prototype is also known as an intension or abstract specification.
An intension is a meaning of a concept; that is, the protutype for a cover
defines what it means to be a cover [Ref. 9]. With the appropriate slots
filled in, it becomes an extension of the original prototype [Ref. 5. An

17




extension is a concept which corresponds to an actual item which has
existed in the past, currently exists or will exist in the future [Ref. 9]. In
the above illustrated prototype, the siots material type, height and
depth fall under different rules for being filled in as Figure S notes. The
attribute material type is required to be filled in while depth is
optional. Those slots made optional were those that could have a
nonsensical value under some circumstances. Consider the depth of a cover
of paint. while some number could be given, it would not normally be
relevant to the design and construction of a house. Therefore, its value is
optional. Careful thought must be given to the use of optional entries
during the design of the prototypes. The design and efficiency of the
CAD/CAM interface may be dependent on the number of vacant slots
allowed. For those cases where the slots may or may not be filled in, the
interface will have to consider both cases. The number of vacant slots
allowed can have an adverse effect on the number of rules used, the
complexity of rules used, or both for the interface system.

The attribute height shown in Figure S may be filled in or left blank
with the value to be determined for input to the CAD/CAM interface using
inheritance rules. Inheritance will be discussed in more depth in the next
section.

The format for storing data in a prototype’s slots should be kept
simple to minimize the effect on the interface design. That is, value
information for each slot should consist of only two parts at the most:
actual value and units of measurement when required. The
attribute/relation that specifies the slot may consist of several parts

18




itself such as dimensions(height) but should be standard. Using this
method, each prototype slot is bound to a specific value based on some
standard attribute or relation. For any given product, there will exist a
set of attributes and relations for which each prototype wil! require a
subset to define its required slots. Some attributes and relations will be
universal to all products while others will be product specific. Consider,
for example, property(material type). This would be required knowledge
for all products. Now consider the attribute dimensions(height) in
relation to spherical product. It has no meaning while the attribute
dimensions(radius) does.

# =) attrbute may be inherited

304 inches
ﬂ 6.5 inches

contains [framet sub_oover2
sub._oever| 1

normal X ()

normat Y 0.34

normal 2 0.94

| part of roef!

Figure 6. Prototype for primitive Face filled in for instantiation face!1.

Figure 6 is an example of a filled in prototype showing extension name,
qualifying data and values. This prototype is for a particular face shown

19




in the house design schema of Figure 4. It represents CAD's know ledge
about facel 1. Note that one of the siots violates the rules presented
above for simplicity of slot specification. This is the slot for the
relationship contains. This type slot allows for a one-to-many
relationship between a composite object and its components. This was
done for two reasons. First, part_.of already provides a simple relation
between any two related parts that meets the requirements listed above.
Second, the use of multi-values allows CAD to move quickly up and down
the hierarchical design schema while conserving storage memory required
for each prototype.

C. SLOT INHERITANCE
Now we consider in more detail how inheritance can be used to

determine a slot's value. Inheritance refers to the property exhibited by
two prototypes, which due to their relationship, possess slots which must
take on the same value as the other's slot.

Facel 1, whose prototype is shown in Figure 6, contains coverl.
Figure 7 is a filled in prototype for cover ! based on known CAD design
data. The primitives height and width for cover_! are not filled in and
therefore their values must be determined using inheritance rules when
determining the design data for input to the CAD/CAM interface. For this
reason, the inheritance rules must be part of the prototype definition.
Looking at Figure 7, the '®' indicates that the slot, if left blank, will
inherit its value from the face which the cover is part of. Using this
method, it is possible to specify an entire chain of primitives from which
inheritance can take place. For example, the cover 1 prototype could have

20




specified that inheritance from the sub_cover beneath cover! would take
priority over inheritance from facel 1. in addition, if inheritance from
sub_covers was allowed, then ordering of the sub_covers becomes a
factor. Using this method for a cover with two sub_covers beneath it, we
should first look for the slot value in the sub_cover directly beneath the
cover, next check the second sub_cover, and lastly get the value from the

appropriate face if not yet successful in finding a value.

laipe cover # = atiribute may be inheribed

name: oover from face prototype
properties: -
il T2 *2 =) jtirbute is optional
4 finish color brown
dimensions :
L
* width
b 23 inclws

fooel !

Figure 7. Prototype for primitive Cover filled in for cover1.

Part of the CAD process is verifying that the correct values for those
slots left biank will be properly inherited for input to the translator.

D. COORDINATE SYSTEM
In order to specify location information in a prototype, it is imperative

that the frame of reference be known by any process using that
information. For most products, three frames of reference should suffice.

21




These are global or world, product and local coordinates . Figure 8 shows
the relationship between each of these systems.

Global or world coordinates relate to the real world. For example, the
lines of the compass could be used with the Z axis perpendicular to the
ground. The product coordinate system expresses location information
relative to the product itself and is useful when locating parts on the
product regardless of the absolute location of the parts relative to the
earth. For large parts that are made up of many smaller parts, the local
coordinate system may be used to express the location of the smaller

parts relative to the large part.

Local
Coordinates
Product
_— Coordinates
axis
World
or Global
Coordinates Product
axis

(0,0,0) axi s

Figure 8. World, Product and Loca! coordinate system relationships.

The use of product and local coordinate systems not only eliminates
the need for absolute or global location coordinate information under most

22




circumstances but also provides automatic update of location information
during design changes. For example, consider a face, facel, that contains
a window, window 1. A design change is made that causes facel to be
moved ten feet. If window 1's location has been expressed relative to
facel, then updating facel’s location will automatically handle
window 1 since the relative location for window 1 has not changed.

In addition to specifying locations of various parts, other information
about the part’s position may be desired. If many flat parts are being used
in a product, then the unit vector perpendicular to their surface can be
used to gather additional information on how the parts will align in the
final product. This vector is called a normal. Figure 9 shows an example

of a normal.

Normal to Surface A
(length = 1)

Figure 9. Example of & normal vector to & surface.

By definition, a normal is of length 1 unit, regardless of the units used.
In this manner, each flat surface will have one unique normal associated

23




with it and each normal will specify one and only one surface. It is
important to remember that the coordinate system used to express a
normal will affect its value and therefore, for a normal to be useful, the

coordinate system associated with that normal must be specified.
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IV. Data Requirements for Computer Aided Manufactyring

Figure 9 shows the data flow for a typical CAM process. The Material
Requirements Planning Data consists of two parts, assembly instructions
and a raw material requirements listing [Ref. S]. Each of these will be

discussed in this section.

Material
Requirements
Planning Data

I

CAM

|

( Scheduling Data J

Figure 9. Computer Aided Manufacturing dets flow [Ref. 5).

The purpose of the expert system transiator will be to provide the
assembly instructions and raw material requirements in such a format

that will allow it to interface to an automated manufacturing system.

A. ASSEMBLY
what information is necessarily contained in the generated assembly

instructions? That is product dependent. For example, when putting solder
on an electrical connection, the type of solder used as well as the

25
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temperature of application can be important. when gluing two components
together, the type glue used, the pressure applied and the drying time
become important. These are examples of information that may be
generated by the CAM system normally but may also be overridden during
CAD. The interface must be capable of passing this information through to
the CAM process.

in addition, the assembly instructions will provide sequencing

information, the determination of which may require not only the
conceptual schema for relation data, but also prototype data. This would
be due to information contained in the prototype that affects priority such
as space requirements for installation. Figure 10 is an example where this
type of information is necessary.

.
PART B _.r—l
L]
PART A ;
14 « I -
PART C PortD=A+B+C

Figure 10. Assembly consisting of partsA, B, and C.

Part A, part B and part C assemble together to make part D. From the
diagram it can be seen that an assembly sequence that attaches part B to

26




part C and then part A to the pair to form part D will not work since part
B will interfere with part A unless sufficient slack exists in the fit to
allow part A to slide in from the side. This type of information would not
be contained in the conceptual schema.

For some products, component location information during
manufacturing is important. Consider an electrical circuit again. Locating
components on a circuit board is a very complex problem which is not
currently well supported by CAM and ignored during CAD [Ref. 10]. Well
placed components makes efficient routing of interconnections a simple
task and therefore desirable.

B. MATERIALS
The other portion of the Material Requirements Planning Data is the

raw material requirements listing. Figure 11 illustrates some example
output for raw materials, again from the house construction example. The
names of each item corresponds to well known building materials. For
example, hardboard32 and hardboard34 are both hardboard material but
have different dimensions and costs. To calculate requirements for
shingle12 and brick88, effective areas were used. Shingles are
overlapped during construction decreasing their effective area covered
while bricks have concrete placed between them increasing their effective
area.

Based on dimensions of the product, cost per unit of raw materials, and
design information about the raw materials of interest, the transiator can
generate the total amount of raw materials required and the total cost.

27




Row Materials Report

| tem
door |
window!

concretel

tar_paper2
hardboard32

har-dboard34
hardboard?8

hard_wood9
sheath._poper24
shingle12
bricksgs

paint9

painti?
paint21

Cost
$16

Uni ts Required
1
1
347.514
434. 194
6.73333
1.34770

1.54722
0.694444

K]
0.850277
1616
36?3.2
1.0317
0.551818
0.923095

seafojoiiiinsiiookkiolkskkikiokkiokbiaioioh

*

*

Total material cost is $13996

]

SERREERXERREERERREEEEEEREEEE SRR

Figure 1 1. Raw materisls requirements listing.
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In addition, information on allowed substitute materials could be kept
in the database to take advantage of not only fluctuating cost, but also
fluctuating inventory in order to get the most optimal cost product
[Ref. S). For such a system to work successfully though, it must allow for
CAD to specify a no-substitute condition when required.

Using the Material Requirements Planning Data as input, CAM will
generate the Scheduling Data necessary for final production. The
Scheduling Data may then be used as input to an automated manufacturing

system.
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V. Expert System Shell Translator

The Expert System Shell Translator will act as the interface between
CAD and CAM. Figure 12 demonstrates how the translator relates CAD data
output to CAM required input.

(scromavots ) (" oesigndate )

4 N\
| Standords
— Dete
&m_mm i EXPERT SYSTEM \ )
SHELL TRANSLATOR ¢ \
| Assembly
l Data
Material
Requirements
Planning Data

Figure 12. Expert System Shell Translator [Ref. S).

Using the schema data and design data from CAD as input, the
translator determines the necessary material requirements planning data
to pass to CAM by making use of meta-knowledge and assembly data. A
deduction-oriented rule-based system that starts with known facts and
deduces new facts is said to exhibit forwards chaining [Ref. 11]. Forwards
chaining has the ability to reach many conclusions based on the data which
is what we desire for our translator. These new conclusions are then used
to search for more facts. when no more conclusions are possible, forwards

30




chaining is complete. This is just the type structure that would be needed.
In addition, the translator performs various standards checks on the CAD
data to ensure its correctness. Correctness is used here to imply the data
meets all known requirements. These requirements may be based on laws
of physics, laws of government, or anything else deemed appropriate.

A. META-KNOWLEDGE
Meta-knowledge can be defined as knowledge about knowledge [Ref. 12].

It is used to guide the program in the selection of rules to apply. This
knowledge may be either implicit or explicit. Explicit meta-knowledge is
sometimes employed using meta-rules. Meta-rules are used to guide in the
application of other rules. An example would be the case where two
possible rules could be applied, rule one and rute two. A meta-rule might
state that rule two shouid be tried prior to rule one for some specific
conditions. Implicit meta-knowledge is more common but more difficult to
handle when changes are made to the program. Figure 13 shows an example
of implicit meta-knowledge that could be used in house design and
manufacture.

Explicit is the fact that rule number one passes control to rule number
three and rule number three uses recursion to find and handle all faces
except those facing upwards. Implicit is the fact that when rule three
eventually fails, we backtrack to rule number two.

B. ASSEMBLY DATA
The assembly data must provide sequencing information which makes

use of not only the conceptual schema for relational data, but also
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prototype data. The conceptual schema gives information on how the
components fit together, but the prototype data may give new insight to
priorities for those cases where assembly may take several paths.
Consider soldering two electrical components, a transistor and a resistor,
to 3 circuit board. The transistor is much more heat sensitive than a
resistor normally. Therefore, even though the schema would show no
priority for ordering, data contained in the prototype for the transistor
would show its heat limitations during soldering and would be used to
ensure the resistor was placed on the circuit board first.

asseable(L, face) :-
assasblei(L, (], faca).

assemble(l., face) :-
sasber(Face,L ),
noraal_2Z<Face, 1),
assartz(oparation(cossent, ‘bui id fiocor as last step’,..,.)),
contains(Face,L1),
assemble2C(L1],IL1], face).

assesblef(L L1, face) :-
senber(Face,L),
not(noraal_Z(Facse, 1)},
daletelFace,L,L2),
contains(Face,L3),
assenbie1<L2, (L3[{L 1], face),!.

Figure 13. Use of Meta-Knowledge.

It is important to remember that the term components is being used
here in an abstract way. Items such as solder, grease, oil and glue may all
be considered components of a product.

Figure 14 is a sample of two assembly rules written in Prolog and used

for the example house construction project. Note that both rules make use
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of schema data as well as design data to provide sequencing. The schema
data allows access to the frame attached to the face currently under
construction while design data, in this case normal information, is used

to prioritize the frames.

/* do foundation frame */

assaabla(H, house) :~

is_a(Yface, face),

trans_partof(Yface,H),

norsai.Z(Vface, 1),

contains(Yface,L),

sasber(Frame,L),

is_a(Frase, frone),

proparty(Frane, saterial _type,Ntype),
assertz(oparation(Frana,assenble, ‘naterial typa: *,NHiype)).

/7% do frame perpendicular to ground */
assesbla(H, house) :-
is_a(Yface, face),
trans_partof(Yface,H),
noraal_Y(Yface,0),
norsal_2(Yface,0),
contains(Yface,L),
sesber(Frame,L),
is_a(Frame, frase),
propartycFrane,nater ial _type,type),
assertz(operation(Frane,assesble, ‘naterial type: °,liype)).

Figure 14. Assembly rules for house construction.

In addition to sequencing instructions, assembly data can be used to
determine component location. This is a very difficult problem in VLSI
design and manufacture and is not well supported. The number of possible
placements in many circuits makes an exhaustive search for the ideal
placement impossible. In addition, there are many factors controlling
placement including temperature limitations, position of edge connectors,
position of busses, and speed restrictions which in turn restricts length
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of interconnections [Ref. 10). To find a recommended solution to such a
problem, an expert system transiator could make use of advanced search
techniques currently employed in artificial intelligence programming such
as depth-first, best-first or breadth-first. Because this is such a difficult
problem, a system might allow a user to interact with it to aid in the
search.

C. STANDARDS DATA
Standards data is used here in a broad sense and represents not only

governmental standards required by Federal, State, local and Occupational
Safety and Health (OSHA) regulations but also those standards, which if
violated, will result in a product that may not function properly.
Governmental requirements have aiways been with us and include federal,
state and local regulations. But with the advent of CAD systems, new
product designs have become increasingly complex. For instance, VLS| and
multichip systems may be comprised of more than 250,000 gates [Ref. 13].
Due to this increased complexity, it has become increasingly harder to
detect design errors prior to manufacture and shipment to customers.
Figure 15 shows data put together at IBM which relates circuit errors
remaining to rate of errors detected.

It is important to note that there exists a point in time when there is
a marked decrease in design error detection even though the number of
errors left remains relatively high. Design requirements can be included in
the standards data to reduce the number of errors.

For example, in VLSI design, the translator could check for loading of
components, power supplies to components and al!l leads properly
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connected. An example of this would be verifying that the fanout of each
integrated circuit had not been violated. The fanout of an integrated
circuit is the number of gates that may be connected up to one pin of that
integrated circuit without overloading the circuit and causing failure. This
type of error could produce a product that functioned properly but had a
shortened lifespan. It might only be found after numerous customer
complaints and by that time the supply stock of the device could be
extremely costly to replace.

- ERRORS REMAINING
NUMBER —
OF -
ERRORS
IN DESIGN —
| +» TIME
NUMBER ERROR DISCOVERY RATE
OoF ]
ERRORS
FOUND
—
¥ » TIME
SHIPPING POINT

Figure 15. Error detection in YLSI circuit design [Ref. 7].

D. LANGUAGE OF CHOICE
The terminology expert system has been used in our discussion on the

CAD to CAM translator. True expert systems are written using artificial
intelligence languages such as Prolog and belong to the class of artificial
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intelligence app!ications known as know ledge-based systems [Ref. S).
Figure 16 is an example of the structure of an expert system.

DESIGN DATA

EXPERT SYSTEM

KNOWLEDGE RULES

INFERENCE ENGINE

ACTION

Figure 16. An Expert System [Ref. 13)

Prolog programs are actually rule-based where each rule represents an
expert’s knowledge of the problem. "Knowing® is reduced to being able to
represent symbolically facts about the surrounding environment [Ref. 12].
Data supplied to the expert system is then treated as facts and used to
deduce more facts. An interesting feature of some of these rules is their
apparent link to rules of thumb; these rules are known as heuristics
(Ref. 12].

What are the necessary qualities of an expert system? It must of
course properly perform its assigned tasks. The prablem is that what is
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proper to one expert may not be proper to another. For example, consider
two builders each constructing a house of similar design. While most of
the assembly priorities for each one would be similar, some differences
could exist. If both builders are experts in their field, who is more
correct? The advantage of using artificial intelligence languages is the
flexibility to allow manufacturers to set their own priorities by modifying
the expert system rule base without any change to the CAD or CAM
systems in use.

Expert systems also have the ability to explain their path of reasoning,
although in today’s systems the explanation is usually nothing more than a
trace of rules sucessfully being fired. A rule is said to fire if enough
facts are known so that the rule is now proven to be true.

When actually constructing an expert system, it is also important that
the code be partitioned according to the areas of concern. This is due to
the fact that many experts, who would be expected to supply their
know ledge to build the system, are limited in the breadth of their
know ledge. Therefore, the code should be divided in such a way that each
expert has responsibility for only that part pertaining to his area of
expertise.
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VI. Example Expert Shell Translator

Appendix A is a diagram of a simple one room house which was used as
a basis for this example expert shell translator. The prototypes for the
house are based on the conceptual schema of Figure 3 and are shown in
Appendix B. The actual prolog computer code for the translator is
contained in Appendix C. Appendix D gives the translator output for the
house construction example whose design is depicted in Appendix A.

part_ofthouse room).
part_of(room face).

part_offace door).
partof(face,window).
part_of(face opening).
part_of(face covering).
part_of(face sub_oovering).
part_of(face frame).
part_offace insulation).

trans_partof(X,Y) - part_of(X,Y),\.
trans_partof(X,Y) - part_of(X 2),
trans_partof(Z,Y) .

Figure 17. Implementstion of Conceptusl Schema.

A. CAD DESIGN DATA
Two of the computer code files in Appendix C are used to store data

that would be expected as input to the transiator from CAD. The schema
file contains the schema data for the product of interest, in this case a
one room house. Figure 17 shows some of the code from this file.
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The last two rules in Figure 17 are used to specify transitivity in
prolog. Thus, if piece_A is part of piece_B, and piece_B is part of
piece_C, these rules would imply that piece_A must also be part of
piece_C. The use of such rules precludes the necessity to explicitly
declare these relationships for all possible cases.

The design schema and other design data, which are derived from the
filled in applicable prototype slots, are contained in the housel file.
Figure 18 demonstrates the relationship between one sample prototype and
its corresponding data in the housel file.

It can be seen that the use of a language like prolog makes it easy to
convert the prototype data to usable data for the translator.

B. STANDARDS CHECKS
The first series of operations performed on the input data by the

translator are those necessary to verify all applicable standards
requirements are met. Figure 19 contains some of the standards from the
standards file in Appendix C that were used for our one room house.

Note that while the width and height standards for doors apply only to
a door of type door1, the depth standard for doors and the window pane
quality standard apply to all doors and windows respectively. This
demonstrates the flexibility of the language and our system.

In addition to actual physical checks, two other types of standards data
are also contained in the standards file. These are shown in Figure 20.

The first is the comment__for data. For example, consider the rule
comment_for(frame,wood,framing); this rule relates any frame made
out of a wood product to the comment framing. This allows data that can
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* facel */
is_a(facel, face).

dimension(face1,height, 115, inches).
dimension(facel,width,362, inches).
HOUSE | = dimension(face1,depth, 1, inches).

contains(facal, (sub_covar3,cover2l).
normal X(facel,0).
noraal_Y(facel,-1).

noreal 2{facal,0).
partof(facel,room1).

narve : facel

height 115 inches

PROTOTYPE wmp 3 362 nches
1ioh

[sub_ooverZ cover2

normal X {0)
normal .Y 1)
normal_2 ©0)
part of roomt
% => attribute may be inherited
from the cover prototype

Figure 18. Computer code derived from Prototype data.
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ninimm<{(door,door{,width,32, inches).
ainimm{joor,door 1, height,b, feet).
aaximm(door ,door{,width, 4, feet).
aax isua{door,door 1, height,?, feet).
ainimum(door, _,depth,2, inches).
saxisum{door, _, depth,3, inches).

ainisuni{pane, _,qual ity,3).

Figure 19. Standards checks.

comment(masonry, 'approved methods aust be used for building
sasonry walis shen ocutside air tesperature drops below 40
dagreas farenheit’).

cosment_for{(cover,brick,nasonry).

coament_for{cover, concrete_block,sasonry).

comment_for(sub_cover,brick,masonry).

comment_for(sub_cover,concrete_block, sasonry).

coasent(framing, ‘grade marks sust be cleariy visibie on all
framing mesbers for inspection’).
cosment_for(frame,wood, framing).

check_for(sub_cover, tar_paper, [ tar_paper 1, tar_paper2, tar_paper31).

Figure 20. Comments on standards requirements.
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only be verified during manufacturing to be output by the translator for
the information of the CAM system. Sample output from Appendix D is

shown in Figure 21.

chack for frame frame3

grade marks sust be cleariy visible on all framing
aasbars for inspection

chack for sub_cover sub_cover?
chack for cover coverd

approvad sethods sust be used for building masorry walls
shan outside air temperature drops below 40 degrees farenhait

Figure 21. Transistor output following application of standerds comments.

The last data type contained in the standards file is the check_for. In
Figure 20, the rule check_for(sub_cover, tar_paper, [tar_paper1,
tar_paper2, tar_paper3]) is used to verify that all sub_covers made
out of tar_paper use tar_paper1, tar—paper2 or tar_paper3. In addition,
those types of tar_paper not used are listed as possible material
substitutions. These lists of possible substitutions will become important
again when determining raw material requirements later in this chapter.
Figure 22 is example output data showing the use of this type standards
check.

Note that the design data currently has sub_cover 14 made from
tar_paper2. Therefore, the other two types are listed as possible
substitutes. For more realistic situations, substitutions of one material
may affect other parts of the product. For example, consider a case where
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several types of plastic have been listed as acceptable for the product
piece in question. However, if a glue is being used on the plastic during
the manufacturing process, different plastics may require different glues.

Therefore, caution must be used in making substitutions.

chack for sub_cover sub_cover 4
sub_cover sub_coveri4 meets requiresants; allowed substitutes are:

= tor_paperi

- tar_paper3

Figure 22. Listing of substitutions by transiator during standards checks.

C. PRODUCT ASSEMBLY
Once the standards checks have been completed, the translator must

determine the product assembly sequence. To build our one room house, we
would expect the frame to be erected first. Figure 23 is a listing of
prolog rules used to generate the assembly steps for the frame foundation
and walls.

The first frame selected for assembly is the foundation. This frame is
located by finding a face which is part of the house being built and which
also faces away from the ground. The trans_partof(Yface,H) will locate
any face that is part of the house represented by the variable H. Then
normal_2(Yface, 1) checks if the 2 component of the normal to the face
of interest is equal to one. If so, then this face is a floor. Figure 24
shows example orientations of normals for our one room house.




/* do foundation frame */

asseable(H, house) : -

is_a(Yface, face),

trons_partof(Yface,H),

noraal Z(Yface, 1),

contains(Yface,L),

senber(Frome,L),

is_a(Frome, frame ),

property(Frome, material _type,Hiype),
assertz(operation(Frome,assemble, ‘naterial type: ',Mtype)).

/* do frame parpendicular to ground */
asseable(H, house) :-
is_a(Yface, face),
trons_partof{Yface,H),
norsal_Y(Yface,0),
noraal _Z(Yface,0),
contains{Yface,L),
aenber(Fraome L),
is_.a(Frame, frane),
propertycFrame, material _type,type),
assertz(operation(Frase,asseable, ‘material type: °,Htype)).

assesble(H, house) :-
is.a(¥face, face),
trons_partof(Yface, H),
noraal _X(Yface,0),
noreal _2(Yface,0),
contains(Yface,L),
asenber(Frame,L),
is_a(Frase, frane),
propertycFrame, saterial_type, fitype?,
assartz(operation{Fraomea,assasble, ‘material type: °,NHiype)).

Figure 23. House sample sssembly rules for transiator.




Any normal parallel to a coordinate axis will have that axis’ component
equal tc one in value if it points in the positive direction along the axis
and equal to minus one if it points in the negative direction. For the
example house, only the normals to the faces contained in the roof do not
meet these requirements. It is not necessary that any face meet this

requirement; it has been done only to simplify the example.

{l
z axis , T : A
normal.2 = -1
+H example wall
normal X = -1
y faxcis » —
normalX = {
Tmmnu-l
1
floor
oy

Figure 24. Use of normal vectors for house construction.

Once the floor frame is in place, the second and third rules in Figure
23 locate the wall frames and add them to the assembly list. The second
rule looks for faces with normals parallel to the X axis by specifying that
the Y and Z components of the normal are equal to zero. Similarly, the
third rule locates those faces parallel to the Y axis. In prolog,
backtracking will force these rules to be tried until no more valid

solutions are found. In this way, we locate all faces meeting the
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specifications of each rule. Therefore, we only need be sure that each rule

does indeed fuily state all specifications of concern.
In Figure 25, the rules which generate assembly data for the ceiling

and roof are shown.

/* cmiling frome */

assenble(H, house) : -

is-a(Yface, face),

trons_partof(Yface,H),

norsal . Z(Yface,~1),

contains({Yface,L),

neabar(Frame,L),

is.a(Frame, frome),

property(Frane,aaterial _type, Htype),
assartz(oparation(Fraae,asseable, ‘naterial type: ‘,Htype)).

/* roof frame ®/
assesb|a(H, house) ;-
is_al(Roof,roof),

tof(Roof ,H),
is.a(Yfoce, face),

tof(Yface,Roof),
contains(Yfaca,L),
sesber(Frame,L),
is-a(Frame, frrae),
properiy(Frane,naterial _type, Hiype),
assertz(operation(Frame,assesble, ‘noterial type: ', Hiype)).

Figure 25. Assembly rules for roof and ceiling

The only notable difference from our previous rules in Figure 23 is that
faces associated with the roof are located by using the contains relation
associated with the roof. This is a better method than using normals since
the normal vector for a roof face can vary so much depending on the
design of the house. The only framing now left to be performed is for the
windows and doors. Figure 26 lists the rules that handle these two cases.




Both rules again check only parts of the house of concern. For the door,
we determire its material and the two faces to which it is attached and
save this information in assembly data. The same is done for the window
except now the sill is treated as its frame. Again, both rules allow
backtracking to get all occurrences of windows and doors as will all the

assembly rules.

assaable(H, house) :-
is_a¢Door, door ),
trans_par-tof(Door,H),
property(Door,material _type, Hiype),
assertz(oparation{(Door,assesb!e, ‘saterial typa: ', ltype)),
gat_faces(Door,Facei,Face2),
assertz(operation(’’, ‘'~ attach to: °',Facel,Face2)).

asseable(H, house) :-
is_all,window),
trans_partof(i,H>,
contains(d,L),
sanber(Sili, L),
is.acSitl,stit),
assertz(oparation(Si || ,assesble, ‘windos sill for: ',H)),
gat_faoces(N,Facel,Face2),
asser-tz{(oparation(’’, '~ attach to: °,Focel,Face2)).

Figure 26. Assembly rules for windows and doors.

With all the framing in place, the faces must now be constructed.
Figure 27 gives the code to handle this. Note that first the exterior and
roof are performed, and then the interior room itself. For each area, the
contains rela.ion is used to get a list of all parts, including faces, of
each and the information is passed to an assemble(L,face) routine to
erect only the faces. This is actually a series of routines that use both
backtracking and recursion to determine the assembly data. Figure 28
gives the routines that start the process.
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assemb le(H, house) :-
is_alE,exterior),
trans_partof<E, H),
contains(E,L),
asseable(L, face).

assemble(H, house) :-
isa(R,roof),
trons_par-tof(R,H),
contains(R,L),
assesble(lL, face).

assemble(H, house) :-
is.a(R,room),
trans_partof(R,H),
contains(R,L>,
asseablell, face).

Figure 27. Assembly rules for house faces.

asseable(l, face) :-
asseable (L, (], face).

assesble(l, face) :-
seaber(Face,L),
normal Z(Face, 1),
asseriz(operation(comsent, ‘build floor as last step',_,_)),
contains(Face,L1),
asseable2((L1),(L1], face).

asseable (L, L1, face) :-
nesber<(Face,L),
not(noraal_Z(Face, 1)),
delete(Face,L,L2),
contains(Face,Ld),
assesble1(L2, IL3]L1], face),!.

assesbiei(L,L1, foce) -
asseable2(L1,L1, face),!.

Figure 28. Assembly rules to prioritize and obtein face dete.




The first and second rules in the list handie two different cases,
non-floors and floors «espectively. Any face pointing directly upward is
considered a floor, of which, for our simple example, there is only one.
The first rule takes precedence over the second rule and calls the third
rule in Figure 28. The third rule simply finds all faces which are part of
the area of concern but are not facing upward. Looking at the left side of
the third rule, assemblel(L,L1,face), L is the set of parts determined
using the contains relationship earlier and L1 is a set which we will
construct. L1 is initialized to empty when the first rule calls the third
rule. When the third rule finds a face meeting its requirements, the
contains relation is again used to determine the parts of the face. This
set of parts is added to L1 and assemblel recursively calls itself
looking for more faces. When none are found, we fall through to the fourth
rule which calls assemble2. The | symbol at the end of the assemblel
rules is there to prevent backtracking into them. We may only proceed
forward into these rules. Backtracking is not necessary since we exit
these rules only when all faces meeting our specifications are found.

Looking again at the second rule in Figure 28, we put only one face in
the list at a time and backtracking is necessary in the case where there is
more than one possible floor face. This may or may not be desirable
depending on the house design. For the other faces though, a list of all
faces in the area of concern is created using recursion to allow a search
for common building materials to better organize the assembly data.

Figure 29 shows the rest of the routines necessary to complete the
face assemblies. Note that assemble2 will recursively call itself until
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asscable2(Full_L,L, face) -
menber(Face,L),
delete(Face,L,L1),
menber({tem,Face),
is.a(l tes, sub_cover),
property(| tem, material _type,Htype),
operation(?,_,_, Miype),
seaber(Facel,Fuli_L),
msesber(Y, Facel),
assertz(operation(|tem,assenble, ‘naterial type: °, Hiype)),
delete(|tem,Face, Face2),
asseable2(Full_L, [Face2|L1], face),!.

asseable2(Full_L,L, face) :-
wesber(Face,L),
delete(Face,L,L 1),
menber(|ten, Face),
is_a(l tem, sub_cover),
property(l tes, saterial _type, Hiype),
assartz{oparation(ltem,asseable, ‘'material type: ', titype)),
delete(ltem,Face, Facel),
assesble2(Full_L. {FacellL1}. face).!.

assesble2(Full_L,L, face) :-
member(Face,L),
delete(Face,L,L 1),
seaber (| tem,Face),
is_a(l tea,cover),
property(i tem, material _type, Hiype),
not(liquid(ftype,paint, ., _,_,_)),
operation(y, ., _, Htypea),
sesber(Face1,Ful 1),
aesber(Y,Facel),
assertz(oparation(|tea,assesble, 'naterial type: ‘', Htiype)),
dalete(|ten,Face,Face2),
assesbie2(Ful | L, (Face2|L 1], face),!.

assesble2¢Full_L,L, foce) : -
aeaber (Face,L),
delete(Face,L,L1),
neaber( | ten,Face),
is—a(| tem, covar),
ty(iten, material _type, type),
not(l iquid(Mtype,paint,_,_,_,_,.)),
assartz(oparation(itea,assesble, ‘naterial type: °,Mtypae)),
delete(}ten,Face,Face1),
asseable2(Full_L, [FacetlL1], face),!.

assesble2(Full_L,L, face).

Figure 29. Assembly rules to get list of covers and sub_covers.
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there are no face parts left. It then falls through to the last rule which
succeeds and thus exits. Again, no backtracking is allowed or necessary.

The first two rules in Figure 29 search for ail sub_covers letting
those sub_.covers made up of material already used in the area of concern
take priority over material not yet used. This is accomplished by
searching through all the current operation predicates looking at all
sub_covers already asserted that used the same material. If a sub_cover
is found, then a search is performed over the list of all sub_covers in the
area of concern to attempt a match. If a match is found, then that
material has already been used and it will take priority. If no match is
found, then the next sub_cover in the next face is listed in the assembly
data.

The third and fourth rules provide a similar function for the covers
except that covers made from paint are not yet allowed to be listed. The
painting will be performed at the end of the house construction to prevent
damage to the finish.

The house is now close to completion. The window panes are inserted
into place, the windows and doors are painted, and the doors are instalied
using the appropriate doorknobs and hinges. Now is the time to complete
the painting of the faces that was previously skipped over. Figure 30
shows the rules that handle this.

Note that first the roof is painted, then the exterior and then last we
paint any rooms. The paint_face routines are similar to what we have
already seen. First, the ceiling, if one exists in the area currently being
taken care of, is painted. Then the walls are painted and next the floor is

51




painted. Any face left over is painted at the chd. This handles slanted
surfaces such as the faces of the roof. The one room house is now fully

constructed.

assasb!e(H, house) :-
is-a(R,roof),
trans_partof(R,H),
contains(R,L),
paint_facedl).

asseable(H,house) :-
is_a(E,exterior),
trons_partof(E,H),
contains(E,L),
paint_face(lL).

assasbia(H, house) :-
is-a(R,room),
trans_partof(R,H),
contains(R,L),
paint_face(L).

Figure 30. Assembly ruies to generate paint deta.

D. RAW MATERIALS LISTING
With the assembly data finished, the translator must now determine

the raw material requirements to build the house. It does this by calling
on the raw_materials_needed rules. All the rules work in much the
same manner. They first determine what extension is being considered,
then the material of concern associated with this extension, and last the
dimensions of this extension or area. All dimensions and areas are
converted to a common unit of measurement prior to calculations.

Those parts of the house associated with a face extension such as
cover and sub__cover call a routine get_area to determine the surface
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area involved. This special routine is necessary since faces may have
areas such as doors, windows and openings which subtract from the total
area of the face to be covered. This is handled by calculating a negative
area for each face to be subtracted out prior to material requirements
calculations. This negative area is then asserted as a fact for each face
prior to actual entry into the raw_materiais_needed routines. An

example calculation routine is shown in Figure 31.

row_acteriais.needed :-

is_a(Extens, sub_cover),

dinension(Extens,depth, Th, Tunits),

property(Extens,material _type, Haterial),

material(Material, . Ht, Htuni ts,lid, Hduni ts,Dp,Dpuni ts,
=y =y =, COSL),

aatch(Ht, Huni ts, Nd, Hduni ts, Dp, Dpuni ts, Th, Thuni ts, ActHt,
Units1,Actid, Units2),

get_orea(Extens,Area,Units),

corwert(Act_Ht, Units 1, Act HE2, Units),

corwart(Act Nd,Uni ts2,Act. lid2,Uni ts)?,

halinits is (Area /7 (RctHI2 * ActiNd2)),

Tot Lost is (Mum Units * Cost),

add_saterial (Haterial ,Nm_Lini ts, TotCost), fail.

Figure 31. Example material calculations for a sub_cover.

One aspect of how the above example works not yet mentioned is the
call to match. This rule attempts to find a match between the dimensions
of the material to be used and the thickness of the sub_cover within a
tolerance band. This is then used to determine the orientation of the
material within the sub_cover. For example, if 3 board, measuring two
inches by four inches by four feet, is used to build a sub__cover which is
four inches thick, then the two inch dimension would be used for area
calculations. This type of check is necessary since the dimensions height,
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width and depth are based on the view of the person determining the
values.

Once the units of material required and cost are determined, these
values are added to the total by calling add_material. This rule first
checks for any previous data on this material. If some is found, then a
new total is calculated and saved. Otherwise, a new fact on the material
of concern is created and saved.

The only other unusual calculation performed during the material
caiculations is the one to determine the frame requirements along the
center of the roof, between the roof and the ceiling. We need the height of
the roof above the ceiling to make this calculation. This is easy to do
though since the normal vectors for the roof faces are known. It turns out
that each component of the normal is ejual to the cosine of the ar;gle
created by the intersection of a line parallel to that component’s axis and
the plane containing the other two axis [Ref. 14]. Figure 32 demonstrates
this concept. In Figure 32, the Z component of the normal vector is equal
to the cosine of the angle created by the intersection of the normal and
the plane containing the X and Y axis. With this fact, we can calculate the
angle of intersection, Beta, of the roof and the house. Using the
dimensions of the roof faces, it is now possible to determine the height of
the roof above the ceiling since sin(Beta) is equal to the height of the
roof above the ceiling divided by the length of the roof face.

Once the amount of materials required and their costs have been

determined, a Raw Materials Report is output. The report tists units
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required for each material item and that item’s cost. Following the list of
individual items is a total cost. Figure 11 gave a listing of this output.

. [ - X-Y plane
Z axis Yaxis

7 distance along X-Y plene is equal to
cos P for & normel vector U
B
-

Rexs

Figure 32. Distance of a normal vector along a plane.

After the initial Raw Materials Report, the example translator
examines possible material substitutions reported during the standards
checks and makes each substitution, one at a time, to generate a new
report. Figure 33 is an example of a modified Raw Materials Report output
by the transiator. It shows the cost for parts when sub_cover 14 is made
out of tar_paperl in place of tar_paper2.

55




-
sub_cover 14: substitute tar_paper! for tar_paper2

*

e

Row Materials Report

iten
door 1
window1
concretel

tar_paper2

tar_paper1

Cost
$16
$30
$173?
$420
$3582
$504
$211
$142
$200
$900
$64

$4224

$12

Units Required

1

1

347.514
3.36666
434 194
3.36666
1.54776
1.54722
0.694444

0.850277
1616

1.031?
0.551818
0.923095

L

Total material cost is $14079

eSSttt kbbb btk stttk b g

Figure 33. Raw Meaterisls Report with substitution.




Iv. Conclusions and Recommendations

A. CONCLUSIONS

The goals of this research were to determine the design requirements
for a generic CAD to CAM translator, design and implement a CAD to CAM
translator for a particular product and in the process determine data
requirements for CAD output and CAM input.

A conceptual schema is a useful tool with which to model the product
to be constructed. A simple hierarchical structure for the conceptual
schema results in a design schema in which the transiator can easily move
from part to part, whether the part is abstract or real. Prototypes provide
an ideal abstract model of the product design data to be used as input to
the transilator.

Artificial intelligence (Al) oriented languages such as Prolog can
readily use prototype structured data, even using slot inheritance to fill in
unspecified values. In addition, many search methods have been designed
and implemented using Al methods and they can provide powerful solutions
to difficult problems such as the positioning of integrated circuits on an
electronic circuit board. Their two drawbacks, when compared to other
languages currently in use today are speed and availability. This is
currently being remedied with the recent releases of affordable compiled
versions of artificial intelligence languages designed for
micro-computers.

The translator is capable of performing certain standards checks on the
design data, passing assembly information through to CAM and also
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material requirements. The transiator can also pass information that is
useful to CAM at the time of production but cannot be verified prior to
actual product construction such as temperature specifications. in

addition, material substitutions can be recommended. Using Al's search
techniques, the translator can search for the best material combination

while at the same time checking for the effects of material substitution.

B. RECOMMENDATIONS
The next step in this research is to use an actual operating CAD system

to generate the design data and schema data for input to an expert
translator. The test products designed by that CAD system should be ones
for which there exists a product CAM system for additional research.
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APPENDIX A

HOUSE 1 DESIGN

faceS
ﬁ T
shesth_paper24 6 inches framing

21 feet
10 inches 4inches

| hardbosrd34 hardbosrd34

| 1 inch hardboerd 32 J |

‘ 30 feet : / ; foceﬁ?

facel paint9

paint9

face3

face2

hardbosrd32

FLOORPLAN

shesth_paper24

L 3

[ y axis

X axis

31 feet 10inches
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31 feet 10 inches

12 feet 7.5 inches w21 feel 10 inches

roof for housel

facel |

tor_paper2 w00d8
shingle12

wood8
{framing)

2 inches
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¢ 31 feet 10 inches ,
o

i i inches
1nches / 1 inch hardboerd?8

paintt?

Parallel to X axis

21 feet 10 inches———, TrO™M
CEILING 'w00d 8
" - i = “h.
' inches
11 inches hardboard78
face9

Parallel to Y axis
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" 21 feet 10 inches

-6 feet

Il 3 feet

sillt
coordinete reference point

pane1 (thickness = .S inches)

concrete! foundation

Exterior view

10 feet




door frame

z (thickness = 2.5 inches)

coordinate reference point

10 feet
7 feet
le— 8 feet 11 inches
concrete!
foundation 1 foot
L 38 <+ |
N
« >

31 feet 10 inches
Z axis

Exterior view
X axis
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face10 paint21

hard_wood9
11 inches | l '5"'°| hes / 11 inches
.'—__:E T b o .}

¥
1 fg floor
— 31 feet 10 inches -

Parallel to X axis

11 inches hlard_.wwdg 11 inches

Myt ——qe——nt

floor
/G———za feet 10 inches————

concretei
foundstion

Parallel to Y axis
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APPENDIX B

PROTOTYPES

properties :

*## 2> sttribute is optional

\l space
name:
properties :

| coordinates X
coordinates_Y
coordinates._2
contains {.)
part of

*# =) attribute is optional
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:
properties :
* finish color

contins
part of

* =) Jttribute may be inherited
from face prototype

“name:
properties:
* finish color

contains [..
part of

#* => stiribute may be inherited
from cover prototype
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name
properties :
* % gybt

coordinates _X
coordinates._Y
coordinates _2
contains [..]
part of

* % =) ttribute is optional

type face

name °
properties
* finish col

normal_Y
normal _2
part of

* 2> Jitribute may be inherited
from cover prototype

*# =)> items made from the same prototype
are listed according 1o their position
in the face
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name :
properties :
material type
finish type
finish color

dimensions :
height
width
depth

face

face
coordinates. X
coordinates_Y
coordinates_2
part of

name :
properties :
tr

dimensions .
* % padius
* % height
%% width

* @ith -'

face
* % face
part of

* =) attribute may be inherited
from face prototype .

*#% =) attribute is optional




name :
properties :

material type
* % finish color

dimensions :
* height
* width

___* % depth

part of

* =) attribute may be inherited
from face prototype

#% =) jttribute is optional

Al insulation
name:
operties :
material t

dimensions :
* height
* width
depth

face
*% face
art of

* = attridbute may be inherited
from face prototype

*#% =) ttribute is optional
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name :

properties

material type

* * finish color

dimensions .

#* height

* width

*¥ depth

# => ttribute may be inherited
from face prototype

*## =) attribute is optional

name .

fr ame

propo.rtios :

materiatl type

* finish color

dimensions :

* height

* width

th

face

*% face

part of

# =) attridute may be inherited
from face prototype

## =) attribute is optional

70




name
dimensions :

height

width

depth

contains

face

face

coordinates _X

coordinates _Y

coordinates _2
art of

name .
part of |

part of |

name .

properties
finish type
finish color

part of
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t connection

TP

dimensions :
** radius
* % height
*% width
* depth

faco
* % face
part of

#* => attribute may be inherited
from face prototype

* % =5 Jttribute is optional




type gas:

name :
part of |
t lumbin
name :
part of 1

name

part of |
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APPENDIX C

/* Interface File ¥/

start -
not(bagin_stds_chack),
not(begin_operations>,
not(set_neg orea),
not(row_materials.needad?,
not(materials_report),
not(report_subst).

begin_stds_check :- is_a(Extens, Intens),
write(’ check for ") write(intens), writaC’ '), write(Extens),nt, ni,
check(Extens, iIntens), fail.

chack(Extens, Intens) :-
propariy(Extens, material _type, Haterial),
saterial (Material,SpecMat,_, ., —,—, -, —,_,,—,_, )
conment_for(intens,Spec Mat,Class),
comment(Class,Commant),
orite(’ ‘), write(Commant ), nl,nl.

s

check(Extens, Intens) -
property(Extens, material_type,Material ),
saterial(Moterial ,SpecMat, —,—,—, =, —yep ey oy =) =, =,
check_for(intens,Spec_tiat,Class),
seaber(Material ,Class),
write(’ ,witelintens), orite(’ '), write(Extens),
write(’ ssetis requirements; allowed substitutes are:'),nl,nl,
aeaber(Other_Hat,Class),
not(Other_tat = Material),
orite(’ = *),write(Other_Mat),nl,n},
assartz(substi tuta(Extens,Other Hat)).

check(Extans, Intens) :-
propertycExtens,saterial _type, Haterial ),

nmoterial (Moterial ,Spectat,_,_,-,—,,—, -, —,—,-,-),
check_for(intens,Spec_at,Class),
not(sembar(Material,Class)),

orite(’ ), write(intens), write(’ ') write(Extens),

write(’' does not meat requiresents; alloswad substitutes are:'),nl,al,
gaahan/Diher Mot Clorg),

oriteC’ - "), writa(OtherHat),nl,ni,

assertz(substitute(Extens, Other_Hat)).
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check(Extens,door) -
dimension(Extens,Dimension,Z,Units),
ainimm{door,Extens, Disension,X,Uni tx),
aax isum(door ,Extens ,Disension, Y, Unity),
convert(X,Uni tx,lHin,Uni ts),
corwert(Y,Uni ty, Hax,Uni ts),
check_standards(door ,Extens,Dimension,Z, Hin,Max).

check({Extens,pane) -
property(Extens,qual i ty,Value),
ainisun{pane,Extens,qual ity,lin),
cheack_s tondards (pona ,Extens ,Ualua,Hin).

check_standards(intens,Extens,Dimension,Value,Hin,Max) :-
not(Hin > Value), notValue > Max),
writad’ ),writalintens ), writel’ '), write(Extens),
write(’ passed - '), write(Dimension),ni,nl,!.

check_standards(Intens,Extens,Dimension,Value,Hin,Hax) :-
Hin > Ualue,
write(’ D,write(intens), (" '), erite(Extens),
write(’ failed minium - '),
wite(Dimension),nl,ni,!.

check_standards(intens,Extens,Disension,Value,Min, Max) -
Ualue > Max,
orite(’ J,wite(intens) write(’ ') write(Extens),
write(’ failed maximm - °),
wite(Dimension), ni, ni,!.

check_s tandards(pane,Extens,Value,Nin) -
not(lin > Ualue),
orjteC’ *J,rite('pane "), write(Extens),
write(’' passed quality check'),ni,ni,!.

chack_standards(pone,Extens,Ualue,Min) :-
Hin > Vaiue,
part_of(Extens,Hindow),
is.a(lindow,window),
write(’ J,eritel'pane '),writelExtens),
wite(’ failed minimm quality check'),nl,
orite(’ -~ part of ‘),writellindow),nl,ni,!.

begin_operations :-
is_a(H,house),
not(do_aossesbly(H)),
not(operations_report(H)),
fail.

do_assesbly(H) :- asseable(H, house), fail.
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operations_report(y) :-

ni,ni,

orite( * * okt )01,
write('s *').ni,
write(’ Production Sequence Report for ‘),

writedH),ni,nl,

print_stylecH),

write('* *'),nl,
orite( v " e ‘J,ni,ni,t,

operation(Extens,Function, Attribute!,Attribute2),

print_operation{Extens,Function,Attributel,Attribute2),
fail.

print_operation{coasent,Comment,_,.) :-
nl,
o | te( ' PR S S E S R EEESE Rkt EE ) n |,
orite('* *),nl,
srite(’ comment : '),
wrijte(Comment),
ni,
orite('s *'3,nl,
or | te( " Rkt ) nl nl, L.

print_operation(Extens,Attributet,Attribute2,Rtiributed) :-
orjte(Extens),
nome(Extens,L1),
length(L1,N1),
tab(13 - N1),
orite(Rtiributel),
get_nome_len(Attributet N2),
tab(13 - N2,
write(Attribute2),
get_name_lenAttribute2,3),
tab(1? - N3),
write(Attribute3),nl,!.

get_name_len{tame,Len) -
ramber(Nome ),
not{integer(Name)),
nome(Noma,L 1),
length(L1,N1),
Len is (N1 - 4),1.

gat_nome_len(Noma,Len) :-

nane(Name L 1),
length(L1,Lan),!.

76




print_style(H) :-
property(H, subtype Hstyle),
erite(’ - house style is '),
write(Hstyle),nli,
orite(’ and consists of '),
contains(H,L),
eritedl),n!,!.

print_stylecH).
/* routines to calculate surface area of faces taken up by */
/% doors, windoms, openings, and connections */
set_neg aorea :-

is_a(Extens, face),

set_neg_area2<Extens, (1,0, feet), fall.

set_neg_area?2(Face,l ,Area,Units) :-
face(Extens,Face),
not(eember(Extens,L)),
is_a(Extens,window),
dimension(Extens, height, Ht, Htunits),
dimension(Extens ,width,ld, ldunits),
convert(Ht, Hiuni ts, New_Ht ,Uni ts),
conver t(Hd, Hduni ts, New_Nd,Uni is),
New_firea is (Area + (New_Ht * Hew ld)),
sat_neg orea2(Face, [Extens |L ), New_Area,Units), ! .

set_neg_orea?(Face,l ,frea,Units) :-
face(Extens,Face),
not(sesber(Extens L)),
is_a(Extens, door),
dimension(Extens,height,Ht Htunits),
dimension(Extens, width,id,Nduni ts),
corwar tCH, Htuni ts, New_Ht,Uni ts),
cormert(id, Hduni ts,New_Hd,Uni ts),
Hew_fireo is (Area + (New_Ht * New_lid)),
set_neg _area2(Face, [Extens|L], New_firea,Units),!.

set_neg_area2(Face,L ,Area,nits) :-
face(Extens,Face),
not(mesber(Extens,L)),
is—a(Extens ,connaction),
geometry(Extens,rectangle),
dimension(Extens,height Ht Hunits),
dimans ion(Extens, width,ld,Hduni ts),
corwert(Ht ,Htuni ts, Nes_Ht ,Uni ts),
corvert(ld, lduni ts, Nes_Nd,Uni ts),
New_frea is (Area + (New_Ht * New_lid)),
set_neg_area2(Face, (Extens|L), Nes_frea,Units),!.
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setl_neg area2(Face,L,Area,nits) :-
face(Extens,Face),
not(mesber(Extens,L)),
is_a(Extens,connection),
geome try(Extens, square),
dimension(Extens haight, Ht, Hiunits),
corwert(Ht, Htuni ts, New_Ht Units),
New.Area is (Area + (Nem_Ht * New_Ht)),
set_neg.area2(Face, [Extens|L},New_freq,Units),!.

set_neg_area2(Face,L, Area,Units) ;-
face(Extens,Facae),
not(member(Extens,L ),
is_a(Extens,connection),
geome try(Extens, square),
dimansion{Extens,width, lid, Udunits),
convert<id, Hduni ts, New_id, Uni ts),
Nes_frea is (Area + (New ld * New_ld)),
set_neg_area2(Face, [Extens|L ), Nes_Areq,Units),!.

set_neg_area2(Face,lL,Areq,Units) :-
face(Extens,Face),
not(member(Extens,L)),
is_o(Extens, connection),
geoaetry(Extens,circle),
dimension(Extens,radius,Rd,Rduni ts),
corwert(Rd, Rduni ts,Nes_Rd,Units),
Pi is 3.14159,
New_firea is (Area + (Pi * New.Rd * New_Rd)),
set_neg area2(Face, [Extans|L]),New_Area,Units),!.

set_neg orea2(Face,L,Area,Units) :-
face(Extens,Face),
not(seaber(Extens,L)),
is_a(Extens,opening),
geoaa try(Extens,rectangle),
dimension(Extens,height,Ht Htunits),
dimension(Extens,width,ld,Udunits),
convert(Ht Htuni ts,Nee Ht, Uni ts),
corwer t(id, Uduni ts, New_Lid, Uni ts),
New_firea is (Area + (Hew Ht * Hew_ld)),
set_neg_area2(Face, [Extens|L],Nes_frea,Units), | .
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set_neg.area2(Face,L, frea,Units) :-
face(Extens ,Face),
not(menber(Extens, L),
is_a(Extens,opening),
geome try(Extens, square),
dimension(Extans,height Ht, Hiunits),
convert(Ht, Htuni ts,New_Ht,Uni ts),
New_Area is (Area + (New_Ht * New_Ht{)),
set_neg area2(Face, [Extens|L),New_firea,Units),!.

set_neg_ocrea2(Face,l ,Area,Units) :-
face(Extans ,Face),
not(aseaber(Extens, L)),
is_alExtens,opening),
geome try(Extens, square),
dimension{Extens,width,ld, Udunits),
convert(ld, Hduni ts,New_ld, Uni ts),
New_Area is (Area + (New_lid * New_lid)),
set_neg_area2(Face, [Extens|L}, Nes_rea,Uniis),!.

set_neg_area2(Face,L,Areq,Units) :-
face(Extens,Face),
not(seaber(Extens,L)),
is_a(Extens,opening),
geometry(Extens,circle),
dimens ion(Extens,radius,Rd,Rdunits),
convert<(Rd,Rduni ts,New_Rd,Uni ts),
Pi is 3.14159,
Hew_firea is (firea + (Pi * New_Rd * New_Rd)),
sat_neg orea?(Face, [Extens (L], New_Area,Units), | .

set_neg_area2(Face,L ,frea,Units) :-
assertz(get_neg_area(Face,Areqa,Units)).

get_orea(Extens, frea,Units) :-
part_of(Extens,Face),
dimension{Extens,height, Ht Htunits),
disens ion(Extens,width,Ud, Hdunits),
get_neg area(Face,Neg_fArea,Units),
corwer t(Ht,Htuni ts, Nee_Ht ,Units),
corwer t{(Hd, lduni ts,New_ld,Uni ts),
Area is ((Nam _Ht * Nea_lid) - Neg_frea),!.

gat_orea(Extens,Area,Units) :-

part_of(Extens,Face),
dimension(Face,haight Ht ,Htuni ts),
dimension(Face,sidth,Nd,Hdunits),
get_neg_arealFace,Neg_Area,Units),
corvert(Ht Htuni ts,Nea Ht,Units),
corvert(lid, liduni ts,Nes_lid, Units),

firea is ((New_Ht * New Nd) - Neg_frea),!.
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get_area(Extens,frea,Units) : -
part_of(Extens,Face),
dimension(Face,haight ,Ht Htunits),
dimension(Extens, width,Hd,Hduni ts),
gat_neg_area(Face,Neg Area,Units),
convert(Ht,Htuni ts, Nee_Ht,Units),
conver t(Ud, Hduni ts,Nee_lid,Uni ts),
Area is ((New_Ht * New_ld) - Neg_frea),!.

get_area(Extens,Area,Units) -
port_of(Extens,Face),
dimension(Extens, height,Ht, Htunits),
dimension(Face,width,lid,ldunits),
get_neg area(Face,Neg frea,Units),
convert(Ht, Hluni ts, Nes_Ht ,Units),
corwert(Hd, Hduni ts, New_lid, Uni ts),
Area is ((New_H{ * New lid) - Neg firea),!.

saterials_report :-
assertz<(mat_cost(0)),
ni,nl,nl,erite(’ Row Materials Report'),nl, nl,
orite(’ Item Cost Units Required'),nl,nl,

material_list(Material ,Nm_Uinits, | tem_Cost),
New_Cost is floor(ltem Cost),
print_mat_report(Material ,Num_Units, New_Cost),
update_mat_cost(New_Cost), fail.

saterials_report -
sat_cost(Total ),nl nl,

orijte(’ * ‘,nl,
orite('* *)nl,
erite(' Total material cost is §°),

orite(Total ),nl,

write('* *).nl,

or i ta( ' HEEEEEEEE Rt ) nl nl,nl
fail.

?

update mat_cost(|tem_Cost) :-
ratract(mat_cost(Total)),
New_Total i= (Total + [tem Cost),
assertz(sat_cost(Nem_Total 3, !.
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print_mat_report(faterial ,Mum_tinits, Tot_Lost) :~
orita(Material ),
namelHaterial,L1),
length<(L1,N1),
tab(1? - NY),
oriteC’$’ ), eritalTot_LCost),
name(Tot_Cost, L2),
length(L2,N2),
tab(15 - N2),
write(Mum Units),nt,nl,!.

report_subst -
ni,ni,nl,
write(’ Start Row Materials Report (w/ substitute)'),
ni,ni,nl,iall.

report_subst :-
substitute(Extens,Subst _Mat),
replace_data(Extens,Subst_Hat?>,
not{row_materials_needed),
not(materiais_report),
restore_data, fail.

replace_data(Extens,Subst_Mat) :-
retract(mat_cost(_)),
ratractimaterial_list(_,_,_3), fail.

replace_data(Extens,Subst_Mat) :-
retract(substitute(Extens,Subst_tat ),
ratroct(proper ty(Extens,mataerial _type, Material )),
wrjte(’ ‘a,nl,
write('® *'),nl,
srite(’ '), write(Extens) write(': substitute °),
orite(Subst Mat),write(’ for '), erite(Material)l,nl,
orite('* *),nl,
orite(’
assertz(proper ty(Extens material_type,Subst_Hat)),
assertz(temap(Extens,saterial_type,Haterial )),!.

restore_data :-
retract(temp(Extens,material_type, Haterial)),
retract(property(Extens ,material _type,-)),
assertz{proper ty(Extens aateriai_type,Haterial ’),!.
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/™ Standards Fila */

ainimum(door,door1,width, 32, inches).
einisum(door door1,haight,6, feet).
saxisum(door,door1,width, 4, feet).
aax isum{door,door1,height,?, feel).
ainisum{(door,_,depth, 2, inches).

wax immd(door, _,depth, 3, inchas ).

ainimm(pane, ., quality,3).

coasent(aasonry, 'approved sethods aust be used for building masonry walls
shen outside air temperature drops below 40 degrees farenheit').

commant_for(cover,brick,aasonry).

coament_for(cover, concrete_block,masonry).

coanent_for(sub_cover,brick,masonry).

comment_for(sub_cover, concrete_block,masonry).

comment(framing, ‘grode marks aust be clearly visible on all framing
sesbars for inspaction’).
commenti_for(frame,wood, framing).

check_for(sub_cover, tar_paper, { tar_paper1, tar_paper2, tar_paper3)).




/* Asseably File ¥/

/* start with information on foce norsals */
assemble(H, house) -
assertz{operation(comment, ‘norsal for each face listed',_,_)),
assertz(operation ‘FACE', ‘X", '¥",'2')),
assertz(operationt ', ", ", '),
is_a(Face, face),
noreal _X(Face,X>,
norsal Y(Face,¥),
normal _2(Face, 2>,
assertz(operation(Face,X,¥,2)3).

/* start with frome */
assemble(H, house) :-
assertz{operation{comment, ‘'erect foundation and frame',_,_)).

/* do foundation frome */
assesble(H, house) :-
is_a(Yface, face),
trans_partof(Yface, H),
norsal _Z2(Yface, 1),
contains(Yface, L),
nenber (Frame,L ),
is_a(Frome, frame),
property(Frome,naterial _type,Miype),
assertz(operation(Frame,assesble, ‘naterial type: ', tityped>.

/* do frome perpendicular to ground */
assesbla(H, house) :-
is_acYface, face),
trons_partof(¥Yface,H),
noraal _Y(Yface,0),
noreal 2(Yface,0),
contains(Yface,L),
senber(Frome,L),
is_a(Frase, frome),
property(Fraome,material _type,Hiypa),
assertz{operation(Frame,assesble, ‘material type: ‘,Htypel).

assesbie(H, house) :-
is_.o(VYface, face),
trans_partof(Yface, H)>,
noreal _X(Yface,0),
noreal_2(Yface,0),
contains(Yfacs,L),
senber(Frane,L ),
is_a(Frome, frose),
property(Frame, saterial _type, Htype),
assertz{(oparation(Frase,assesble, ‘'material type: ', Htype)).
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/* ceiling frome */
asseable(H, house) :-
is_a(Yface, face),
trans_partof(Yface, H),
normal _2(Yface,-1),
contains(Yface,L),
senber(Frame, L),
is_a(Frome, frone),
propertycFrame, aaterial _type,ltype),
assertz(operation(Frome,asseable, ‘naterial type: °,Htuype)).

/* roof frome */
asseable(H,house) : -
is_a(Roof,roof),
trans_partof<(Roof ,H),
is_a(Yface, face),
trans_partof({Yface,Roof),
contains(Yface,L),
seaber(Frame,l.),
is_a(Frame, frase),
property(Frase, material _type,Htype),
assertz{operation(Frome,assesble, ‘material type: ', Hiype)).

/* nom put doors in place */
assesble(H, house) :- A
assertz{operalion(comment, ‘put door froming in place’,_,.)).

asseable(H, house) -
1s_a(Door, door ),
trans_partof{(Door,H),
property(Door,material _type Hiype),
asser tz{operation(Door,ossesble, ‘material type: °,Htype)),
get_faces(Door,Facel,Face2),
assertz(operation(‘’, '~ attach to:',Focel,Face2)),
part_of(Door,Face3),
assertz(oparation(‘’, '~ location’, ‘'relative to’',Face3)),
coordinates _X(local ,Door,X,Uni ts X,
coordinates_Y(local,Door,V,Units_Y¥),
coordinates . 2(local ,Door,2,Uni ts_2),
ossertz(operation(’'’,’ X coordinate’, X,Units X)),
assertz(operation('*," ¥ coordinate’,Y,Units_¥)),
ossertz(oparation(’’,’ Z coordinote’,2,Units 2)).

/* put window sills in ploce */

assemble(H, house) :-
assertz(oparation{(coasent, ‘'put window framing in place’,_,_.)).
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assesble(H, house) :-
is_a(ll,windom),
trans_partof<H,H),
contains(id, L),
sember(Sill,L),
is_a(Sill,sill),
assertz{operation(Sill,asseable, 'window siti for: ', ,H)),
get_faces(l,Facel Face?),
assertz{operation('’, '~ attach to: ' ,Faceil, Face2)),
part_of{ll,Face3),
assertz(operation('*, '~ location’, ‘relative to’,Face3)),
coordinates X(local W, X,Units_X),
coordinates_Y(local H,¥Y,Units_¥Y),
coordinates_Z2(iocal ,H{,2,Units_2),
assertzoperation('‘,' X coordinate’',X,Units_X>>,
assertz{operation('’,"' ¥ coordinate’,Y,Units_¥)),
aossertz(operation('',’ 2 coordinate’,2,Units_2)).

7* put up exterior siding */
asseabie(H,house) :-
assertz{(operation(comment, 'put up exterior siding',_,_)).

assesble(H, house) .-
is_a(E,exterior),
trans_partof<E,H),
contains(E,L),
assemble(l, face).

/* put up roof */
assesble(H, housa) :-
assertz<operation(coament, 'put up roof',_,_>J.

assemble(H, house) :-
is_a(R,roof),
trans_partof(R,H),
contains(R,L),
assemble(L, face>.

/* put up faces for each room */
asseable(H, house) :-
assertz(operation(comment, 'put up faces for each roos’,_,_)).

assemble(H,house) :-
is_a(R,room),
trans_partof(R, H),
contains(R,L),
asseable(l, face).

/* put up eindows */

aosseable(H, house) :-
assertz(operation(coamment, ‘put windows in place’,_,_>).
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assesable(H, house) :-
is-a(i,window),
trans_partof(i,H),
contains(i,L),
sesber(P,L),
is.o(P,pane),
member(C,L),
is—a<C,case),
assertz(operation(l, 'complete using',P,C)).

/* toke care of finish on windows and doors */

assesble(d,house) .-
assertz(operation(comment, ‘put finish on windows and doors’',_,_)).

asseable(H, house) : -
finish.

/* take care of door knobs and hinges */
assesble(H,housa) :-
assertz(operation(comment, ‘put on door knobs and hinges',_,_>)>.

asseable(H, house) :-
is-a(D,door),

trans_partof(D,H),
asseab le(D,door ).

/* toke core of paint on faces */
asseable(H, house) :-
assertz(operation(cosment, ‘put final paint on faces',_,_)).

~=casble(H, house) :-
is_o¢R,root),
trans_partof(R,H),
contains(R,L),
paint_face(l).

assembla(H, house) :-
is_oCE,exterior),
trans_partof(E,H),
contains(E,L),
paint_face(L).

asseable(H, house) :-
is_a¢R,room),
trons_partof(R,H),
contains(R,L),
paint_facedL).
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/* routines to put up sub_covers and covers for a given */
/* list of faoces supplied as first argument; these routines */

/™ look for common materials to heip set priority, all ./
/* sub_covers are hondled prior to covers; */
/* covers which are paint are left to be performed at a */
/* later time; all sub_covers and covars */
/* assoclated with the floor are perforsed last */
asseable(lL, face) :-

assesblel(L, (], face).
osseablae(l, face) :-

sesber(Face,L ),

noraal_2(Face, 1),

assertz(operation{coament, 'build floor as last step’,_,_)),
contains(Face,L1),

assesble2(iL1],IL1]), face).

assemblei(L,L1, face) -
aenber(Faca,L ),
not(norsal _2(Face, 1),
dalaete(Face,L,L2),
contains(Face,L3),
assesble (L2, (L3|L1], face),!.

assesblet(L,Lt, foce) -
asseable2(L1,L1, face),!.

asseable2<¢Fuli_L L, face) .-
seaber (Face,L),
delete(Face,L,L1),
mamber(| tem,Face),
is_a(l tem, sub_cover),
property| tea, material _type,Miype),
operation(y,_,_, Htype),
sesber(Facei,Full_L),
sember (Y, Face1),
assertz(operation(|iem,asseable, ‘naterial typa: ', Htype)),
delete(| tem,Face,Face2),
assesble2(Ful |_L, (Face2|L 1], face), ! . ‘ t
asseat. Y2(Full_L,L, face) :-
sembe(Face,L ),
deleta(Face,L,L1),
sember (| tem,Face),
is_a(l tem, sub_cover ),
property() tem, material _type, Ntype),
ossertz(operation(|ites,asseable, ‘naterial typa: °, Hiype)),
delete(|ten, Face,Facel),
asseable2(Full_L, (Facel|L1), face),!.
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assesbie2(Full_L L, face) :-
aenbar(Face,L),
delete(Face,L,L 1),
sanber (| ten,Face),
is_a(| tem, cover),
property(| tea,material _type,Htype),
not(liquid(Mtype,paint,_,_,_,_,-)),
operation(y,_,_, Miypa),
asesber(Facet,Full_L),
aesber(Y,Facet),
assertz(operation(|tem,assesble, ‘naterial type: °,ltype)),
daleta(itea,Face,Face2),
assemble2¢Full_L, tFacez{L1), face),!.

asseable2(Full_L,L, face) :-
sesber(Face,L),
delete(Face,L,L 1),
sesber (| tem,Face),
is_a(ltem,cover),
propertydites,naterial _type,ltype),
not(l iquid(Mtype,paint, ., _,_,_,_»,
assartz(operation(|tem,assemble, ‘naterial type: ',Miype)),
delete(! tem Face,Facet),
assesble2(Ful l_L, (Facet|L1], face),!.

assesble2(Full_L,L, face).

/* take care of finishes %/

finish -
property(F, finish_type,Fiype),
propertycF, finish.color,Fcolor),
assertz(operation(F, finish,Fiype,Fcolor)).

/* assemble door knob */
asseable(D,door) :-

proparty(D, knob_type,Kiype),
assertz(operation(D,assesble, knob,Ktypa)).

/* assesble door hinges */
asseab le(D,door) :~

property<D, hinge_type, Htype),
assertz{operation(D,assesble, hinge,Hiype)).
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/* routines to apply paint to faces; acts on covers oniy */
paint_face(L) :-
seaber(Face,L),
normal _2Z(Face,-1),
contains(Face,L 1),
aasber (Cover,L 1),
is_a(Cover, cover),
property(Cover,material_type, Miype),
liquid(itype,paint,_,_,_,_,-),
assartz(operation(Cover,paint, ‘material type: ',Miype)d),
delete(Face,L,L2),
point_foee(LZ), L

paint_face(L) :-
sember(Face,L),
norsal _Y(Face,0),
noraal 2(Face,0),
contains(Face,L 1),
sember(Cover,L 1),
is_a(Cover,cover),
property(Cover,material _type, Miype),
liquid(Mtype,paint,_,_,_,_,_),
assertz(operation(Cover,paint, ‘'material type: ‘,Mtype)),
delete(Face,L,L2),
paint_face(L2),!.

paint_raced(L)> :~
aenber(Face,L 3,
noreal _X(Face,0),
noraal 2(Faca,0),
contains(Face,L1),
mesber(Cover,L 1),
is.a(Cover, cover),
property(Covar,naterial _tuype,titype),
liquid(Mtype,paint,_,_,_,_,-2,
assartz(operation(Cover,paint, 'material type: °,Htype)),
delete(Face,L,L2),
paint_face(L2),!.

paint_facellL) :-
sesber(Facea,’ ),
noraal! _Z(Face,-1),
contains(Face,L1),
sanber (Cover,L1),
is.a({Cover,cover),
property(Cover,naterial _type, Hiype),
tiquidMtype,paint, ., -, -,-,-),
assertz(operat ion(Cover,paint, 'material type: ',Miype)),
delete(Face,L,L2),
paint_facalL2),!.
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paint_face(L) :-
sesber(Face,L),
contains(Face,L1),
seabar(Cover,L 1),
is_a(Cover,cover),
property(Cover,aaterial _type,Hiype),
tiquid(litype,paint,_,_,_,-,-),
assertz(operation(Cover,paint, ‘material type: ',Hiype)),
delete(Face,L,L2),
paint_face(lL2),!.

paint_facedlL).

/* routine to get the teo faces which an itea is associated with */
get_faces(| tem,Facel,Face2) :- ”
face(item,Facel),
face(| tem,Face2),
not(Face! = Face2),!.
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/* Naterlals Fille */

/* materials for doors */
row_materialsneedad :-
is_a(Extens,door ),
saterial (Eme bl Rt Rl At Rl bl Mt Al A | —’cost )J
add_material(Extens, 1,Cost), fail.

row_sateriais_needed :-
is_o(Extens, door),
property(Extens, finish_type,Paint),
liquid(Paint, ., Area_Cov,Area_linits,_,.,Cost),
dimension{Extens, height,Org Ht,Ht_Units),
cimension(Extens,width,Org ld,Ud_Units),
dimension(Extens,depth, Org_Dp_ Dp_Lnits),
corwert(Org_Ht, HL Uni ts, New_HL,Area_Units),
corwvert(Org_Hd, Wd_Uni ts,New_Nd,Area_Units),
corwer t(Org_Dp,Dp_Uni ts,New_Dp,Area_Lnits),
frea is ({2 * New Ht * NHewldid) + (2 * New_Ht * New Dp) +

(2 * New_Hd * New_Dp)),

Mm iinits is (Area / Area_Cov),
Tot_Lost is (Mum_Units * Cost),
add_material(Paint, dum_lini ts, Tot. Cost), fail.

/* materials for windows */

row saterials_needed :-
is_a(Extens ,window),
mwia'(Exm}-)—)"‘l-;"‘)“}—l-J-J-J-Jcos")l
add_material {Extens, 1,Cost), fail.

row.materials_needed :-
is_o(Hindow,windos),
part_of(Extens,Nindow),
is.a(Extens,sill),
property(Extens, finish_type,Paint),
liquid(Paint, _,Area Lov,Area_linits, _,_,Cost),
corwert(Area_Cov,Area_lini ts,New_freq, feet),
Hew_frea2 is ((New_Area * New_Area) / Area_Cov),
dimensionCHindow,height,Org Ht Ht Uni ts),
dimension{Hindow,width,Org_Hd, ld_Units),
part_of(Hindow,Face),
dimension(Face,depth,Org_Dp,Dp_Lini ts),
cornvert(Org_Ht Ht Uni ts, Nes_Ht ,Area_Units),
corwer t(Org_lid,Ud_Uni ts,New_lid, Area_Uini ts),
convert(Org_Dp,Dp_Uni ts,New_Dp,Area_iinits),
fArea is ((2 * New_Ht * New. Dp) + (2 * New Jid * Nes_Dp)),
e tnits is (Area / Area_Cov),
Tot LCost is {tm Units * Cost),
add_material (Paint, Mum_tini ts, Tot_Lost), fail.
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/* materials for frames, assumes | square foot of area */
/* requires a | foot length of frome wood *7
rae.materiais.needed :-
is_a(Extens, frame),
dimension{Extens, height, Height Ht Units),
disension(Extens ,width,llidth,ld Units),
corwert(Height,Ht_Lini ts New Height, feet),
corwer t(Uidth,Ud _Units,New_Nidth, feet),
property(Extens,material _type,Haterial),
material(Material ,wood,Ht ,Htuni ts,ld,Nduni ts,Dp,Dpunits, ., _,_,_,Cost),
longest_dimension(Ht,Htuni ts,Nd, Hduni ts,Dp,Dpuni ts,Len, Lenuni ts ),
convert(Len,Larunits,Nan_Len, feat),
firea is (New_Height * Nee lidth),
Hum Units is (Area / New_Len),
Tot_Lost is (hm Units * Cost),
add_material (Material ,Num_Units,Tot Cost), fail .

ros_saterials_needed :-
is_a(Extens, frome),
not(disension(Extens,width,_,_)),
not(dimension(Extens height,_,_>>,
properWw(Extens,material _wpe, Haterial),
material (Material,wood,Ht, Htuni ts, Hd,Hduni ts,Dp,Dpunits, _,_,_,_,Cost),
get_area(Extens,Area,Units),
corwert(Area,Uni ts, Nes_Areq, feet),
New_Arec2 is ((Nes_Areo * New_frea) / firea),
longes i_disension(Ht, Htuni ts,id, lduni ts, Dp, Dpuni ts,Len,Leruni ts),
corwerti(lLen, Lerunits, New_Len, faetl),
M Units is (Area / New_Len),
Tot. Lost is (Mum Units * Cosi),
add_material (Material ,Num_Units, Tot Cost), fail.

92




row_materials_needed :-
norsal_Z(Face,-1),
part_of(Extens,Face),
is_a(Extens, frame),
property(Extens, material_type, Haterial),
saterial (Material ,wood,Ht ,Htuni ts,lid,Uduni ts,Dp,Dpunits,_,_,_,-,Cost),
longest_cimension(Ht,Htuni ts,Hid, Hduni ts,Dp . Dpuni ts,Len,Leruni ts),
corwerti(len, Lerunits,New_Len, feet),
is_a(Roof,roof),
part_of(Face2,Roof),
is_a(Facez, face),
part_of(Extens2,fFace2),
is_a(Extens2, frama),
norsal _2(Face2,Cos2),
dimension{Exens2, height, Ht_face, Ht_face_units),
conwert(Ht..face,Ht_face_usi ts,New_Ht_face, feet),
dimension(Extens2,width,Hd_face,Nd_face_mits),
corvert(lid_face,ld_face units,New_lid_foce, feat),
SinZ is (sgrt¢1 - (CosZ * Cos2))),
firea is (SinZ * New_Ht _face * New_ld_face),
Area2 is (SinZ * New_Ht_face * CosZ2 * New_Ht_face * 2),
Tot_Area i< Area + Area2,
Num_Unite is (Tot_frea / New_Len),
Tot_Lost is (Mum_Units * Cost),
add_maierial(Material ,Mm_linits,Tot_Cost), fail.
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row_aaterials_needed :-
norsal _Z(Face,-1),
part_of(Extens,Face),
is_a(Extens, frome),
propertg(Extens,.ota‘ial_tgpe,ﬂaterial ),
mtvial(ﬂnterial,.ood,ﬂt,mmits,ud,udnits,(b,[pmits,_,_,_,_,Cost),
Iongest_di-ension(ut,ﬂtmits,ud,udnits,m,mnits,Lm,Lmnits),
corwart(Lan,Lanuni ts,New_Len, feet),
is_a¢Roof,roof?),
por-t_of(Face2,Roof),
is.a(Face2, face),
port_of(Extens2,Face2),
is_oCExtens2, frase),
noraat_2(Face2,Cos2),
not(dimension(Extens2,height,.,-?J,
dimens ion(Face2,haight,Ht_face,Ht _face_units),
convert(Ht_face, Ht_face_uni ts,New Ht_face, feet),
disension(Face2,width,Ud_face,ld_faceunits),
corwer t(Hd_face, Hd._face_uni ts,New Jid_face, feet),
SinZ is (sqrt(1 - (CosZ * CosZ))),
firea is (SinZ * New_Ht_face * New_Wd_face),
Area2 is (SinZ * New_Ht_face * CosZ * New_Hd_face),
Tot_frea is Area + Area,
Num nits is (Tot-Area / New_Len),
TotCost is (Hum_Units * Cost),
add_material(Haterial ,Nm_Units, Tot_Cost), fail.

/* froma saterial of type “filler™ */
row_materials_needed .-
is_a(Extens, frome),
property(Extens,material _type, Haterial ),
filler(Material,_,Uol,Voiunits,.,-,Cost),
get_area(Extens,firea,Units),
corwert(Uol,Uolunits,Nes ol ,Units),
New_Vo12 is ((New_Vo! * New.Vol * New_Vol>/(Vol * Vold),
dimans i on(Extens,depth,0p,Dpunits),
corwer t(Dp,Dpuni ts,New_Dp,Uni ts),
Num_linits is (Area * New_Dp / New Vol2),
TotCost is (Mum_Units * Cost),
add_saterial(Naterial ,Num_Units,Tot_Cost), fail.
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row_materiois_needed .-
is_a(Extens, sub_cover),
dimens ion(Extens,depth, Th, Thunits),
property(Extens ,material _type,Hateriail),
aaterial(Material,_,Ht Htunits, Hd,Hdunits,Dp,Dpunits, ., _,_,Cost),
satch(Ht,Htuni ts, ld, Uduni ts, Dp, Dpuni ts, Th, Thuni ts, Ret_HY,Uni ts 1,

fict_Hd,Uni ts2),

get_area(Extens,frea,Units),
corwvert(Act_Ht, Unitsi,Act_Ht2,Units),
corwart(Rct_lid,Units2,Act_lid2,Units),
Num_tnits is (Area / (Act H2 * Act HNd2)),
Tot_Cost is (Num_Uinits * Cost),
add_material(Haterial ,Num_Units,Tot_Cost), fail.

row_materials_needed :-
is_a(Extens, sub_cover),
not(dimension(Extens,depth, Th, Thunits)),
proper ty(Extens ,material _type,Material ),
saterial(Material,_,Ht, Htuni ts, HWd, Hduni ts,Dp,Dpunits,_,,_, _,Cost),
get_orealExtens,Areqa,Units),
corwert(Ht,Htuni ts,New_Ht,Units),
corwert(Hd, lduni ts,New. lid,Uni ts),
Hua Lhits is (Area / (Hew_Ht * New. ld)),
Tot_Lost is (Mum binits * Cost),
odd_nmaterial (Haterial ,Mm_Units, Tot_Lost), fail.

row_materials_needed :-
is-a(Extans, sub-cover),
property(Extens,saterial_lype,Paint),
liquid{Paint,_,Area_Lov,Area_linits, _,_,Cost),
get_area(Extens,firea,Units),
corwert(Area_Cov, Area_lini ts,New_Area,Units),
New_Areaz is ({New_freq * New_frea) / ireaLov),
Num_linits is (Area / Nes_Area2),
Tot_Lost is (Mum_linits * Cost),
aodd_material(Paint,Num_Linits, Tot_Cost), fail.

row_materials_needed :-
is_a(Extens, cover),
dimension(Extens,depth, Th, Thunits),
property(Extens,material_type,Material ),
material(Material, -, Ht,Hiuni ts,id, Uduni ts,0p,Opunits, —, ., _, _,Cost),
satch(Ht, Htuni ts, Hd, lHduni ts, Dp, Dpuni ts, Th, Thuni ts, Act_Ht, Uni ts1,

Act lid_ Units2),

get_areal(Extens,Airea,Units),
corwert(Act_Ht, inches,Rct_Ht2,Uni ts),
convert(Act_d, inches,Act_Nd2,Units),
Hm_Linits is (Area / (Ret_H2 * Aet_Nd2)),
Tot Lost is (hm_Units * Cost),
odd_msaterial(Material ,tum nits, Tot_Cost), fail.
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raw_materials_needed :-
is_a(Extens,cover),
not(dimension(Extens,depth, Th, Thunits),
property(Extens,material _type,tiaterial),
moterial (Material,_, Ht, Htunits, Wd, Hduni ts,Dp, Dpunits, _,_,_,_,Cost),
get_orea(Extens, Area,Units),
corvert(Ht , Htuni ts, Hew_Ht,Uni ts),
corwert(ld, Hduni ts,New_ld, Uni ts),
Nus_nits is (Area / (New_Ht * New_ld)),
Tot_Cost is (Num_Units * Cost),
add_saterial(Material,Mum tinits, Tot_Cost), fail.

row_materials_needed :-
is_a(Extens,covar),
property(Extens,material _type,Paint),
liquid(Paint,_,Area_Cov,Area_Units,_,_,Cost),
get_areq(Extens,irea,Units),
corwer t(Area_Cov,Area_Uni ts,New_Area,Units),
New_frea2 is ((Hew_Areq * New_firea)> / Area.Cov),
Nua_Units is (Rrea / New_frea2),
Tot_Cost is (hum_Linits * Cost),
odd_material(Paint,Nhum_Linits, Tot_Lost), fail.

odd_soterial(Material ,Num_Units, Tot Cost) :-
retroct(material_list(Haterial ,0ld_Hm Units, 0id_Cost)),
Nes_Num Units is (Old Nm linits + Mum_Units),
New_Lost is (Dld Lost + Tot_Cost),
assertz(material_list(Material ,New_Num Units, New_Lost)),!.

odd_saterial (lateriol ,Mum_Linits, Tot _Cost) :-
assertz(materiali_list(Material ,um_Units,Tot Lost)),!.

/ adl
/* material data */
material(shingie12, shingle, 12, inches, 6, inches,0.23, inches, 0, feet, 0, feet, 1.25).

material (tar_paper2, tar_poper,72, inches, 240, inches,0.25, inches, 0, feet, 0,
feat, 125.00).

material (tar_paper1, tar_paper, 72, inches, 240, inches,0.25, inches,0, feat,0,
feet, 130.00).

saterial (lar_poper3, tar_paper,?72, inches, 240, inches,0.23, inches 0, feet,0,
feet, 110.00).

saterial (sheath_paper24,sheath_paper, 12, feat, 100, feat,0. 1, inches,
0,feet 0, feat,?3.063).

saterial (wood8, wood, 144, inches, 4, inches, 2, inches,0, feet,D, feet,8.23).
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mater ial (hard_mood9, hard_wmood, 4, inches , 24, feet,0.5, inches,
0, feet,0, feet, 12.00).

aaterial (hardboard32, hardboard, 36, feet, 10, feet, 1, inches .0, feet, 0, feet, 136.55).
saterial Chardboard?8, hardboard, 36, feat, 24, feet, 1, inches,0, feat,0, feat,289.00).
aaterial (hardboard34, hardboard, 24, feet, 10, feet, 1, inches,0, feet,0, feet,95.33).

/* use brick 10x4x0 effective size */
saterial(brick88,brick, 10, inchas,4, inches, 6, inchas,
0, feet,0, feet, 1. 15).
liquid{paint9,paint,900, feet, 1,gal lon,8.00).
liquid(paint21,paint, 700, feat, 1,gal lon, 13.55).
liquid{(paint1?,paint, 1100, feet, 1,gallon,8.23).

7* 10 Ib per 2 cubic feet ¥/
filler(concretel,concrete,2, feat, 10, 1b,5.00).

saterialCdoort,_,_,_,_,_,_,_,0,feet,0, feet, 16.00).

saterial(windowt,_,_ -, -, -,_,.,0,feat,0, feet,30.50).
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/* Housel File ¥/

e ’ ek
/* house data */

is_athouse1,house).
property(house 1, subtype, single_room).

contains(house!, iroof1,exterior!,room1l),

{ /
/* exterior data */
is-o(exteriort,exterior).

contains(exteriori, [ faceS, faceb, face?, face8)).
part_of(exterior1,houset).

/* roof data */

is_a(roofi,roof).

contains(roof1, [focel}, focei2]).
partof(roof1,housel).

/ * /
Is—alfacetl, face).

dimension{faceli,height, 151.3, inches).
dimension(foce11,width,384, inches).
dimension{facel1,depth,0.3, inches).

contains(facell, [frame 1, sub_cover2, sub_cover1,covert)).
noreal X(facetl,d).

noraal Y(face11,0.34).

noraal Z(face11,0.94).

part_of{facett,roof1).
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Tas */
is_al(frame!, frame).

property(fromet,material _type,woodS).
dimension{frame1, height, 139.3, inches).
dimension(frame!,width,382, inches).
dimension(framel,depth,4, inches).

face(framel, face11).

part_of(framel, facell).

- */
is_o(sub_cover2, sub_cover).
property(sub_cover2, saterial _type,wood8).
dimension{(sub_cover2,depth, 2, inches).

part_of(sub_cover?, faceil).

r* */
is_a(sub_cover 1, sub_cover).
property(sub_cover1,saterial _type, tar_paper2).
dimension(sub_cover1,depth,0.23, inches).

part_of(sub_coveri, facell).

i */
is_a(cover1,cover).

propertylcover1,aaterial _type,shinglei2>.
proparty(coveri, finish_color,bromn).

dimension(cover1,dapth,0.25, inches).

part.of(coveri, facell).
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/ -/
Is_a(face1Z, face).

dimension(face 12, height, 131.5, inches).
dimension(face 12,width,384, inches).
dimension(face12,depth,6.5, inches).

contains(face12,  frame2, sub_cover 13, sub_cover 14, cover 12} ).
norsal X(facel12,0).

noraal_Y(facel2,-0.34).

noraal 2(face12,0.94).

part_of(facei2,roof1>.

r* */
is_a{frome2, frame).

property( frame2, material _type,wood8).
dimension{frome2,height, 139.5, inches).
disension(frame2,width,382, inches).

dimension{ frome2,depth, 4, inches).

face(frame2, face12).

part of(frame2, facei2).

m~ */
is_a(sub_cover 13, sub_cover).

proper ty(sub_cover 13, material _type,woodB).

dimens i on¢{sub_cover 13, depth, 2, inches).

part_of(sub_cover13, face12).

Vi */
is_a(sub_cover 14, sub_cover).

property(sub_cover 14, material _type, tar_paper2).
dinension(sub_cover 14, depth,0.25, inches ).

part_of(sub_cover 14, facei12).
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r - T
is_alcover12,cover).

property(cover 12, material_type,shingle12).
property{cover12, finish color,brown).

dimension(cover12,depth,0.25, inches ).

port_of{coveri2, focel2).

Ve x okl ks
7* rooml ¥/
is_a(room!,room).

coordinates X(product,room1,0, inchas).
coordinates_Y(product,room1,0, inches ).
coordinates_Z{product,roomt, 12, inches).

contains(rooml, [ facel, face2, face3, faced, face9, face 10)).
part_of(roomt,house!).

Hetobnke icklakkokiokk 4ok /
/* focel ¥/
is_.a(facel, foce).

dimension( face1,haight, 115, inches).
disension{facet, width,302, inches).
dimension(facel,depth, 1, inches).

contains(facel, [sub_cover3,cover2)).
norsa)_X(facel,0).
norsal_Y(facel,-1).
noraal_Z2(facel,0).
part_of(facel,rooml).

r* */
isa(sub_cover3, sub_covar).

proper ty(sub_cover3,material_type, hardboard32).
dimansion(sub_cover3,depth, 1, inches).

part_of(sub_cover3, facel).
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e */
iso(cover2, cover).

property(cover2, naterial__type,paintg).
property(cover?, finish.color,ye! low).

partofi(cover?, facei).
* b AR
/* foce2 */

is_a(face2, face).

dimension{face2,haight, 115, inches).
disension(face2,width,240, inches).
disension(face2,depth, 1, inches ).

contains(face2, [sub_coverd,cover3]).
noreal _X(face2,-1).
norsal_Y(face2,0).
norsal_Z(face2,0).
part_of(face2,roomi).

m~ */
is_o(sub_coverd, sub_cover).

proper tydsub_coverd,material _type, hardboard34).
dimension(sub_cover4,depth, 1, inches).
part_of(sub_coverd, face2).

- */

is_a(cover3,cover).

property(cover3,material _type,paint9).
property(cover3, finish.color,yel low).

part_of{cover3, face2).
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{ g /
/™ face3 */
is_a(face3, face).

dimension(face3, height, 113, inches).
dimension{face3,width,362, inches).
dimens ion(face3,depth, 1, inches).

contains(face3, [sub_cover3, coverd)).
noraal _X{(face3,0).

noraal_Y(face3, 1).

norsal 2(foce3,0).
part_of(face3,roomi!).

* */
is_a(sub_cover3, sub_cover).

proper ty(sub_cover3, material _type, hardboard32).
dimension(sub_cover5,depth, 1, inches).

part_of(sub_cover3, face3).

™~ */
is—a{coverd, cover).

property(cover4,material_type,paints).
property(cover4, finish_color,yellow).

part_of{coverd, foce3).

/ Aokl kkkkkk |

/* faced */
is_a(faced, face).

disension(faced,haight, 115, inches).
dimension{faced ,width,240, inches).
disansion(faced ,depth, 1, inches).

contains(faced, (sub_coverS,cover51).
noraal _X(faced, 1.
noraal_Y(faced ,0).

norsal _Z(face4,0).
part_of(faced,room!).
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™ */
is_a(sub_coverb, sub_cover).

proper ty(sub_covert,material _type, hardboard34 ).
dimens ion(sub_covert,depth, 1, inches).

part_of(sub_covers, foced>.

’* */
is_a({cover3, cover),

property(cover3, noterial _type,paint9).
propertylcoversS, finish_color,yal low).

part_of(coversS, faced).
SRS R

7* faced *}
/* use brick 10x4x0 effective size */

is_a(face3, face).

dimension(face3, height, 120, inches).
dimension({faceS,width,382, inches).
dimension(face3,depth, 8, inches).

contains(face3, [ frame3, sub_cover?,coverfl).
norsal _X(face3,0).

normal _Y(face3, 1).

noreal_2(face5,0).
part_of(faceS,exterior1!).

r* ./
is.a(frome3, frame).

property(frase3, material_type,wood8).
dimension(frame3,depth,4, inches).

face( frame3, faced).
face(frame3, facel).

port_of(fraome3, foceS).
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- */
Is_a(sub_cover?, sub_cover).
proper ty(sub_cover?,material _type, sheath_paper24).

part_of(sub_cover?, faced).

™ */
is.alcoverd, cover).

property(covert material_type,brickss).
property(coverd, finish color,red).

dimension(cover6,depth,6, inches).

part_of(covert, faceS).

Rk ok /
/* faceb */
is.a(faceb, face).

dimension(faceb, height, 120, inches).
dimension(faced,width,230, inches).
dimension(foceb,depth,b, inchas).

contains(faceb, [ fromed, sub_covers8,cover?,windowi]).
noreal _X(face®, 1).

norsal _Y(faceb,0).

noreql_Z<faceb,0).

part_of(faceb,axterior!).

* */
is.o( frane4, frome).

proper ty( framed ,material_type,wood8).
dimension(framed,depth,4, inches).

face(fromed, foceb).
face(framed, face2).

part_of(fromed, foced).
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r* */
is_a({sub_covers8, sub_cover).
property(sub_covers8, material_type, sheath_paper24).

part_of(sub_cover8, faceb).

" >/
is_a(cover?, cover).

property(cover?, material_type,brickés).
propertylcover?, finish_color,~ed).

dimens ion{cover?,depth,6, inches).

part_of{cover?, faceb).

Vs */
is_a(window!,window).

dissnsion(window1,haight,36, inches).
disension(windos1,width,48, inches).
dimension(windos1,depth,0.5, inches)

contains(window!, [pane!,sill1,casell).
foce(window!, face2).

face(window!, faceb).
coordinates_X(local ,window1,98, inches ).
coordinates_Y(lccal ,mindow!,0, inches).
coordinates Z(locai ,window1,00, inches).
part_of(windomt, facel).

I */

is_a(panel,pone).
property(panel,quality,4).
part_of(panal,windoms!).

" - ' ¥

isalsilll,sill).

property(silll, finish_type,paint1?).
propertycsiii i, finish.color,white).

part of(silli,windowi).
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’* */

is_alcasel,case).

port_of(caset,window!).

/ ok

/* foce? */
is_a(face?, face).

dimension(face?,haight, 120, inches).
dimension(face?,width,6382, inches).
disension(face?,depth,6, inches).

contains(face?, { frameS, sub_coverd, covers8,door11).
noreal X(face?,0).

norsal _Y(face?,-1).

noraal _2(face?,0).

part_of(face?, exterior!).

" */
is.a(frone5, frome).

proper ty( fraoseS,material _type,wood8).

dimension( fromaS,dapth,4, inches).

face(frome3, face?),
face( frame3, face3).

part_of(frame3, face?).

* */
is_a(sub_coverg, sub_cover).
proper ty(sub_cover9,saterial_type, sheath_paper24).

part_of(sub_coverg, face?).
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,ﬂ
is_a(cover8,cover).

property(cover8, material _type,brickss).
property(cover8, finish_color,red).

dimensionCcover8, depth,6, inches).

part_of(covers, face?).

k.

14

is_a(doort,door).

property(door 1, material _typa,woodS).
property(door!, finish_type,paint21).
property(door1, finish color,brown).
property(door 1, knob_type, round32).
property(door1,hinga_type, square3in).

dimension(door1,height,84, inches).
dimension{door1,width,36, inches).
dimension(door1,depth,2.5, inches).

face(door 1, face3).

face(door1, face?).

coordinates X(local,door1, 125, inches ).
coordinates_Y(local,door1,0, inches).
coordinates_2(local ,door 1,42, inches ).
part_of(door1, face?).

/ *
/¥ foceB */
is.a(face8, face).

disension(face8, height, 120, inches).
dimension(face8,sidth,250, inches).
dimension(face8, depth,0, inches).

contains(face8, [ framed, sub_cover 10, coverg]).
noraal _X(faceB,-1).

norsal_Y(face8,0).

noraal _2(face8,0).

part_of(face8,exteriort).
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1+ */
is.alfromed, frome).
property(frameb, material _type,wood8).
dimension(framed,depth,d, inches).

face( frameb, faced).
face(fromeb, foced ).

part_of(fromeb, face8).

* */
is.a{sub_cover 10, sub_cover).
propar ty(sub_cover 10, nater ial _type, sheath_paper24).

part_of{sub_cover 10, face8).

’hh_ *,

is.alcovergd, cover).

property(coverd aaterial_type,brickss).
propertyccoverg, finish_color,red>.

part_of{coverg, face8).

! bt /
/* face9 */
is_a({face9, face).

dimension{face9, height,20, feet).
dimension{faceQd, width,30, feet).
dimension(face9,depth, 1, inches).

contains(face9, [ frame?, sub_cover11,cover10]).
norsal X{(face9,0).

noraal_Y(face9,0).

norsal _Z2{(face9,-1).

part_of(face9,roomt).
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m~ */
is_a(frame?, frome).

property(frame?,naterial _type,s00d8).

face(frame?, faced).

part_of(frome?, faces).

Fiae */
is-a(sub_cover11,sub_cover).
property(sub_cover11,mater ial_type, hardboard?8).
dimension(sub_cover11,depth, 1, inches).

part_of(sub_coveri1, faced).

™~ */
is-a(cover10, cover).

property(cover10,aaterial_type,paint1?).
property(cover10, finish_color,white).

part_of(cover10, faceQ).

/* facel0 */

is_a(face 10, face).

dimension{face 10, height, 382, inches).
dimension{face10,width, 262, inches).
disension{face 10,depth, 12.5, inches).

contains(face 10, { frane8, sub_cover 12, cover111).
noreal _X{face10,0).

noraal _Y(facei0,0).

noreql _2(face10, 1).

part_of(faceid,rooml).
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L */
Is_adframe8, frame) .

property( frame8, material_type,concretel).
dimension(frame8, depth, 12, inches).

face(frame8, face10).

part_of(frome8, face10).

* */
is_a(sub_cover 12, sub_cover).

proper ty(sub_cover 12, material _type, hard_woodd).
dimension(sub_cover12,height, 20, feet).
dimension(sub_cover12,width, 30, feet).
dimension(sub_cover12,depth,0.5, inches).

part_of(sub_coveri2, face10).

™ */
Is_alcover11,cover).

property(coverii, material_type,paint21).
propertylcover11, finish_color ,brown).

dimension(coverit, height,20, feet).
dimension{coverii, width,30, feet).

part_of{(coverii, facelld).
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/* Scheaa File %/

part_of(house, flocorpian).
part_of(house,exterior).
part_of(house,room).
part_of(house,roof).
part_of<house, space).

part_of{roof, face).
part_of(room, face).

part_of(space, face).
part_of(exterior, face).

part_of(face,door).
part_of(face,window).
part_of(face,opening).
part_of(face,covering).
pari_of(face, sub_covering).
part_of(face, frome).
part_of(face, insulation).
part_of(face,connection).

part_of(connection,pluabing).
part_of(connection,electric).
part_of(connection, heating).
partof{connection,gas).

part_of<(window,sii!).
part_of(window,case).
part_of(eindow,pane).

trans_partof(X,¥> :- part of(X,¥),!.

trans_partof(X,V) :~ part.of(X,2),

trons_partof(Z,¥),!.

112




/* Conversion File */

converts(f, feet,B, feet) .- B =
corwerts(fl, inches,B, inches) :-
corverts(f, feet,B, inches) :- B
corwerts(fl, inches B, feat) - B
converts(f, feet,B,yards> (- B
corwerts(fA,yards,B, feet) (- B

corwer-t(A,Dimension!,B,Dimension2) :-

corverts(f, Dimensiont,B,Disension2),! .

corwert(f,Disensioni,B,Dimension2) ;-
corweris(R, Dimensiont,X,Dimensionx),
not(equal(Dimension!,Dimensionx>),
convert(X, Dimensionx,B,Dimension2).
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/* Routines File */

/* find longest dimension of three passed in */
longest dimension(Ht,Htuni ts,lid,lduni ts,Dp,Dpuni ts,Len, Htunits) :-
convert(Hd, Hduni ts,New_ld, Htuni ts),
corwert(Dp,Dpuni ts, Nes_Dp, Huuni ts),
aaxisus(Ht,New_Jid, Max>,
naxinsum(Max,New.Dp,Len), ! .

soximm(fR,B,A) :-
R >B,0!.

naxinum(A,B,B).

/* have satch if within .23 inches */
satch(R,A_Lnits,B,B_Units,C,C_Units,0,0.Units,A,R Units, B,B Units) :-

convert(A,Anits, New R, inches ),

corwert(B,BUnits,New_B, inches),

corwert(C,C_nits,New_LC, inches),

corwert(0,D.Units,New_D, inches),

((New.D - New C)> ¢ 0.235),

((New_ D - New. L) > - 0.25),!.

satch(A,A_Units,B,B Units,C,C_ Units, 0, D Units, A,AUnits,C,C_Units) :-
convert(A,A.ni ts,New_R, inches),
convert(B,B_Units, New_B, inches),
corwert(C,C_Units, New L, inches),
corwert(D,0_Uni ts,New_D, inches),
((Hew_.D -~ New B> < 0.23),
((New D - New.B) > - 0.25),1!.

satch(A,A_Units B, B inits,C,C_ Units,D,D.Units,B,B. Units,C,C_Units) :-
corwert(A,A_Units, New_A, inches),
corwert(B,B_Units,New_B, inches),
corwert(C,C_Units,New_L, inches),
corwert(D,0 _Units,Nes_D, inchas),
((MNew_D ~ New_A) < 0.23),
((New D - New _A) > - 0.23),).

match(R,A_Linits,B,BUnits,C,Cinits,D, 0 Units,A,AUnits,B,B Units) :-
ni,orite('Error! Ho match found during raw material calculations. '), fail.

/* routine to get mesber of list */

saaber (X, (X|L1).
masber(X, (Y|L)) :- member<X,L).
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/* routine to delete member of list *;

deletadX,[1,11).
delete<X, IX]L),LY = |,
delete(X, YL, [¥Y|M]) :- deleteCX,L,M).

equal(R,B) :- B = A.
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APPENDIX D
| - start.
check for house housal
check for exterior extariort
check for roof rooft
check for face facelf
chack for frome framei

grade marks sust be clearly visible on afl framing
sembers for inspection

check for sub_cover sub_cover2

check for sub_cover sub_coveri
sub_cover sub_cover! meets requirements; allowed substitutes are:
= tar_paperi
= tar_paper3

check for cover coveri

check for face face12

check for frame frame2

grade sarks must be clearly visible on all frasing
sanbers for inspeclion

check for sub_cover sub._coveri3
chack for sub_cover sub_cover i4

sub_cover sub_cover 14 ssats requiresants; allowed substitutes are:
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for room rooml

for face facet

for sub_cover sub_cover3

for cover cover2

for face face2

for sub_cover sub_coverd

for cover cover3

for face face3

for sub_tover sub_coverd

for cover cover4d

for face face4

for sub_cover sub_cover®

for cover coverd

for face face3d

SES SN EENERE

for frome frome3

grade marks must be clearly visible on all) framing
sembers for inspection

chack for sub_cover sub_cover?
check for cover coverb

approved methods must ba used for building masonry watls
shen outside air teaperature drops below 40 degrees farenheit

check for face faceb
check for fraome fromed

grade marks must be clearly visible on all framing
sambars for inspection

chack for sub_cover sub_cover8

17




check for cover cover?

approved methods must be used for buiiding masonry walls
when outside air temperature drops below 40 degrees farenheit

check for windos windowt
check for pane panel
pane panel passed quality check
chack for sill gilld
check for case casel
check for foce face?
check for frome fromeS

grade marks sust be cleariy visible on all froming
senbers for inspection

check for sub_cover sub_cover9
check for cover cover8

approved methods must be used for building masonry walls
shan outside air tesperature drops below 40 degrees farenheit

check for door doori
door door| passed - height
door door{ passed - width
door door| passed - depth

check for face face8

chack for frame fromeb

grode sarks sust be cleoarly visible on all framing
members for inspection

check for sub_cover sub_cover 10
check for cover coverg

approved sethods sust be used for building masonry walls
shen outside air tesperature drops below 40 degrees farenhwmit
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check for face faced
check for frame frame?

grade marks must be cleariy visible on all fraaing
sembers for ingpection

check for sub_cover sub_cover!i
chack for cover cover10

check for face facelO

check for frome fromeS

check for sub_cover sub_cover (2

chack for couver coverit
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t ] *
Production Sequence Report for housel

- house style is single_rooa
ond congists of [roofi,exteriori,roomtl}
* *
*

* *

comment : norsal for each face |isted
* *

FACE
focell
foce 12
face1
face2
face3
faced
faced
faceb
face?
foce8
foceg
face 10

l)-(
621 <
o &

-
-

-

00 1 O~-~0--0100O0

QOO0 I QO w01

B L T T T R R R ST e

] *
commant : erect foundation and frome

& *

B o o T AR

frome8 assesble material type:
froned asseable material type:
fromeb assasble materiol type:
frome3 assesble saterial type:
fromeS assesble saterial type:
frome? asseable aaterial type-
frome assesble material type:
frame2 asseable material type:
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concretel
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. put door framing in place

door 1

asseable

- attach to:

-~ location

X coordinate
Y coordinate
Z coordinate

material type:

face3

relative to

125
1}
42

: put window froming

in place

sitl

ke

asseable

~ attach to:

ok

~ location
X coordinate 96
¥ coordinate O
Z coordinate 66

window sil{| for:

face2

relative to

: put up exterior siding

sub_cover 10 assemb e

sub_covers
sub_cover?

cover?

asseable
assemble
asseable
assemble
asseable
asseable
asseable

aaterial
material
material
saterial
aqlerial
saterial
saterial
saterial

121

face?
face?
inches
inches
inches

window!
faceb
faceb
inches
inches
inches

sheath_paper24
sheath_paper24
sheath_paper24
sheath_paper24
brickss
brick8s
brjcks®
brickss




* *
coament :@ put up roof

* *
sub_cover 13 assesble eaterial type:
sub_cover?2 assemble naterial type:
sub_cover assemble material type:
sub_cover {4 assesble naterial type:
cover 12 asseable naterial type:
covar 1 assesble material type:
obpRkkkkkkkok okl ook
* »
comment : put up faces for each rooa

* -

piokklioirkkiakiikink kot ikikiobkk Rk ko

sub_cover11 assamble saterial type:
sub_covert asseable material type:
sub_coverd assesble material type:
sub_covers assemble material type:
sub_cover3 asseable material type:
ket ks
» *
comment : build floor as last step

* »

sub_cover 12 assenble saterial type:

comment : put windows in place
*" -
e L s

sindow? coaplate using ponet

kbt ok ikiok
* *
comment : put finish on windows and doors

- -

SHEEEEERASAE RS EAERSATREEEE AR SRS E bR SRRk

sillt finish paint1?
door1 finish paint21
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wood8
wood8
tar_paper2
tar_paper2
shinglei2
shingiet2

casal

whita




* *
comment : putl on door knobs and hinges
* x
door 1 assemble knob
door 1 asseable hinge

ik cbEkEkpkkkcokokkkkk
- *
comment : put final paint on faces
- -

wRpkEpkkopkikkkkRistkRbttkkkkkkkkbkiokkikk

cover 10
cover3

cover2

coverti

paint
paint
paint
paint
paint
point

material
material
saterial
material
acterial
material

type:
type:
type:
type:
type:
type:
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square3in

painti?
paint9
paintg
paintg
paint9
paint21




Raw Materials Report

| tem Cost Units Required
door 1 $16 1
window1 $30 1
concretel $173? 347.514
wood8 $3582 434194
tar_paper2 $841 6.73333
hardboard32 $211 1.54776
har-dboard34 $147 1.54722
hardboard?8 $200 0.694444
hard_scod9 $900 ]
sheath_paper24  $064 0.8350277
shingle12 $2020 1610
brickes $4224 3673.2
paintg $s 1.0317
paint1? $4 0.551818
paint2t $12 0.923093
. .
‘Totol saterial cost is $13990 .

124




Start Row Moterials Report (w/ substitute)

*
sub_cover|: substitute tar_papert for tor_paper2

®
L L

Row Naterials Report

Item Cost Units Required
door1 $16 1
window1 $30 1
concretel $1237 347.514
tar_paper1 $304 3.30000
woodB $3582 434.194
tar_paper2 $420 3.36666
hardboard32 $211 1.54776
hardboard34 $147 1.54722
hardboard?8 $200 0.694444
hard_sood9 $900 ]
sheath_paper24  $064 0.830277
shingle12 $2020 1610
brjck8s $4224 3673.2
paint9 $8 1.0317
paint1? $4 0.551818
paint21 $12 0.923093
. w
‘Totol material cost is $14079 .
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sub_cover1: substitute tar_paper3 for tar_paper2
* .

*

Row Haterials Report

Iten Cost Units Required
door1 $16 1
window1 $30 1
concrete!l $173? 347.514
tar_paper3 $370 3.300606
wo0d8 $3582 434194
tar_paper2 $420 3.36600
hardboard32 $211 1.54776
hardboard34 $147 1.94722
hardboard?8 $200 0.694444
hard_sood9 $900 S
sheath_paper24 $04 0.830277
shinglei2 $2020 1616
brickss $4224 3673.2
paint9 $8 1.0317
paint1? $4 0.551818
paint21 $12 0.923093
» *

Total saterial cost is $13043
. =




. *
sub_cover14: substitute tar_papert? for tar_paper2

* *
*®

Raw Haterials Report

| tem Cost Units Required
door- 1 $16 1
window!1 $30 1
concretet $1737 347.314
tar_paper2 $420 3.36666
wood8 $3562 434. 194
tar_paper 1 $504 3.36666
hardboard32 $211 1.5477%
hardboard34 $14? 1.54722
hardboard?8 $200 0.094444
hard_wood9 $900 3
sheath_paper24 $04 0.830277
shingle12 $2020 1616
brickss $4224 3673.2
paintg $8 1.0317
paint1? $4 0.531818
paint21 $12 0.923095
e
* *
‘Totol material cost is $14079 .
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3

sub_cover14: substitute tar_paper3 for tar_paper2
*

Row Materials Report

| tem Cost Units Required
door1 $16 1
window) $30 1
concretel $1737 347.514
tar_paper2 $420 3. 366060
woodd $3582 434. 194
tor_paper3 $370 3.366060
hardboard32 $211 1.5477
hardboard34 $147 1.54722
hardboard78 $200 0.094444
hard_sood9 $900 Ke)
sheath_paper24 $04 0.850277
shingle12 $2020 1616
brickss $4224 36?3.2
paint9 $8 1.031?
painti? $4 0.551818
paint21 $12 0.923095
* *
‘Totol saterial cost is $13043 .
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