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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 perform 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 simple 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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1. INTRODUCTION

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. 11 defines CAD and CAM as follows:

Computer Aided Desi n is the application of computer technology to the
desiqn of a product. This includes layouts, detail design, analysis,
drafting andformal 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 layouts 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

of 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.
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To expand on the CAM process, it is only necessary to look at some of

the methods pre5ently 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. 31. Current CAD and CAM systems are primarily independent and thus

unable to effectively communicate with each other. One solution to this

problem is t- 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 freely.

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. 41. More recently,

the International Organization for Standardization (150) has been

developing the Programmer's Hierarchical Interactive Graphics System

(Phigs) standard which is based partially on the Graphical Kernal System
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(GKS). Both of these systems demonstrate the intense interest in forcing

standardization of data.

Another solution to the communication problem between CAD and LAM

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 system translator used to link 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 translator first presented in

[Ref. 5].
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11. Bakron

The Expert System Shell Translator design to be proposed in this paper

will be based on the concepts of Computer Integrated Manufacturing (CIM)

as described in [Ref. 51. 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. 61. 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. 71. 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

controlled 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. 21. 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 I shows how an Expert

System Shell Translator would be used to fill this gap.
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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.

rCAD

CAD
Output Data

I

Expert System Shell Translator

CAM
Input Data

A

Figure 1. Relationship of Expert System Shell Translator
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.
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Ill. Data Output SDecification for Computer Aided Design

Figure 2 shows the necessary processing and generation of data

performed by CAD.

Conceptual Schema

E CADData Model

Figure 2. PrImsslng 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 parLof 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 sample 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.

IOrI I

iNGHR c vriq [$btlso leti

Iu in m Ihrn l !. I m I

Figure 3. Conceptusl Scheme for a generic hous

Each part, real or abstract, of a final product house would correspond

to an instantiation of some primitive. Instantlation 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



different instantiations of the same primitive room while their walls,

floors and ceilings would correspond to the primitive face. There is

actuallg a two-wag relationship present. That is, if a particular face,

face__A, is part of a room, rooml, then room._l contains faceA.

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 ang 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 tgpes may be defined to ang level of abstraction and become

the building blocks for the final product design; thus, each conceptual

schema is product dependent [Ref. 51. Those primitive tgpes with dark

borders in Figure 3 have named subtgpes associated with them. A house

mag be subtgpe colonial or ranch for example. A room mag have subtgpe

bedroom or bathroom. The use of subtgpes allows information about

specific configurations of tgpes 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 tgpes of the conceptual schema to form the

design schema for the product of interest. A particular house design
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schema for which our example translator 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 parLof 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. 91. There exists a

one-to-one correspondence between the set of all types and the set of all

classes or prototypes [Ref. 51.
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The set of all prototypes for any given conceptual schema will be

designed to provide the interface between CAD and CAl 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 5 is an example prototype for the primitive type cover listed

in our conceptual schema presented earlier.

cevur ~ atrb ma be 2dwftte
RU: *fran 010 i yp

I PWt: -*) atrtu Is optiml

Of~.'t 001W

Figure 5. Prototype 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 slot part of in Figure 5 is for relation data. It relates

the cover to a particular face. The slot material tupe 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 prototype for a cover

defines what it means to be a cover [Ref. 91. With the appropriate slots

filled in, it becomes an extension of the original prototype [Ref. 51. 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. 91. In

the above illustrated prototype, the slots material type, height and

depth fall under different rules for being filled in as Figure 5 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 5 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 will 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.

Ire:r ~ 01

I* U)~*S Otts mqj be "mreu
M M skr I w w.t m Gov - ~4

Figure 6. Prototype for primitive Face filled In fcr instantlation fael I,.

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 knowledge

about facel I. Note that one of the slots 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.

Facet I, whose prototype is shown in Figure 6, contains cover 1.

Figure 7 is a filled in prototype for covert based on known CAD design

data. The primitives height and width for cover-l 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 'N' 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 I prototype could have

20



specified that inheritance from the sub-cover beneath cover I 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.

OS'VW * -) atbat. mw be Winams

W" ": o b ibt Is 1ptbma

*ftddM cohr brown

I-I

Figure 7. Prototype fW primitive Caw filled In for cwer 1.

Part of the CAD process is verifying that the correct values for those

slots left blank 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 axisz A

axis az, &ZIt JJ axi

World J

or Global TMProd=
Coordinates y

axis

(000,0) xaxis

Figure 8. World, Product and Local 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 facet to be

moved ten feet. If window I's location has been expressed relative to

facel, then updating facel's location will automatically handle

windowI 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)

------ SurfaceA

FIgure 9. Example of a normal vector to a surface.

By definition, a normal is of length I 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.

24



IV. Data Requirements for Computer Aided Manufacturing

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. 51. Each of these will be

discussed in this section.

Material
Requirements
Planning Data

rCAM

scheduling Dt

Figure 9. Computer Aided Manufacturing data flow [Ref. 51.

The purpose of the expert system translator 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



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 C'
Pert D= A + B + C

Figure 10. Assembly comsisting of perts A, 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. 101. 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 II 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

shingle 12 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 translator can

generate the total amount of raw materials required and the total cost.
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R1 hoterials Report

It" Cost ini ts Req uired

door1 $16 1

windosl $30 1

concretel $1737 347.514

wood8 $3582 434. 194

tar-paper2 $841 6.73333

hav 4dr 3 $211 1.54775

-z dlo- $147 1.54722

had:b d7 "200 0.694444

haridwoodg $900

sheothpqper-24 $64 0.80277

shirvgle12 $2020 1616

brick88 $4224 3673.2

point9 $8 1.031?

paint1? $4 0.551818

paint2l $12 0.02095

---- -i- _--- -- -- :

Total material cost is $13996

Figure II. Ra mteriels requirements 1isting.
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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. 51. 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.

29



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.

Schema Date Design Dats

ta olbmai EXPERT E a ld.A
ge SHELL TRANSLATOR Aseml

Data

de Requirements wn t
Planin tera

Figue 12. Expert Sytn Shell Translator [Ref. 51.

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-knoywledge and assembly data. A

deduct ion-or iented rule-based system that starts with known facts and

deduces new facts is said to exhibit forwards chaining [Ref. 11]. Forwards

chaining has the abilitg 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
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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-know ledge can be defined as knowledge about knowledge (Ref. 121.

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 rule 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

31



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 a 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.

asilbIe(L, fam) : -asoIe (L,face).

asble(L, ofae) :-

mbe(F7me,L),
nrsal.Z(Fam, 1),
aswrtz( wtiaon(omto'bu1Id floor mlt step,-,_)),
contais(Facm,L 1),

sls.e2( IL 11, ILI , faoe).

assedlel(L,L1, faoe)
mbuer(Fomw,L),
not(nrmi..Z(Faae, 1)),
delete(Fa,L,L2),
contais(Facm,L3),
asmblel(2, IL31LI, face), f.

Figure 13. Use of Meta-Knowled*

It is important to remember that the term components is being used

here in an abstract wag. Items such as solder, grease, oil and glue ma 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.

P do foundotlon frmm */
assbIe(H,hos-) :-

Is..a(Yface, face),
tranfpartof(Yface,H),
naml I.CYface, 1),
contain(Yfac, L),
mmber(Fe mL),
isn(Frte, fm),
prwopwty(Frm, matrl alItye, tMW),

stzapoatian(Friem,auIe, 'material type: ',ltWa.)).

/* do frm pwpincula to ud *1
aumble(H,hows) :-

I sua(VtC, fce),
tW -pwtof(Yftac, H),
narmaY(Yfac*,O),
normlZYfacs, 0),
cmantrin(Yfca*, L),cambo (FaL),

isA(Frmm, fra),
ptvpw-t(Friwe,mtw alty, HtWe),
assrtz(apwaticn(Framnasbe, material t4an: ',Wlte).

Figure 14. Assembly rules for house construction.

In addition to sequencing instructions, assemblg 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. 101. To find a recommended solution to such a

problem, an expert system translator 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 always 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, VLSI and

multichip systems may be comprised of more than 250,000 gates [Ref. 131.

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 all 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 --
ITIME

NUMBER ERROR DISCOVERY RATE
OF

ERRORS
FOUND

- TIME
SHIPPING POINT

Figure 15. Error detection in VLSI circuit design (Ref. 7].

D. LANGUAGE OF CHOICE
The terminology expert sgstem 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 applications known as knowledge-based systems [Ref. 51.

Figure 16 is an example of the structure of an expert system.

DESIGN DATA
i EXPERT SYSEM

KNOWLEDGE T' RULES

I INFERENCE ENGINE

ACTION

Figure 16. An Expert 5stem [Ref. 131

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 symbol ically facts about the surrounding environment [Ref. 121.

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. 121.

What are the necessary qualities of an expert system? It must of

course properly perform its assigned tasks. The problem 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 e, pected to supply their

knowledge to build the system, are limited in the breadth of their

knowledge. 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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Vl. 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.

,f00MO ).

PwtKfa"Amr).

PwLafasaw ).

pw-tfa,m).

Figure 17. Implementatlon of Conceptual Schemna

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 translator 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 pieceB, and pieceB is part of

pieceC, 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 door l, 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 commentLfor data. For example, consider the rule

commenLtfor(framewood, 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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1* face I1

is...a(focel, face).

dimmnin(face,height, 115, inch)
dimenion(facel,uidth,362, inchs)

HOUSE I 4 d imension(face1, depth, 1, inchs)

cnra i n..( face 1,0).-n~, oer
nr~aIli'(facel,-I).
nrm~a 1.2<face 1,0).
part-.of( face 1,rooml).

inkv 1w:faceJE

properties:I
*f*vis color

tllah 115 ad.
PROTOTYPE vi 1_____362 *,obe

I-
ovutaks (sub-.aov~r3.owver2
noma" (0
normal-Y (-1)
nwmal2Z(0
pato rooml
4 3 inat-Wue mayJ be ihirited

from the cover prototyjpe

figure 18. Computer code deriveld from Prototype data.
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minimu(dor,doorl,vidth,32, ice
miniwmi(or,door,eiht,6, feet).
maximum(door,dool,width,4, feet).
wi mm(door, door1, he lht,?, feet).
minimum(do'or,_.,depth,2, nches).
maxi..a(door, -.,depth, 3, inches).

Figure 19. Standiards checks.

coemmnt(msorv, prove methods mast be used for bu ilId ing
moaryva sIs when outside air tempeature drops below 40
dogees farnhe it).

commLntfor(cover, br i di, maso"v~).
coemenL-for(cover, cancreta-.b l ock, masonryi).
commnfor(sh..ioouer, br i d, masow"j).
caint-for(sub-.covr, conocrte.b lock, masor).

comment(fram ing, *gade marks mast be c Iear I v is ibl Io n alIl
framing mamb for Inspection').

comntfor( frame,uood, frin ing).

check-far(sih..covu . ta(xe.Itawe 1, tor..pvw2. tor~pwe3 I

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.

Cheek for fr frinw3

grade marks mat be clearlV visible on al l framing
mebers for inspection

checd for sur covr sero

CPIe methods maust be used foer building masiov waI Is
Vin outside air temperature drops below 40 dertms fewlhit

Figure 2I. Translator output following application of standards comments.

The last data type contained in the standards file is the check.f.or. In

Figure 20, the rule check for(sub-cover. tar-paper. [tar-paper I.

tar.paper2. tar...paper3|) is used to verify that all sub-covers made

out of tar.paper use tar._paper I. 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.

hck for w&h vw sibCOVW14

Iub.wI sA..Ivw 14 mts r q IlIrits; a I Iand bWstlI tuteI wre:

- ItaarW I

- talpqr 3

Figure 22. Listing of substitutions by translator during standrds ctlcks.

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

anj face that is part of the house represented by the variable H. Then

normal_Z(Yface, I ) checks if the Z 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.
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1* do foundation frame *
assembIe(H,house) :

is...(yface, face),
trams..partoffce, H),
normal..Z(Yface, 1),
containsC~fce, 1),

is..a(Friin, frame),
property(Frae, eater ia I type, Htype),
assertz(oper tivri(Friie,asseble,'material type: *,fltype)).

/* CD frame Pogondicutwr to groad *
assembIe(H,house) :

is-.a(Yface, face),
itrvnsW~tof(Yface, H),
rwomal-Y(Yface,O),

no ma.2(Yfac*, 0),
conta ins(Yface,L),
membi ierFie,L,
is..a(Frame, fram),
p oper ty(Frte mater iaty.tpe,1fltype),
assertz(opw tion(Frame,assmIe, material type: ',ftype)).

assemble(H, hous)
i s..aface, face),
tranks..patof (Yface, H),
rormal...XYface,O)1
norealz(Yface,O),
conta inrs(Yface, L),
mmb (FeL),
i s..a(Frane, frame),
proWt(Frves, mater la I -.type, "ltype),
asswtz( ert i anCFta assemble, * mater i al typ~e: *, ftyje)).

Figure 25. thmr sample aembly rules for translator.
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Any normal parallel to a coordinate axis will have that axis' component

equal tC one in value if t 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.

• ,uummb vafl

w nL1X wk

I x~

Figure 24. Use of normal vectors for house aonstructon.

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 iuil state all specifications of concern.

In Figure 25, the rules which generate assembly data for the ceiling

and roof are shown.

/0 elling frm */
assble(H,haim) :-

is..n(Yfac, face),
trWW..tof MOM(Y eH),
normlZ(Yfame,-t),
contoirw(Yface,L),
mmr(Fram,L),
I s.a(FrAie, fre),
prprtm(Fram, motor i altype,l1tpe),
ansrtz(omrotion(Frm,azmble,'mterial type: ',ltpe)).

/0 roof fr.m *1
ammble(H, h u) :-

I M(oof, roof),
troNLpirtof(Roof,H),
I 5a(Yface, faro),
truw.xrtof(YfmRIof),
cantiiniw(Wfae,L),
mmber(Frem,L),
Is.a(Framn firrnA),pIotUiaFrm,mtwl a I-tue,twmx),
amrtz(apretin(Frme, msble, 'mitwiaI twe: ',1Ntapm)).

Figure 25. Assembly rules for roof and ceiling

The onlg 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.
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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.

ais/I*(H,hotn) :-
IL(lDor, dco),
tra.-partof(DOw, H),
pi r ty(Dor, materi a_ -type, Hty),
axsutz(opa tion(Dow, assmble, 'atw ial tye: ',tytp)),
geLlfac(Doar, Faa 1,Faocm2),
msotz(pwatIan(",'- attach to: ',Fac*1,Fac2)).

asse.ble(Hhoum)
ilSa(Uird),
traw..pa4rtof (U., H),
cantalns(I,L),
God(Gi I 1,L),

assurtz(apatlan(Si I I,azwble, window si I Ifor: ',U)),
gnt-facs(U,Facnl,Fac@2),

sirtz(pwatIon(","- attach to: ",Fa=eI,Face2)).

Figure 26. Assembly rules for windows and door

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 rel.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 assemblg data. Figure 28

gives the routines that start the process.
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assmble(H,house)
i s...(E,wet'i or),
trans...prtof(E, H),
contairts(E,L),
assemble(L, face).

assembIe(Hjhous)
i s..a(R,roof),
trww...rtof (N,H),
contains(R,L),
assmmble(L, face).

assembIe(H,hous)
is.".(R, room),
triww...ptof (R,H),
contains(R,L),

Figure 27. Aswmbly rules for house faces.

assemle(L, face)
assmIeinl1 I I 1, face).

osseml(L, face)
manmbn(ace,L),
norml2l-(Face, 1),
assertz(W wtion(cou~t, blcl I floor as lost step,-.)),
containks(Face,L ),
assab e2(IL 1l, (L 1, foce

asnlel(L,L1,face)
membe (Face, 1),
not(noreal..Z(ace,D1),
delete(Face,L,L2),
canto i n(Foce,UL),
asse~Ie1(L21 [L3L1Iface)jl.

assinbleI(L,L,fac)
ass~bIe2(L1,L1,face), I.

Figure 28. Amsmbl V rules to prioritize and obtain face date.
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The first and second rules in the list handle 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,LI,face), L is the set of parts determined

using the contains relationship earlier and Li is a set which we will

construct. LI 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 LI and assemblel recursively calls itself

looking for more faces. When none are found, we fall through to the "ourth

rule which calls assemble2. The I 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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osscabte2(FuItJ..,L,foce)
mmbo(Face,-L),
delete(FaceL,L 1),
owe ( I tem, Face),
is.0(1 ter, sub-covr),
propety I tem,moteria...type,itygpe),
opwrat i On(Y, -, -, type),
sembe (Facel,FuIl-L),
member(Y, Facet),
asswtz(opeotion( Item,assabe,'material type: ',ttype)),
delete(Item.FaceFace2)

assemble2(FuIIJ.L,fjoce)
memb (Face,L),
delete(Face,L,LD1,
member 0 tem,Face),
i s...( I tem, ssk..cover),
propertj( item,material-type,fltype),
assertz(opwtion(lItin,azsambl,*maorial type: ',Itype)),
delIete( I tem, Face, Fa I )o
assemble2(FuI II. (FacellLlI.face). I.

assemble2(Ful lJ..L,foce)
menbea e,L),
dinleto(Foce,L,L ),
smbr( U tm, Face),
s..n( IternCovwr),
property( I 1m, mater lo a type, Iltyp.),

owa n(Y, -,-, Iltype),
muiw (Face1, Fu I ILL),
smb(Y,Fae 1),
assu'tz(opwoation( itin,assmIe, mtwial type: ',htype)),
dalete(Item,Face,FaceD)
assmI e2(Fu I IL, (Fac*2 IL 11, fae), 1 .

assele2(FuI I_.L,L, fae)
memba(Face, L),
delete(Foce,L,L ),
membr( I tn, Face),
is.nOItMM'wve),
propsutJ( I tem, motor ia I.-type,IHtype),
not(I iquidftype,point,-., ...,..,...)),
assetz(opwotion( Iter,asseble, rnotwial type: ',ftype)),
do IeteC I tn, Face, FoclI)
assaIbe2(FuI I..L, FaceilIll,foce), I.

asseobIa2(FuI I.L,L,face).

Figure 29. Assembly rules to get list of covers arnd su0cvers.
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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 all 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 get 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 installed

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 painL..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
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painted. Any face left over is painted at the cid. This handles slanted

surfaces such as the faces of the roof. The one room house is now fully

constructed.

assmile(H, houme)
Isa(R,roof),
trWWX.ptof(R,H),
contanirs(R,L),
pint-foee(L).

aemble(H,houum)
is..a(E,extariar),
tranps~ixtof(E, H),
contains(EL),
paint.face(L).

asuamble(H,house)
I s.R, rooa),
travws..rtof(R, H),
Contains(R,L),
point-face(L).

FIgure 30. Asembly rule to generate paint data

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.materialsneeded 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-materials-needed routines. An

example calculation routine is shown in Figure 31.

r.amto lot shnmded :-
i sA(Extow, subover),
dim wnIn(Extows, depth, Th, tumi ts),
propiert(Exters, mter I alte,H1iter Io I),
maoter IalI (Motor Ial I ,, Ht, Htun I ts, Mdl. Wdun i ts, 13p, Qpun i ts,

_, _, _, _, Cos t),
imtd h(Ht, RuI ts, Md~, IUdun I ts, Dp, OpunI ts, 11h, Thun I ts, Fk::tHt,

Un I ts 1, IRct-Wk, Un i ts2),

gmtaro(Extww,Aroa,Uni ts),
earor t (RktHt o Un i ts 1, FctHt2, Un its),
ooewsrt(ct..-JAI,UlI ts2,AoL=d,Uni ts),
hmkitts is (frew I (ActHt2 0 ALt~k2)),
TotLCost Is (It.mJkInts * Cost),
add..mter ial (NotrII,*iJb tsToLCost), fai I.

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 a 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

calculations 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 equal to the cosine of the angle

created by the intersection of a line parallel to that component's axis and

the plane containing the other two axis [Ref. 141. 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 lists 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 1I gave a listing of this output.

~ Yaxi.X-Y plare

Z ads Yed
dhtrnse eleq X-Y pan Is equal Is
coo fra wail wetori

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 translator. It shows the cost for parts when sub-cover 14 is made

out of tar-..paper I in place of tar-.paper2.
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:::; - v1. ---- ------ --  '- ----- ----

stLcoverl4 substitute tarpaprl for tar-lpqr2

Raw laterials Report

It". Cost Un its Required

door1 $16 I

windol $30 1

concretel $173? 347.514

tar.pqper2 $420 3.36606

uood $3582 434. 194

tar.-.per 1 $504 3.3b6

hrdmo d32 $211 1.54776

hdoad34 $147 1.54722

hrcdboard78 $200 A.644A

hwxLpoodg $9w 75

stmthL.. .~w24 $64 0.6=77

shingle12 $2020 1616

brick88 $4224 3573.2

paint9 $8 1.0317

paint? $4 0.551818

paint2l $12 O.9230w

Total material cost is $14079

Figure 33. Rev Meteriels Report with substitution.
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IV. Conclusions and Recommendations

A. CONCLUSIONS

The goals of this research were to determine the design requirements

for a generic CAD to CArM translator, design and implement a CAD to CAMl

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 translator 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 translator.

Artificial intelligence (Ai) 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 translator 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 CAll system for additional research.
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APPENDIX A

HOUSE I DESIGN

face5

I heath-.paper24 6 ich, rain bic8
2 1 feet 1

Ihardboard34 I arbar3I~ ~ 2 inch______ hardboard5Z
3 0 feetfa6

6 inch3 eace I pal nt9
4inches -face4 face2

1 inch___

8 feet 5 feet I inc h

hardboard32I
door 1

facclB 
3 feetT

__ ------------- _ FLOORPLAN 3heath-...pepr24

31 3feet 10 nc he3
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fra mi ng

roof 1 31 feet 10 i nche3

wood8

32 fee 12 feel 7. 5 i nc thles 2 1 feel 10 i nc he3

roof for house I

face I I

t ar-paper2 
woodO

3 hi ngle I e2 face 12ar-pap'e 

woode44 ff ene tt i nctw44 i Xnct*33 face I
woodSS2 inche3
(framing)
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4 31 feet 10 inches

CEILING 4 in' hes lood

II inche I inch herdboard78 Iunches

pat nt 1 7

Parallel to X axis

- 21 feet 10inches ,framing

CEILING i
T11inchesh7sI 1 inches hrdboardT8I nce

face9

Parallel to Y axis

V.6
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21 feet 10 inches

---4 feetI

6 feet 10 feet

panelI (thickness .5 inches)

sill I

coordi note reference point

concrete I foundation

Exterior view
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coori nte efernce 'nt door framecoriaerfrne ;c ct (thickness 2.5 i nches)

1 0 feet

feel I1I i nc:hes 3feel

foundation 1 foot

31 feet 10inches
Z aXis

Exterior view
XaxW3
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face 10 point2l

11 inches hard1 oodg 5 1nchn 11 inches

1 foot floor J

31 feet 10inches

Parallel to X axis

I I nches herd-wood9 I iches

~floor I
421 feet 10 inches

concrete I
foundation

Parallel to Y axis
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APPENDIX B

PROTOTYPES

=> attribute is optimnal

t- s ae

propeties: __________

coordinates.. __________

coordnates-Y

contains "7
part of_______ ___

>* attribute is optional

65



propertroof

finish color

€ontains ..
art of

: ) attribute mayj be inherited
from face prototype

Pnaw"W: t -e-exerior

Iproperties:

contains
part of

• , oitribute ma be inherited
from cover prototype
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propetrirttiies:oia

7ar t of__________

* =) attte msjb ihrie
froain Ioe FAttip

ariute acrin ototns I io

tn th face

flinsh olo



-- d----- ---

name:
properties: _________

material tyjpe
finish type
finish color __________

dimensions

*height

face_ _ __

*face _________

part of _________

frp r omfaies:otp

diatriwtis ptina

radius



name:
properties:_____ _____

material type ____ ______

* * is aoltrbt jb neie

dimeatribteisontisa

* attribute may be iherited
from face prototype

* )attribute is optional
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proper ties:_____ _____

material typo_________

*height______ ___

_width______ ___

* attribute nmi be inhrited
from face prototyjpe

>*= attribute is optionalI

nam
poeties:

material type ____ ______

dunensions:__________
I * height______ ___

* width__ _ _ _ _

face____________ _

*face______ ___

part of_______ ___

* ~attribute mayj be inhrited
from face prototyjpe

>* attribute is optiona I
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face ~ ic window ________

coordinas . ________

cooname -X

part of

part of
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* -) attribute y tinhei

prp r otfies:ootp

** id ttrbtsotoa

> ttiut pbeeinhrie

part of



name:
part of

Part of

part of
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APPENDIX C

/' interface File ~

start
not(bagin-.stds.chock),
not(begln-.operat ions),
not(soLtneg...area),
not(rou.materl I &medmd),
not(natw 101 s-.repart),
not(r epot L.Mhst).

begin-.stds-rheck :- ...a(Extem, Intens),
write( dt-k. for '),write(lntans),erit&C '),write(Extww),nt,nl,

chc(Extwws, I nten), tall .

ct (Extens, lntww) :
proporty(Extens,mwater ia I -typ, Motor ial)I
material(otia Se.it,..,.,..,.,
commnL-for( Inters,Spc t,Class),
ccement(C lass, Coment),

chc(Extans, lntens) :
popemrty(Extes,meater ialI.-tye, rater ia I)

check.for( lnters, SeoJ1at, Class),
me.ber(hater i aI,C Ioas),
write(' ),write(lntwrw),urIte(* ),write(Extuws),
or ite( mts: re iirmonts; allow aed subst itutes ore:),nI, n I,
meber (Other-tiot, Class),
not(Other-flat z Material)
or Ite(' - '),urlte(Otherjloat),nl,nl,
assertz(subdst i tute(Extens, Otherilat).

chod (Exters, I ntuos):
property(Extes, motor ia I -type, Mater ial)I
material (Hater jaB,Se c.flt, -, -# -.. -,4 _J. -p _p_. -J
check-for( I nters, Spoc-M t, ClIass)
not(merlater ial ,Cl ass)),
write(' ),wite(lntons),wite(' ),wit(Extens),
write(' does not met req~irmts; alloe substitutes w:,Irl

write(* - '),vrite(OttwrMot),nl,nl,
assertz(sutbst itute(Exteuw, Othrlot)).
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chckExtens,door>
d i mns ion(Extes,imowni on, Z, Lini ts),
minimm(door,Extens,Dimenksion,X,litx),
maximum(door,Extens,Di , wicn, Yjtni ty),
convert(X,Ukitx,flin,LUnits),

check-.starxdwds(door, Extens, Die mwi on, Z, iInilax).

chc(Extens,pane)
propertyi(Extens,qual i ty,alum),
minimum(pne,Extens,qual ity,fin),
chedL-stmndwds(pm, Extisa, alue, IIin).

check-.standwrds( lntens,Extens,Diewwion,Value,flin,flax)
not(flln >Value), not(Value flax),

wite(' passed - '),write(Dimension),nl,nl,!.

check-.standrds(lntens,Extens,Dimension,Value,flin,tlax)
Min > Value,
writeC '),write(lntens),C '),write(Extmns),
write(* failed minimum- '),
in-ite(Dimension),nl,nl, I.

che..-stwaidwds( Intenks, Extens, Die mason, Value, fi n, fla)-
Value > Mlax,

writeC failed maximm- '),
write(Dimenslon),n,nl,I.

check-.stndws(pwie, Extens, Value, fi n)-
not(Min ) Value),

writeC pased qalityj *hd),nl,nl,!.

cthmd-standwds(pne,Extww,alu,lin)
Min > Value,
pat-.of(Extens, i ndou),
is..a( i ndou, window),

writeC failed minimam quality chck),nl,
uriteC - part of '),write(Ulndow),nl,nl,l.

begin..operations
Is...a(H,house),
not(do-asselyp(N)),
not(oper tlord..report(H)),
fail1.

do..assembli(H) :- assemble(H,house),fail.
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operat i ns.repart(")-
ni ,nI,
W . it o( -- - - - - - --- --

writeC Production Sequence Report for )

m'i te(N),ni,ni,
print-styjle(H),
wri te( * **)nI
witeC .) -- ),nl,nI,!I,

oprtion(Extens,Funct ion,Rttribute ,Rttribute2),
print-operation(Extew,Function,Rttribute1,Attribute2),
failI.

print-opeation(cinmnt,Coment,.,..)
ni,

W-iteC* **,,
writeC comet
write(comment),
ni,
w,'te(* *

print-opwtion(Extns,Rttribte1,Rttriba2,Attribut.3)
orite(Extens),
name(Extens,L ),

wI ent(trLt 1"I),

tab(15 -"D
wite(Attribute2),
get-nimm.Jen(Rttr i but& 1, )2
tab(1? - 142),
urite(Rttrlbute3),nI'

gorxN en( 1), ue2")
tangth(- 1,14),
Lenio(ttibu- ),n !

gotrseenw(Nom, Len)-

rmenefhu, L I)

Iengti(I,Lmon), 1.
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prinL-style(H)
prop ty(H, sutype, Hstyl a),
writeC - house styjle is )
wri t.(Hstijle),nl,
vriteC and consists of )
conto ins(H,L),
wri te(L),n I,

print..style(H).

/* routines to calculate su~rface wea of faces taken up by *
/* door , mido, openings, and connvection~s
se tneg-area

is...(Extens, face),
set-nhg...ea2(Extens, 13,0, feet), fall1.

set-neg-aea2(Face,L,e,thi ts)
face(Extens, Face),
not(membw r(Extens, L)
is.a(Extens,sindos),

di amms i on(Extmns, higt, H, Hunmi ts),

corouert(d,Ucbun i tsHNes-A..ULi ts),
He..frea is (Area + (tteaJHt * Ilee-Ji))P
set.neg..areo2(Foce, (Extens IL 1, Mm-Pbea, Uki ts) I.

smerg-.Ara2(Fm,L,R'ea,Unri ts)
face (Ex tens,Face),
not(minmbu (Extm'ns, ),
I s..a(Extens, door),
d iman sion(Extes, he i gt, Ht, Htw i ts),
d l a i on'Extens,u Idth, Md,MdickbIts),

convert(Nd,Mcmi ts,NinsJW,Uits),
tl-eua is (Rr-w + (Nin.JHt * Neeid)),
set-neg..wra2(Face, lExteiw ILJ,ftvrnea,t lts $), I.

set-neg.oreai2(Face,L,ft'wa,1k1 ts)
face(Extens, Foa),
not(mebei(Extens,DL),
is..aCExtens,connect ion),
gaome try(Extens, rec tonglIe),

dImwwlion(Externs,ldth,d,cknI ts),
conuert(Ht, Htun i ts,NusJ-Ht, Uni ts),
coner t (d, Mkw I ts, HevuJd,LhUl I s,
Now-Area i s (ft'ea + (N...Jt *
set-mg..wva(Face, IlExtensI L , h,..fre, Ui ts),!.
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seLreg-orea2(Face,L,ft'ea,ni ts)
face(Extens, Face),
not(meibe(Extens,L)),
is..a(Extwbs,comwct ion),
goometryj(Extmns, square),

convert(Ht,Htuni ts,NmuJHt,Lhi ts),
tion-Ahea is (ftea + (t..JHt * N.J-t)),
set-nag...ea2(oce, (ExtnsILJ,teu...fta,Lni ts),!.

set-neg-..wea2(Fce, L, Rbea, l~ki s)-
face(Exta, Fa),
not(meu'(Extens,L)),
i s...(Extws, cora~ct ion),
geometry(Extmnts, square),
d I mnsi on(Exta I dth, Ud, Uhm i s),
convert(Nd, Mdun I ts, re-M, Un I is),
thmJpt's is (RNM + (NMJ-d * NsJ1d)),
set-neg..ea2(Fac, IExtens IL , e-Jbea, i ts),'

set-neg..ara2(Face, L, Wea,kilts)
face(Extenks, Face),
not(menbu (Extans,DL),
is...(Extas, eorvat ion),
geointrj(Exterw, circle),
d laws i n(Extes, radius, Rd, Rdu i ts),

Pi is 3.14159,
"ev-Area~ Is (e +g (P * fe-M~ * tiem))*
set-nmg...ea2(Face, (Extow I L 1, Nmujiea,ki ts),!I.

smeg..-m2(Face,L,Rea,fri is)
face(Extens, Face),

is..a(Extens,opening),
gomtry(Extwa,rectong I@),
d I ownIon(Exte, he I gt,Ht, Htun i s),
dimuwion(Extens,,idth,d,iduni s),

corwer tCIUd, Udm ts, Nma..d, U.MI ts ),
MmLfrea Is (ftea + (fl-het * Ilim.Jd)),
set-rmg...wa2(Face, (ExtasLl,Nim-.Amo, Iki is),I.

78



seL-rwg..wea2(Foce,L,ft-ea,kbi s)
face(Ex ta,Face),
not(minmbr(Exten,L)),
i s-a.(Extens, open ingw),
geceetry(Extens, square),
diaension(Extans,height,Ht,Htmi is),
convert(Ht,Htuni ts,fleuJt,Lki is),
Nau..Aea is (Afrea + (Nins..Jt * NwJHt)
s.Letrg..aea2(Fac., lExtans IL J, heu..rea, tis),!.

setLnegora2(Fce,L,Rea,Ukai s)
face(Extans, Face),
not(membe (Extmns,L)),
is...(Exteans,opening),
giemetra$Ex tens, squar),
diesion(Extans,uidth,Ud,Ukrai s),
cort(d,Uduni is,NeowJ,ki is),
t4mJb'ea is (Area + (Hemil * Nw1.d)),
se-roa~.rea2(Face, [Extens I L , te-..reo, Ik I ts;,.

seL-neg...w-2(Face,L,ftea,LUnits)
focm(Extmns,Fce),
not(membe(Exterks, 0)),
i s..a(Extas, opening),
geometryj(Exterks, c irclIe),
dlans i on(Extwns,rad ius, Rd, Rckn its),
ccnvert(d,dunI ts,twu.d,UIt s),
PI is 3.14159,
Neu..hrea is (Rrea + (PI * Ne-M~ * hesuJld)),
setLneg...maa2Fo, Extuws L I,N...Aeaw,.i is), I.

set-rog-.mea2(Face,L,Rra,kni s) :
assertz(get-neg.area(Face, Area, kii is)).

get-aea(Extns,re,UaI s)
part-f (Extans, Face),
dimenslon(Extens,height,Ht,Htwunits),
d immns ion(Extan,uidth, Ud, Uckmi is),
goetrn...waFace, tleg-frea, Una i s),
ccnvert(Ht,Htuni is,Nmu-lt,ai s),
convert(d,duchni is,hus..J,Uni is),
Fbe is ((thsJt * Nen-11d) - Neg..heaC),I.

get-aea(Extans,Rr,Uaits)
part-of(Extws, Face),

dimwsion(Face,width,Md,MdaIits) ,get..rseg...wa(Face, tmg...lea,Un tiis),
convert(Ht,Htunit s,NhawJt,Uki s),
consmrt(Ud, Ukami ts,Nmui-d,Un i is),
Area Is (UIUo-Ht * IlaMul) - Ilmg...fea),!.
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getLare(Extens,Rro,ni ts)
part-of (ExtenswFace),

dimenksion(Extemnsidth,ld,duni ts),
gaL-nago-a(Fac*eNg.Rra,ni ts),
convert(Ht,Htuiits,Hhu...t,Lkd ts),
convert(NdAUduni ts,h=J~d,Mi ts),
Area Is (Olewjit * lleoJ-) - Ilsg-Area),!.

getLArea(Extens,frea,thits)
partof (Exteuns, Fac),

di son I on(Face, aI dth, Ld, Lckmi I s),
9 L-neg..wea(Fac., NgJfea, ft~h s),
convwt(Ht, Htun i ts, NainJt, Lin I ts),

Area is ((NJ-Ht * Noojic) - NgArea),!.

assertz(mat-cost(O)),
nl,nl,nI,wr-iteC' R= Mteriwals Rpart'),ni,ni,
wite(* Item cost Units Feqird),nl,nl,
moteaial.J ist(llotmrial ,Mi*Jkni ts, Itna-Cost),
Meu...Cost is floor(Item...Cot),
pr i nt-mt-rortUhatw iaI, NimJkni ts,N.....Cost),
update..aoLost(Neu..Cost),fa I I.

materlals..report :
Mai cot(Total ),ni,ni,
write(* *- n
wite('* **),l
writeC Total material cost Is$)
or it(TotalI ), n1,
wri te('* * *),ni,
writs( - - --- --- -- - - - - - - - - - - '),nI,nl,nI,
tall1.

update-aL.ost( Item-..ost)
retract(mal cost(Tota I)),
New..TotaliIs (Total + Itm-.Cost),
assetz(al* os(mi...Total m, I.
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print-ao-report(Iloteriat ,Mum-Units,ToL-Lost)-

rne(loterlal ,LI),
length(L1,N1),
ta(1? - NJ),
wite( S ),m'i teTotZost),
nme(ToLost,L2),
I ength(L2, 2),
tab( 15 - MD2,

report-subst-
nI,nI ,nI,
writeC Start Raw Materials Report (a/ substitute)'),
nl,nl,nl,;oaI .

report-subst :-
subst i tutin(Ex ters, Subst iot),
repl ce-Abdta(Extens, Subst-lot),
not(rio...ater iols..needed),
nvot(moter ialIs..rmport),
restre...dta, fail.

replace-.4oto(Extens,Subt-Mlt)
re trac t ma t-.cos t .) ),

reptac.....dta(Extens,Sbstjlot)
retract(su±'st itute(Extenks, Subst-lt)),
retract(propertj(Exta, motor i a I -.tpe, Motor i a I )
writeC ),(
write(* *'),l

writeC '),wrlte(Extens),witeC: subtstitute '),
*ri te(Suksit),wri te( for '),write(flaterial),nI,
writeC* *',i
vriteC -- - - -W W - - - - -- - - -),nI,nl,
assertz(property(Extmnks, mater 101 -.type, SustjlO),

restore..dao
retract(temp(Exteris,material-tpe,loteriaI)),
retract(proprty(Extetw, mator i a I -.type,-.)),
assertz(property(Extens, mater 101l-.tpe, tater 101),!



/* 3StandUrds File of

m in im(door, door 1, 8i dth, 32, ince)
mini m(door,door,height,6, feet).
Omi M (door, door wi dth, 4, feet).
ami"m~(door, door1, he i wt,7, feet).
minimm(door,-,.dth,2, inches).
ftimu(door,.,dmpth,.3, incte)

cOmnme""sonrY, 'OPrOUd methOds must be used for building mommymalls
~u outside air tempeature d'op below 40 degee faretkdul t).

commntLfor(cover, br ick, masonry).
comnen-for(cover, concrete.b lock, mascrr ).
commet..for(sak...iover,br ick,masory~).
cocintfor(sut...over, concrete..b l ock, masory~).

COinMItMriiing, 'Wde marks must be clearly visible on~ allI framiing
mebrs for isPePt ion ').

cOMnent-for( frame, wood, frami ng).

cteck-for(st.cover, tar..pqwe, I tar.pqm- 1, tar...pqW2, tar~.ppr33).
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1* Assembly File *

/' start with Information on face nomaIs *
assemble(H,house) :

assertz(opw'ation(comment, noraal for each face I isted,_,..)),
asertz( ~tionCFf, EX,'Y,')
assertz(operatlonV................)),

norma I..X(ace, X),
noimo I ...Y(Face, Y ),
nrwm I..(Face, Z),
assertz(oprt ion(Face, X,Y, Z)).

/* start with frae *
assemblIe(H, house) :

assertz(op t ion(comment,'erect founat ion and fae,-

1* do foundaition frame *
assemble(H,house) :

is....(Yface, face),
trans...prtof (Yface, H),
normolI..Z(Yface, 1),
canto ins(Yface, L),
meb r(Fraime, L ),
is...a(Frame, frame),
proper ty (From*, ma ter iaI -..type, M type)
assertzopert ion(Frcue, assemble , *material type: *,Itytpe)).

/* do frame perpendicular to 'waod 4
assembie(H,house) :

Is...a(Yface, face),
trans-.partaf(Yface, H),
nrmal ..Y(Y face, 0),
normal2(Yface,0),
contains(Yace,L),
mamb(Frm,L),
is...(Frame, frame),
proper ty(Frame, ma ter i atI -.type, 11 type)
assertz(oper t ion(Frame, assemble,'material type: ',Mftyge)).

assemble(H,house) :
£...ACVfae, fac),

trarw..partof(YMace, H),
nrwma I .X(Y face, 0),
normal-Z(Yface,0),
conto insC~ace,L),
mee (Fram, 1),
is..a(Frame, frame),
property(Frame, mater i a Itype, Mtype),
assartz(operat ion(Frame, assmbIc, matarial type: *,typije)).
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P* ceiling frame *
assomble(H, house)

1s-a(Ytce, face),
tran.ptf(Yface, H),
nrwmal..Z(Yface,-I),
canto ins(Yace,L),
mmbo(Frame, L ),
i s...(Fram, from.),
property(Frame,mater ia I ..type,Mftype),
ossertz(ap t i n(Frame,assembI.,'material tyjpe: ',tpe)).

/* roof frame */
assemble(H,hous)

isJ2(Roof,roof),
trans..prto (Roof, H),
i S...(Y face, face ),
trans..prtot(YMace, Roof)
canta ins(Yface, L),
member(rafe,L),
i s...a(Frame, frame),
property(Frome,mater ia ltype, ltype),
assertz(opertion(Frme,assemble, 'material type: *,fltzje)).

1* nag put dosin place *
assemble(H,house) :

assertz(operat i n(comet, put door fram ing in place* ,-).

assamble(N~house)
I s...(Dar, door),
trans...prtof (Door, H),
property(Door, mterial .. typne, Itype),
assertz(op t i on(Ooar, aso le, 'mator i at typie: ',IMtype)),
getfaces(Dor, Face1, Face2),
assw'tz(aperation('','- attach to:',Facel,Fac&2)),
partLot (Door, Face3),
assertz(opwtion(**, - location','relative to',Face3)),
coard inates.X( local ,Door, X,Unki ts.X),
coatdiwztes.Y( local ,Door,Y,wi ts..Y),
cocrdiJnates.2( Iocal 1,Door, Z,tkni ts-2),
assartz(opwtion(",' X cwodinote' ,X,ULki tL.X)),
assertz(apertlonC",' V coordi nate' ,Y,Uhl ts-MY),
assertz(apmr'tian('*' Z cowdinote' ,Z,Lhiits_.Z)).

1* put windo, sills in place *
assembte(H, house) :

asswrtz(opw'tlan(comnt, 'put mindow framing in place' ,-.,-)).
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assemble(H,house)
is...(U,.i do.),

conta ins(U, L),
membet(SilIl,L),

assertz( prtion(Sill,asseble,'uindow sill for: 'U)
geL~faces(U,Facel,Fac&2),
assertz(op tion(','- attach to: ',Focel,Face2)),
parL~of(J, Foc.3),
assertz(op tion(*,'- I cation',relatlve to*,Fcn3)),
coord i nots..X local 1, W, X, LM i ts..X),

crdi nates..Y( local ,J, Y,UniMts.Y),
coordinates2( local, U, Z,IUni ts-Z),
assertz(op tlon('', X coordnote',X,Unlts.X)),
assertz(operation(',' Y corinateVLfrnitsY)),
ossertz( prtion(",' Z coordinateJZ,nits_.)).

1* put up exterior siding *
assemble(H,house) :

assertz( prtion(commnt,'put up exterior siding',-..,-.)).

assemble(H,house) :
is..a(E, exterior),
trans...prtof(E, H),
containts(E,L),
assemle(L, face).

1* put up roof *

assainble(H,house)
assertz(opmrat ion(coent,'put up roof*,-..,-.)).

assemble(H,house)
s...(R,roof),
trans.pirtof (R, H),
contains(R,L),
assemble(L, face).

1* put up faces for each room *

assmle(H,houze) :
assertz(op tion(comment, put up faces for each room',-,-))

assembe(H,hos)
is....(R,room),
trans...prtof(R, H),
contains(R,L),
assemble(i, face).

1* put up windows *

assemble(H,hous.)
assartz(oWe tlon(coinent,*put vindw In plce',..,..)).
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assemb Ie(H, house)

is..AU,.irsdow),

con t i ns(l,L),

is-a(P,pone),
member (C,L),
i s..o(C, case),
assertz(opertion(U, 'complete using' ,P,C)).

1* take care of f in ish on a indous and doors *
assemble(H,house) :

assew$.z(oprtion(comment, 'put finish on mind. and ow,

assambleCH,house)
fini sh.

1/ take care of door knobs aid hingexw
ossemblIe(H, house) :

assertz(opetion(coment, 'put on door knobs and hinges',-..,-)).

assembIe(H,house)

is..a(D),door),

assmble(D,door).

1* take care of point on faces *
assemble(H,house) :

assertz(opertion(co~t,'put final paint on fcs, )

is..A(R,rOOt),
trorw..pw'tof( R, H),
contains(R,L),
paint-face(L).

assemble(H,house)
is...(E, extu i or),
trvns..prtof CE, H),
contains(E,L),
point-face(L).

assmle(lo,house)
I s...(R,f oo),
trans...pmiof R, H),
contains(R,L),
pal nL-face(L).
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/* routines to put up sub-..covers and covers for a given *

/* i st of faces suqpIiead as f irst argument; these rout ines *
P* look for coon materials to help set priority; allI
/* sub-covers are handled prior to covers; *
/* covers wich are point are left to beperformed at a
/* l ater t ime; all sub-c.overs and coes *

P* associated with the floor are performed last *

assemble(L,face) :
assemblel<L, II,face).

assemble(l.,face)
member(Face,L),
normooI..Z(Face, 1),
assertz(oper tion(comment,'bui Id floor as last step',-.,-~)),
canto inrs(Face,L I),
asseinbie2IL1J, I1Jface).

assemblel(L,L1,face)
membe (Face, L),
niot (norw aLZ(Face, 1))
delete(Face,L,L2),.
contains(Face,.L3),
assemle(L2, (L3jLI,face),!.

ossemblel(LL1,face) :
assemble2(LI1,LI, face),!

asseUble2(FullJ..,L,face)
membo (Face,L),
delete(Face.LL 1),
mmbo L( I tem, Face ),
isaCItem,sqt...iover),.

propertyij(Itm,aatwrial-tiype,fltye),
oprtlIon(V., , ltype),

membe(Facel,Ful Ii.),
memer(,Fce1),
assertz~oprat ion( Itm,asseble, msaterial type: ',type)),
delete I tem,Face,Face2),
assemble2(FulIJ..,(Foa2ILlI,face),I.

asseaL -v2(FullL,L,fac*)
memba (Face, L),.
delete(Face,l.,L ),
mer( I tem, Face),
i s..a( I tm u-xm
propertyC I tem, mater ioI -type,fltype),
assertz(oertion( Item,assemblo, material typ: ',fltpe)),
delete I tem,Face,Face 1),
assemble2(FuIl...L, (Fac1ilL1I,face), I.
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assael2(FuI-L,L, face)
rnmbu(Face, L),
delett(Face,L,L ),
smbot( I ton, Face),
is..a( Itsm,cover),
pe Opw ty( I tom, woi a I.tpe,ltp),

operot ion(Y, -, -, Itijp),
moerb(Facel,FuI IJ.),
svmbw(V,Face ),
assertz(oper tiori(Item,assemble,/moterial type: *,ltype)),
dmloto( Iter, m,Fooec2),
assembie2(Ful I.L, IFace2tLl,foce),!.

assemble2(FulIJ..,L,face)

del ete(Foce,L,L 1),
member( I tem, Face),
is...( Item,covu'),
prvpetij( I tom, mater ia I-type, tyspe),

osswrtz(opwa tion( I tm,assemble,'materiaI type: ',fltpe)),
delete( Ites,Foce,Face 1),
assemble2(FuI ILI. FaeiILIl, foe.),!.

assemble2(FullI.L,L,foc).

1' takew care of f in ishes *
finish :

pt verty(F, f in ish..type,F type),
prqwety(F, finish..color,Fcolor),
asSartz(op tion(F, finish,Ftyjpe,Fcolcr)).

/* assmbe door knob *
assemble(D),door) :

propertj(D, knob-.type,lKtype),
assertz(operat ion(D, assemble, knob, Ktype)).

/* assemble door hinges *
assumbleWl,cloor) :
property(D, hi ngm..tpe,Htpe),
assertz(operat ion(D, assmbI., hinge, Htye)).



/' routines to apply point to faces; acts on covers only ~
paintjoace(L) :

aember(Face, L),
norsaL.Z(Face,-l),
contains(Face,L ),
membr(Coumr, L I ),
s..a(Cover, cover),

property(Cover, material-..type, ttype),
lI ild(ltype,plnt,,.,,.,..),
assertzoert ionCCou.r, paint, mater io type: ',Mye)
delete(Face,L,L2),
poinL-face(12), 1.

point-face(L) :
member(Face, L),
normal .Y(Face, 0),
norma I .. (Face, 0),
contairs(Face,L ),
meber(Cover,U ),
is-a(Cover,cover),
property(Cover, mater ia I type, fltype),
I iquid(Htype,paint,,.,..,.,.),
assertz(operation(Cover,paint, material type: *,ltype)),
delete(Face,L,L2),
paint~foce(L2),!.

polnt-face(L)
membm(Face, L)
normal.X(Face,0),
nor-mal ..2Face, 0),
contalns(Face,U ),
mIer(Cover.,L I),
is-o.(Cover, cover),

p rCpeLty(Cover, mater i a I -.type, fltye),
Iliquid(fltype,plnt,,,,..,..),
assertz(operation(Cover,paint, materiaI type: ',Iltype)),
delete(Face,L,L2),
paint-face(L2), I.

painL-face(L) :
ineiber(Fce,..),
narmal..ZFae,-l),
conta ins(Fac*, LI),
mambo (Covw-, L I),
i s..a(Cover, cover),
Property(Couer, mater ialI -.tpe, "type),
lIqicd(IMtyp,polnt,_.,...,..,..,.),
asswrtz(apwat Ion(Covr, paint, material type: ',tpe)
delete(Face,L,L2),
point-face(L2), I.
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pointface(L)
smer(Face, L),
contains(Face,L ),

is..a(Cover, cover),
prorm ty(Cover, motor i a I -.tyjpe, fl$.upe),
Hqid(tppit__,,,
assertz(opwat ion(Cover,po int, ater ia I type: *,Mye)
del ete(Face, L, L2),
paintfac.(L2),!.

point-face(L).

/* routine to get the two faces which an item is associated with
geL..faces(Item,Facel,Face2)

face( I tem, Face 1),
foce( Item,Face2),
notlLFace1 = Face2),!.
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/p futerials File 4

/* materials for doots*
raw...aterials..needmd.-

is...a(Extens,door),

odd-soter Ia I(Ex tons, 1, Cos t), fai II

raw..aoterials...eeded
is..o(Extens, door),

propertqj(Extens, fin ishtytpe, Paint),

dimion(Extas,width,Og-,Ud-Lits),
dimesion(Extes,depth,rgcD.ikp~ ts),
convert(Org.Ht, Ht-Jkn i ts, HewJHt, IAreokw i ts),

Area Is ((2 * Me-t* lMewJ-) + (2 * Ileejt * t4wD +
(2 * NewJWd * New.Ip)),

tum-A..nits is (Area / fteo...Cov),
Tol Cost is (HkALIknits * Cost),
odd..mterial(Paint,a..Lkits,Tot...Cost),faI 1.

/* materials for windws*
raw-mtrias-nooedd

ls..a(Exter, window),

adimoterial (Extens, 1,Cost), foil.

raw..aotar ialIs-rooeded :-
is-.o( i ndow, wi rdow),
parL-of(Extens,lilindow),
is-.o(Extens,si II),
prqw L ty(Extens, f In Ishttje, Pa int),
I icpqu d(P i nt, -,Rea...C, ReJLLIn ts,.. .. Cost),
conve t(Rrea-ro, Rrea-LIi ts, Mew-Ar-ea, feet),
tMaw-Areo2 is ((N.U..Area * timw.A.o) / 5rva-Cov),
dimrion(indow,idht,OgJH,Ud-Jdts),

partof(Uinodow,Foce),

convrt(Ogt, HLL I ts, hew...Ht, trea-Ll'd ts),

convert(Org.., CU'..JM I ts, tMew..L, Area-Lin I ts),

Area is ((2 * NMauJt * N=wJp) + (2 * NowJ1w *atrp)
l*.Ah.kits Is (Area / Rra.Lov),
TotLDost is (tHim.Uits * Cost),
add...aterioI(Point,Hm.Jkits,ToL-Cost), fail.
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/t materials for frme; assumes 1 square foot of aer*
1* rquires a I foot length of frame mood *
rawmterials-reeded-

i s-.a(Extens, frome),
dimesion(Extens,height,Heigt,H-kni ts),
d imens ion(Extens, ai dth, Width, MdJUni ts),
convert(Height,Ht-kMi ts,fleLeight, feet),
convwert( i dth, LUJi ts, NewUMi dth, feet ),
property(Extes, mater ial-type,flater iI),

ater ialI (Hlater ialI , wood, Ht,HNtun i ts,UMd, Mckin i ts, Op, Opuni . . P. ... cost)

conuert(Lan,Lwwui ts,Nmm..Lmn, feet),
Area is (Hew..JeIigt *hes-lldth),
"us-Units is (Area How-LJ.en),
Tot...Cst is (hum-Units * Cost),
add..mtrioIUMtil,Num-knits,ToL Cost),fai I.

ram..materials..needd
i s..a(Ex tens, frame),
not(d Imerw jonCExtens, width,-.,-.)),
not(d lwinesIon(Extens, he i gt,...,-.)),
propertgo(Extens, ater ia I --4spe, hater i a I,
material(iaterioI,ood,Ht,Htunits,Ud,Ldumits,Dp,Dpunits_____ ,Cot)
get-ara(ExtensAea,Un'i ts),

Hes-ftmw2 is ((Ne-hra * Ne.msArea) / Rrea),
lcrxgest..dImww icn(Ht, Htuni ts, Md, Wkuni ts, Cp, Cani ts, Len, Lww i ts),
canuert(Ln, Lnws i ts, Now-Len, feet)
fhumUnits is (ftea / Nems.Len),
Tot-Dost is (Hum-Uikts * Cs)
ad&.mterialtlterial,tajLlnts,ToLcost),fal 1.
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raw...ater ialIs..nmeded
niorma L2(Face,- 1),
part-of (Exterks, Face),
is..a(Extens, frame),
property(Exteks, mter ioI type, rater ioa)I
material (laterial ,mood,Ht,Htuni ts,UAd,Ucmi ts,Cp,losni ts,.., ,-, ,Cost),
Iongest-dimenksiori(Ht,,Htuni ts,Wd.Mdni ts,C .Cpuni ts,Len.Lenuni ts),
convert(Len,Leuni tsNe.Len, feet),
is..a(Roof,roof),
paG-of(Foa2, Roof),
is..a(Foce2, ace),
pawt..of(Extn5s2, Fac&2),
is..a(Exterks2, frame),
normal .2(Fuace2, CozZ),
dl mans I n(Extenks2, hel ht, HL-face, Ht-foc.u~i ts),
convert(HL-face, HL-face-.i its, NesJ4Lfoce, feet),
d imersion(Extens2, width, Wd-face, Wdfoce-mwi ts),
convert(UdLface, Ud...foce.m i ts,NaH-kLdf ace, feet),
SinZ is (sqrt(t - (CosZ * CosZ))),
Frec is (SirkZ * Nmu-H-fae * Meui-d..face),
ftea2 is (SinZ * flau-lL-face, * CosZ * NeauHt-face 2),
Tot-Are -c Area + irec2,
Num..Jknit~s is (Tot-Area / Hw..Len),
Tot-Cost is (l*.a-knits *Cost),

add...maeria (Material MAI~anki ts,ToL..Cost), fai 1.-
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ram...ater ialIs-needed
normal2Z(Face,-1),
gxwL..of(Extens, Face),

property(Extens, mater ia l-typ., atew i l),

longesL-d i maiIon(Ht, Htun its, ld, Mcub its, [p, tpxni ts, Len, Lenuni ts),
conver t(Len, Levn i ts,t4.umLeI, eet),
is...a(Roof,roof),
port-of(Foce2,Roof),
is.oXFace2, ace).
part-of (Extww2,Fac*2),
I s...a(Exterw2, f, ame),
nore I .2(Fac.2, CosZ),
not(dimen i on(Extens2,helght, -,-,
diawsi on(Foce2, he ight, HLface, Ht-face-Lm i ts),
convert(Ht-fae, HL-foce-.. i ts, Iles.H-fce, feet),
d i sw.s i on(Faca2, a idth, Ud-face, Ud-face-L~m i ts),
conovert(Wd-face,WM..face.Jma its,ftew.JMdface, feet),
SinZ is (sqrt(1 - (CosZ * CosZ))),
Area is (SinZ * ewHt * te eJ-dLfoce),
Fh-ea2 is (SinZ * Me-HL-face *CosZ * I4eAI4-face),
Tot-Aea is Area + ftea2,
I*ua.JUkits is (ToL-Anea I K.Len),
ToL-Dost is UumJknits *Cost),
ad-ter i aI (ater ia I , um-ints, Tot-Cost), fai I.

/* frame material of type "filler" *
raw..materials-needed-

s..a(Extens, frame),
property(Extens,material-type,flateriaI),
filI er(lloterial ,..,tUoI,UoIlui ts,-.,..,Cost),
get-area(Extens,Re,Uk1ts),
convert(jol ,Uoluni ts,tHSJJO ,tni ts),
tlew-VAo12 is ((MewJVoI * fto..JJO * ftow.VoI)/(VoI Vol)),
dim ion(Exte s,deth,l,DpnWi ts),
car vert(tp, DpuivIts,flew.J,ni ts),
HumJ-frnits is (Area * MeeJDp / tie,.JoI2),
ToL-rost is (Ita-...ibits * Cost),
odmteriaIUMteriaI,t**-Lfrnits,Tot-Cost),faiI.

94



raw..mater ialIs..nemded -

s..n(Extens, saut...over),
dimenslon(Extenis,depth,ThThwuhlts),
property~(Extenks, mater a l-tpe, Mater io I),
mterial (Material ,-.,Ht,Htunits,Ud,Ikuavi ts,Dp,Dpuni ts, ,-,....,Cost),

fictJ-d,n I ts2),
get-area(Extenks, fteo, Uni ts),

convet(RcLLHd,Lni ts2,RctJHd2,tkli Is),

hu-Un'its is (Arega / (Aict.Jt * RctJkd2)),
TatCost is (lum..Inits * Cost),
odd...aterial(flterlal,tHua-klits,ToL.C-ost),fal .

raw..materilts.,roeeded :
is..a(Extmns, subcovmr),
not(dimerksion(Extens,depth,Th,Thuni Is)),
property(Extons,materiol-tyjp,fotria1),
mterial (Ilterial ,-.,Ht,Htuni ts,U4d,Wdkmlts,[P,Dpunl ts,.-...,.,..Cost),
get-area(Exterws,F*ea,tni ts),

convlert(Ud,Hu~.ni ts,MinuJMd,Lhni s),
tIus-Unitz is (ftrea / (Ilejit * IMeJ-)),
ToL-Sost is (MumJknits * Cost),
od&.aterial(flateriol,Mia-dkbits,ToL.,Cost),fai I.

ram..materials...meded :-

property(Extenks, material-Aype, Paint),
I i qu id(Pa int,..-, tArecXov, Are..JkA t,.....Cost),
ge LArea(Ex tens, Area, Lkn I ts ),
conv rt(ftrea-.Cov,ft-eaJLhni ts,NMu..fea,iits),
the-Jea2 is ((Hew-Arfea * HeI.to) / ft-ea..Cov),
iim.i ts isz (Area / NMeRea2 ),
Tot-.Lost is (tHam-lits * Cost),
add..matrial(Pint,NuaJknits,Tot-Xost),fai I.

rcm...moter alI s-.raed -

i s..a(Extens, cover),
dimmwn i on (Ex tams, dnpth, Th, Thwb i ts)
property(Extns,mterial-type,tlaterial),
material (Matm-jot ,..,Ht,Htuni Is,Ud,Uckmi ts,C,Ommi ts,,..,..,..,CosI),

Ac tLUL i ts2),
go t..area(Ex tens, Area,Utk Is),
conuert(ActJ4I, indh Rct-Mt,Units),
convert(ActJd,l InhsRct-dW,Llit s),
?*nJUnits is (Area / (Rct.JHt2 * RcIe d))
TotLost is (Hum-Unkits * Cost),
add-.mataiialQhtarial,I*.m.Jk~its,ToL Cost),fai I.
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raw.uaterials-neaded
is..a(Extenks, covjer),

not(diension(Extens,depth, Th,Thui~aits)),
property(Exterm, mator I 01 -..type, rlotor Ia I),

getaeoa(Extw&s,ftrea,Ini is),

lMam-ni ts is (Firea / (Mewjit * N4ewld)),
Tot_.Cost is (ItimJLknits * Cost),
add...mterial(flterll,Ikm-Units,ToL-.Cost),fai I.

raw..mteruls-eeded
i s..a(Extm, cover),
ptvpertj(Extes,meater Ia I type, P I nt),
I i qu Id(Pa int,..-, Ar..Cau, FWt-eaJni ts,.. Cost),
ge f..4rea(Extens, Area, Lin i s ),

Hew...teo2 is ((flewAfrea * Mew...rea) / Rea-ov),
Ium-Units is (Fhea / HmJ-Ara2),
ToL_.Cost Is (1*m.j~hts * Cost),
add..*teriaI(Paint,NumJknits,TotLmot),fai I.

odd...aterialatwrial,tua.Ih'its,To-Cost) :
retract(moteriot.J ist(tlotw lot ,0Id.Jka..JI ts,OId.Cost)),
Meu-a.kits is (Old-tAnkiis + umL~Ankits),
llee-.Cost is (OclCost + Tot-Cost),

ass-meri(arili hitftal,NmJo .. ki srIo..Cst),

ad..seri(oteriaistteksis,oL-UnisTot)t

/* material data */

material (shlnglel2,shlngle, 12, Inchi~s,O, inchms0.25, Inhes, 0, fee t,O, feet, 1.25).

motor ialI ( tar-paer2, tw'~pwe, 72, 1 nches, 240, inhs, 5 inhe,,feet,0,
feet, 125.00).

motor alI (tar.poper 1, tar-.paper, 72, incmhes, 240, Inchs 0.25,1 inhe, ,feet, 0,

mater ia I ( twopape3, tar..pe, 72, 1IncheS,240, 1nces0.25, Inces0,feet,0,
feet, 110.(K)).

material (sheath..pw24, shoath...pr, 12, feet, 100, feet,0. 1, inchs
0, fact,O0, feet,73.65).

material (ooodS,oood, 144, idies,4, inches,2, inches0, feet, 0, feet,S. 25).
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materioI(hord-mood,hard..ud,4,i inh 24,fe~t,0.5, ind
0, f ee t, 0, feet,. 12. 00 ).

mteria(hardoad32,harcbowrd,, feet, 10, feet, 1, inches.O, feet,0, feet, 136.55).
eateri l(harcboard?8, hcrcboad, Z, feet, 24,feet,1, inoches,0, feet,0, feet, 290.00).
material (hardbocd34,hmrcowrd,24, feet, 10, feet, 1, nches,0, feet,.O, feet,95.35).

/' use brick lOx4x6 effective size */
material (bridc98,brick, 10, 0ns4, inchms,6, iches,

0, feet,0, feet, 1. 15).

I iquid(pintpint,0, feet, 1,901lon,,8.00).
I icqid(pint2,pint,700,feet, 1,gal Ion, 13.55).
lIIquld(palntf?,,palnt, 1100, feet, 1,gal lon,8.25).

1* 10 lb, per 2 cubic feet */
fit Ier(co rmto1,convrete,2, feet, 10, Ib,5.00).

material (doorl,-..,.,., ,..,,.,,feet,0,feet, 16.00).
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/* Housel File *

Pi house data *

i s...(house1, house).

PrOPerty(house 1, sutype, s Ing I e...rom).

C-Ontains(housel, Iroof 1,exteriorl,rooml I).

/' exterior data */

is..n(exterior ,extri or).

containks(exteriorl, !face5, face6, face?,faceai).

part-of (exter i or 1, house 1 ).

/* rof data */

is..a(roofl1,roof).

conta i w(roof 1, 1 fact11, face 12J1

part-of (roof 1,house 1).
-~ - - - - - - - - - - - - - - - - - - - - - -

Is...(facel1, face).

d imens 1on( facel 1,he 1 gt, 151. 5, inchus)
d 1 sasi on( face 1, aIdth, 34, ind~m)
diaenksion(facell,dnpth,O.5, Ils)

containks(facel 1, fle,subcover2,sub-.cover1,covw1)i).
normal.XMacel 1,0).
rorma I..Y( face 1,0.34).
nroa..2( face 11,0. g4).
part-of (face I I.,roof 1).

91B



prperty( frame 1, mater ioa -~type, .00dB).-

dimension(frose,height, 139.5, inoches).
d i mes ion(framl , vidth, 382, ince)
dimension(framel,depth,4, inches).

face(framel, facel 1).

part-of(framel, facell).

i s.o(stt'cover2, sub-.cover).

property(sub-cover,2, materIal .. tye, .od).

dimension(sibt~cover2,depth,2, ine)

prtof(sub-.cm-er2j act 11).

I s...(sub-.cover 1, su...cov).

proper ty(sub-.coverl1,mater 101...type, tar..pape2).

d lInenw I on(sit..cover 1, depth, 0. 25, Indhs)

part.of(sdb..coverl, facet 1).

is..a(cover1, cover).

property(coverl,moteril.type,shinglel2).
pr'oper ty3(cover 1, f in ish-m I or, bre ).

diawicin(covwr.,dspth,G.25, ivdn.

par-.of(coverl, facet 1).
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ls...a(facel2, face).

di a kqion(face 12, height, 15 1. 5, inches).
d i mns ion(face 12, ai dth, 34, inchs) .
dimension(fac02,depth,5.5, inches).

contal ns( face 2, 1fram2, sik..coer 13, sub.cover14, cover 121).
normal ..XMace 12,0).
nrma I ..Y( face12, -0.34).
norea I ... ( fac 12,0.94).
parL.t( face12, roof 1).

is...a(froWe, frame).

propertyC frcme2, material-..tpe, woodS).

dimension(frame2,height, 139.5, inches).
di-ma, -ion(frm2,width,382, inches).
d i-ewn-i on(fr'iue2, depth, 4, i nches).

face( frame2jfce 12.

partof (fraWe, facel12).

i s..a(sub-.cover 13, si.bcover).

property(sub-cover 13, mater Ia I .type, woode).

dimension(subt..cover 13, depth, 2, ince)

par-of (subcover 13, face 12).

I s..A(su..cver 14, sut..cove).

propertyj(sih...covr 14, mter ia I tye tw...paer2).

d Iow Iaon(sub..covu- 14, depth,0. .25, I nche)

par-of(sub-.cover14j acel2).
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i s...(cover 12, cover).

proper ty(cover 12, ater ia l-type, shingle 12).
propertj(cover 12, f in i sh-.co I or, broun).

dlipmnon(cover 12,depth,0. 25, inches).

part~of(cvver12, facei2).

1*room I1

is....(rooml,room).

coord i nat..sX(prockct, roo 1,0, inches).
coordlnotes.Y(product,rooml,o, inches).
coordinotes..Z(prockuct,rooml, 12, inchs)
containsrOoml, Ifocel, face2, face3, face4, faceg, focelO)).
port-.af (room 1, house1).

/* foae */

i 6-0.( fam I , face)

d iaew ion(face 1, height, 115, inches).
dlmenkslon(facel,vldth,362, Ice)
d iems ion(face1, depth, 1, ince)

cantoai nks(facet1, (sAb..couer3, cover2 I).
nor Iml..Xface 1,0).
norma I.Y( face,-i).
norma ..Z(fce 1,0).
parL-Of( facet, Iom )

x..a~saAL..couer3, sauboe).

proper ty(suk..coue3, mater i a I -tAype, hardboad32).

d imens ion(subd-mover3, depth, 1, inches).

part-of(sub..eover3j acet).
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i s..a(cover,2, cover).

proper ty(cover2, mate i a I -type, pa i ntg).

preopety(cvver2, fin i sh.±o or, ye tI o).

partof(over2, fce 1).

- --- -- - -- - - - -- --

1* face2 */

is..A(face2, face).

d imo on~( foc2,he i gt, 1 15, inches)
dimesion(foce2,uidth,240, inches).
d imens ion(fac.2, depth, 1, inches).

contains(face2, tsub-cov4,cover3I).
norwa .X( foce2, -1).
Worm ...Y(face2,O).
rma I .( foce2, 0).

partof(fae2,ro=m ).

I s..A(sik...cover4l,sub...cover).

propm tLJ(mab-.couer4, materiajot e, haridbood34).

dimensio(sub-.cove-4l,dmpth,1,ince)

par-.of(sk...cover4, ace2).

is...(cover3, cover).

property~coum-3, matria I -t~ype, pa i ntg).
pr oper ty(axwe3, flInlish-.co Ior, yeI I ow).

part-ot(cover3j ace2).
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/' tace3 '

is...(face3, fae).

dimension(face3height, 15, Inches).
dimenion(facO,width, 362, inches).
dimenksion(face3,depth,1, inches).

conta i ns( face3, isub..cover5, cover4)).
normalI..X( fac3,O).
noraal..(face3, 1).
morma I -Z2( fmei3, 0)
parto f ( face3, rom I)

a s..a(sak,..ccjer5, sut..cover).

property(sub-..cover5, mater ia I ..tye, harct'oard32).

diaension(sub..co'iver5,depth,1, inches).

part-of(sub.40ver5, fce3).

i s..a(cover4, cover).

propertyr cover4, material ..type, palntg).
;x opet t(cover4, f in ish-.colIor, yeI I on).

part-of(cove-4, face3).

/* foce4 */

is-a(foce4, ace).

d i m nion( foc4,he i gt, 115, in.hes)
dimenksion( face4,oldth,240, Inchd)
d i mesi on(fac.4, depth, 1, inchs)

contains(face4, (sadb.cover6,coer5I).
normal..X(foce4, 1).
nrmal.S(face4,O).
norma J-(face4, 0).
parL-of(fae4,room 1).
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i sn(subcovar6,subc-ow).

pr~oper ty(sub-.coverG, materialotytpe, hardoard34).

dimewI on(sub-zover6, depth, 1, Inches).

par-of(sui-cover6, face4l).

i s..A(cover3, cover).

proe tyj(cover5, ater ,a I ..tyge, palntg) -

propmty~couer5, finish...coor,yel lou).

parL-f(cover5j ace4).

1*-foce5 */

/* use brick 10x4x6 effective size ~

Is..a(face5j fce).

dienion( foce5,height, 120, inchs)
dimwin(fc5,uidth,382,ince)
di mwwi on( toce5, depth, 6, incs)

cota ins( face5, Ifrou3, sub-cove?, coqw6 ).
normal..X(face5,0).

rWKW I .( fac@5, 0).
par-.of(face5,exteriarl).

is..a(frue3, frine).

proper ty( frtue3, mtor Ia I -tpe, - acO).

d imeionIcM r=n3, depth, 4, inches).

tace(fre3, fae.
fae(fram&3, face I)

part-of(fre3, ace5).
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I so-(sub-.cover7, sub-cover).

Pro~ tY(sub..cover?, mterial-..type-,sheath..pcqWe24).

parL-of(st...caver7, foce3).

is-a(coverO,cover).

prvpety(cover6, mterial .type, br ick88).
Propwty(cover6, finish...color,red).

dimw i on(cver, depth, 6, inches).

Pawt.of (cvuer6, fw95).

- - - - - -- - -- - -- -

1* fGCQ8 */

is....(foce6, ace).

diew's ion(foce6,height, 12C0, inches)
dimension(face,ldth,250, inches).
dim nion(fac*6,dapth,6, inc )

COMO i nz(facn6, I frawn4,satb.coue, covw,,ui rdomI I)
nrMIa I..x ( faueo, 1).
norlmal.YfacelS,O).
norvaL-Z( faceO,0).
part-.of(face6,exteriot 1).

is...a(fr4 IFam)

proper ty( frame4, mater ia I ..tape, uoodS).

d i i on( frcme4, depth, 4, inches)

foc.(frme4l, fook.
face(fr4,p face2).

part-OfWr~, PfaceV)
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isa(su.t..cover8, subc .ver).

pi vper ty(sub..mwe8, mater i a I -. tpe, sheathper24).

part-oDf(slutL.covwrS, foce).

is....(cover7, cover).

prvoperty(cover7, moter i 01..type, br ick88).
proper ty(cover7, f in ish-co I o,ed).

d imamion(coe&,depth, 6, inchs)

part-of(cover7, face6).

s.a( irtdos 1, i ndou).

d i ww i on( i ndo 1, he it, 3, inrches)
d i meks ion(v i rxow1, ai dth, 48, ince)
d i me i on(* indow 1, depth,0. 5, inrches)

conta ins( i ndow 1, fpcm 1, si II 1, ee I).
face(vindowl, toce2).
foce~windowl, foce6).
cord Ina tes.X ( IocaI , vinmow 1, 95, inrches)>.
coordinots.Y( tecal ,uindilOG, inchs)
coordlnotes.Z( local ,uldowl,OO, inche)
part-o.f(aindoul, face6).

i s...(pane 1, pane).

proprtyj(pons1, quo I it, 4)

part-of (pa1, aindoul)I

PI opm ty(s i II 11, f inish-.tpe,pa int 17).
proparty(slI II,tInIsh...or,shite).

par-of(si I I 1,vilowl).
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is..a(case1, case).

par t.of (Case 1,.a inrdo 1)

/* face? *

is....(foce?, ace).

dimmnaon(fc.,height, 120, inches).
dimension( toce7,sldth,382, Inches).
dimenksion(foce?,depth,6, inches).

conta ins(face?, Ifram5, subco.'wQ, eou8, door 11).
rormal.X(foce7,O).

noraol.2( face?, 0).
parL-of(face7,exterior 1).

is...a(frame5,fom)

prvperty(lrcame5, materia -oty.pe, moodSa).

dimension~frcme5,depth,4, inches).

foce( frcme5, face?).
face( frcoe5, foce3).

part-.of( friine~,ace?).

i s..a(su.t..coer9, su....co ).

Prow ty(su..covwg, mterial-type, sho-ath-pqoner24).

pa L..of (sub-cmoerg,face?).
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is-a(covr,cover).

property(cover8,mteril-I.type,brickOB).
pi perty(cover, f i ni sh-.co I or, red).

dimenion(cover8,depth,6, irdus).

parL-of (covergj ace?).

s..a(door1, door).

propertyiidoor 1,material .tye, .ooc).
propertyj(door 1,1 f I tLye pa Int2 1 ).
propety$doorI, finish..color,broun).
proqwtyj(dowl 1knob-.type, round32).
pe opeLrty(door 1, h i nge...type, square3 i n).

dimerio(door,height,84, inches).
dimnion(doorl,uidth,35, inches).
diamwnion(doorl,depth,2.5, inches).

foce(door 1, foce3).
face (door 1, face?).
coordinates..(local, door 1, 125, ince)
coordlinotes..( l ocal 1,door1,O0, IncS.
coordinates...(Iocal,doorl,42, inchs)
pcirtof(doorl, ace?).

1* faceS */

is.a( faceS, face).

dimension(foce,height, 120, intes).
dism sion(faceB,uidth,250, inches).
dlmnslon(foceS,dnpth,G, Inchs)

can to i ns( faceS, I trave6, sub-&mwve 10, coverg 3)
noruaL-X(foceB,-1).
norm ILY( faceS, 0).
norm I .Z(f1ae, 0).
part-of( faceO, exterior 1).
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I sfl( frameO, frame).

Property( frme6, mater i 01 tye, uood8).

dlmension(frame6, depth, 4, Inches).

face(frme6jfcee).
face( froo, foc*4).

part.of(f, Pfoce).

s...(sub...cover 10, suk..cover).

propety(suk..couer 1, mater io I type,sh5thafper24).

partLof(sub-.cover to, faceS).

is...(coverg, cover).

PropertY$coum', material .tp, br ickBS).
PrOpertycover9, flnlsh.coloe,red).

ParL-of(coverg, faceS).

/* faces *

i s..a( faceg, face).

dimension(faceg,height,2O, feet).
dimmsion(foceg~width,30, fst).
dlmenslon( faceg, depth,1, Inches).

contains( faceg, Iframe?, siud..cover 1, cov 10)).
vrma I..XfaceS, ).
normal....(faceg,0).
nrwmol.Z(fom.%-1).
part-.of( faceg,roo. 1).
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i s.a( frame?, fra4me)

propertj( fre7, mate i a I typesood8).

face( frame?,faceg).

part-of (frame?, faceg).

is~a(sub.cover1 1,s~...cover).

propertyj(sub-.cover I1I, mater I a I -tpe hw2xrM?).

dlimension(soh...coveril ,dinpth,1, ince)

par-ot(sub-..coveri ,faceg).

is..a(cover10, cove').

property~covrlO,matriltype,paint 1?).
pnopw t(cova.1O, finish...coor,hi te).

pau-tf(ceowr 10, faceg).

1* facelo *

i S..a( face 10, face).

d i mei on( face 0, he it, 32, i rches)
dlemnson(facelO, width, 252, Inchs)
diesion(face W, depth, 12.5, inchs)

c*ntains( face tO, frameBt, sub-coue12, cover Ill).
norm I ..XOfce 10,0).
nrmalV-faceIO,G).
normal.2( face 10, 1 ).
pur-af(facelOaml)I
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I s...*fromO, fr~me).

PrOPertY( frmse8,material-type,concrete 1).

dimens ion(frae8, depth, 12, inches).

face( framB,face 10).

part-of~frome8, face 10).

I s..a(sub .cover 12, sw.~cover9.

ProPertY(sub-.cover 12, material01 p har-d..uod).

dimension(s.b..cover 12,height,20, feet).
dismnion(su...covar12,uidth, 30,feet).
diwmnion(sub-.cover12,depth,O.5, inches).

Pa'rtaf (sub~cover 12, face 10).

I s..a~coverI I, cover).

pivperty$cover 1, mterial-type, point21).
PrOPM ty~cuwr 11, f in i sh oar, brow)

dimmnion(coverl ,height,20, feet).
dimension(coverl ,width,30, feet).

pm -of (Covinr 11, face 10)



/* Scgem File */

par-.of (hous, ftIoorplIan).
pwar-f house,exteri or).
part-f(houe,rom).
port-of (house, roof).
part-of(hoEue,space).

part-of(roof, face).

pa'r to 0 , face).

part.ot(space, face).

part-.of(exterio-, face).

part-of(face,door).
parLof( face,window).
partof( face, opening).
pat-of (face, covmr i ng).
parL-of( face, sub..cover ing).
part..of(face, frain).
partof(face, insulation).
pamt-f (face, comet ion).

part-of(correct ion, p binrg).
part-of(conrorction,electric).
part-of (corraect i on,, heat jng).
part-of (correct I on, gas).

partof(mindow,cmeI).

pua-f(ldow, pare).

trons...pwtof(X,Y) part..of(X,Y),1.
trans..partof(X,Y) pawtof(X,Z),

trwa4s..rtOf (Z,Y), 1
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1* Conversion File *

cOrnmrts(AI,tmt,B, feet) B R .
czoyegts(A, inches,B, inches B = A.
corwerts(R,fet, B, inches) -B = A *12.
INt~wtz(, inc ,B fmt) -B = A /12.

cciwoerts(R, feet,B, yards) B = R 3.
cmOnvrts(A,ywrds,B,feet) B = R 3.

convert(A,Dimesi ont,B,Dimension2)
converts(A,Dime slanlB,Dimension2),!.

convert(RDimernsionl,B,Dimension2) :
corwerts(R, Dimww ion 1, X, Di men i omx),
not(equol (Dlaenslcml,Dlaenkslonx)),
convert(X,Diwasinx,B,Dimmnsiorn2).
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/* Routines File *

1* find longest dimension of three passed in ~

convert(Nd,lJdublts,lew.J~d,Htuiits),

mimuiem(Ht,flesJW, la),

maamA,8, A)

R ), B,!.

maxlmum(,B,B).

/* have match if within .25 inhs*

convert(R, R-UnI ts, tlew..., ince)
conver t(B, HJkhi ts, Nmu.B, ince)
comewt(C, C-Uni ts, e..C, inchesd
convert(0,D.Jkmi tsNms.D, Incte)
((t"ev-.D - fte,.C) < 0.25),

Wev - NawX) >- 0. 25),!1.

mtch(,A4Mnits,B,9Ml~its,C,C.Iknits,D,DJ-hnits,A,FAJ~its,C,CJk~its)

cone-et(A, BJ i ts, hMa", inchei)
convert(B,B.Jbi ts,tkX Ne..inchs)

convert(D,111.11i ts,New..D, ince)
((WD - Ilew..B) ( 0.25),
(("n.D - Neu..B) >- 0. 25),!1.

match(A,A-Ini ts,B,BJLi its,C,C4i ts,D,DJMi ts,B,B.L~i ts,C,CJkhi ts)
corwert (,...L I ts, le..., Ice)
covut(B,BJLli ts,Nsu..B, inchs)
ccnwert(C,CJhI ts,thwX., inchs)
conuut(D,DJni ts,Nem..D, incm)
(Mfew.D - Neu..R) c 0.25),
((Nee.. - Niew-.A) ) - 0. 25),!1.

match(A,RJIi ts,B,BJMli ts,C,CJ.its,D,DJ~nits,A,...hi ts,B,94kni Is)
nl,wrlteVErirr "o match founad during ra material calculatlo.'),falI.

/* routine to get mer of list *
mmbo(X, (X I I ).
amboe(X, WILD : mmbo(X,L).
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[4 routine to delete member of list *
dalate(X, I, (1).
delete(X,IXILJ,L) :- .
delete(X, fY11), tYlIM) delete(X,L,l).

equal(R,B) 8 A.
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APPENDIX D

I ?- start.
check for house house 1

check for exte ior eter iorl

check for roof roof

check for face face II

check for frome frCG I

grade marks mut be clearly visible on all framing
members for inspection

check for sub..cover S b-Me2

check for sub-cover sub-over1

sub.cover sub_cmwrl meets requirements; allowed substitutes are:

- tar-paper I

- tr4per3

check for cover coe 1

check for face face12

check for frame frame2

gad& marks must be clearly visible on all framing
w s for inspection

check for sAub"oeM ssb.Jcover 13

check for sUba.ovesr wAL~u 14

subougr subover14 meets requ iewits; altomd substitutes we:

- tarppe I

- tar-paper3

check for cover cww 12
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check for room rooml

check for face face1

check for subcover subcover3

check for cover cover2

check for face foce2

chec for sub-cover sub-cover4

check for cover cover3

check for face foce3

check for subcover sub-cover5

check for cover cover4

check for face face4

check for sub-cover sub-cover6

check for cover cover5

check for face face5

check for frame frame3

grade marks mist be clearly visible on all framing
members for inrspection

check for sub..cover sub.over7

check for cover cover6

ap roved methods mist be used for bui Iding maoryj wa Is
when outside air teera ture drops below 40 degrees farernheit

check for face face6

check for frame fm

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

check for wjb-cover sub-cover8
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chuck for cover cover?

approved methods must be used for building mosorvwj walls
when outside air temperature dfrops belmw 40 degrees farerd it

check for w indow awindow I

cekfor pone pn 1

par- panel passed qal ity check

hekfor sill sitl

check for case case 1

check for face face?

cukfor f rame f rame5

grade marks mist be clearly visible on ofll framing
membt for inspection

hekfor sub-.coe sudb..cover9

check for cover covers6

approved methods must be used for builIding masonry walls
when outside air temerature drops below 40 dm*ee fat W a it

cekfor door door 1

door doori passed - height

door doorm passed - width

door door I Poss - depth

cekfor face faces

ctkfor frm fro"

grade marks must be clearly visible on all framing
mebet for inspec-tion

cekfor sub-.cover sub..cover 10

cekfor cover coverg

approved mthd ant be used for building masr i als

when outside air temperature drops below 40 dogee farenh i t



check for face fac 9

check for frame frame7

grade marks must be clearly visible on all framing
mbrs for inrpect i on

check for sub-cover sub-w er11

kfor cover coer 10

for face face 10

for frame frameS

check for subcover sub-cove 12

check for couer c, o 1l
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Production Sequence Report for houseI

- house style is single-room
and consists of (roofl,exteriorl,roo.l]

-- --- : - -- -------- - - -- -

: : - -- _- - ---- - -

comment normal for each face listed

FACE X Y Z

facell 0 0.34 O.g4
face12 0 -0.34 0.94
facel 0 -1 0
face2 -I 0 0
face3 0 1 0
face4 1 0 0
face5 0 1 0
face6 1 0 0
face7 0 -1 0
faces -1 0 0
faceg 0 0 -1
face I0 0 0 1

-- -- - -----. . .. . - ; - - -- - - --- - -- -- - .- --- ---

comment : erect foundation a frame

frames assemble material type: concretel
frame4 assemble material type: wood
fr assemble material type: woods
frame3 assemble material type: woods
frame5 assemble material type: ood
frame? assemble material type- wood
frame I assible material type: goods
frame2 assemble material type: wood
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---- ---- - - - - - " --- -*-

comment put door framing In place

doorl assemble material type: WOOC
- attach to: face3 face?
- location relative to face?
X coordinate 125 inhes
Y coordinate 0 inches
Z coordinate 42 inches

comment : put window framing in place

.-- -; - ---__ -- -------------- -----_ _

sill'! assemble window sill for: windowl
- attach to: face2 face6
- location relative to face6

X coordinate 96 inches
Y coordinate 0 inches
Z coordinate 66 inches

comment : put up exterior siding

subcove 10 assemble material type: sheath-pap24
sub-mover assemble material type: sheath.paper24
subcover8 assemble material type: sheath-.poper24
sub-cover? assemble material type: sheath..paer24
coverS assemble material type: brick88
cover? assemble material type: brick88
cover assemble material type: brlck88
coverg assemble material type: brickB
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-- -- -- - --- --.-- -_ -:: -- : : - - --- -- --- - -'

comment : put up roof

subLm.cer 13 assemble material type: oood8
sub-Pover2 assemble material type:
subjover I assemble material type: tarpaper2
subcover 14 assemble material type: tar-pcper2
cover 12 assemble material type: shingle12
Couer I assmIble material type: shinglel2

comment : put up faces for each room

--- -- - --- - - - :- - - -:_ _

sbakover I assemble material type: hwAd78
sbcove6 assemble material type: hardbocad34

assemble material type: had3 4
sub.cover5 assemble material type: hKdboard32
sub-co~3 assemble material type: d32

* *-- - - - -- - - - - - - -- - - - - - -

comment : build floor as last stop
* *

- - - - - - - --~. .- - - - - - -- - - -

sau ouer 12 assemble material type: hI'd-moodg

commnt : put windows in place
*

- -- --- --- ; ;-- - ---- ---- ---- -

windowl complete using panel casel

c t : put finish on windows and door

sitI finish painti? hite
doorI finish paint2l broen
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comment put on door knobs nd hinges

.= . ----------- - - ----- .- -- ,

door1 assemble knob round32
doorl assemble hinge square3in

------ .--- -- _-- -- --- M ---- --. .-- -- ;

comment : put final paint on fces

- --- -- -- - -- -- - - ----- : - ; ; - ----- -----

coverIO point material type: paint17
cover3 point material type: paintg
cover5 poaint material type: paintg
cover2 paint material type: paintg
cover4 paint acterial type: paintg
coverlI paint material type: paint2l
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Raw Materials Report

I tem Cost Units Required

door $16 1

windowl $30 1

concretel $1737 347.514

wood $3582 434.194

tar-paper2 $841 5.73333

hcxboard32 $211 1.54775

hardbod34 $147 1.54722

hai'~oQd78 $200 0.694444

hard-atucI9d $900 75

sheoth.pape24 $b4 0.850277

shinglel2 $2020 1616

brick88 $4224 3673.2

paintg $8 1.0317

paint17 $4 0.551818

paint2l $12 0.920

Total material cost is $13g M
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Start Ra.w Materials Report (w/ substitute)

subLv1r: subst itute tar..ppl for tm-.pew2

Raw Maoterials Report

Item cost Units Requirend

dol$10 1

v Indow I $3D0

conocretel $1737 347.514

tar.pcaner 1 $504 3.35M0

uoocB $3582 434.194

tar..pa per 2 $420 3.315fle

harbocrd32 $211 1.54776

hardboard34 $14? 1.54722

hwrdboard?8 $200 0.694444

horll-moodg $W0 73

sheath-Ppier24 $04 0.8502?

staingle12 $2020 1010

brIckM $4224 3073.2

paintg $8 1.0317

pointli $4 0.551818

paint2l $12 0.923095

-- - - - - -- - - - - -- - - - - -

Total material cost is $14079
-- -- - -- -- -
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| n

sub.cover : subst i tute torpaper3 for tar.papr2

Raw Materials Report

Item Cost ln.its Reqluired

door $16 1

concrxtel $1737 347.514

ta-rxqP 3 $370 3.3 UMa

1da $3582 434. 194

torxpaler2 $420 3.

tardboard32 $211 1.54776

hardboard34 $147 1.54722

harbord78 $20 0.94444

hard-moodg "W 75

sh th4xer24 $54 0.80277

shlngle12 $2020 161

brick88 $4224 3573.2

paint9 $8 1.0317

paintl? $4 0.551818

patnt2l $12 0.923095

Total material cost is $13945
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su>cover14: sstiltute tcr..pw 1 for tarxpw2

, -, ------------------ - -: : ---- : --

Raw Materials Reprt

I ten Cost Lini ts Required

doorl $16 1

wilow1 $w0 1

correte 1 $1737 347.514

tar.paer2 $420 3.

woodB $3= 434. 194

tarpaper1 $504 3.3506

hardboard32 $211 1.54775

hmiboard34 $147 1. 54722

hrwboord78 $20 0.94444

hard-woodg $900 75

sheathaper24 $04 0.8 302

shinglei2 $2020 1616

br i ck88 $4224 3573.2

paint9 $8 1.0317

point? $4 0.31818

paint2l $12 0.923095

Total material cost is $14079
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suh-coverl4: substitute tar.par3 for tar-paper2

Raw Moterials Report

Item Cost Units Required

doorl1 $16 1

window) 30) 1

concretel $1737 347.514

tor-xpq:w2 $420 3.

wood8 $3582 434. 194

tcr..xqper3 $370 3.30W0

hrord32 $211 1.54776

hdboord34 $147 1.54722

harlboud78 $200 0.094444

hardwood9 $900 75

sheath.xpw.r24 $04 0.8502?7

shingle12 $2020 1010

brickOS $4224 3573.2

point9 $8 1.0317

paintl? $4 0.551818

point2l $12 0.923095

Total moterial cost is $13945
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