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ABSTRACT

\h method for the construction of a rectangular

geometric dual from o Deltchedron based maximally planar
odjacency groph is given olong with its computer
implementation. In addition, a method ond its computer
implementation for the addition of areas to form a block
plan is given. Comparisons with output from other
computer methods is included. Possible extensions
include the construction of a rectangular geometric dual

with areacs for all maximally plenar adjocency graphs.
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3 CHAPTER 1

¥y

il

o INTRODUCTION

;b The problem of where to locate different

o fFocilities within o structure is a very old one indeed.
f: Whenever a building serves more than one function with
,éz each function having specific equipment or space

Qﬁ requirements, choices must be mode to determine the best

§% location for each function. Even the simple problem of
iEE locoting o bed, fireplaoce, and table within o cabin

.ﬁ: requires choice among differing alternatives. This

gﬂ problem however, is not limited to location of rooms or
{% functions within a building. Extensions can be made to
iﬁ include problems ranging from the location of different

ﬁ% buildings on o site to eslectronic components on o circuit
i% board. Many approaches to this problem have been token
.ﬁf over o great span of time. One opprooch sometimes

ﬁ; referred to as iconic, includes building models of the
%E differsnt components and physically placing them in

;fs different locations within o model of the building. The

:}j onalog approach is one that transforms the original

:5% problem into some analogous problem and then solves this

iﬁ onalog problem. The solution for the originol problem is
i:; then obtained by o raverse transformation. The approaoch
e !

2

! >,
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:@i _ that as of lote has had by far the most attention is the
g{ symbolic or mathematical approach.

‘%§ ' This thesis deals with the extension of several
;ﬁﬁ specific mothematical approoches. In particular, the

%? development of the spacianl relotionships infered by the
Q% results of o speciaol class of graph theoretic methods
A?ﬁ‘ known as Deltahedron Heuristics.

ng The purpose of this thesis is to develop o

?ﬂ systematic approach to construct a rectangulaor geometric
?'? dual from these Deltahsdron based adjacency graphs and
§$ include areas to form a block plan. Chapter 2 describes
%& the problem as well as some past work in the area. 1In

oddition to a systematic approach for developing a

.ﬂ] rectangulor geometric dual and its block plaon, o computer
implementation of this method is included in chapter 3.
Comparisons with two other computerized methods are given
e in chapter % while chapter S contains conclusions and

Wt suggestions for further work.

w
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CHAPTER 2

PROBLEM STATEMENT AND PAST WORK IN THE AREA

The general purpose of all of the lugout methods
proposed is to specify locational relationships between
faocilitiss so os to optimize some performance criterion.
These relationships are gensraolly of two forms, the
odjacency of facilities and the distance between
facilities. The most common objective functions used to
measure the psrformance criterion aore maximization of
total ochievaoble pdjocencies and minimization of total
transportation cost. When maximizing the sum of
adjacencies, each adjocency betwesen two facilities has
soms specified score and the total of all adjocencies
realized represents this total adjacency score. The
minimization of total transportaotion cost usually assumes
that transportation cost is a function of distance and
therefore the overall poirwiss distaonce bstwsen
facilities that have some matericl being transferrsd must

be minimized.

€=-1_Clagsaical_Lauaut_fpproaches
The First formaol mothematical modsl of the

facility layout problem was in ths form of the Quadratic

3

N 1. 7) V5 3 ) o 3 w,
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ﬁg Assignment Problem proposed by Koopmons and Beckmann

?v; (1957). This formulotion takes ths approach of dividing
5& . each facility into some number of equol size

%a subfacilities, usually using the size of the smallest
§%f Facility. The task is then to assign esach subfocility to
1&”’ o location on an orthogonal grid representing the planar
§g site, so that the total traonsportation cost is minimized
iﬁ% and thaot saoch focility occupies o contiguous region. It
§§. has been shown that this problem has no oclgorithm for its
aﬁj solution that is polynomially bounded in time and belongs
éj* to the class of problems termed NP complete. This means
o that only relatively small problems con be solved to

i$§ optimality using this method. Therefore, attempts have
3:r besn made to find a good hsuristic to provide solutions
ﬁh to this problem. Some of the well known methods are

&g briefly described below.

$¢

%ﬁ 2-1.1 Terminology, Notation, and Definitions

o The following terms and notation are defined in
%ig the context of facility laoyout.

.‘§" {1)_Copstruction Heucistic. A construction type
%i heuristic is one that constructs a laoyout by adding

éﬂé faocilities one at a time until a completed loyout is

::é: achieved.

i (2)_lmprovement_Heucistic. An improvemsnt

3%; heuristic is ons that requires an initial loyout as

R

L

e

“' Il . p y ; e w LIFBY - W Ty Uy * AT R T
AN OO0 ‘) / Sl 0) ~'(' LN S . L, U h’ nY SR l., SISO SR A%
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il input. The heuristic then improves the layout by some
-?f local sxchange technique until no further improvements
.iﬁ can be made.

o L31_Relationsbip_Cbact. The relationship chaort,
g? or REL chart, is an attempt to quontify the importance
ﬁ; of relationships between focilities using closness

iﬁ? raotings [Muther, 1861]). The closeness rating is a score,
'@3 RiJ' that is uchieved.when thes two appropriats

'ﬁé faocilities are adjocent. The ratings, their definitions,
;f ond frequently used scores for two common methods are

ﬁij listed in Table 2.1.

gs; 41 _Aadijgcency. Genarally two focilities are

Ko considered adjacent if they share a common wall or

2%2 divider of some minimal tolerance length that separaotes
g;t one from the other. One exception to this definition is
o the criterion of ALDEP which in addition to the above

%& description, considers two focilities adjacent if they
33 are diagonal to one another ot the meeting of four walls.
N [S1_Initial_Lgoyout. The initiol loyout is the
?& ' layout used for o starting point in improvement type

%ﬁ heuristics.

?«; (61 _Flow_Uata. This is a matrix, sometimes

ff: refered to aos o From-To chart, thot repressnts the

;nj number of trips or volume of materiol flow per time

ﬁﬂ period being mode from one facility to another.

b
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[Z) Cost_Dotg. This is also a matrix however it
contains the cost to move one unit of distance bhstwssn
sach focility.

[B81_Plagnt_Lauyout. Since ths majority of layout

planning haos dealt with the design of manufacturing
structures, the building or collection of buildings is
commonly referred to as the plant; hence the term plant

layout.

Table 2.1 Common REL Chart Ratings, Definitions,
and Scores

Rating Definition Score
___________________ - c—ee———---8LOER___CORELAE_

A Absolutsly necessary 64 6

E Especially important 16 S

I Important ] b

0 Ordinary closeness 0K 1 3

u Unimportant 0 e

X Undesirable -10e4 1

- e — — ———— — ———— - — - - — - —  —— — — —— —— . — —— ————— — -

€-1.2 Muther’'s Systematic Layout Planning

Muther, [(1961] developed the orgonized approach
to plant layout known as Systematic Layout Planning
{SLP]). The three main areaos of concern for this method
ore Analysis, Search, and Selection os illustrated in the

method schematic shown in figure 2.1.
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Requirements Available
6. Space
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Diagrem
7. Modifying — -— B :nctial 3
Considerations wr-. PN imitations
9. Develop
Layout
Alternstives

10. Evaluation

Figure 2.1. Systematic Loyout Planning Procedurs

[11_Ppgluysis. The analysis begins by gathering
data about the specific plaont laoyout to bes designed.

Information concerning the flow of materiols and workers
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within the plant is collected in the form of a flow and a
cost from-to chart. Additionally, quantifiable
information ocbout the desirability of having each poir of
faocilities within the plant adjacent to one another is
collected in the form of a REL chart (see figurs 2.2(al).
The information from these three is then used to come up
with o relationship diagram. The relationship diogrom is
constructed by arranging squal orea squares that
represent esach facility into different configuraotions
until one is found that has the desired lsvel of
preferred properties msasursd by the from-to and REL
charts (see figure 2.2(bl]. This is often an iterative
trial and error schems that is performed manually with
evaluation often done very subjectively aond therefors
many aond possibly preferred arrangements may be
overlooked. Spoce requirements for esoch focility are
then determined as well os the total cvailable space.

[2l_Saacrch. The ssarch operation is started by
daeveloping several space relotionship diograms [(ses
figure 2.3{al). This involves combining the relationship
diogrom with ths space requirsments and space
availobility to construct diagrams that have ths
relaotionships and areas suggested during the aonalysis
stage. These spoce relationship diagrams are then

condensed into a block plan ags illustroted in figure
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Reason Rating Detinition

Flow of materials
Ease of supervision
Common personnet
Contact necessary
Convenience

Absolutely necessary
Especially Important
Important

Ordinary closeness OK
Unimportant
Undesirable
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e Figure 2.2. (o) Relationship Chart
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A Rating

E Rating

10 A 9 6

| Rating

7 O Rating

\ U Rating

$

X Rating

Figure 2.2--Cantipued. (b) Relationship Diagram

2.3(bl. This block plan is finally combined with any
modifying considerations and practical limitations that
are developed, to coms up with alternatives for the plant
layout.

(3)_Selaction. The final operation is to decide
among the alternatives or to maoke any data changes that
prove necessary and repeat the process.

All other methods presented here fit within the
general context of this procedure. Any layout will
involve collecting data and soms selection among
alternatives. The difference orises with the choice of

the mathod one uses to construct the block plan from the

N";\;\; "'\:.\"-.?.;‘.f u‘\:\;\.‘;\;f T

-
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data. The next three approaches discussed are well known

classicaol computer based methods for developing a block

plan.
N
—  (500) 200 (575) 5 8 Y
6
9 ’ ®
>
(s) .
500 80
(500) o 3
10
(1,750)
q 1
4
4 2 3 | )
(350) (125) (125) 65
— |
1
(1,000)
Ca) (bl

Figure 2.3. (al) Spoce Relationship Diogram (bl Block
Plan

2-1.3 ALDEP

A method that was devsloped within IBM and
originally presented by Ssehof and Evans [18967] is called
the Automotsed Layout Design Program, commonly referred to
os ALDEP. ALDEP is a construction type heuristic as it

requirss no initiol solution to begin, howsver it uses

its past solutions aos o basis for comparing new ones to
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see if any improvement has been made and therefore some
improvement does toke place. ALDEP divides eaoch facility

into subfacilities of some common square dimension bosed

upon the scale specified. A Facility is then chosen ot
random and layout is begun from the upper left corner of
the layout. The subfocilities of the initial focility
are odded to the layout in vertical strips of o specified
‘'sweep width’ until its aorec is exhausted. The REL chart
is then sconned faor o facility thaot has an A or E rating
with the existing facility and it is then placed in the
loyout. As before the new facility is laid in o strip
fashion until its orea is exhausted. The vertical
scanning nature of these strips is illustrated in figure
2.4. This addition process is then repeated until no
faocilities remain or until there are no facilities with
an A or E rating with the last focility odded. If the
lotter is the case, a facility is chosen at random and
the process is continued. The scors for this method is
found using the values from REL chart. The eight squares
thot surround sach facility are scanned and the score
recorded. After a score is recorded it is deleted from
the matrix to eliminote the possibility of including the
sams adjacency twice. The totaol of thess values is the
score for the loyout. Usually the entire process is run

many times with sach improvement in score becoming the




SRAL DR

;f.

4
-~
-
1 g "

-

k.
o

Fa¥

P
"l ol o N

13

new goal for the program to attain. Runs thaot do not
achisve the gool ore rejected ond the entire process
stops when no improvement is maode. Alternatively, a
collection of good solutions can be developed to provide
different options for the selection process. An example

of the output produced is included in chapter 4.

Figure 2.4. Verticol scanning pottern used by ALDEP

2-1.4 CORELAP

CORELAP is the acronym for Computerized
Relationship Loyout Planning and wos developad by Les and
Moore (1967). A number of improvements to the original
method have been added since its introduction and the
version known as CORELAP 8 will be discussed hers. As
with ALDEP, this is a construction type heuristic. This
method begins by choosing tha first facility according to
its Total Closensss Rating (TCR), colculated for facility

i by summing the REL chart scores from focility i to all

others. The facility with the highest TCR is chosen to
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be added first, ond plaoced in the center of the layout.
Next a focility that has an A adjaocency score with the
First facility is selected. If no focility with an A

rating is found, an E raoting is searched for. If no E

rating is found, the method continues down the hierarchy
of scores until a U is reached. If no facility with a
score of U or better is found, the facility with the
highest TCR is chosen. If there is more than one
facility with the some score, the facility with the
highest TCR is chosen. The same type of search is

employed at aoll sucessive steps with the search started

by looking for a facility with an A adjacency to the
First focility. If none is found, an A adjacency with
the second focility is desired, followed by an E with the
first, an E with the second, an [ with the first, stec.
All fFacilities aore added to the exterior of the existing
arrangement and are rectangular in shape. They are
placed in a position that will yield the highest
placement rating and boundary length,where the boundary
length is the length of the boundaries common to the new
facility and the existing laoyout. Some different
configuraotions possible are illustroted in figure 2.5.
The placement rating is the sum of the weighted ratings
between the department being added to the layout and its

neighbors if it is placed there. The weights are
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. assigned to the adjacency ratings by the user. Therefore
N

o the score used for the TCR is not necessarily the same as
,,\:

:} that used to score the plocement of each facility within

the lgyout. An example of the output from this method is

-

o ‘-‘, e ]

also included in chapter 4.
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»3 Figure 2.5. CORELAP’s placement method
..

o 2-1.5 CRAFT

fgl CRAFT is an improvement type heuristic and was
%

s introduced by Armour and Buffa (1963). In addition to
)

,:j differing from ALDEP and CORELAP in the type of heuristic
L)

Y

:ﬂ used (construction versus improvement], CRAFT employs a
[}

4¢ entirely different method for evaluating a laoyout.
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. Unlike ALDEP and CORELAP, CRAFT attempts to minimizs

'& traonsportation cost where this cost is exprsssed in terms
Eé of distance traveled. This is therefore on ottempt to

i provide o solution to the QAP mentioned earlier. AsS an
i; improvement heuristic, CRAFT requires aon initial layout

s in order to apply its improvements. The score for a

. layout is the cost per unit distonce (cost data) to move
i: an item, multiplied by the rectilineor distance bstween
g} Focility centroids, multiplied by the number of trips

%, required (flow datal, for all paoirs of fFacilities in the
ig layout. The next step is to consider the exchange of two
g or three focilities within the layout. The possible

& combinations include 1] two-way interchanges, 2J

Es three-way interchanges, 3] two-woy followed by three-way
13 interchanges, 4] three-wcy followed by two-way

2 interchanges, and S]] the best of two-way and threes-way

fé interchanges. Exchanges of focilities are only possible
T if the focilities are adjacent to one another or if their
! areas are equal. The search for the best of these is

Z: done by interchanging the centroids which are used in the
;g distance calculations as on estimate of the actual cost.
; The bast exchange, lowest score, is then made and

.."

centroids recalculated aoccording to the new shape of the

s s
LR

) facilities. If o savings still exists the process

» continues and if not the old loyout is maintained and a

-y
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@H . different interchange is attempted. When no improvemsnts
§L' can be maode the process stops. A drawback with the

'k& . method is that there ocppears to be no consistent method
@: for the physicol exchange of adjacent facilities of

ﬁ varying areas.

el

” €=C_Ccraopb._Ibecoretical _Approaches

g?' 2-2.1 Terminology, Notation, and Definitions

%ﬁ The following terminology ond notation is

i*i defined:

:E; £1) _Graph. A graph is a pair of sets (V,E) where
55& V is finite and not empty. The elements of V ars colled
:ﬁ* vertices and the slements of E are distinct pairs of

%?e vertices called edges. If there is no direction

f§§ ossociated with the edges, they ore known aos undiracted
%ﬂ edges. If all edges are undirected, the graph is said to
§§: be an undirected graoph.

e (21_ueighted_Gragh. A graph that has o weight,
ﬁf wa, assigned to each edge, e, is known as a weighted

i . graph with W, usually being an element of the positive
EE' recl numbers.

b (31_Complete_Graph. A complete graph, denoted Ky,
,}ﬂ is one in which all pairs of vertices are joined by an
lgs edge. A complete undirscted or symmetric graph has

; (ntn-111/2 sdges.
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L4Y)_Plopor_Gropb. A groph is snoid to be plonor if

?f | it can be draown in the plaone such that no two edges

K)

i$ intersect except ot o vertex to which both are incident.
o L£5]_boximolly_Plopor_Gropb. A groph is said to be
i‘t ¥

ih maximally planar if it not possible to add an edge and

%

,a still maintain plaonarity. Due to the fact thot aoll faoces
. of o maximally plaonar graph are triangles, o moximally

bt planor graph is often known aos o triangulaotion. A

:. »

%: Maximally planar graph contains 3n-6 edges (Euler, 17521.
i. £6)_Tetcghedron. A tstrahedron tK&J is o complete
.E graph on four vertices which is aolso maximally plonar

4

$¢ (sse figure 2.6).

oy

k)

.q

l"’

%

o

dg

e

e

=

0#“"

Figure 2.6. Tetrahedron
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LZ1l_Deltabadcon. A deltohedron is o graph that is
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constructed by beginning with a tetrahedron aond odding

vertices by the inssrtion of an additional vertex into a
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triongle and adding edges from the nsw veartex to sach of
the three vetrices that define the triaongle. Due to this
fact a deltahedron must contain ot least one vertex of
degree three (three edges incident with it).
£8)_Dboximollu_Plopor_fdiacency Gropb. A moximally
planar adjacency graph is a maximally planar graph whose
edges represent odjacency betuween pairs of focilities,

L9)_Geometric_Dugl. The geometric dual of the
maximally plancr adjaocency groph is o spacial
representation of the facilities that ore represented by
the vertices of the graph. The edges of the graph
represent the adjocency of two facilities in the dual.
If o graph is maximally planar then its dual is also
maximally planar or in other words no further adjocencies
in the dual can be sstablished without violating the
planarity of the dual (Whitney, 1931),

£10)_Bectaopgulor_Geometric_Dugl. For this
discussion, a rectangulaor geometric ducl is o geometric
dual that contains only rectangulaor, L and T shaped
areas.

All graph theoreticol approoches pressnted here
ors of the construction typs. 0One starts with o complete
groph on N vertices corresponding to a REL chart with
zeroc weight asdgss odded if necessory, and attempts to

find o moximally planar subgraph on the complete graph

that hos moximum weight since without loss of gensrality,
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with nonnegotive weights, an optimal solution will be
maximally planar. The problem of starting with the

complete graph ond deleting edges until it is maximally

planar is o relatively difficult and very time consuming
problem due to the methods required to check for maximal
planarity. The methods shown here use construction
techniques that start with either o graph that is not
maximally planar and iteratively build it up until it is
maximally planar or a graph that is maximally planar and
then odd vertices and edges to it in a specific manner so
that it will olwoys remain maximally plonaor. Several of
the methods start with o complete graph on four vérticas,
Ky - There are basically twoc methods for determining
which four vertices should make up this initial
tetrahedron. The first is the greedy approach which
Finds the highest weight tetrohedron among all

possibilities. The other is formed by first summing the

~scores of all columns from the square adjacency matrix.

The vertices are then sorted in non-increasing order
according to these column sums. Then the vertex with the
highest adjacency rating to ocll other vertices is chosen
first. It haos been shown (Giffin, 1984) that there is
empirically no clear difference in final triangulation

solution quality for either starting procedurs. The

objective of all methods that follow (with the exception
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- of Super Deltahedron) is to maoximize the odjaocency scors
b :

k ! whers the volues of having two faocilitiss odjocent are
::% the same as those used in ALDEP.

-;',; e-2.2 The Wheel Expaonsion Heuristic

fﬂ» The Wheel Expansion Heuristic (Eades, Foulds, and

Giffin, 1962) begins with an initial tetrohedron aond uses

. an operation known as o whesl expansion to add sucessive

L

ol

¥ vertices to the graph. It haos besen shown that the whesl

o

R

i"l expansion operation is sufficient to form all maximally

, planar graphs possible if the starting point is

g;:: Ky. An example of wheel expansion is illustrated in

N figure 2.7. Tha choice of vertex and location for

-

;::5‘4 expansion involves finding the vertex and expansion point

WD)

3‘,‘: that has the highest increase in adjacency scorese.

R0

N, ]

gl

e

':";L"

a0

‘S.j Figure 2.7. Wheel Expansion
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' ‘ 2-2.3 The Greedy Heuristic ‘

"4-:: The idea behind the Gresdy Heuristic (Foulds,

$-’-l

'§I{'_: Gibbons, & Giffin, 19685) is very straight forward.

"' First, oll edges ore listed so that all edges with A

T

L;{ values are first followsed by those that have a value of E ‘
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1@- etc. Next an edge is taken from the top of the list and
ﬁf it becaomes the first edge of the subgraoph. The sdges ares

then sequentially taken from the top and added to the
graph as long as planority is not violated. When 3n-6

Wil edges have been odded the subgraph construction is

completed. It is noted that this method requires an

i explicit planarity test (Hopcroft & Tarjan, 19743,

W

Lo

'9!5

{. 2-2.% The N-Boundary Greedy Heuristic

Vg M

:~j The N-boundary Greedy Heuristic (Giffin & Foulds,
\. s

‘% 19861 is an extension of the Greedy Heuristic thot

includes benefits to the fFinal score for not only

3 facilities that are immediotely adjocent to one another

but for facilities thaot are k facilities aport from each

%
L2

other. In addition to the normal odjacency matrix

;?i required, odditionol motrices thot give vaolues for having
.§§ two focilities 2, 3, 4, etc. focilities aopart are

?“ required. Under the assumption of approximately squal

ﬁ' ) areas, normally o score is higher if a focility is fewer
z£ facilities distant. Due to this foct when odding a

£f facility the shortest path to reach aoll other facilities
T{ must be calculated in order to find an appropriate

addition.
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;@ 2-2.5 An Oriented Graph Theoratic Heuristic

ihg A paper by Roth, Hashimshony, and Wachman (1882)
:33 suggests a method for turning a graph into @ rectangular
§% floor plan, ogain requiring the development of a planar
iQﬁ adjaocency graph. The adjacencies have no degree of

LQ{‘ desirability in this method, only o requirement for their
f%& presence or aobsence. These incidence requirements are
%E: converted into a planar graoph by the subtraction of edges
R or the oddition of dummy vertices. This planar groph is
;ﬁ: then split into two subgraphs reprasenting north south
%?ﬁ and east west orientations by o coloring technique and
f97 dimensions are colculated using the PERT algorithm. From
i{l this technique, several alternative plans are gensrated
%PQ for further evaluation. A requirsment for the dimension
gf‘ calculations is the orientation of certain facilities to
g}i given directions. These caolculotions use ths PERT

?g algorithm to find the critical path from the north side
Sl

i of the building to the south as well os o critical path
from the west to the esast and thereby determine the

necessary dimensions.

L €=3_0eltabedcon_Basad_Uethads

§f The graph theorstic heuristics above have o major
. disadvantage compared to the Deltahedron based heuristics
that follow. This disadvantage is that as yet there is

e no systematic method for finding the rectangular
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geometric dual to the adjacency graphs generated. The

N

main purpose of this thesis is to describe such o
systematic approaoch for the deltahedron bosed heuristics.
& A feature that all of the deltahedron approaches
have in common is that they begin with an initial

tetrahedron. Short descriptions of the deltahedron

approaches follow.

- o -
-

2-3.1 The Deltahedron Heuristic

IS X X 1
S

The Deltahedron Heuristic (Foulds and Robinson,

19781 sequentially adds a vertex into the triangle of the

g

e vty

existing graph that will give the greatest increase in
adjacency score. This increase in score is colculated by
summing the weights of the three edges used to connect
the new vertex to the existing graph. The order that the
vertices are added is the continuation of the column sum
& ordering used in the initiaol tetrohedron selection or the
W, salection at esach iteration, of the vertex and triangle
that will yield the greactest increase in scors among all
choices (sometimes referred to os the greedy order]).

K This method is described in greatsr detail in chapter 3
since it is used to generats the adjacency graphs used to
demonstrate the development of o block plan from o

Deltahedron based method.
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2-3.2 The Improved Deltahedron Heuristic

The Improved Deltahedron Heuristic (Foulds and
Robinson, 1878) uses the solution obtained with the
Deltohedron Heuristic as input. This graph is sxomined
to see if any improvements can be mades, in the form of
edge swapping or vertex relocation. In most cases, if on
edge is deleted from the graph, a quadrilaotercl is
formed. The edge that wos removed formed a diogonol in
this quadrilateral. If the edge that is identified with
the other diagonol is added o new graph is formed that is
also maximally planar. 1f the score is increased by this
swop, it is performed, and if not, it is ignored. All
possibilities ore examined and when no improvements can
be made, the process stops. In some specific instances
after an edge is removed, the one that would be added is
already a part of the graoph. These situations are either
ignored, or a well defined sequence of equivalent swaps

made.

£-3.3 The N-Boundary Deltohedron Heuristic

As the N-Boundary Greedy Heuristic is an
extension of the Greedy Heuristic, so too is the
N-Boundary Deltahedron Heuristic (Giffin & Foulds, 1986)
the same type of extension to the Deltahedron Heuristic.
An increase to the score of the N-Boundary Deltahsdron is

determined by the adjocencies of focilities 2, 3, 4, etc.
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$“ faocilities distant in addition to the immediate

%i odjocencies scored in the Deltohedron Heuristic. This
%g‘ heuristic begins with the same initial tetrahedron

W salection method as the Deltohadron mathod and adds to it
.ﬁi by choosing the vertex that will yield the highest

Qﬁ increase in score for adjacency or near adjacency to all
X, other focilities. As with the N-Boundary Greedy

é} Heuristic, an update version of o shortest path algorithm
%;F must be run at every iteration.

» 2

;iﬁ 2-3.4 The Super Deltahedron Heuristic

i%é The Super Deltahedron Heuristic (Giffin & Foulds,
" 1985) is fundamentally diffarent from the other groph

Efé theoretic methods in that its objective function is not
‘éﬁ the maximization of totol aodjocency scores; instead it
,T. ottempts to minimize tronsportation costs much like the
?g QAP formulation or the CRAFT method. The method again
;&ﬁ staorts with the initial tetrahedron selection process

?ﬂ used in the Deltahedron method since maximizing the

:gﬁ proximity of four facilities with high mutucl flouws

Eéé should provide reasonably low transportation cost. The
g;' order of insertion is either the column sum or the greedy
bl approach used in the Deltohedron method. The triangle
?x' selected for insertion is the one that minimizies the sum
%5 of the product of the cost per unit distonce traveled,

é; the number of trips per time period, and the distaonce

.;:, 4
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between two facilities, over all paoirs of facilities

contained in the adjacency graph. The shortest path

AN WA g

routine is also required in this method for the
) computaotion of poirwise facility distonces. The distance

traveled between two facilities x and y is approximated

W by the sum of half the square root of the area of x, the
o sum of the square root of the area of all facilities on
:é the shortest path from x to y, and half the square root
3 of the area of y. This metric assumes that all facilities
; agre squares with side length equal to the square root of
; the area, the travel between two facilities is between

&

+

centroids of the two faocilities, and that oll travel is

done in a rectilinear fashion. These assumptions ore not

o

o

" very likely in the final block plan; however, they are
P

{ only designed to give a ranking among triangles for the
) insertion process.

e

4

A

By

..... AR AT RS

¢
A > 2R Y, W ot S S RV T 4 PP PO SR G T S R R B SO ORI T,
"’: -" e o -'!'!“‘-’i‘..:‘.‘ e AN ‘t ." Ca i3 I 0 0 -"'. Loy i s"" “ ¥ 7 GV SRS ‘1' " 4 "W




&
: d

Sy

(N
N

!
L
L4
12& CHAPTER 3
B
‘ RECTANGULAR GEOMETRIC DUAL AND
:@ BLOCK PLAN CONSTRUCTION
4
X
0 ‘ . .
o 3-1_Terminology. Nototiop. ond Definitions
it
The following terminology and notation is

18 defined:

%

t: L£l)._VYertex. A point on the aodjacency graph at
[,
B which edges converge is known as o vertex.
¢

:}‘ [2)_Edge. #An edge is a line connecting two
W
~§ vertices on the adjacency graph.
.
e (3)_lpsertion_QOcder. The insertion order is the
> order in which the vertices are aodded to the initial
;% tetrahedron to form the completed adjacency graph.
. L}
bt {41_Rectoogulac_Geometric_Oual. A rectangulor
;Q spacial reaclizotion of vertices and their odjaocencies
;; represented in the adjacency graph.

.

e [S)_Noda. Each node is a point in the dual which
N

oy has a one-to-one correspondance with o triongle formed by
'3 three vertices and three edges of the cdjacency graph.
_iﬁ (6Bl _Wagll. A wall is o line that connects tuwo
o nodes in the dunl. Each woll hos o one-to-one
jﬁ correspondance with an edge in the adjacency graph.

e

o £Z)_Plgced_in. WwWhen a facility i is added to the
d
:5 dual, o portion of the dual is rencomed to represent i.
e 28
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‘3 -
. ne The designation being replaced is called the facility
>,
'fj that { was placed in. If another facility J was odded so
i that a portion of facility i is renamed, facility J is
‘*. plaoced in i, not the originol facility.
}§§ £B]) _Corper. The right angle sometimes required
£
jgﬁ to connect two nodes of the dugl in o rectangular fashion
! is called a corner.
l":::
= £9)_Addition_Sequence. The oddition sequence is
ﬁ@ identical to the insertion order, however it refers to
- additions to the dual not the adjacency graph.
d
<o £10)_Node_Expansion. Node expansion is the
»J"_:.;
298 redesignation of the structure surrounding a node in the
-] dual when o facility is odded at that node.
L
;iﬁ £11)_Iphibitor. An inhibitor is a dummy node
A
;v} added to the duol matrix to prevent the loss of
~ adjacencies when areas ore laoter added to the dual to
i
.: form the block plan.
;~* (122_N. N is the number of facilities or
&}$ vertices.
p:..
‘ZQ €132 _<i,3.k>. The combination of symbols <i, j,k>
ot
::; represent the triangle formed by vertices i, J, and k
-1
5; with edges ij, Jk, and ki.
o
o 3-2_Deltahedcon_Hethod_Used
"
Lk The Deltahedron Heuristic sseks to find a
3; moximolly weighted maoximally plonar ocdjocency subgroph of
-
2
i
;?
ey
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A

ﬁ% . a complete ocdjacency graph. The method used here is the
%r simplest of the variaonts of the Deltaohedron Heuristic.
2&' . The first step is to construct the NxN maotrix of RiJ

1%; values. The scores for each R;y aore entered in the

;ﬁﬁ matrix wiJ. The columns are then summed nond reordered in
fﬁﬁ nonincreasing order by these column sums with the

f% exception of facility 1 which is olways the exterior.

E,- For ease of discussion, suppose that the vertices were
Qﬁ initially in nonincreasing order of column sums and

ié' therefore their order is 1, &, ... ,N. This is nouw

>§§ refered to as the Insertion Order. The first four

{)ﬁ verticies are combined to form the complete graph on four
?ﬁ} verticies Ky which comprises the Initial Tetrohedron (see
;‘f Figure 3.1(al)l. The vertices ore then odded according to
;ii the insertion order. Consider the insertion of vertex r
§§~ into triangle <i,3j,k>. The benefit to the total scors
’$ﬁ is the sum of W;. + W, + W.,.. Therefore r is chosen to
%ﬂ maximize this sum over all available triangles. After
;H_ adding vertex r into triangle <i,j,k>, this triangle

;i; <i,3,k> is replaced by triangles <i,]Jj,r>, <i,k,r>, and
ifﬁ <j,k,r>. The next vertex is then selected and inserted
'i; into the triangle that will ochieve the greatest benefit.
_Eg; If there is o tie among several triaongles for this

0

~—

i

e

)




maximum benefit, several different strategies can bs
incorporaoted. One such strategy is arrange tham
lexicographically and chose the first ons. Another is to
chose one of the possible triangles randomly and this

approach is taken hers to avoid a large concentration of

insertions in one section of the graph.

J-3_Description_of the Bectangulor_Geometric _Dugl
Copstructiop

The method used for constructing the rectongular
geometric dual, hersafter referred to as the dual, is
limited to the claoss of adjocency graphs that can be
constructed using any variant of the deltaohedron
heuristic. The only input required is the triangle
insertion order. The process basgins with o rectangular
representation of the duagl corresponding to the initiol
tetrahedron. This is shown in figure 3.1. The
focilities aore numbered as shown with facility 1 being
defined os the exterior. It should be noted that each
node of the rectongulaor geometric dual has three and only
three edges incident with it. Each node has a one to ona
correspondsnce with a triaongle thaot exists in the
deltahedron at the current stage of the adjacency graph
construction. If a facility is odded toc the rectangular
geomstric dual by expanding about one of these nodes, its
adjacencies will correspond exactly to those in the

odjacency graph.

---------
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o) 3k

3';" 1 !
K 2
® <1,2,3 <2,3,%> <1l,2,4>
R)
5
f;’-’:t 3 4
by 2
N <2,3,4%>
" 3 o ' <1,3, %
0 €1,3,4>
)
i
b Ad jacency Graph Rectangular Geometric Dual
Cal £bl
;; Figure 3.1. Initial Tetrahedron
-,
o'
*3 There are two ways that o focility may be added
in to the dual with the decision being maode by inspection of
}
«
%& the nodes in the dual thot are only one edge distant. If
50
s there ore no corners that are betwesn the node of
Sﬁ interest and any of the three odjacent nodes, then the
E‘ facility is added by o BOX opesration. If there is a
[}

-

corner immediately adjaocent to the node of interest, a

F

CARVE operation is used. An example of each follows.

BANIIAE

3
3
L

3-3.1 Boxing

4
-

SRS
by

From inspection of the initial block plan, figure

A

N

sﬂ 3.1C(b), it can be ssen that the only nods that has no

)

A corners adjacent to it is <2,3,4> therefors consider the
é; insertion of facility S at this node. From the adjacency
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graph in figure 3.2(al), it can be seen that when facility

i

v

‘% S is inserted into <2,3,4>, thse triangle <2,3,%> is

!

' replaced by threes triangles, nomely <2,3,5>, <2,4,5>, and

§ ‘-

;§ <3,4,5>. Figure 3.2(bl illustrates this insertion and

RN the necessary relabeling.

r% )

+

)

R

e 1

I W 1

L 2

R

S8 <1,2,3 2,3, <2,4,5> <1,2,%>

A 5

| B

g <3,4,5>

5

AN 3 4

N 5

o

B 3 4 <1,3,

ss Ad jacency Graoph Rectangular Geometric Dual ,
) :
f&: Figure 3.2. Insertion of facility S into triangle f
. <2,3,4> (BOX)

it

?

;vi Since facility S replaoced o portion of facility 3, this |
A

‘o is defined as placing faocility S in facility 3. This !
> ] operaotion is called a "box"” for obvious reasons. The box .
po> |
'

,:: could also be flipped to the opposite side of the wall

)

separating facilities 3 and 4. The choice is arbitrary,

howaver it domss aoffect the orientation of the block plan

¢« a WMy - v‘u’n AR e [ Y » N P . DY\ g U .
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- o

from the decision point on. For any given locaotion this

o b Ny

Flipping is not always possible for other reasons that

o . A

o

P>

will be shown later. Four orientations of the boxing

operaotion are possible and for implementotion purposss

..“

N

Z are defined as left-down, left-up, right-douwn, and
%,
f; right-up (see figure 3.3].

fe
b

. or or
L
X Left-Down Left-Up
o
. or or
oy

j Right-Down Right-up
e :
.

X Figure 3.3. Possible Boxing Alternatives
s
5
N 3-3.2 Carving

Now consider instead, the insertion of focility S

into triangle <1,2,3>. This could be done as a boxing

A

operaotion (right and down) however this would

e
»

) unnecessarily create an "L” shopes which is not as
ﬂf desirable os a rectangle. This is avoided by an
é operation called o "carve.” Figure 3.% is an

i illustration of this operation.
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|
1
e
<1,2,5> <2,3,5 <2,3,4%> <1,2,4%>
S 3 4
e
3 Y% <1,3,5> <1,3,4%>
(ol Cb)
Ad jacency Graoph Rectangular Geometric Dual

Figure 3.%. Insertion of facility S into triongle
<1,2,3> (CARVE)

The same general triangle replacement is dones as obove.
The eight orientaotions for the carve opsration are shown
in figure 3.5 along with their designations. These
designations indicate first the direction in which the
corner is encountered followed by the direction not cut
off by the corner. A carve operation caonnot be flipped
to the opposite side of o wall like thes box since thsre
is no corner to "carve” towcrds. Boxing might bes an
alternative; howsver, as will be shown later there could
be o problem with maintaoining the required adjacencies in

the dual when areas are introduced.
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f> —\ <\
Va
A4
Down-Right Up-Right Left-Down Right-Down
O
-~ ® D
Douwn-Left Up-Left Right-Up Laft-Up

Figure 3.5. Possible Carving Alternatives

Using these two operations, thes entirs dual is
constructed by adding sach facility to the existing ducl
using the same sequence used when inserting the triaongles
in the adjacency graph. After the dual is completed, the
block plan is made by incorporating the areas of the
individual faocilities into the orisntation developed
during the dual construction.
3=4_Data_Stcuctuce_aod_Computec_loplementatico._c=
DELIaPLAN

The computer program for this method is called
DELTAPLAN and was written in BASICA on an IBM Personal
Computer. Due to the amount of memory avaoilable in
BASICA, the problem size is somewhaot limited howsver; 11

fFacility problems can bs handled routinely and in some
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cases it will run completely with aos many as 22

facilities.

3-4.1 Initialization

To facilitate aon easily envisioned and
manipulated representation of the dual, o matrix of
alphanumeric strings is generoted that contaoins the
elements common to all initiacl block plans. As can be
seen in figure 3.6, all of the initial triangles are
represented os six character strings. For example
triangle <1,2,3> is represented by 010203. The waolls aore
represented by o single dash "-” and the interior of a
fFocility by a two digit numerical string for example "04”
for Facility 4 and "12” for Facility 12. Since each
corner is adjacent to only two fFocilities the first tuwo
elements of the string are letters thaot represent the
orientation of the corner (see figure 3.7.) The two
corners in facility @ (upper left and upper right
corners) are not used as no faocilities are added within

facility 2 and therefore are represented by "000102”.

” '”l.'- N s -,
LS nn lﬂ Jel

TETTW eI T

.

5-’ - \!\
¢ LTI 2 2




Y
s %
a0
i
oY . 01 01 01 01 ©O01 01 01 0L 01 01 01

o 01 oo00102 - - - - - - - 000102 01
;j} 01 - o2 o2 o2 o2 o2 o2 o2 - 01
b 01 010203 - - - 020304 000000 - - 010204 01
5y 01 - 03 03 03 - 04 0% O4 - 01
Ui 01 - 03 o033 03 - 04 0t O4 - 01

- 01 - 03 03 03 - o4 0% O - 01

o 01 - 03 ©03 03 - o4 0t O - 01
{ 01 ARDI03 - - - 010304 000000 -~ - BBO104 01
4 o1 o1 01 01 O01 O1 01 01 01 01 o1
W
%& Figure 3.6. Motrix representation of the rectangular

geometric dual

S

) i Figure 3.7. Corner Labels

"

Q\ With the exception of two, all of the slements listed

gi above have o diresct counterpart in the dual shown in

:ﬁ Figure 3.1(b). Thess exceptions are called "inhibitors”
';E ond their purpose will be defined later.

5

54 3-4.2 Addition of Focilities to the Rectangular Geometric
N Dual

ﬁ . Upon completion of ths deltahsdron heuristic, for
.33 simplicity all facilities ore relabelled according to

ta their position in the insartion order. Hence, we assums
*ﬁ focility (1+4) is odded to the duol ot the [1lth stage
s§ and thot focilities 1 through % moke up the initial

gT tetroghedron. As can be seen from figure 3.1(a), only

g; four options exist for the placement of this first

e
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facility and the output of the deltahedron heuristic used
to generaote the insertion order has chosen the
oppropriate one. A search is then made to match the

triongle in which focility S is to be inserted, with its
identical eslement in the dual matrix. A sort routine is
included in the program to insure consistent ordering of
the three two digit pairs within each element. Since a
search of the whole motrix is rather time-consuming, o
table is constructed which contains each possible
insertion triangle along with its coordinates (I,J) in
the motrix.

L£1)_Seacching. Before the search is done, all
flags (described below) ond all direction indicotors ore
set to zero. Starting at the coordinates (1,J), o search
is performed to the left to identify the structure of the
dual to the left of the triangle in quastion. A variaoble
"L” is used to keep track of the search and is initially
equal to J. L is decrimented by one and the element with
coordinaotes (I,L) is examined., If L is less thon 1, ths
border of the matrix haos been reached and the left
direction is "unusable.” An unusabls direction means
that no box or carve operotion is possible in this
direction. In the program this is accomplished by
setting LFLAGO=1. If thes element is a dash, "-", the

search continues with the naxt slement. If a six digit

s 7'.;-‘ 'f,.f\ .,.)'v W

nd OO0 ; Y Ty
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element is found, the search stops. If the first digit
of the element is "A” or "0” (these are the only possible
corners when ssarching to the leftl, LFLAG1=1 or 4

respectively. This flog indicates whether o box or a

carve operation is appropriate where o type A corner is
indicated with o 1, type B with a 2, type C with a 3, and
type D with o 4. The presence of a "000000” element
indicates a inhibitor and the inhibjitor fFlag LFLAGZE is
set to 1 (inhibitors aore described laoter in this
chapter.) If L=J-1 or J-2, the left direction is again
unusable since there are not enough elements between J
and L to define o new facility. After the search to the
left, a similaor search is done in the right, down, and up
directions.

L2]_Cacve/Bax_lUecision. The flags LFLAGO,
LFLAG1, RFLAGO, RFLAG1, DFALGO, DFLAGl, UFLAGO, and
UFLAG1 are compared to the set of volues required for
eoch carve operation to see if it is possible to corve.
For each carve operation three flags must be set to
specific volues., For example, to caorve left-up the
corner encountered in the left search must be o type A
(LFLAG1=1), the left direction must be usable (LFLAGO=0)
and the up direction must be usable (UFLAGO=0). If none
of the above conditions are sotisfied, the flags required
for the boxing operations are checked. In this case

there are only two flogs required for a box operation.
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Eﬁ For the box lsft-up operaotion the flags needed are the
ﬁi ) : same as for the carve left-up [LFLAGO=0 and UFLAGO=0)]
' except there must be no corner present so the left and up
f;& corner indicators must be O (LFLAG1=0 and UFLAG1=0).
§$? [3) _Carving. The left-up carving operaction will

be used here for description purposes. However, the same

g;; general format applies to all eight carving operations.
;;5 Consider the insertion of facility 5 into triangle
iii <1,3,4>. An inspection of figure 3.6 gives the structure
;EE surrounding 010304 and indicotes that a left-up carve is
Ei’ appropriote. The coordinates (1,J) of 01030% are
S determined ond will become the location of one of ths new
éﬁ; nodes of facility 5. In this caose L equals the j§

ﬁ coordinate of AAD102, U equals the i coordinate of 02030
.:j and both the right ond down directions are unusable.
;ég Next, the coordinates (11,J1) of the point diagonally
ﬁg across the new facility from (1,J) are determinaed. If
:if the element which determines U is not an inhibitor, I1 is
1‘:::* ' half way between I and U. IF it is, I1=U+1, since if an
353 . inhibitor is present, the element above has an unusable
%Q; down direction. A carve that goes only half way up
wké wastes the entire portion above the corve and is then
}% lost to further insertions. However, if the carve goes
; os close as possible to the node above, only o few

qﬁ elements in the matrix ore lost. The J coordinate Jl is

R S A S N e e A e S T
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KN equal to L. In order to determine the orientotion of the

EEE facilities which border the new one, three more variables

:Qj are set. In this cose they ore L$="01", U$="03", and

‘~$ - R$="04%”, ond they are token from the maotrix by

5:§ determining which focilities are to the left, right and

}hj above the new facility. These three poirs olong with the

Ra number of the new facility (FAC$) are combined toc form !
%& the four new nodes in the matrix. The upper right node ;
{& is U$ + RS + FACS (030405) with coordinates (I11,J1, while

Q? the upper left node is L$ + U$ + FACS (010305) ot i
{%} (11,J1). The lower left slement is "AR” + LS + FACS i
ﬂ:* (AA0105) at (1,J1) and fFinally the lower left node is LS |
- + R$ + FACS (010405) at (I1,J]. The walls are then

ég% inserted by renoming the elements between saoch node on

5?? the perimeter of the new facility with "-". The interior

ﬁg of the faocility is then filled in with FACS$ or in our

iéw case "05”. Two inhibitors are then added in place of the

&& elements immediaotely obove the upper left and upper right

z{: nodes. The purpose of these is described later. Figure

¢¥ 3.8 shows the matrix with facility S odded ot «<1,3,4>.




‘t3

01 o1 01 01 01 01 o1 01 01 01 01
01 000102 - - - - - - - 000102 O1
01 - oe o2 o2 o2 o2 (o1 o2 - 01
01 010203 - - - 02030& 000000 - - 01020% 01
01 - 03 03 03 o4 o4 o4 - 01
01 - 03 03 03 - 04 o4 04 - (o)1
01 - 03 03 03 - o4 o4 o4 - 01
01 000000 03 03 03 000000 O4 o4 o4 - 01
01 010305 - - - 030&05 o4 o4 o] 3 - 01
01 - 0S 0s 05 04 o4 o4 - 01
01 - 0S 05 05 Ot o4 o4 - 01
01 AAD10S - - - 010%05 000000 - - BBOl104 01
01 01 01 01 01 01 01 o1 o1 01 01

Figure 3.8. Matrix representotion with focility S added
ot «<1,3,%>

Two odditional items are required for the area
calculations that begin following the completion of the
dual. The first of these is the operation with which the
facility was added. In the above example, the operation
is carve left up therefore the variable OPERS(S)
(operation for faocility 5J) is designated "CLU”. The
other requirement for the area caolculaotions is the number
of the fFacility in which the new facility wos placed.

The variable for this is PLINS, and its value in the
above example is 3 since the 05 slements replaced 03
elements.

(4)_Boxing. The box operation is accomplished in
much the same manner as the carve. For this description,
the addition of facility S at <2,3,4> will be used. The
surrounding structure here indicates thot o box left down
operation is appropriacte. Notice that without the

inhibitor to the right of 020304 a box right down would

'y
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) , clso be possibility. As noted earliesr, this topic will

be discussed loter. As in the corve operotion, the

il ‘ coordinates (1,J) of 020304 are determined, os well os L
X . and D, in this case, L is the § coordinate of 010203 and
%& D is the i coordinate of 01030%. Since neither of these
&2 is an inhibitor, 11 is haolf way between I and D and Jl is
o half way between J and L. If the node to the left had

?E been aon inhibitor, Jl would have bsen L+1 and if the node
i% below was and inhibitor, 11 would have been D-1. The

53 same matrix conservation reasoning applies here as in the
fi carve operation. The voriables L$, U$, and R$ are set as
i; described above in order to define the new nodes. Here

g L$="03”, U$="02”, R$="04"”, and FACS is again "0S”. The
f%. new nodes are 020305 for the upper left, 02040S for ths
& upper right, 030405 for the lower right, and AAR030S for
;; the lower left element. As before, the waolls are

i; inserted, interior of the new facility is relabelled,

: DPER$(S) is set to its value of BLU, ond PLINS(S) is set

to its appropriaote value which is 03. A representaotion

_“b . ® O

of this is given in figure 3.9. It is noted hers that as

above there are two inhibitors, one to the left of the

Py ol ad” e b
AT ATR

upper left node and one below the lower right node. The

iAo
S AYEAAS

purpose of the inhibitor is defined next.
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M- 01 010203 - 000000 020305 - - O20405 000000 - - 010204 O1
‘1ol : 01 - 03 03 - 05 05 - o4 o4 O4 - o1
KK 01 - 03 03 - 05 0S - o4 o4 04 - 01
. 01 - 03 03 AAD30S - =~ 030405 0% o4 O - 01
. 01 - 03 03 03 03 03 000000 O4 o4 04 - 01
2l 01 - 03 03 03 03 03 - o4 o4 04 - 01
. 01 - 03 03 03 03 03 - o4 o4 04 - o1
zkl 01 AARDI0I - - - = = 010304 - - - BBO10% 01
g 01 01 01 01 01 01 01 O1 01 01 01 O1 01
i
Figure 3.9. Matrix representation with focility S odded
o0 ot <2,3,%>
L& [5])_Ipbibitors. The purpose of inhibitors is to
I
%ﬁ block the insertion of focilities at certain locations
 § that could possibly destroy aon existing adjacency oncs
‘»f oreos are added. Consider the ocddition of focility S to
72,
» <2,3,4> and the subsequent addition of Facility 6 to
j;. <2,4,5>. 1If focility S were added os described above, it
L
:;} is noted that the coordinotes of 020405 are the same as
e
bt were the coordinates of 02030%. With ths inhibitor
3; present, as is shown in figure 3.9, ths only possible
Lt
~f: opsrotion is o box left down. However, if thes inhibitor
i
{4 were not present, a right down box would also be
£
.lj . possible. If the box left down for facility S were
|
ﬂ:g followsed by o box right down for focility 6, the result
- .
‘o : would be as is shown in figure 3.10(o). The problem
£
{ ; agrises when areas are introduced. If the area of
B ""
e facility 6 is larger than that of facility S, the
.8
1$ adjacency between facilities 4 and S is lost and an
> odjacency between 3 and 6 is goined as is shown in figure
v I.
i
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Qs adjaocencies
o
)
.:' ‘.
&;"
o

Wagd e, 0 W W 0 00y TRt a . r A o L. »
OO M XA g (3 3 ) / (O L LA S AR AT - ’ Y
LA ) !‘l_l,ﬁ‘v_lihl_g,l‘,‘]»"\vhl (I W ‘l".! 1§y _,‘5_..1’..|“4l... n.i.n. W ) W, , h ", “‘ L% Y AN v .‘ n.‘-‘ly Pl " ) K Lo g Ai'




. 47
408
2
< (AN
W 3.10(b). In this case the block plan would not reflect
A
ﬁ; the odjocencies required by the adjacency graph. The
;; block plan that does reflect the required adjacencies
- ragardless of ogreas is shown in figure 3.100{c].
Y
ﬁf: Another example of inhibitors using the carve
4'
- operation is illustroted in figures 3.10 (d) ond (el.
A
" Here a carve for facility S ot 010204 is followed by a
ff carve at 010405 for focility 6. With no inhibitors, the
e
ﬁ: problem here is the addition of focility 7 at 020405 and
ff the two options of box left down and box right down. As
i
vdl is seen in Figure 3.10(d) the box left down destroys the
a2
b
'5@ adjacency between 4% and 5 and creates aon adjacency

between 6 and 7; however, at this stage Ffacility 7

-
K o
e S

should only be adjacent to 2, 4, ond 5. The box right

ol ol

down is aoppropriate here ond figure 3.10(e) illustraotes

:; the block plan which the inhibitors require.

%é A final example is shown in figures 3.10 (f)
'}g and (g). In this cose facility S is ocdded at 020304

%S followed by o carve for focility 6 at 03040S5. When

ES facility 7 is added at 020305, the same problem presented
'55 in figure 3.11 orises aogoin. With no inhibitors the
ﬁ; block plan could end up os in figure 3.10(F2, whereas
;Z inhibitors require the block plan in figure 3.10(g).

3:; The initial choice of locaotion for the

e inhibitors to the right of 020304 and 010304 is

E; arbitrary. Placement of both on the left would perform
'y
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. Just as well but it should be noted that they must both
o
;;§ ] be on the same side or they would creote the very
h‘ problems they are designed to sliminate.
Y The results below follow from the operations as
!‘.l
na defined.
('..
${ (8l_Thegrem_l. No more than one carve can be .
Vi done within any facility. PROOF -- In order to carve
W 5
:2( there must be o corner towards which one carves. After E
s j
&; one carve is done, there is no corner left in the
&3 original facility therefore the condition required to
el carve does not exist and no further carving can be done.
iy
Y £Z1_Ibeorem_2. No more than three focilities may
_ be placed within any given faocility i. PROOF -- All
_,j-
gg{ facilities, with the exception of 2, begin as boxes.
P “
JQ Even if a facility is aodded by o carve operaction it
{% contains one corner and therefore has the same structure
W
;$ as a box. As such, there are three nodes which can be
%; expanded about to form new facilities. Each time a
?ﬁ facility is odded, due to the nature of the inhibitors,
Nig
ﬁi none of the new nades created allow the addition of o
f% Faocility within facility i. An illustrotion of this is
:f given in figure 3.11.
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Figure 3.11. Location of inhibitors when no facilities
may be ocdded

[B8)_Corollgry_g.l. If three facilities are added
within facility i, two must be boxes and ons o carve.
PROOF -- For a given node, if there is an opportunity to
carve it will be done first. From theorem 1, one cannot
coarve agoin therefore the other focilitiss must be added
by o box operation.

From Corollary 2.1, the worst shope a facility

may have is a "T”,

3-4%.3 Creating The Block Plan

The block plan is nothing more than addition of
areas to the dual. To accomplish this it is esasiest to
start with o "clsan slate” rather than trying to odjust
the existing dual. The inputs required for sach focility
i in this phaose are the operotion (OPERS({1)), the
Facility that it was'plnced in (PLINS(1)), and the aorea
CAREA(i)). Each focility in the block plaon is given by

its coordinates within a square with sides of length one
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and where the coordinates represent percentages of the
actual woll lengths. For example, consider two buildings
each containing 10,000 square feet, with dimensions

100x100 for the first and 125x80 for the second (see
figure 3.12.) A focility with dimensions (0,0),
(0,0.51,00.5,0), and (0.5,0.5) would have dimensions of
50x50 in the first case aond 62.5x40 in the second however
as one can see the areas are both equal to 2,500 sq. ft.
This adds more flexibility to the aoctual site block plan

since no restriction is made that the building be square.

F 100

¥ [t0,00 to,.5: 0,0 {0, .5

i N

125

£ ol
‘-o

{.5,0) (.5,.5)

{.5,0) (.5,.5)

l 80 g——62.5 —
100 jo— 50 |

Figure 3.12. Coordinate/Area Relationship

£11_Computing_the_lpnitiol_sfrec_Reguired for_each
Focility. The area required for o facility i when it is
initiolly odded into the block plan is not the area of
facility i clone since subsequant facilities are added
within the initial boundaries of focility 4. The initial

facility should contain the aorea required for all of the
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facilities added within its initial boundaries ot later
stages. Using the PLIN vector, o cumulative oresa vectar
called AREAIN is colculated so that each value of
AREAINC(i) is equal to the area of facility i plus the
cumulative areas of all Facilities subsequently ocdded
within the initiol boundories of focility {1.

L2)_Corving_opd_Ibe_Additiop of tbhe Ficst_Iwo
Focilities_ to_tbhe_Block_Elgn. The entire square is
defined as the initial boundary of facility 2, therefore
its cumulotive area [AREAINIZ2)) is equol to ths total
area or AREATOT. Facility 3 is then placed within thes
initial boundary of focility 2. Since the initiaol
facility 3 contains all faocilities except 2 it can be
viewed as a carve up from below. It is noted that both
the carve left up and the carve right up look the saoms
with the only difference being thes node from which the
carve took place. In the initial dual section this was
an important distinction, houwever for the block plan it
doesn’t really maotter since the shape for the block plan
is all we are concerned with here (see figure 3.5.)

Therefore in ths block plan section only four caorve

* routines are required since the left-up and right-up, the
? laeft-down ond right-down, the down-right and up-right,

and the down-left and up~left are equivalent. The carve
N

operation at this stogs involves basicaolly cutting the




initial area of 2 into two parts thot have the proper

ratio of areas. Since the coordinates are in percentages
of distance, the carve operation may be accomplished by
simply relobeling the lowsr coordinates of focility 2 as
the lower coordinates of the initial area of facility 3,
redefining the lower two coordinates of facility 2
according to the ratio of cumulotive areas, and also
assigning these coordinotes as the uppser coordinates of
the initial area of facility 3. The cumulative area of
facility 3 C(AREAIN(3]) is then subtracted from the
cumulaotive area of 2 (AREAIN(Z2]) toc get ths new
cumulaotive areac of facility 2. The some type of
operation is done for adding the initial area of facility
4 within Focility 3 but o carve to the to left is used.

Up to this point thsre have been no problem
specific focilities placed as focilities 2 through
always have the same initial location. From here on, the
facilities are not necessarily added in the same
saquence as they were in the insertion order; instead
they are acdded according to the facility thot they are
placed in. For exaomple, oll facilities whose PLIN value
is 3 aore added to focility 3, then those with PLIN values
of 4, etc. From Theorem 2 and its Corollary, at most
three focilities may be placed in faocility i and they
must be a subset of two boxes and a carve. The PLIN

vector is searched to find the three facilities, if they

.ri'.il‘i
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exist, that aore placed in facility i. If o carve
operaotion is present, it is done first. The carve method
described ocbove for the initiolization of fFacilities 2

through 4 is used for subsequent caorve additions.

£3)_Box_fdditiops_to_tbe_Block Plop. When there
are two boxes to be added to the block plan, the one with
the laorgest cumulotive area is chosen to be inserted
First. Consider the addition of facility S at «<2,3,%
within facility 3 as described above [(see figure 3.2.)
The upper right coordinates of facility 3 are relobeled
os the upper right coordinotes of facility S. Tha lower
right and uppar left coordinates are calculated according
to the squore root of the ratio of cumulative aresos. The
lower left coordinate is the i coordinate of the lower
right ond the J coordinate of the upper left. The only
change to the existing facility (3] is relabeling of the
upper right coordinate which is the some aos tha louwer
left of the new facility.

The addition of o second box is done in the same
manner as the first so long as there is sufficient space.
If there is not o "correction” routine is entered. The
definition of "sufficient space” is as follows. After
one box has besen added, an L shape exists. The

coordinates for the rectangular portion of this existing

L shaps whers the new box is to be added aore used to
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i
;. . determine the "effective” area of the existing facility.
i:.' If the area of the box to be odded is more than 95% of
. this effective area, there is not sufficient spoce. If
:‘ this is the case, woll length of the first box in the
'Vs offending direction is reduced with the adjacent wall

) being increcsed to maintain the specified area. UWhen
":E‘ sufficient space is achieved, the second box is odded
EEE olong with the corrected first box. As with the dual
é::: construction, these operations are used repeatedly until
:‘:‘é the block plan is completed.
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CHAPTER 4
EXAMPLE PROBLEMS

In this chapter DELTAPLAN solutions to three
different problems are presented. The first example is a
problem from Francis and White (1974) and comparisons
with ALDEP and CORELAP soclutions are given. The second
example is also from Froncis and White, and it includes
the illustration of a possible extension to include
chonges to the adjaocency graoph made by thes Improved
Deltaohedron Heuristic. The final example is a problem
that is too large to be solved by the current version of
DELTAPLAN, however a brief description of the variable
reassignment required to construct the complete block

plan is included.

4-1_Example_l
The first example is a ten facility problem
however, since the Deltahedron method requires the
exterior to be included as focility 1, the problem shown
has 11 facilities. The REL chart required as input by

the Deltahedron method is given in figure %.1.
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__Fecilitus/Prec e RBetimg__ ________

1 Exterior

Disploy Area
120
Parcel post
340
Ports shipment
41C
Foreman
13C
Repoir ond service parts
B0
Service orea
S70
Receiving
170

9 Testing
450

10 Genercl storgge
pee 1400
11 Genercl offices
1250

D IO U] SF WM

Figure 4.1. Example I REL Chart

The insertion order calculated using column sums is:

1 10 B8 7 2 4 9 5 6 11 23

From the insertion order it can be smen that the initial
tetrahedron is 1-10-8-7 aond table 4.1 gives the remaining

vertices and the triangles into which they were inserted.

Tables 4.1 Exaomple I Vertices and Insertion Triangles

______________ Vectex___________Icigongle._ . ____
e <1 B8 7>
Y <110 7
9 <10 8 7»
s <10 7
6 <5 79
11 <e 87
3 <10 7 S

A alt ol i




A
:: Using the insertion order and triangle choices from the

Deltahedron method, the DELTAPLAN procedure constructs

the dual os illustrated in fFigure 4.2.

Figure 4.2. Example I Dual

,.,.
!

The resulting block plan (rectangular geometric dual with

areas) is shown in figure 4.3.

O
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Figure 4.3. Example I Block Plan

The complete actual output from this example is
given in the oppendix. In aoddition to the output given
here, the appendix includes the incidence matrix, o
condensed version of the AS matrix, the insertion order
information, and the coordinotes of the block plan. The
incidence matrix is a duplicate of the original REL chart

with the adjacencies not present in the odjacency graph

replaced by dashes. The condensed AS matrix uses numbers
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to represent the interior of facilities, dashes to
represent the walls [including intersectionsl], and 0’'s to
represent the inhibitors. The first line of the
insertion order information gives the second, third, and
fourth focilities inserted, and their areas. Each
odditional line gives the faocility number, the area, the
operation used to insert the focility in the dual, the
triangle it was placed in (rslabeled to correspond to the
order of insertionl], and the facility that the new
focility was ploced in (aolso relabeled). The coordinates
listed are in the same relative position on the page as
in the block plan i.e. the upper left coordinate of each
group of four is the coordinate of the upper left corner
of the facility. In the cass whsre a box haos besen placed
in o facility and there are now six corners in the
facility, the coordinate of the corner where the box was

placed is the coordinaote of the box that protrudes into

the old facility (see figure 4.4).




i‘ ] 80

) upper right

upper left

y lower left lower right

{ Figure 4.4. Coordinote location when o Box is placed
4 within the facility

: -
P4
Figures 4.5 and 4.6 show the output from ALDEP

) ond CORELAP for the same problem. For comparison, the

-E scores for each are calculated using the scoring rules of
‘i the Deltaohedron method. This is justified since the

0 scoring for the ALDEP method is identical (this is true
]ﬁ in this caose since there are no faocilities adjacent

iﬂ diagonallyl) and CORELAP includes maximization of

s adjacencies in its objective function. Scores for

é adjacencies to the exterior ars not included since the

f? ’ input for ALDEP and CORELAP solutions did not includs

§~ thess adjacencies in their REL charts, therefore the

’z scores for adjocency with the exterior are subtracted off
:z the Deltchedron score.
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Figure 4.5. ALDEP Layout for Example I
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Figure 4.6. CORELAP Layout for Example I

y Comparison shows that the Deltaohedron method

’g achieved the highest scores with 217 followed by ALDEP

g with 211 and finally CORELAP with 210. It is noted that
"3 there are several narrow L shaped facilitiss in the

% DELTAPLAN block plan howaver some modifications described
'3 in the next examples and in chapter S might help to create
o more rectangular or regulor spaces,

>

; 4-2_Exaorle_ll

v; The second example is olso from Froncis and White
§ B and aos with example I, an exterior facility has been i
f* added resulting in o 12 focility problsm. The REL chaort
* for this problem has been rearranged so that the

J insertion order is simply increasing integers from 1 to

v 12, Figure 4.7 gives the REL chart used for input and

N

table 1.2 gives the insertion vertices and triaongles.
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Since the REL chart has been reaorranged, the initial

tetraghdron is 1-2-3-4.

BN X< 1=3 QB8 STVA -} of - - S Beting_ _________

1 Exterior

Production

5000
Storage
BOC

wiln

Supervisors Office

150
General Manogers Office
400

Mointenance
150
Bookkeeping
3S0
irst Aid

20C
Rest rooms

Wl IN]JO ]|V ]&

3sC
1C Snack bar

350
11 Shipping ond receiving

200
12 Lobby

6C0O

Figure 4.7. Exomple 11 REL Chart

Table 4.2 Example Il Vesrtices and Insertion Triangles

_____________ Vectex______________.Icicogle. e

S <1 2

6 <2 3 b

7 <5 2 %

8 <2 3 6

9 <2 3 B8

10 <2 3 &

11 <1 2 ¥

12 <1 4 S>
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As with exampla I, the complete computer output is given
in the aoppendix. Figures 4.8 and 4.8 show the dual and

the block plan respectively.

Figure 4.8. Example II Ducl
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Figure 4.9. Example II Block Plan

Consider the genarcl maonager’s office (facility
5) and note that the L shape is not desirabls.
Consulting the REL chart it is alsoc noted that the
adjacency rating bestween facilities 7 aoand 12 is an E and
the adjacency raoting between 7 and 4 is only o U. With a
series of edge swaps of the type described in the
improved deltahsdron, an increaose in scors caon be

achieved while also moking the general manoger'’'s office a
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rectangle. The edge swops aond corresponding chongas to

the block plan are illustrated in figure 4.10.

2
u 0
u 7 E
u
4 E 5
A
u 12 A
Adjacency graph and dual after completion of
original insertion order
Cal
2
u
U3 7
. P
4
E S u
A
u 12 A
Adjocency graeph and duol ofter ons edge swap
(b]
2
© u
E 7 u
% E S kU
A
u 12 A

Adjacency graph and dual after two edge swaops
(c)

Figure 4.10. Edge swap improvements to Example 11
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\
{
A
4
5 2
X 0 u
Y
N E 5 E 7]l u
o Y
A ®
L; U 12 A
3
‘R

A Adjacency groph and dual after three esdge swops
fdl
o

Figure 4.10--Cgntinued.

It should be noted that since there is no vertex in the
p. subgraph illustrated with degree three, there is no
possible way to gensrate this groph using only the
Deltaohedron method as the last vertex inserted must have
degree three. Additionally, the current Improved

o Deltohsdron would not consider this sequence of changes
since the first swap results in a lower scors; therefore
a look ahead procesdure would be required. It is
therefore proposed that every permissible edge swap can
be characterized in the dual (and the block plan) aos

. tronsforming a carve into o box or a box into a carve.

It is further proposed that since every maximolly planar

| e

graph can be constructed from an initial tetrahedron by a
¥, series of vertex insertions and edge swaps, (Giffin,

1984) if the ssquence is known it is possible to

= construct the dual of all maximally planar adjacency

graphs. The computer implesmentation of this procedure

:
“

1
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has not yet been done nor has the multiple step loock
aghead implementotion of the Improved Deltaohedran method.

This is left for future research.

4-3_Example_III1
The finol example is o recl world problem and
illustrates the degeneracy that often occurs in some
larger actual praoblems. It also illustrates the outcome
of o problem that is too large to be solved by the
current program. Consider the REL chart illustrated in

Figure 4.11.
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Eocilitu/erea_________

1 Exterior
¢ Laser
1075
3 2yglo
152S
4 F100
1650
S ALF
1000
B rmMilling
B40
7 Lloth
p— 2000
B Pressin g
1500
Shear
1BCC
10 Fusi Welding
22s0
11 Resistance WVelding
p—2200
12 Packaoging
f——1000

18 Shipping/Receiving

3000

3000
20 Inspection

21 Deburring

4$0C
22 Cleaning

2500

69

___________ Betang. e

(KXo
o
%

©
&

X
X
%

%‘%
g&

XX
()
3
.
0
4

%
o

S

X%

oCl QD
6
%

o
X
&
G

5L

&

égo
gg
&

S
X
X

o
ogo%
&
&
5
S8
0
5
%
%%
&
%

(@]
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08
O
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XX
QR
8

&

D

Figure 4.11. Example 111 REL Chart
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P

1

:. It is clear from an inspection of the REL chart that

;3 ) facilities 2, 5, 11, and 16 have no roting other than O

;é with respect to all other focilities. Therefore the

o problem is degenerate because when choosing among

;g triongles for facilities 2, S, 11, or 16, any triongle is

gj gs good as every other. Additionolly, faocilities 3 aond 4

. have an E only between themselves and an 0 with all

ig others as do 6 and 7. It follows thaot as long as 3 and 4 i
:j are adjacent and 6 and 7 ore adjacent, a block cantaining

§} focilities 2, 3, 4, 5, 6, 7, 11, ond 16 could be placed i
:g anywhere in the graph ond result in the same score as E
i: placing it anywhere else. Because of this property, I
- there are literally thousands of combinations that would :
fé result in the same score but have different adjacency g
}3 graphs. One approaoch to this dilemma might be to group

:k the B facilities into one lorge focility ond thus reduce :
ﬁj the size of the problem by more than a third. For the :
y@ soke of demonstration however, the entire problem is run |
*; os given. This illustrotes the problem encountered by

ig the current prograom when the A$ matrix becomes too small

13 to add oll of the required facilities within it. The

i Deltahedron method runs without incident with the initial

55 tetrahedron being facilities 1-19-22-21 and the insertion

“* vertices and triangles aore given in table %.3. As with

[ examples I and II, the complete output is contained in

i the appendix.
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\':

\J‘.
xf-

-
e
\;". Table 4.3 Exomple III Vertices and Insertion Triangles
B . Vectex Iciopngle ___ . _______
O 8 <18 22 21>
) 1e <119 21>
:3 10 < B 22 21>
N 8 <19 21 ©&
e 13 <12 21
18 <19 22 B>

N 20 <119 12>
3 3 < 821 10>
:. ) k] < 8 21 »

i 6 <B10 3

Wk 7 < 6 10

L./ 14 <20 185 12>

o 15 <18 22 B>

o 2 < B 10 &
L =] < B 6 2

o 11 <121 13

b 186 < B 3 Y%

- 17 <15 22 B>

‘{:: —————————————————————————————————————————————————————————
2%

' The resultont dual is given in figure 4.12 and it should
:ﬁ' be noted that there are only 19 facilities shown.

b
}3 Facilities 2, S, and 156 were not able to be inserted
Wl since there was no room ot the new location for an
&

SO additionol Facility. The program can be continued

'.‘-:
:‘:} normally from this point and cutput obtained, however the
B "'l" :
‘ block plan will not contain the facilities left out of
'.r: the dugl (see figure 4.13).
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Figure 4.12. Example III Dual
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19

§

Q

& 18

13
1

L —

Z: 10 12
3 22
p 13

20
" : 11

vl

1Q Figure 4.13. Example II1 Block Plan with 3 faocilities

7 not included

; .

N To provide o complete block plan, the BREAK feature of

52 BASICA is used. Before continuing on to the construction
. ) :

“5 of the block plan from the dual, the program execution is
2 stopped with the BREAK key. When the program is halted
5: in this mannar, the voriables defined up to this point

X

" remain in memory. The values not present for the

Ky complete construction of the block plon are the variocbles
4

o

)

L)

af,

4

L3
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pe

D _

o OPERS and PLIN for facilities 2, S, and 16. An

B

?3 ingspection of the condensed A$ matrix along with the

lv"

insertion values displayed on the scraeen yield the

fi: necessary information to determine what the values would

b Ly

-¢2 have been had the program had the necessary room. In ‘
’ this case the following variables were set to the values %

- |

indicated below. f

y |

id‘ OPERS(1B8)="BRD” PLINC(18])=14 f

¢ OPERS(1S)="CDL” PLIN(19)=1B J

e OPERS(21)="CDR"” PLIN(21)=13

%5

tj After these values are seat, exscution is resumed and the

' result is given in figure 4.14%. It should be noted that

K !

‘;j for different random seed values, DELTAPLAN will complete

»

o this problem with no varioble redefinition required.
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18

1 —— 9
I7

==

14

18 21

2

13
11

Figure %.1%, Excmple 111 Block Plan complete

20

A possible change to olluw somewhat larger
problems would be to redefinse the dota structure and to
hove an A%$ motrix that starts out very small and expands
out from the point where aon additional facility is
placed. This is opposite to the prasent method which
starts with a given size and facilities ore placed within

its boundaries. Many times there is quite o lot of space
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;::: remaining within the matrix; however, it is not where the
::.

new facility must be added.
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1%

’ CONCLUSIONS
-:

f; The method presented here hos been shown to
2 construct a rectangular geometric dual for the class of

.$ adjacency graophs developed using Deltaohedron based !

E% heuristics. It has further demonstroted how areas can be

%; incorporated to form a block plan. It should be
’é remembered however, that all of the methods described in

‘5 this thesis are onolyticol in nature and as stoted in
.’ Francis and White (1974), "It should be realized that the
-# analytical opproach yields a solution to the model, but

not necessarily the prpblem.” For this reason, one

$ should be cautious when selecting a block plan produced
? by any of the heuristics mentionsd. Just bscaouse a
;é particular plan has a higher adjacency score doss not
! mean that it is a better plaon. The maximally planar
5‘ . plons developad by DELTAPLAN sometimes have long narrow L
# or T shaped facilities which are most likely not very
3? useful if included as shown in the block plan. The
%; output of this as well as other methods is meant to be o
%' starting place aond guide for further planning.

:gl Alternatives that maoy not presviously have been considered
:3 might surface with a computer method such as DELTAPLAN.

8 77
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‘, As o starting point, the plan and REL chart moy be

}ﬁ . consulted to see if perhaps one of the odjacencies in a
;f long narrow L or T shape is even worthwhile to have and
3 as such it maoy become a candidate for deletion. If o

z; graph is net very dense in highly weighted edges, perhaps
igs a maximally planar block plon contains more adjacencies
- than ore really necessary. In this cose some

gﬁ adjacencies may be deleted to form o more regular plon

%ﬁ‘ and the odjacency scors may not even be offected.

i: A very important fact is that the dual is not

;§ unique. There are many ways of arranging facilities with
;v very slight changes to the rules of DELTAPLAN, that

\ preserve all of tha adjacencies required. One change

éz might involve moving the initial inhibitors from the

i? right side of the wall between focilities 3 and 4 to the
é& left side. Anpther possibility would bes to change the

}: plocement of facilities 2, 3, and 4 within the dual

135 representation of the initiaol tetrahedron which would

'; lead to six different orientations of the initial four

;i faocilities. These ore either 2, 3, or 4% on the top and
f§ the remoining two facilities placed sither on the left

3_ and right or the right ond left. The point here is that
| thes rules devaloped for DELTAPLAN continue to work for

I% oll of these orientations. If areas ore not a factor or
.} if it can be determined that no new faocility might affect
o

certain acdjocencies ofter arsas are odded, changes to the

o b pesiadhgy
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inhibitors ot o later staoge can bs invoked an result in
still further alternatives.

As mentioned ecrlier, sxtensions con be mads to
include edge swaps of the type used in the Improved
Deltaohedron. Further extensions include the ability to
develop the dual from any maximally planar odjocency
y graph once the series of vertex insertions ond edge swaps
:E required to form the adjacency graph from an initial
. tetrahedron are known. As yet it is not known how the
process of enforcing o deltahedron like insertion and

swapping procedure on an arbitrory adjacency graph should

be performed efficiently. Another extension might be to
develop the block plan in parallel with the Super
Deltahedron method in order to have more accurate
estimates of the distance between centroids for
transportation cost estimates.

The implementation provided in this thesis should
form an important subroutine to the realization of all of

these extsnsions.
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é: APPENDIX A
¥
THE DELTAHEDRON HEURISTIC
B PROGRAM LISTING
:'|
W
M
"
e 10 ewesscssveanesens —me -
20 '
X 30 * The DELTAHEDRON HEURISTIC
s\ 40 ' using column sums insertion order
¢ 50 '
oy &0 ' by J. W. Giffin
::1 70 ' with modifications by D. W. Keenon
' 80 ' March 1, 1986
+ 90 ’
i 100 ’
P. 110 Dim BEN (30,30),0RDER (30),BENSUM (30),TRIANG (B4%,3),SOLUTION (30
k. 120 DIM OTHERS (30),DEG (30),AR (30),DEGCON (30),RO0TA (30)
,, 130 DIM SPATH [30,30),HP (3),H (30]),VALID{30), TRIANGS[301],
K-, AREA[30),P$(30,30)
5y 140 CLS
N 150 RANDOMI2E
ol 160 DEFINT I-N
170 INPUT "You will need to input the filenome for the dotao you wont to
A use. Would you like o list of files on the disk
) (Y/N)”; ANSS
- 180 IF ANSS="Y” DR ANSS="y"” THEN FILES
S 180 INPUT"Enter any filename with .DAT fFor an extsnsion”;FILENANES
" 200 IF RIGHTSCFILENAMES,41<>”.DAT” THEN FILENAMES=FILENAMES+" .DAT"”
N 210 PRINT
< eeo0 INPUT"If you nesd an X value other thon -1024 enter it at the prompt,
if not press return.” ;XVALS
'ﬁ 230 IF XvAaLS="" THEN XVAL=-1024 ELSE XVAL=UAL(XUALS)
R 240 ' - - - -
! 250 'Reod doto from dato file and initialize NxN score matrix
3 260 Bt it e ittt bttt bt
_ﬂ 270 OPEN "I", #1,FILENAMES
" 280 INPUT #1, N
A 290 PRINT "NUMBER Of FACILITIES:"N
. 300 FLAG =0
¥ 310 K=7
[s 320 FOR I=-1 TO N
£ 330 PRINT USING "##";I;:PRINT » . »;
B 340 PRINT TAB(K)
3 350 PRINT USING "##";1 ;:PRINT " ";
o 360 FOR J=1+1 TO N

80
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370
380
390

400
410
420
430
$40

450
460
170
480
4380
S00
510
S20
530
S40
SS0
S60
S70
580
5380
600
610
620
630
B840
650
660
670
680
690
700
710
720
730
740
750
760
770
780
7380
800
B10

g
T
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INPUT #1, PS(I,J)
PRINT P$(I1,J) " *;
IF P$(I,J)="U" THEN BEN (I,JJ)=0 : BEN (J,1)=0 :G0TD

450
IF PS(1,J)="0" THEN BEN (I,J3=1 : BEN (J,IJ=} :GOT0
$50
IF P$C{I,J)="1" THEN BEN (I,J)=4 : BEN (J,I1)=4% :GOTO0
450
IF PS(I,J)="E"” THEN BEN (I,JJ)=16 : BEN (J,I1)=16 :GOTO
450
IF PSC(I,J)="A" THEN BEN (I,J)=6% : BEN (J,I1)=64 :GOTOD
%50
IF PSCI,J)="X" THEN BEN (I,J)=XVAL : BEN (J,I)=XVAL
:FLAG =1

NEXT J

K=K+2

PRINT

NEXT 1

FOR I=2 TO N
INPUT #1, AREALI)
NEXT I

'If an X is present, add o constant to oll scores so they
'are oll non-negotive

IF FLAG =0 GOTO B30
FOR I=1 TO N
FOR J=1 TO N
BEN (1,J)=BEN (I,J)-XVAL
NEXT J
NEXT 1
FOR I=1 TO N
BEN (I,12-0
NEXT 1

'Initializa total score ond odd the score
‘for the initiaol tetrahedron
TOTBEN =0
FOR I=1 TO 4
FOR J=1+1 TO 4
TOTBEN =TOTBEN +BEN C(ORDER (1),0ORDER (J))
NEXT J

FOR I=5 TO N
MAX=-1

r
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2

az2
. 820 X=DRDER (11
e 830 CK~1+INTCRND®TRINO 3
st 840 FOR X=CK TD TRIND
i 850 SUM =0
ot BE0 FOR J=1 TO 3
s 870 SuM =SuM +BEN £X ,TRIANG (K,JJ)
ol 880 NEXT J
e 890 IF SUM > MAX THEN MAX=SUM : MAXTRI =K
900 NEXT K
e 910 FOR K=1 TD CK-1
Woe, 920 sun =0
o) 930 FOR J=1 TO 3
LN 940 SuUM =SuUM +BEN (X ,TRIANG (K,J1)
N 950 NEXT J
¥ 960 IF SUM > MAX THEN MAX=SUM : MAXTRI =K
v 970 NEXT K
L3 980 T e TS T
,‘. ?ggo 'Prznt vertex and triaongle it is inserted into
1y 1010 PRINT "INSERTING VERTEX ";X ;" IN TRIANGLE *;
N 1020 FOR K= 1 TO I
K. $ 1030 IF TRIANG [MAXTRI,1) = ORDER (K) THEN ELMNT1=K: GOTO
K42 1050
) 1040 NEXT K
1050 PRINT TRIANG (MAXIRI ,13;
. 1060 FOR K= 1 TO 1
N 1070 IF IRIANG (MAXTRI,2) = ORDER (K) THEN ELMNT2=K: GOTO
» 1030
! ""‘ 1080 NEXT K
B, 1080 PRINT TRIANG (MAXTRI ,2);
100 1100 FOR K= 1 10 1
i 1110 IF TRIANG (MAXTRI,3) = ORDER (K) THEN ELMNT3-K: GOTO
1130
R 1120 NEXT K
o, 1130 PRINT TRIANG (MAXTRI ,3);
o 1140 Temmmmeeee - -
i ﬁgg 'Create charocter sting elements used as input for DELTAPLAN
Q PR —— A — - —— —— - - . —— -
RO 1170 IF ELMNT1<10 THEN ELMNT1$="0"+RIGHTSCSTRSCELMNT1),1) ELSE
Py ELMNT1S=RIGHTS(STRSLELNNT1),2)
— 11680 IF ELMNT2¢10 THEN ELMNT2$=~"0"+RIGHTS(STRSCELMNT2),1) ELSE
S ELMNT2S=RIGHTS(STRSC(ELNNT2),2]
O 1190 IF ELMNT3<10 THEN ELMNT3$="0"+RIGHTS(STRS(ELMNT3),13) ELSE
2.;} ELMNT3S=RIGHTSISTRSCELMNT3), 2)
.t 1200 TRIANGS( I J=ELMNT1S+ELMNT2S+ELMNT3S
K 1210 PRINT TRIANGS(I)
SO - 1220 PRINT
o 1230 GOSUB 2130
- 1240 TOTBEN =TOTBEN +MAX
sk 1250 NEXT 1
Ay 1260 IF FLAG=1 THEN TOTBEN=TOTBEN + XVAL®{3®*N-5)
}
Y
R
Wt
o
By
;; Ea
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1270
1280
1280
1300
1310
1320
1330
1340
1350

1360
1370

1380
1380
1400
1410
1420
1430
1440
1450
1460
1470
1480
14380
15800
1510
1520
1830
1540
1550
1S60
1570
1580
1580
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
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D A A D N N R NN NI it

83

PRINT
PRINT "TOTAL DELTAHEDRON ADJACENCY SCORE IS” TOTBEN
PRINT

GOSUB 2280

OPEN “0",#1, "DATAl"
WRITE #1,N

FOR I-1 TO N
WRITE #1,0RDERCI)

NEXT 1
FOR I=5 TO N

WRITE #1,TRIANGS(I)
NEXT I
FOR I=2 TO N

WRITE #1,AREACORDER(1)]
NEXT 1
CLOSE
INPUT "WOULD YOU LIKE A LAYOUT DONE FROM THIS DATA (Y/NJ”;ANSS
IF ANSS$="N" OR ANSS$="n" GOTO 14390
CHAIN "DELTAPLN"

'FOR I=1 TO N

i FOR J=1 TO N

* PRINT BEN (1,J);
' NEXT J

' PRINT

'NEXT 1

Calculote column sums
FOR J=1 TO N
SUM =0
FOR I=1 TO N
IF I<>J THEN SUM =5UM +BEN (1,J2

NEXT 1

BENSUM (JJ)=Sun
NEXT J
FOR I=1 TO N

VALID (I)=1
NEXT 1
FOR I= 1 TO N

ORDER (12=]
NEXT 1
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1930
1940
1950
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2010
2020
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€120
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' Sort vertices according to column sums
Bubblesort orraoy order according to BENSUM
FLIPS =1
WHILE FLIPS =1
FLIPS =0
FOR I=2 TO N-1
IF BENSURM (ORDER (1)) < BENSUM (ORDER (1+1)) THEN SWAP
ORDER CI1),0RDER (I+13 :FLIPS =1

PRINT
PRINT "DELTAHEDRON INSERTION ORDER"
PRINT
FOR I=1 TO N
PRINT ORDER (1);
NEXT 1

‘Initiclize triaongles and incidence values for the
'initicl tetrahedron
FOR I=1 TO 4
X =0RDER (1)
FOR J=1 TO 4
Y =0RDER (J)
IF J<1 THEN TRIANG (I1,JJ)=Y ELSE IF J>I THEN TRIANG
(1,J-1)=Y : SOLUTION (X,Yl=1:SOLUTION (Y,X)=1
NEXT J
NEXT 1
TRIND =4

FOR J=1 TO 3
SOLUTION (X ,TRIANG (MAXIRI,J1})=1
SOLUTION (TRIANG (MAXTRI,J], X J=1
NEXT J
TRINO =TRIND +1
TRIANG (TRINO ,13=TRIANG (MAXTRI,11]
TRIANG (TRINO ,2)=TRIANG (MAXTRI,2]
TRIANG (TRINO ,31=X
TRINO =TRINO +1
TRIANG (TRINO ,1]=TRIANG (MAXTRI,1)]
TRIANG (TRIND ,2J)=TRIANG (MAXTRI, 3]
TRIANG (TRINO ,32)=X

ORI, o R




2250
2260
2270
2280
2230
2300
2310
2320
2330
2340
2350
2360
2370

2380
23380
2400
2410
2420
2430

TRIANG (MAXTRI,11=X

PRINT "INCIDENCE MATRIX:”

PRINT

K=7

FOR I=-1 TO N
PRINT I;
PRINT TAB(K1
FOR J=I+1 TO N

IF SOLUTION (I,J)=1 THEN PRINT PSCI,J);" ";

NEXT J
K=K+2
PRINT

NEXT 1

PRINT

RETURN

ELSE PRINT
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DELTAPLAN

o PROGRAM LISTING
3
A
3“|
KNY)
S
LM
S04

A 10 ’
R %0 : DELTAPLAN
‘."" - t Rectangulor Geomstric Dual and
‘A o 'A Procedure to Construct a g
"":::' ;0 * a Block Plan from a Deltahedron Based Adjocency Graph
el _
,-:.f‘:e: sg * by David W. Kesnan
e 80 ' March 1, 1986
b S0 '
_*
AN 100 .
i 110 KEY OFF
$$§ 120 SCREEN 1
e 130 WIDTH B0
)
AN 140 CLS
PN '
e 100 ' ON TRIANGLE COORDINATES
a igg '::giinggngngnguéNggggélra CORNER CODRDINATES OF THE NEwRiZﬁétéT¥0
itta 180 *==L 1S THME HORIZONTAL COORDINATE OF THE NEXT ADJACENCY T

"THE LEFT
34~ ;gg 'Z-R 1S THE HORIZONTAL COORDINATE OF THME NEXT ADJACENCY TRIANGLE TO
L] . T
] 220 I ey JACENCY TRIANGLE BELOW
) tee VERTICAL COURDINATE OF THE NEXT AD
;ag‘ ggg '--3 }: g:é uERrxcaL COORDINATE OF THE NEXT ADJACENCY TRIANGLE ABOVE
R 240 '——_FLAGO=0 INDICATES THE DIRECTION IS USABLE
» e - CATES THE DIRECTION IS NOT USABLE
' 250 _FLAGO=1 INDI F - 0-NO CORNER
K 260 '==_FLAG1 INDICATES A CORNER OR THE ABSENCE rnsnsgk =7 O-NO CORNER,
ol 270 *1-LOWER LEFT CORNER, 2-LOWER RIGHT CORNER, 3-UPP .
RN 280 *4-UPPER LEFT CORNER
iy 8 ’
'53: ggg DIn AS[3S,ESJ.R18(EOOJ.RE(EOOJ.RSCEOOJér;é?ESOJ.PLINstSOJ.OPERS(SO],
:94' TRIANGLES{S0), AREACS0), AREAINIS0), DRDE
N 310 PLACE = 3
320 CT=4
™ 330 BLS=STRINGS(79, 32)

ibﬁ - 340 *>>> INITIALIZE MATRIX
" 350 GOSUB 1040
43“ 380 *>>> GET INPUT AND DETERMINE 1TS COORDINATES
¥ 370 FOR FAC=S TO NUMFAC
e ’ L=0
) 380
) 390 R=0
s" -
4‘?
{
W p_j./'




“
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!: az
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)
5%
“2
Kag
{
N
.q
i
Q\,
¢ 400 D=0
gt 410 u=0
@z 420 1=0
fe 430 J=0
%, 440 IF FAC < 10 THEN FAC$="0"+RIGHTS(STRS(FAC),1) ELSE
) FACS=RIGHTS(STRS(FAC),2)
& 450 GOSUB 5430 '>>> CLEAR FIRST LINE
460 PRINT "Inserting Facility”;DRDERCFAC);
470 LOCATE 2,1
P 480 PRINT BLS
490 AREAINCFAC)=AREALFAC)
! 500 *»>»> SORT THE INPUT TO INSURE PROPER CHARACTER SEQUENCE
.? 510 SDRTAS=TRIANGLES(FAC) : BGOSUB 5070 : TRIANGLES(FAC)=SORTAS
o 520 FOR X=1 TO CT
» S30 IF TRIANGLES(FAC)=R1$(X) THEN I=R2(X):J=R3(X] :R2(X1=0
? :R3CX1=0 :BOTD S50
% 540 NEXT X
o 550 IF 1=0 THEN LOCATE 2,1 : PRINT "THIS TRIANGLE CAN'T BE FDUND
W] AS LISTED -- TRY AGAIN ":GOTO 880
o 560 '>>> BEGIN SEARCH
4 570 *>>> SEARCH LEFT
¥, SBO GOSuUB 1870
? 530 *>>> SEARCH RIGHT
; 600 GOSUB 2010
B10 *>>> SEARCH DOWN
o 620 GOSUB 2150
§ 630 *>>> SEARCH UP
K 640 GOSUB 2290
.d 650 *>>> CHECK FOR CORNERS AND CARVE IF POSSIBLE
ﬁp 660 IF LFLAB1=1 AND LFLAGO=0 AND UFLAGO=-0 THEN GOSUB 2430 :GOTO
¢ 820
t 670 IF LFLAG1=% AND LFLAGO=0 AND DFLAGO=0 THEN GOSUB 2640 :GOTD
820
. 680 IF RFLAG1=-2 AND RFLAGO=0 AND UFLAGO=0 THEN GOSUB 28BS0 :GOTO
) 820
’ 690 IF RFLAG1=3 AND RFLAGO=0 AND DFLAGO=0 THEN GOSUB 3060 :GOTO
M 820
3' 700 1F DFLAG1=1 AND DFLAGO=0 AND RFLAGO=0 THEN GDSUB 3270 :GDTO
‘f 820
N 4 710 IF DFLAG1=2 AND DFLAGO=0 AND LFLAGO=0 THEN GOSUB 3480 :GOTO
. 820
i 720 IF UFLAG1=3 AND UFLAGO=0 AND LFLAGO=0 THEN GOSUB 36390 :GOTOD
" ) 820
} 730 1IF UFLAG1=4 AND UFLAGO=0 AND RFLAGO=0 THEN GOSUB 3900 :GOTO
Y 820
$ _ 740 *>>> CHECK FOR INTERSECTIONS AND BOX IF POSSIBLE
%' 750 1F LFLAGO=0 AND DFLAGO=0 THEN GOSUB 4110 :GOTO 820
760 1F LFLAGO=0 AND UFLAGO=0 THEN GDSUB %4350 :GOTO 820
i 770 IF RFLAGO=0 AND DFLAGO=0 THEN GOSUB 4590 :60TD 820
b 780 IF RFLAGO=0 AND UFLAGO=0 THEN GOSUB 4830 :GDI0D 820
b 790 LOCATE 2.1
k)
b,
n

R
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PRINT "This triangle cannot be inserted here, try another
location”

810 GOTO 880

820 'CONT INUE

830 LOCATE PLACE,SO

840 PLINCFAC)=VALCPLINSCFAC])

850 PRINT ORDER(FAC);AREALFAC);” ”;DPERSI(FACI;" ";IRIANGLES(FAC);"
" ; PLINCFAC)

860 IF PLACE >= 23 THEN PLACE = 4 ELSE PLACE = PLACE +1

870 LINE (J*4+28, I*4+50])-{J1*4+28,11*4+50), ,B

880 NEXT FAC

830 *FOR U=1 TO CT

900 ' PRINT R1S(UJ);R2(U)J;R3CU)

910 'NEXT U

|20 'PRINT CT

830 GOSUB 5430 °'>>> CLEAR FIRST LINE

940 INPUT "Would you like o layout copy printed (Y/N)”;ANSS

950 IF ANSS = "Y” OR ANSS = "y” THEN GOSUB 1770

960 GOSUB 5430 '>>> CLEAR FIRST LINE

970 INPUT “Would you like an insertion order copy printed (Y/NJ]”;ANSS

980 IF ANSS = "Y™ OR ANSS = "y” THEN GOSUB 5370

990 GOSUB 5430 '>>> CLEAR FIRST LINE

1000 INPUT "Would you like to ses the layout with areas [(Y/N)”;ANSS

1010 IF ANSS="Y" DR ANSS="y” THEN GOSUB S480

1020 CRAIN "DELTASUM”"

1030 END ' —-—

1040 *>>> INITIALIZE MATRIX

1050 OPEN "1I”,#1,"DATAL"

1060 INPUT #1 NUMFAC

1070 FOR I=1 TO NUMFAC

1080 INPUT #1,0RDERC1]

1090 NEXT 1

1100 FOR I=S TO NUMFAC

1110 INPUT #1,TRIANGLESC(])

1120 NEXT 1

1130 FOR I=2 TO NUMFAC

1140 INPUT #1,AREA{I)

1180 NEXT 1

1160 CLOSE

1170 LOCATE 10,5

1180 PRINT "Please wait o few maments while things ore being
initiclized....”

1180 FOR J=0 TO 66

1200 A$(C0,J)="01"
1210 AS(1,J)="-"
12e0 AS(3,J)="-"
1230 AS(34,J)="-"
1240 AS(35,J)="01"

1250 NEXT J
1260 FOR I~-1 TO 34
AS(I,03="01"
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1280 AS(I, 1)="-"
1290 AS(],43)="-"
1300 ASLI,ES)="~-"
1310 AS(I ,66)="01"

1320 NEXT 1

1330 FOR J=2 TO 6%

1340 As(2,J)="02"
1350 NEXT J

1360 FOR I=% TO 33

I 1370 FOR J1=2 TO 42

.*.g.: 1380 AsCl, J1)="03"
st 1330 NEXT J1

i 1400 FOR J2=44 TO 64

yehe 1410 ASCI,J2)="0%"
# ¥y 1420 NEXT J2

B 1430 NEXT 1

% 1440 AS(1,1)="000102"

L]

1450 AS(1,65)=-"000102"

1460 AS(3,1)=-"010203"

1470 AS[3,'$3)="02030%"

1480 AS(3,65)~-"010201"

1430 AS(34,1)="AA0103"

1S00 AS(34,43)="010304"

1510 AS(34,65)="BB0104”

1520 As$(3,441="000000"

1530 AS{34,441="000000"

1540 CLS

1550 LOCATE PLACE, S0

1560 PRINT ORDER(2);”:";AREAL2);0RDER(3); ": " ;AREAL3); ORDERC%); ": "; AREA(Y)
1570 PLACE=PLACE+1

N 1580 LINE (32,5%)-(288,166),,B

! 1580 LINE (32,62)-(200,186), ,B

1600 LINE (200,62)-(268,1866),,8B !
1610 R1S(1)="010203"

el el -
SERMRE -

-
P

T

AR

A
R 1620  R2(11=3
o 1630 R3C1)=1
R 1640 R1S(2)=-"020304"
R0 1650 R2C23=3
Sod 1660 R3(21=43 ‘
PR 1670 R1S[3)="010204" ‘
1660 R2(3)=3 i
ot 1630 R3(3)=6S |
4 1700 R1S{4)="010304" !
%i:.t.. 1710 R2(43=34 ;
L 1720 R3IC4I=43
;4“!. 1730 AREAINC2)=AREA()
KR - 1740 AREAIN(3)=AREA(3]
AT 1750 AREAINCYI=AREACY)
DA 1760 RETURN
o 1770 *»>> <<< PRINT AS MATRIX
a4 1780 FOR J-66 TO O STEP -1
M
of,'a'
l.f'l'
4%@‘
..‘l.!
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32958
i
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FIN )
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FOR I=0 T0 35S
* PRINT AS(I, J) ™ *;
IF LENCAS(I,J))=6 AND AS(1,J1<>"000000” THEN AAS="-"
ELSE AAS=RIGHTS(AS(]I J),2)
IF AAS="-" THEN LPRINT ” -"; ELSE LPRINT USING
"##"; ORDERCVAL[AAS)];
NEXT 1
LPRINT
NEXT J
RETURN
'>>> <<< SEARCH LEFT
LFLAGO=0
LFLAG1=0
LFLAGZ2=0
L=J
L=L-1
IF L<1 THEN LFLAGO=1l: GOTO 2000
AVALS=LEFTS(ASC]I,L],1)
IF AavALS="-" THEN GOTO 1920
IF avALS="A” THEN LFLAG1l-1
IF AVALS="D" THEN LFLAG1-‘
IF ASCI,L)="000000" THEN LFLAGZ2=1
IF L=J-1 OR L=J-2 THEN LFLAGO=1
RETURN
'?>> <<< SEARCH RIGHT
RFLAGO=0
RFLAG1=0
RFLAG2=0
R=J
R=R+1
IF R>65 THEN RFLAGO=1: GOTOD 2140
AVALS-LEFTSIAS(]I,R),1)
IF AavaLs="-" THEN GOTO 2060
IF AVALS="B” THEN RFLAGl=2
IF AVALS="C"” THEN RFLAG1=3
IF AS(I,R)="000000” THEN RFLAGE=1
IF R=J+1 DR R=J+2 THEN RFLAGO=1
RETURN
'>>> «<< SEARCH DOWN
DFLAGO=0 !
DFLAG1=0
DFLAG2=0
D=1
D=0+1
IF D>3% THEN DFLAGO=1: GOTO 2280
AVALS=LEFTS(AS(D,J),1)
IF AVALS="-" THEN GOTO 2200
IF AVURLS="A" THEN DFLAG1-1
IF AUALS="B” THEN DFLAG1=2
IF AS(D,J)="000000" THEN DFLAGZ2=1
IF D=]1+1 OR D=]1+2 THEN DFLAGO=1
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- 22680 RETURN
i) 2290 *>>> <<< SEARCH UP
R 2300 UFLAGO=0
W 2310  UFLAG1=0
) 2320 UFLAG2=0
gﬁ 2330 U=1
) 2340 U=u-1

2350 IF U<l THEN UFLAGO=1: GOTO 2420

2360 AVALS=-LEFTS(ASCU,J), 1)
ﬁ; 2370 IF AVALS="-* THEN GOTO 2340
Y 2380 IF AVALS~"C” THEN UFLAG1~=3
kY. 2390 1IF AUALS="D" THEN UFLAG1=4
N 2400 IF ASCU,J)="000000" THEN UFLAG2=1
wh 2410 IF U=1-1 OR U=1-2 THEN UFLAGO=1
ﬁ' 2420 RETURN
S 2430 *>>> <<< CARVE LEFT-UP
] 2440 IF UFLAG2=1 THEN I1=u+l ELSE I1=I-CINTCABSC J3/2))
53 2450 Ji=L
e 2460 LS=AS(11+1,J1-13
W 2470 US=AS(11-1,J1+1)

2480 RS=AS{11+1,J+1)
i 2490 SORTAS-LS+US+FACS : GOSUB S070 :
x AS(11,J1)=SORTAS:CT=CT+1:R1S{CT}=SORTAS: R2(CTI=11:R3(CTI=J1
L 2500 SORTAS=~RS+US+FACS : GOSUB S070 :

ASCI1, J)=SORTAS:CT=CT+1:R1SICTI=SORIAS: R2ICTI=11:RI(CTI=J

Q¢. 2510 SORTAS=L$+RS+FACS : GOSUB S070 :
2 ASCI,J)=SORTAS:CT=CT+1:R1$(CT)I=SORTAS: RE(CT)=1:R3(CTI=J
&ﬂ 2520 SORTAS="AA"+LS+FACS : GOSUB S070 : AS(1,J1)=SORTAS
Al 2530 AsSC11-1,J)="000000"
& 2540 AsS(11-1,J1)="000000"
Y 2550 OPERS(FAC)="CLU"
o 2560 PLINSCFAC1=US

2570 FOR J2=J1+1 TO J-1
. 2580 As(11,J2)="-"
W, 2590 FOR l2=11+1 TO 1-1
1 2600 AS(12,J2)=FACS
4 2610 NEXT 12

2620 NEXT J2
i 2630 RETURN
B 2640 *>>> <<< CARVE LEFT-DOWN

2650 IF DFLAG2=1 THEN ]1=D-1 ELSE I1=1+CINTCABS(1-D1/2)1
oy 2660 Ji=L
: . 2670 L$=AS{11-1,J1-1)
lﬁ 2680 DS=AS[11+1,J1+1)
) 2690 RS=ASCI11-1,J+1]
i 2700 SORTAS~LS+DS+FACS : GOSUB 5070 :
” . ASCI1,J13=SORTAS:CT=CT+1:R1S$(CT)=S0RTAS: RE(CTI=11:RICCTI~J1
i) 2710 SORTAS=RS$+DS+FACS : GOSUB 5070 :
H ASCI1,J)=S0RTAS:CT=CT+1:R18{CT)=SORTAS: R2(CTI=11:RI(CTI=J
y 2720 SORTAS=LS+RS+FACS : GOSUB 5070 :
b AS(]1,J)=SORTAS:CT=CT+1:R1$(CTI=SORTAS: RE(CT)=1:RICCTI=J
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- 2730 SORTAS~"DD"+LS+FACS : GOSUB 5070 : AS(],J11=SORIAS
¢ 2740 ASCI1+1,J)="000000"
X 2750 AS(11+1,J1)="000000"
pLL 2760 OPERS{FAC)="CLD"
Rhe 2770 PLINS{FAC)=DS
LY 2780  FOR J2=J1+1 T0 J-1
Kh 2730 ASCI1,J2)="-"
1 2800 FOR I2=1+1 TO I1-1
2810 ASC12, J2)~FACS
2820 NEXT 12
N 2830 NEXT J2
i 2840 RETURN
A 2850  '>>> <<< CARVE RIGHT-UP
ol 2860 IF UFLAG2=1 THEN Il=u+1 ELSE I1=I-CINTCABSC1-U3}/2))
o 2870  Ji=R
A 2880 L$=AS[11+1,J-1)
o 2890 us=AsSCii-1,J1-1)
1Y 2900 RS=AS{I1+1,J1+1)
1y 2910 SORTAS=RS+US+FACS : GOSUB 5070 :
V% AS(11,J1)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: RE(CTI=11:RI(CTI=J1
ey 2920  SORTAS~L$+US+FACS : GOSUB 5070 :
s AS(I1,J)=SORTAS:CT=CT+1:R1$(CT)=SORTAS: RE(CTI=11:RI(CTI=J
Q 2930 SORTAS~L$+RS$+FACS : GOSUB S070 :
X AS(1,J)=SORTAS:CT=CT+1:R1$(CTI=SORTAS: RE(CTI=1:RI(CTI=J
¢ 2940 SORTAS~"BB"+R$+FACS : GOSUB S070 : ASCI,J1)=SORTAS
2950 AS{11-1,J)="000000"
N 2960 ASCI1-1,J1)="000000"
ay 2570 OPERS(FAC)="CRU"
DA 2980 PLINS(FAC)=US
i 2930 FOR J2=J+1 TO J1-1
\(th 300 AS(11,J2)="-"
) 3010 FOR I2-11+1 TO 1-1
e 3020 ASCI2, J2)=FACS
- 3030 NEXT 12
e 3040 NEXT J2
o 3050  RETURN
:e‘.': 3060 *>>> <<< CARVE RIGHT-DOWN
N 3070 IF DFLAG2=1 THEN I1=D-1 ELSE I1=I+(CINTCABS(I-D1/21)
ol 3080  J1=R
kL 3080 LS=ASC(I1-1,J-1)
i 3100 DS=AS(I1+1,J1-1)
3110 RS=AS{I1-1,J1+1)
o 3120 SORTAS=RS+DS+FACS : GOSUB 5070 :
et - AS{11,J1)=SORIAS:CT=CT+1:R1SICTI=SORTAS: RECCTI=11:R3(CII=~J1
W 3130 SORTAS~L$+DS+FACS : GOSUB 5070 :
e ASCI1,J)=SORTAS: CT=CT+1:R1S(CTI=SORTAS: RE(CTI=11:RIC(CTI=J
Ko 3140 SORTAS~L$+RS+FACS : GOSUB 5070 :
o AS(I,J)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: R2(CTI=1:RICCTI=J
ot 3150 SORTAS="CC"+RS+FACS : GOSUB 5070 : AS(I,J1)=SORTAS
) 3160 ASC11+1,J)="000000"
e 3170 AS(11+1,J13="000000"
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3610
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OPERS(FAC)="CRD"”
PLINS{FAC)=DS
FOR J2=J+1 TO J1l-1
ASCI1,J2)="-"
FOR I2=1+1 T0 I1-1
AS(12,J2)=FACS

NEXT 12
NEXT J2
RETURN
’>>E <<< CARVE DOWN-RIGHT
Il=

IF RFLAG2=1 THEN Ji=R-1 ELSE J1=J+(INT{ABS{J-R1/2])
us=ASCI-1,J1-13
RS=AS{I1-1,J1+1)
DS=AS(I11+1,J1-1)

SORTAS=R$+DS+FACS :

GOSUB S070 :

AS$[11,J1)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: RE(CTI=11:R3(CTI=J1

SDRTAS~"AA"+DS+FACS :

SORTAS=US+DS+FACS :

GOSuUB S070 :

GOSUB S070 :

AS(I1,J)=SORTAS

AsS{1,J)=SORTAS:CT=CT+1:R1S(CTI=SORTAS:R2(CTI=1:RILCTI=J

SORTA$~RS$S+US+FACS :

GOSuUB S070 :

AS({1,J13)=SORTAS:CI~CT+1:R1S(CTI=SORTAS: R2(CTI=~I1:R3(CTI=J1
AS(1,J1+1)="000000"
As(I1,J1+1)="000000"
OPERS(FAC)="CDR"
PLINS(FAC)=RS
FOR l2«1+1 TO 11-1

As(12,J1)="-"

FOR J2=J+1 TQ J1-1

AS(I2,J2)=FACS

NEXT J2
NEXT 12
RETURN
*>>> <«<< CARVE DOWN-LEFT
I11=D

1IF LFLAG2=1 THEN Jl=L+1 ELSE J1=J-CINT(ABS(J-L1/23]
US=ASC(I-1,J1+1)

L$=As$(11-1,J1-1)

O$S=AS(11+1,J1+1)

SORTAS=LS+DS+FACS : GOSUB 5070 :
AS({I11,J1)=SORTAS:CT=CT+1:R1SICTI=SORTARS:R2(CT)~11:R3(CT)I~J1

SORTAS="BB"+DS+FACS :

SORTAS=US+0OS+FACS :

GOSUB S070 :

GOSUB 5070 :

AS(11,J)=5S0RTAS

ASCI,J)=SORTAS :CT=CT+1:R1$(CT)=SORTAS:R2(CTI=1:R3(CTI=J

SORTAS~LS+US+FACS :

GOSuUB 5070 :

AS(1,J1)=SORTAS:CT=CT+1:R1S(CTI-SORTAS:R2(CT)=I1:R3(CTI=J1

AS(1,J1-11="000000"
AS(11,J1-1)="000000"
OPERS(FACJ)="CDL"”
PLINS(FAC)=~LS

FOR I2=1+1 TO 11-1
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AsS(Ia,J1)="=-"
FOR J2=J1+1 TO J-1
ASL12,J2)~FACS

NEXT J2
NEXT 12
RETURN
’?»»> <<< CARVE UP-LEFT
Il=u

IF LFLAG2=1 THEN Jl=L+1 ELSE J1=J-CINT(ABSCJ-L1/21)
Us=AsS(I1-1,J1+1)
LS~AS(I1+1,J1-1)
0S=AS(I+1,J1+1)
SORTAS=LS+US+FACS : GOSUB 5070 :
AS(11,J1)=-S0RTAS:CT=CT+1:R1S(CTI=SORTAS:R2(CTI=11:R3(CTI=J1
SORTAS="CC”+US+FACS : GOSUB 5070 : AS(I1,J)=SORTAS
SORTAS~-US+DS+FACS : GOSUB 5070 :
AS(1,J)=SORTAS:CT=CT+1:R1$(CT)=SORTAS: R2(CTI=1:R3(CTI~J
SORTAS~L$+DS+FACS : GOSUB 5070 :
AS(1,J13=-SORTAS:CT=CT+1:RIS(CTI=-SORTAS: RE(CTI=1:R3(CTI=J1
AS(]I,J1-11="000000"
AS(]11,J1-1)="000000"
OPERS(FAC)="CUL"
PLINS(FAC)-LS
FOR I2=11+1 TO I-1

As(12,J1)="-"

FOR J2=J1+1 TO J-1

AS(12,J2)=FACS

NEXT Je
NEXT 12
RETURN
'>>> <<< CARVE UP-RIGHT
I1=U

IF RFLAG2=1 THEN J1=R-1 ELSE J1=J+(INTI(ABS(J-R1/2]1]
Us=AsS(I1-1,J1-1)
RS~AS(I1+1,J1+1)
DS=AS(1+1,J1-1)
SORTAS=-RS+US+FACS : GOSUB S070 :
AS(11,J1)=~SORTAS:CT=CT+1:R1S(CT)=SORTAS: R2(CTI=11:R3(CTI=J1
SORTAS="DD"+US+FACS : GOSUB 5070 : AS(I1,J)=SORTRS
SORTAS=US+DS+FACS : GOSUB S070 :
AS(]1,J)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: R2(CTI=1:RICCTI=J
SORTAS-RS+DS+FACS : GOSUB 5070 :
AS(1,J1)=SORTAS:CT=CT+1:R1S(CTI=SORTAS:R2(CTI=1:R3(CTI=J1
AS(1,J1+1)="000000"
AS(I1,J1+1)="000000"
OPERS(FAC)="CUR"
PLINS(FAC)=RS
FOR I2=11+1 TO 1I-1

AS(I2,J1)="-"

FOR J2=J+1 TO J1-1

AS(12,J2)=FACS
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NEXT Je
NEXT 12
RETURN
'33>> <<< BOX LEFT-DOWN
IF DFLAG2=1 THEN 11=D-1 ELSE I1=I+CINT[ABS(I-D1/21])
IF LFLAG2=1 THEN Jl=L+1 ELSE Ji=J-CINTC(ABS(J-L}/21)
LS~AS(I+1,J1-1)
US=ASCI-1,J1+1)
RS=AS(1+1,J+1)
SORTAS="AA"+LS+FACS : BOSUB S070 : ASCI1,J1)=SORTAS
SORTAS~RS+LS+FACS : GOSUB S070 :
AS(11,J)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: R2ICTI=11:R3IL(CTI=J
SORTA$=US+RS+FACS : GOSUB S070 :
ASCI,J)=SORTAS:CT=CT+1:R1S(CT)=SORTAS:R2(CTI=1:R3{CTI=J
SORTAS=US+LS+FACS : GOSUB S070 :
AS(1,J1)=SORTAS:CT=CT+1:R1$(CTI=SORTAS:R2(CTI~1:RI(CTI=J1
AS(I1+1,J)="000000"
AS(1,J1-1)="000000"
OPERS(FAC)="BLD"
PLINSL(FAC)=LS
FOR I2=1I+1 T0 I11-1

ASCI2,J1)="-"
NEXT 12
FOR J2=J1+1 T0O J-1

ASCI1,J2)="-"

FOR I2=1+1 T0O I1-1

AsS(12,J2)-FACS

NEXT 12
NEXT J2
RETURN
'>>> <<< BOX LEFT-UP
IF UFLAG2=1 THEN I11=U+1 ELSE I1=I-LINT(ABSCI-U)/2))
IF LFLAG2=1 THEN Jl=L+1 ELSE J1=J-(CINT(ABSCJ-L)/2)1}
LS=AS(I-1,J1-1)
DS=AS(1+1,J1+1)
RS=AS(]-1,J+1)
SORTAS="DD"+LS+FACS : GOSUB S070 : AS(I1,J1)=SORTAS
SORTAS=RS+LS+FACS : GOSUB S070 :
AS(I1,J)=SORTAS:CT=CT+1:R1S(CT)=SORTAS:R2(CTI=I11:R3I(CTI=J
SORTAS-DS+RS+FACS : GOSUB 5070 :
AS(],J)=SORTAS:CT=CT+1:R1S{CTI=SORTAS: RE(CTI=1:RI(CTI=J
SORTARS=DS+LS+FACS : GOSUB S070 :
AS(1,J1)=SORTAS:CT=CT+1:R1S(CT)=SORTAS:R2(CTI=1:RI(CTI=J1
AS(I1-1,J1="000000"
AS(]1,J1-1)="000000"
OPERS(FAC)="BLU"
PLINS(FAC)~LS
FOR 12~11+1 10 I-1

AsCI2,J1)="-"
NEXT 12
FOR J2=J1+1 T0 J-1
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4530 ASCI1,J2)="-"

4540 FOR I2=11+1 TO I-1
4550 AS{I2,J2)=FACS
4560 NEXT 12

1570 NEXT Je

4580 RETURN

4530 '>>> <<< BOX RIGHT-DOWN

4600 IF DFLAG2=1 THEN I1=D-1 ELSE I1-I+(INTCABS(I-D}/21)

4610 IF RFLAG2=1 THEN J1=R-1 ELSE J1=J+(INT{ABS(J-R)/2))

1620 LS=AS(1+1,J-1)

%4630 Us=-AsS(I-1,J1-1)

4640 RS=AS(1+1,J1+1)

4650 SORTAS="BB"”+R$+FACS : GOSUB SO070 : AS(I1,J1)=SORTAS

4660 SORTAS-RS+LS+FACS : GOSUB S070 :
ASC{I1,J)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: RE(CTI=I1:R3(CTI=J

4670 SORTAS=US+LS+FACS : GOSUB S070 :
AS(],J)=SORTAS:CT=CT+1:R1S(CTI~SORTAS:RE(CTI=]:R3C(CTI~J

680 SORTAS=US+RS+FACS : GOSUB S070 :
AS({],J1)=SORTAS:CT=CT+1:R1S{CTI=SORTAS: R2{CTI=1:R3IC(CTI~J1

1690 AS(I1+1,J)="000000"

$700 AS(1,J1+13="000000"

4710 OPERS(FAC)="BRD"

4720 PLINS({FAC)=RS

730 FOR I2=1+1 10 Il1-1

$740 AsSCI2,J1)="-"

4750 NEXT 12

4760 FOR J2=J+1 10 Ji1-1

4770 AS(I1,J2)="-"

4780 FOR I2=1+1 TO 11-1
47390 AsCI2,J2)=FACS
4800 NEXT I2

4810 NEXT J2
1820 RETURN
4830 '>»>>» <<< BOX RIGHT-UP

W 4840  IF UFLAG2=1 THEN I1=U+1 ELSE I1=I-CINTCABSLI-U3/2))
by 4850  IF RFLAG2* ! THEN J1=R-1 ELSE J1=J+C(INT(ABSCJ-R1/21)
W 4860  LS=ASCI-1,J-1)
vk, 4870  DS=ASCI+1,J1-1)
Wy 4BB0  RS=-ASCI-1,J1+1)
e 4B30  SORTAS="CC"+RS+FACS : GOSUB S070 : ASCI1,J1)=SORIAS

$900 SORTAS~RS+LS+FACS : GOSUB S070 :
AS(11,J1=-SORTAS:CT=CT+1:RIS(CTI=-SORTAS:R2ICTI=11:RI(CTI=J

4910 SORTAS=DS+LS+FACS : GOSUB S070 :
AS(1,J)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: R2(CTI=1:RICCTI=J

4920 SORTAS=-0S+RS+FACS : GOSUB S070 :
AS(1,J1)=SORTAS:CT=CT+1:R1S(CTI=SORTAS: R2(CTI=1:R3(CTI=J1

4930 AS(I1-1,J)="000000"

1940 AS(1,J1+1)="000000"

4950 OPERS(FAC)="BRU"”

4960 PLINS{FAC)=RS

43970 FOR I2=11+1 TO I-1
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ASCI2,J1)="-"
NEXT 12
FOR Je2=J+1 TO J1-1
AS{Il,J2)="-"

FOR I2=I1+1 TO I-1
AS(I2,J2)=FACS
NEXT 12
NEXT J2
RETURN
'>>»> <<< SORT ROUTINE
’SORTAS 1S THE ELEMENT T0 BE PUT IN NUMERICAL ORDER
N1$=MIDS(SORTAS,1,2)
N2$=-MID$(SORTAS,3,2)
N3s=-MID$(SORTARS,S5,2)
IF N1s="AA” OR N1$="BB” OR N1$="CC” OR N1$="DD" GOIO S270
N[1)=UARLCN1S)
N(2]=UAL(N2S)
N[(3]=VAL(N3S)
FOR X=1 TO 2
FOR Y=X+1 TO 3
IF N(X] <= NCY) GOTO S220
H=N(X)]
N{X3I=NCY)
N(YJl=H
NEXT Y
NEXT X
IF N[1)<10 THEN N1$="0"+RIGHTS(STRSIN(1)),1) ELSE
N1$=RIGHTS(STRS(N(1]),2)
GOTO 5330
GOTO 5360
N(2)=UVALINSS)
N(3J)=UAL(N3S$)
IF N(2) <=~ N(3) GOTD 5330
H=N(2]
N(21=N(31
N(3)=H
IF N[2)<10 THEN N2$="0"+RIGHTS(STRS(N(2)),1) ELSE
NE2S-RIGHTS(STRSIN(2]],2)
IF N[3)<10 THEN N3$="0"+RIGHTS(STRS(N(3)),1) ELSE
N3S$=RIGHTS(STRS(N(3]),2]
SORTAS=N1$+N2$+N3$
RETURN
'>>> «<< PRINT INSERTION ORDER
LPRINT ORDER(2);":";AREAL2);0RDER{3); ": ";AREA(3); DRDER({Y4); ": ; AREA(4]
FOR I=S TO FAC-1
LPRINT ORDERCI);AREACIJ;"” ";0PERS(I1);” ";TRIANGLES(I);"
";PLINCI)
NEXT I
RETURN
'>>> «<< CLEAR FIRST LINE
LOCATE 1,1
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PRINT BLS
LOCATE 1,1
RETURN

'>>> <<< AREA CALCULATIONS

DIM ULI(SO),ULJC(SO0],URICSO),URJCSO],LLI(S0),LLI(SO),LRI(SO]),LRJCS0O)]
CLS
FAC=FAC-1
PLIN(3)=2
PLIN(4])=3
FOR 1=FAC T0 2 STEP -1
AREAINCPLINCI})=AREAINCPLINCIII+AREAINCI)
NEXT 1

AREATOT=AREAINL2)
ULI{2)=0:ULJ(2)=0
URI(2)=0:URJ(2])=1
LLIC2)=1:LLJ(2)=0
LRI(2)=1:LRJ(2)=1
DRu=2
GOSuUB BSSO
CARVE=3 :I=2
GOSUB 6110
CARVE=% :I=3
GOSUB 6580
FOR 1=3 TO FAC
CARVE=0
BOX1=0
BOX2~0
FOR 1i1=1 TO FAC
IF PLINCI1)=] AND LEFTS(OPERS(I1),1)="C" THEN CARVE~I1
IF PLINCI1)~] AND LEFTS(OPERS(I11),1])="B" THEN
BOX1=11:G0TO S770
NEXT 11
GOTO SB10
FOR I2=11+1 IO FAC
IF PLINCIZ2)=1 AND LEFTS(OPERS(12),1)="C" THEN CARVE=12
IF PLINC1I2)=1 AND LEFTS(OPERS(I2),1)="B" THEN
BOX2=12:GO0TO0 5810
NEXT 12
'CONTINUE
IF AREALBOX2)>AREA(BOX1) THEN SWAP BOX1,BOX2
IF CARVE=C GOTO 5880
IF OPERS(CARVE)="CLU” OR OPERS(CARVEJ)="CRU"” THEN GOSUB
6110 :G0TO SBBO
IF OPERS(CARVE)="CLD” OR DPERS(CARVE)="CRD” THEN GOSUB 6270
:GOTO SB880 '
IF OPERS[CARVE)="CDR"” OR OPERS{CARVE])="CUR" THEN GOSUB 6%30
:GOTO S880
IF OPERS(CARVE)="CDL” OR OPERS{CARVE)="CUL"” THEN GOSUB 6590
IF BOX1=0 GOTO BOBO
BOX=BOX1
IF OPERS(BOX1)="BLD" THEN GOSUB 6750:G0T0O S940
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IF OPERS${BOX1)="BLU” THEN GOSUB 6S20:GOTO SS40
IF DPERS{BOX1)=-"BRD” THEN GOSUB 7090:G0TO0 SS40
IF OPERSI[BOX1)="BRU” THEN GOSUB 7260
IF BOX2=0 GOTD 6060
FLAGFIT~0
IF OPERS(BOX2)="BLD” THEN GOSUB 7430:GOTO 6000
IF OPERS(BOX2)="BLU” THEN GOSUB 7710:G0OTO 6000
IF OPERSCBOX2)="BRD" THEN GOSUB 73S0:G0TO 6000
IF OPERS(BOX21="BRU” THEN GOSUB 8270
IF FLAGFIT=1 GOID 6060
BOX=BOXe
IF OPERS[BOX2)="BLD"” THEN GOSUB 6750:G60T0 6060
IF OPERS(BOX2)="BLU” THEN GOSUB 6320:G0TO 6060
IF OPERS(BOX2)="BRD"” THEN GOSUB 7080:G0OTO 6060
IF OPERS({BOX2)="BRU"” THEN GOSUB 7260
NEXT I
LOCATE 23,1
INPUT "Would you like g list of coordinates printed [(Y/NJ)";ANSS
IF ANSS="Y" OR ANSS$="y" THEN GOSUB B85S80
RETURN
'>>»> <<< CLU OR CRU
DISTUP=AREAINCCARVE)/AREAINTIJ®CLLICIDd-ULICI))
LLICCARVE)J=LLICI)
LRICCARVE)=LRIC])
LLICI)=LLILI)-DISTUP
LRICIJ)=LRICI)-DISTUP
ULICCARVEI=LLICI)
URICCARVE)=LRI(1)
ULJCCARVE)=ULJC(I)
URJCCARVE)=URJC(I]
LLIJCCARVE)}=LLJI(I)
LRJ(CARVE)=LRJ(I)
DRW=CARVE
GOSUB B85S0
AREAIN(I)=AREAINIII-AREAIN(CARVE)
RETURN
'>>> «<< CLD DR CRD
DISTOWN=AREAINCCARVE)/AREAINCII®CLLICII-ULICI])
ULICCARVE)=ULIC(])
URILCARVE)=URI(])
ULICIJI=ULICII+DISTDWN
URICIJ)=URICIJ)+DISTDWN
LLITCARVE)=ULIC])
LRICCARVEI=URIC(I]]
ULJ(CARVE)=ULJC(I)
URJI(CARVE)=URJ(1)
LLJI(CARVE)=LLJ(])
LRJCCARVE)=LRJ(I)
DRW=CARVE
GOSuB B85S0
AREAINCI)=AREAINCI)-AREAINICARVE)
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) 6420 RETURN
N 6430 '>>> <<< COR OR CUR
B 6440 DISTRT-AREAIN(CARVE]/AREAINCII*CURJCII-ULIC1))
e 6450  ULJICARVEI=ULJCI)
A 5460 LLJCCARVE)=LLJCI)
it 6470 ULJC11=ULJCI)+DISTRT
Y 6480 LLJC1)=LLJCI)+DISTRT

- 6490 URJICARVE)=ULJCI)
6500 LRJCCARVE)=LLJ(1]
& 6510 ULICCARVE)=ULI(I]

A 6520 URICCARVEI=URIC(I)
1O ) 6530 LLILCARVE)=LLICI)
MY 6540 LRILCARVE)=LRICI]
Hhl 6550  DRW=CARUE
2 6560  GOSUB BSSO0
6 6570 AREAINC I J=AREAINC 1J-AREAINCCARVE)
L 6580 RETURN
e 6S90 '>»>> <<< CDL OR CUL
o, 6600 DISTLT=AREAINC{CARVE]/AREAINCIJ®LURJCII-ULICI]
‘ol 6610 URJCCARVE 3=URJC1)
do) 6620 LRJCCARVEI=LRJCI)
(e 6630 URJCII=URJC1)-DISTLT
‘i 6640 LRJCLII=LRJ(I)-DISTLT
A 6650 ULJCCARVE)=URJCI)
8660 LLJCCARVE1=LRIC 1)
P 6670 ULICCARVE)=ULICI)
N 6680 URICCARVEI=URICI)
ol 6690 LLI{CARVE)=LLICI)
0&& 6700 LRICCARVEI=LRI(I)
B 6710 DRW=CARVE
ey 6720 GOSUB 8SS0
e 6730 AREAINC I J~AREAINC 1)-AREAINICARVE]
6740 RETURN
6750 ’>>> <<< BLD
s 6760 DISTLT=CAREAINCBOX)/AREAINLI11)A . 5®CURJCII-ULJILII)
\ 6770 DISTOWN={AREAINCBOX)/AREAINCI))A S*(LRICII-URICI))
:}h 6780 URICBOXI=URIC1)
A 6790 URJCBOX)=URJC1)
X 66800 URICIJI=URICII+DISTDWN
i 6810 URJC1)=URJCII-DISTLT
€820 LLICBOX)=URICI)
" 66830 LLJCBOX)=URJCI)
> - . 6840 ULICBOXJ)=ULICI)
g 6850  ULJCBOX)=URJ(1)
. 6860 LRICBOX3I=URICI)
o 6870 LRJCBOX)=LRJ(12
W« - 6680 DRW=BOX
e 6890  GOSUB 8550
< £900 AREAINT 1 )=AREAINL I )-AREAINTBOX)
i 6910 RETURN
" 6920 '>>> <<<¢ BLU
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DISTLT=(AREARIN(BOX]I/AREAIN(I)I~.S*(LRJ(I)-LLI(]]]
DISTUP=(AREAINCBOX)/AREAINCIII~.S®(LRICIJI~URIC(I)]
LRICBOX1I=LRICL]
LRJ{BOX]=LRJ(I)
LRICII=LRICII-DISTUP
LRJ(1)=LRJCI)-DISTLT
ULI(BOX])=LRICI]
ULJ(BOXJ)=LRJCI)
LLI{BOX)=LLI(1)
LLJ(BOX)=LRJ(I)
URIC(BOXJ)=LRICI)
URJC{BOX)=URJ(I)]
DRW=BOX
GOSUB B5S0
AREAIN(I)=AREAINI{I)-AREAINLBOX)]
RETURN
*>»>> «<<< BRD
DISTRT=(AREAINIBOX)/AREAINCI)I~ . S*{URJC(II-ULJI(I)I)
DISTDWN=(AREAIN{BOX)/AREAINCIJ)~ . S*(LLICII-ULICII)
ULI(BOXI=ULICI)
ULJCBOXJ)=ULJ(1)
ULICTIJ=ULICI)+DISTDWN
ULJCIJ=ULJC13+DISTRT
LRIT{BOX)=ULICI)
LRJCBOX)=ULJ(I)
URICBOX)=URICI)]
URJ(BOXJ)=ULJC(1)
LLICBOXI=ULICI)
LLJ(BOXI=LLJCI)
DRW=BOX
GOSUB 8550
AREAINL I )=AREAIN{ I J-AREAINCBOX)
RETURN
'>>> <<< BRU
DISTRT=(AREAIN(BOX)/AREAINCI)I~.S*(LRJCII-LLIC]]]
DISTUP=(AREAINC(BOX)/AREAIN{I) )~ S®(LLICII-ULICI])
LLICBOX)=LLI(I)
LLJ(BOX)=LLJ{I)
LLICID=LLICI)-DISTUP
LLJCI)=LLJCI)+DISTRT
URIC(BOX)=LLICI)
URJ(BOXJ=LLJCI)
LRI(BOX]=LRICI)
LRJ(BOX)=LLJ(I]
ULIC(BOX)=LLICI)
ULJ(BOX)=ULJ(1)
DRW=BOX
GOSuUB BS50
AREAINC I J=AREAINC1)-AREAIN(BOX)
RETURN
'»>> <<« BLD CORRECTIONS
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7440 1F OPERS(BOX1)="BLU" GOTO 7580 'IF NOT IT”S BRD

7450 LLJCIJ=ULJC(I]

7460 ULICI)=URICI)

7470 AREAINC1)=C(LRJCII-LLJCIJI®L{LLICII~ULICI))*AREATOT )

7480 IF AREAINCI)® . 9B<AREAIN(BOX2) THEN DRwW=BOX1:G0OSUB 86860:G0OSUB 8700 ELSE
GOTO 7700

7480 LLIJC{I)=ULJ(I)

7500 URJ(BOX1)=ULJ(1)

7510 LLICBOX1)=C(AREAINI(BOX1)/AREATOT/{URJ(BOX1)-ULJC(BOX1)1)+ULI(BOX1)

7520 LRJ(BOX1)J)=URJ(BOX1]

7530 LRICBOX1I=LLI(BOX1)

7540 DRwW=BOX1

7550 GOSUB B8SS0

7560 LINE CINTCURJ(BOX1)*4001+60, INT(URI(BOX1]*150)+25) -
CINTCURJCIJ®*400)+60, INTCURI{I)®*150)+25) '

7570 GOTD 7700

7580 LRJCUI1)=URJC(I)

75890 LLICI)=LRICI]

7600 AREAINCII=C(LRJCII-LLJICIII®C(LLICII-ULIC{I]I®AREATOT

7610 IF AREAIN{1)*.9B<AREAINCBOX2) THEN DRW=BOX1:GOSUB B8B60:G0SUB 6740 ELSE
GOTO 7700

7620 LRICI)=LLICI]

7630 URI(BOX1)=LLICI)

7640 LLJCBOX1J)=-{AREAINCBOX11/AREATOT/(LRICBOX1J)-URI{BOX1)))+LRJ(BOX1)

7650 ULI(BOX11=UR1(BAX11]

7660 ULJ(BOX1]=LLJCBOX1)

7670 DRW=BOX1

7680 GOSUB 8550

7680 LINE CINTCURJ(BOX1)*400)+60, INT(URI({BOX1)*150)+25]) -
CINTCURJCI)*4003+60, INT(URI(1)®150)+25)

7700 RETURN

7710 '>>> <<< BLU CORRECTIONS

7720 IF OPERS(BOX1)="BRU” GOTO 7860 °'IF NOT IT"S BLD

7730 URJCIJ=LRJC(I]

7740 ULICIJ=URICI)

7750 AREAINCI)=C(LRJCII-LLICIII*CLLICI)-ULICI))*AREATOT

7760 IF AREAINCI)*.S8<AREAINCBOX2) THEN DRwW=BOX1:GOSUB B660:G0OSUB 8820 ELSE
GOTO 7980

7770 URICII=ULICI)

7780 LRICBOX1)=ULICI)

7790 ULJ(BOX1)=-CAREAINCBOX1)/AREATOT/(LRIC(BOX1)-URI(BOX11)3)+URJ{BOX1)

7800 LLI(BOX1)=LRICBOX1)

Y . 7610  LLJ{BOX1)=ULJCBOX1)
g 7820  DRW=BOX1
N 7630  GOSUB 8550

3 7840 LINE CINTCLRJCBOX1)*4001)+60, INT(LRIC(BOX1)*150)+25) -
o CINTCLRJ{I)*400)+60, INT(LRI(1)*150)+25)

2/ 7850 GOTO 7980

. 7660 ULJCIJ=LLJC(I)

- 7870 LLICI)=LRICI)

s 7880 AREAINCIJ)=(LRJCIJ-LLJCIIISCLLICII-ULICIII®AREATOT
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78380 1IF AREAINCI]®.98<AREAIN(BOX2) THEN DRW=BOX1:GOSUB B8860: GOSUB 8700 ELSE
GOTO 7980

73900 LLJCII)=ULJC1)

7810 LRJC(BOX1)=ULJ(1)

7920 ULIC(BOX1)=-C{AREAIN{BOX1)/AREATOT/(LRJ{BOX1)-LLJC(BOX1))3+LLI(BOX1])

7930 URJ(BOX1)=LRJ(BOX1)

7840 URI(BOX11=ULI(BOX1)

7950 DRU=BOX1

7960 GOSuB BSS0

7970 LINE CINTCLRJ(BOX1)*400)+60, INT(LRI(BOX1)*150)+25) -
CINTCLRJCI)*$00)+60, INTC(LRI(1)®*150)+25)

7980 RETURN

7990 ‘'>>> <<< BRD CORRECTIONS

8000 IF OPERS(BOX1)="BLD"” GOTO 8140 'IF NOT IT"S BRU

8010 LLJCII=ULJCI)

8020 LRICI)=LLICI])

8030 AREAINCI)=C(LRJCIJ-LLJCIII®C(LLICI)-ULICIII®*AREATOT

8040 IF AREAINC1)*.9B8<AREARIN(BOX2] THEN DRW=-BOX1:GOSUB 8860:G0SUB B740 ELSE
GOTO 8260

B80S0 LRICI)=LLICI)

8060 ULI(BOX1)=LLICI)

8070 LRJ(BOX1)=(AREAINIBOX1)/AREATOT/(LLICBOX1)-ULIC(BOX1J)3J)+LLJ(BOX1)

8080 URI(BOX1)=UL1(BOX1)

80390 URJ(BOX1)=LRJ(BOX1)

8100 DRW=BOX1

B110 GOSUB 8550

8120 LINE CINTC(ULJ({BOX1)*400)+50, INTCULI(BOX1)*1503)}+25) -
CINTCULJC1)*400])+60, INTCULIC1)®150])+25)

8130 GOTO 8260

8140 LRJC(1J=URJCI)

8150 URICIJ=ULICI)

B160 AREAINCII=C(LRJC{I)-LLICIII®CLLICII-ULICI)I*AREATOT

8170 IF AREAIN(11® .S8<AREAINC(BOX2) THEN DRW=BOX1:G0SUB B8860:G0OSUB 8780 ELSE
GOTO B260

8180 LRJCI)=URJCI)

8190 ULJ(BOX1)=URJ(I)

8200 LRI(BOX1)={AREAINCBOX11)/AREATOT/(URJ(BOX11-ULJCBOX11J)J+URICBOX1)

8210 LLJ(BOX13=ULJ(BOX1)

8220 LLICBOX1)=LRI(BOX1)

8230 ORW=B0OX1

8240 GASUB B85S0

8250 LINE CINTCULJC(BOX1)*400)+60, INTC(ULI(BOX1)*150)+25) -
CINTCULJCI)*400)+60, INTCULICI)*150)+25)

8260 RETURN

8270 '>>> <<< BRU CORRECTIONS

8280 IF OPERS(BOX1)="BRD"” GOTD B420 'IF NOT IT”S BLU

8230 URJ{IJ)=LRJ(I)

8300 LRICIJ)=LLICI)

8310 AREAIN(1)=(LRJ(1I-LLILI)I*(LLICI)-ULICI)I®AREATOT

8320 éF AREAIN(I)*®.98<AREAINCBOX2) THEN DRW=BOX1:GOSUB B8860:GOSUB 8780 ELSE
0TO 8540

- .
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8330 LRJCIJ=URJ(CI)

8340 LLJ{BOX1)=URJ(1]

8350 URICBOX1)=-{AREAINI(BOX1)/AREATOT/CLRJC(BOX1)-LLJ(BOX11))+LRI(BOX1)

8360 ULJ(BOX1)=LLJ(BOX13}

8370 ULICBOX1)=URI{BOX1)

8380 DRW=BOX1

8330 GOSUB BSSO

8400 LINE CINTCLLJC{BOX11*400)+50, INTCLLI(BOX1)®150)+25]) -~
CINTCLLJCI)*4001+60, INTCLLI(I)*150)+2S)

8410 GOTO 8540

8420 ULJCII)=LLJ(I)

8430 URICIJ=ULICI) .

8440 AREAINCII=CLRJCII-LLJCIII®CLLICII-ULICIII*AREATO

B850 IF AREAINC1)* .98<AREAIN(BOX2) THEN DRW=BOX1:GOSUB B8860:G0OSUB 8820 ELSE
GOTO B8S40

8460 URICII=ULICI)

8470 LLICBOX1)=ULI(I)

8480 URJ({BOX1J)=(AREAIN({BOX1)/AREATOT/(LLI(BOX1)-ULI(BOX11}))+ULJ(BOX13}

8430 LRICBOX1J=LLI(BOX1)

8500 LRJC{BOX1)=URJ(BOX1)

8510 DRW=BOX1

8520 GOSuUB 8SS0

8530 LINE CINT(LLJCBOX13*400)+60, INT(LLI(BOX1)*150)+25) -
CINTCLLJCIJ®*400)+60, INTC(LLICII®150)+25]

B8S40 RETURN

8550 '>>> <<< BOX

8sS60 LINECINTC(ULJC(DRW)I*400)+60, INTCULI(DRW)*150)+25) -
CINTCLRJCDRW1*400)+60, INTCLRI(DRW)*150)+25)],,B

8570 RETURN

8580 '>>> <<< PRINT COORDINRTES

8590 FOR I=2 TO FAC

8600 LPRINT ORDER(I)

8610 LPRINT USING "##®.#ss#”  ULICII;ULJCI);
8620 LPRINT " "

8630 LPRINT USING "##% . ##un” URICII;URJ{I)
8640 LPRINT USING "### . #ues"  LLICI);LLJCI);
B&S0 LPRINT " "

8660 LPRINT USING "### #a#e” ;LRICII;LRJCI)
8670 LPRINT

8680 NEXT 1

B690 RETURN

8700 '»>>» <<< PUSH LEFT

8710 ULJCII=ULJ(1]-.01

8720 AREAINCII)=CURJCIJI-ULJCI)I®*C(LLICII-ULILIJI*AREATOT

8730 IF AREAINCI)® SB<AREAINCBOX2) THEN GOTO B8710:ELSE RETURN
8740 '>>> <<< PUSH DOWN

8750 LLICIJ)=LLICI]+.01

8760 AREAINCI)=(URJCI)-ULJCIII®CLLICI)-ULICIJI®AREATOT

8770 IF AREAINCI)* ,9B<AREAIN(BOX2) THEN GOTO B8750:ELSE RETURN
8780 ’'»»>» <<< PUSH RIGHT

8730 URJCIJ=URJ(IJ)+.01

Oy A A A e O Ay, fﬁﬁ




8800
8810
8820
8830
8B40
8850
B860
8870

8880

PNA ANy
1 s MEREY
Ah e

AREAINCII=(URJC(II-ULJC1))*(LLIC{II)-ULIC{1))*AREATOT
IF AREAIN{I)*.9B8<AREAIN{BOX2) THEN GOTO B8790:ELSE RETURN

‘>

<<< PUSH UP

ULICI)=ULICI}-.01

AREAINCIJ)=CURJC(II-ULJCIII*C(LLICI)-ULICI)I*AREATOT
IF AREAIN({1)*.98<AREAINC(BOX2) THEN GOTQ B8830:ELSE RETURN

"¥>>

LINECINTCULJEDRWI*400)+60, INTCULICDRW)*150)+25) -
CINTCLRJ{DRW]*400)+60, INT(LRI(ORW)*1501)+25),0,B

<<< UNBOX

RETURN
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»
b
h )
“a
y DUTPUT FROM EXAMPLE 1
N
Rl
by pUN
' Rendom number seed (-32768 to 3276737 1
? You will need to 1nput the Filename For the dcto you wcnt to use.
¢ Would you like o list of files on the disk (Y/N)? N
Enter ony filemome with .DAT for on extension? FUCDPLAP
o If you need aon X volue other then -1024% enter 1t ct the prompe,
>, 1f not press return.?
) NUMBER OF FACILITIES: 11
N 1 l1AVEUUAALUU
A\ 2 : 2UU T UUVUUVUULUE
o 3 3yopoDuuu1loO
. 4 Y luuvuuaAau
{‘ S : sl1I1ro011a0
o 6 : EEUIUU
- 7 TUEUU
=", B : BuUuAalL
5 9 . SEU
»s 10 : 10U
% 11 11
A DELTAHEDRON INSERTION ORDER
5 ! 10 8 7 2 4 9 5 6 11 3
-l
“R INSERTING VERTEX 2 |IN TRIANGLE 1 8 7 0102C-
: INSERTING VERTEX 4 IN TRIANGLE 1 10 7 010204
INSERTING VERTEX S8 IN TRIANGLE 10 8 7 02032«
o INSERTING VERTEX S IN TRIANGLE 10 7 9 020407
y W
r) INSERTING VERTEX 6 IN TRIANGLE S 7 9 08040~
¥
" INSERTING VERTEY 11 IN TRIANGLE 2 8 7 082304
' INSERTING VERTEX 3 1IN TRIANGLE 10 7 S 020408
2 TOTAL DELTAHEDRON ADJACENCY SCOPE 1S 42S
? INCIDENCE MATPIYX:
fe.: : A-E--AA-U-
. 2 ----UU-~--E
- 3 -0-Uu--1-
= 4 -=-UuUu--aAa-
: 5 11 -11 -
iy 6 E-1--
" 7 UEUU
Y 8 Uuau
o 8 E -
i 10 -
o 11
{‘ femple | Deltchedron Heur:stic Cutout
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s, 0.6117 0.0323 0.6117 0.7200
©.9826 0.0323 0.9826 0.7200
3
0.2857 0.3043 0.2857 0.7200
0.4526 0.3043 0.4526 0.7200
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APPENDIX D
h
+o)
o OUTPUT FROM EXAMPLE 11
. Rur
vi. Rcndom number seed (-3276B to 3276717 @2
o You will need to i1nput the filename for the dato you wont tc use.
- Would gyou like o list of files on the cdisk (Y/N)? N
" Enter ony filenume with .DART for an extension? 3-1¢R
N 1f you need on X volue other thon -1024% enter it ot the prompt,
1f not press return.?
K. NUMBER OF FACILITIES: 12
o 1 lAUYUVLUUUUVLUAA
5 2 : EANVDEUETI T AU
) 3 3 0uuDO0OD0OUAUY
Yy 4 YEEUDODOU
1y 5 : SUEUUUUA
Ly B : U I O0OOgUU
7 70000Q€E
e B : BOUOU
R 3 : SI10u
L 10 - 10U
\ 11 1 x
12 12
D
W
’ DELTAHEDRON INSERTION ORDER
o 1 2 3 4 5 6 7 8 8 10 11 12
2 INSERTING VERTEX S IN TRIANGLE 1 2 4 C10204
‘:- INSERTING VERTEX & IN TRIANGLE 2 3 4 020304
b INSERTING VEPTEX 7 IN TRIANGLE S 2 4 059204
é' INSERTING VERTEX 8 IN TRIANGLE 2 3 6 020306
ﬁ INSERTING VERTEX S IN TRIANGLE 2 3 8 020308

INSERTING VERTEX 10 IN TRIANGLE 2 3 9 0203cS

& INSERTING VERPTEX 11 IN TRIANGLE 1 2 3 010203
A INSERTING VERTEX 12 IN TRIANGLE 1 4 5 010405
N

: TOTAL DELTAHEDRON ADJACENCY SCORE IS 614
Lol
. INCIDENCE MATR!IX:
g
: 1 AUUY - - - - - AR

£ | 2 AAOEYUETITA-
Pry 3 0-0-00UAR -

g 4 EEU----uU

Pi S - E - - =-A

] 5] -1 - ===

7] 2

] 8 c---

“ <} 1 - -

10 - -
11 -

N 12

L]

’ fomzle !l Delichedron Heur:stiz Dutput
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e by
o
1111111311111 11112113111i111111z:!
\l" 1] - - e - - - e, = e - - -0 - -
.y 1 2-55555555555555568 -121212:2i21212121212121212 -
a 1 -~-2-55E5E&555585555655 8585 -1212121212121elelieldliellle -
B 1-2-555§8555555558555655 -12121212121212121212l21alie -
3}{ 1-2-55555855555558655 -1212121212121=2121212181212 -
#\ 1 - 2-55555555855856585S5 5 -1212121212121212121212121C -
-l 1-2~-555558555555858565 865 -12121212121212121212121212 -
1 -2~-55%555855%8558856555 65 -1212121212121=2121812121281C2 -
it 1 -2-55556555558855655 -121212121212121212121_21212 -
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]’ 1 -2 -~~~ === S ~lgil2iglalizlzaiaialalziaizie -
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), 4 1-2=-72727727777777?2777-5 -1212121212121=_2121212121212 ~
24 1 -2=~-?7272272777777?2777-S5-12121212121212121212121212 -
?.J 1 -2-773%22777777777-5-1212121212121212121212121¢e -
L 1-2-~77777777777?2777-5=-121212121212121212121”21=2128 -
1-2-7727272777777777-5 -121l2121212121_2121212121212 -
"y 1-2-777772777777777-5-121212121212121212121_21212 -
tqf 1-2-77727777777777-5 -12121212121212121212121212 -
.‘i 1-2~-777727777777777-5-121212121_21212121”21281_21212 -
15 1 -2 ~==-===== T I T T
; :3 1 204 YUY YUYY YUY YUY YO
4 1l —2=- ===~ = === == ==~ [0 I
ﬁJé 1-2-66E66666666666~-3333333333333233
: . l1-2-66666666666666-333333333333333-
i 1-2-66666666666666-333333333333333-
ot 1-2-66666656666666-333333333333333-
L 1-2-666666666668666-333333333333333-
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\ 1~-2-99 99999999999 -333333333333333-
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1 -2--==-===8=&==<-===- 333333333333333-
4 ! - 2 -1010101010101010101010101010 ~ 333 333333333333~
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) I - R e T R e
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400 CDL 010204
150 BLD 020304
350 BRD 020405
200 COR 020306
350 CDR 020308

10 350 CDR 020303
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200 CDR 010203

12 600 CRU 01040S
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4
0.0000
0.5848

3
0.5848
1.0000

4
0.5848
1.0000

S
0.7424
0.8155

6
0.5848
0.8376

4
0.5848
0.74e4

8
0.5848
0.8976

9
0.5848
0.8376

10
0.5848
0.8976

11
0.5848
1.0000

12
0.8155
1.0000

0.0000
0.0000

0.05S63
0.0563

0.5775
0.5775

0.8795
0.6197

0.5214
0.5214

0.6197
0.6197

0.4466
0.4466

0.3157
0.3157

0.1848
0.1848

0.0000
0.0000

0.6197
0.6187

©0.0000
0.5846

0.8978
1.0000

0.5848
1.0000

0.5848
0.8155

0.5848
0.8876

0.5848
0.7424

0.5848
0.8976

0.5848
0.8976

0.5848
0.8976

0.5848
1.0000

0.815S5
1.0000

115

1.0000
1.0000

0.1e4s
0.5775

0.6197
0.6197

1.0000
1.0000

0.5775
0.5775

0.873%
0.8785

0.521%
0.521%

0.4466
0.4466

0.3157
0.3157

0.0563
0.0563

1.0000
1.0000
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o
OUTPUT FROM EXAMPLE 111
“a RUN
) Rondom number seed (-32768 to 3276737 1
¥ You will need to input the filsnome for the dotao you wont to use.
5! Would you like a list of Files on the disk [(Y/N)? n

Enter ony filename with .DAT for on extension? FOULDS

If you need on X value other thon -1024 snter it ot the prompt,
. if not press return.,? -1
NUMBER OF FACILITIES: 22

e 1: 10000D00D00D0D0DDADOODDADDDO
e 2 : 200000000000000000000D
3. 3E0ODDDOODODDDOODDDDOD
:| 4 . 4Y0000D0DODOODOOODODDD
w 5 . Sp0O0DODODODODDOOOOD
$ 6 : EEODODDODDDOODODODDOD
b 7 - 70D0D0PODODODDDOD
- 8 : BI100UXODDBOIIDAE
& 9 : S000X00000ARO1I!11I
T 10 : 1000D00D00DDDODEA
A 11 1100000000000
12 : 12U10000AEDD
13 130UDuUXDO0ODDO
14 1410000000
15 : 1SDIlVUUU
o 16 : 16000000
o 17 17UUDDDO
"\ 18 : 181 00E
o 19 : 191uuU
Hye 20 : 20 X 1
W 21 : 21 A
’ ee : ee
",
',:;: DELTAHEDRON INSERTION ORDER
y 1 19 22 21 B 12 10 9 13 18 20 3 4 6 7 14 15 2 S 11 16 17

INSERTING VERTEX 8 1IN TRIANGLE 19 22 21 020304
INSERTING VERTEX 12 1IN TRIANGLE 1 189 21 010204

v
:: INSERTING VERTEX 10 IN TRIANGLE 8 Eg 21 050304
ﬁ‘ INSERTING VERTEX 8 1IN TRIANGLE 19 21 © 020405
F{’ INSERTING VERTEX 13 1IN TRIANGLE: 1 22 21 010304
fT INSERTING VERTEX 18 IN TRIANGLE 18 22 @ 020305
:z INSERTING VERTEX 20 IN TRIANGLE 1 18 12 010208
: INSERTING VERTEX 3 IN TRIANGLE @ 21 10 050407
;E: INSERTING VERTEX % 1IN TRIANGLE 8 &1 23 0S0Mi12

INSERTING VERTEX 6 IN TRIANGLE O 10 3 0S0712

LAY B
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INCIDENCE MATRIX:

?"»"
N (‘A
oy
‘;ﬁ
¥
L
4
.;'2
A
l:":l'
s
Lt
o
(]
}
. INSERT ING
s
g INSERT ING
»
aﬁk‘ INSERTING
INSERTING
LN
l,‘*t
hyb‘ INSERTING
BEX)
R INSERTING
ﬁ?b
A INSERTING
% INSERTING
ot
f 2 -
3
i l*
: 5
‘g
e 6
.:*: 7
2% 8
o 9
1 :
11
R 12
¢‘g' 13
ﬁ 14
1 15
Yool 16
), 17
R 18
19
o ¥ 20
¥ 21
;I ; ee
P »

vy
b £ .ompl
f

VERTEX
VERTEX
VERTEX
VERTEX
VERTEX
VERTEX
VERTEX

VERTEX

WL B TLIE T PO B R TETW BN W R B R e s e | T - e T e R

7 IN TRIANGLE 6 10 3 140712

14 IN TRIANGLE 20 18 12 110206
15 IN TRIANGLE 18 22 8 100305

2 IN TRIANGLE © 10 6 050714

S IN TRIANGLE B 6 2 051418

11 IN TRIANGLE 1 21 13 010408

16 1IN TRIANGLE B 3 4 051213

17 IN TRIANGLE 15 @22 8 170305

TOTAL DELTAHEDRON ADJACENCY SCORE IS B1S

--------- 0D0A-----ADO0D
~00-D0-0-=--=-=-=-=+-=
E-000-0---- -~ 0----0-

---D----=-- 0----0-
R R I
EO0-D-=--~--=~---«-

- =0 = = = = = - e . m e -
ID----00011-AE
......... A-1-
—————————— EA

e 0= =-==== = o -
-1----AED-~-

——————— oo
-—-—00—_

-11---u

----0

1--E

1uu

A

e 11! Deltchedron Heuristic Dutput
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N 19 : 3000 22 : 2500 21 : 400
b)) 8 1500 BLD 020304 3
iy 12 1000 CDL 010204
‘«,‘ - 10 2250 CLU 030405
9, 9 1800 BLD 020405 S
() 13 3500 CLU 010304
V. 18 3360 BRD 020305

- 20 3000 CDL 010206
3 1525 BLD 040507 7
e 4 1650 BLD 040Si2 12
'a‘.. & 640 CDR 050712 12
N 7 2000 CLU 071214 14
My 14 7000 BRD 020611 11
il 15 750 CRU 030510 10
i 2 107S 050714 O

S 1000 O0S1418 O

. 11 2200 CLU 010408 9§
) 16 400 051213 O
N 17 1755 CRU 030517 17
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1"
RN
N
14
“ag¥
Y
!‘t
)
i
o 19
.i » R n.00NN 0.Nonn 0.0070 1 _00N0
X 0.0°53 0.0000 0.0753  1.0U00
oy 22
L 0.0753 0.0000 D.7457 0.0452
©.7827 0.0000 0.7327 ©.690%
) 2:
0.07S3 ©0.6905 0.0753 0.7013
1.0000 0.890S 1.0000 ©.7013
(]
b 0.0753 0.5514 0.4157 0.5577
W 0.4319 0.851% 0.4319 0.6%0S
¢ 12
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)
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5 Y
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Tt 0.4965 0.1426 0.4865 ©0.3913
(>
SR 7
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o 0.6984 0.1426 0.698% 0.3913
R 1%
0.0753 0.7285 0.0753 0.9557
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1 15
t;l‘ 0.2420 0.0452 0.2420 0.5514
N 0.2792 0.0452 0.27%2 0.551%
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() 2
A 0.0000 0.0000 0.0000 0.0000
g'_ ©.0000 ©0.0000 0.0000 0.0000
)
" 5
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1
\ 3 . 0.3200 ©.0000 0.8200 0.5%0%
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A"
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L) 8
& 0.0709 0.5662 0.3805 0.5725
N 0.3348 0.5662 0.3948 0.7100
t
fa 12
0.0708 0.72C1 0.0703 0.74S6
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= 20
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