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ABSTRACT 

.,u.)-eUl''''''' and may be based on consideration of maximization of 
Lv~"HLVU'H"fJ chart scores or on the minimization of overall cost. We 
assume that all 

are pre;ter'able. 

Geometric duality that the adjacency graph be planar. 
context, this translates to maximal planarity, since adding further to 
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sum. The maximal provides structural 

Clm:)fO,lCh to 

a maximal a rectangular block a 
with arbitrary facility areas may be obtained in all cases. 

concept related to tree adjacency is that of a design skeleton, applicable to 
and to layouts not specifying rectangular exteriors. Several papers discuss these 

and related ideas, for example Montreuil and Ratliff (1989) and Montreuil et a1 (1987). If 
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Other work based upon various network ret)reSelrltaLt1C}llS in which cardinal point 
orientations must be and "horizontal" and wall direction nr{~hlplYlC 

In the 

of the Deltahedron heuristic 
the of maxinJizJing 

a matrix R 

2, .'" n 

to 
po:ssesslng an 

In 

follows. For 

and reindex the vertices so that w(2) ::? w(n), wei) is a measure of the total 
adjacency desirability score for facility i. The vertices of ~ are then taken to be {I, 2,3, 
4} and the vertex insertion order is 5, 6, , .. , n. Each vertex 5, 6, ... , n is successively 
inserted into the face of the triangulation which results in the largest increase in edge 
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inserted next, all faces in the triangulation built up so far are examined. The face y, z) 
with vertices y and yielding the sum 

rxv ryv + rzv 

is identified, edges yv and zv, vertex v and faces 
added, and face (x, y, z) deleted. (This is called vertex v in 
This process continues until all vertices have been inserted, 
adjacency graph whose construction required no planarity testing 

In this paper, we assume that the exterior facility labelled 1) is one of the 
vertices of the initial K4 . If this is not the case it can be .shown that a revised insertion 
order can always be constructed in O(n2) time which does include 1 E and which 
generates precisely the same graph Watson (1994)). 

Constructing an orl:nogoloal 
The initial graph G ~ may be drawn block 
B(G) corresponding to G is shown in 
to the exterior facility) the of facilities 3, and 4 need not yet be considered 
explicitly, allowing the undimensioned of the to be used. 
Subsequent simple of areas in the will mcon)orate 
the actual area data. The wall intersections of 
l(b), are called sometimes referred to as dual points), whereas those 
denoted by j 1, j2, j3 and j4 we term Each 3-joint corresponds to the 

J 1 (1,2, 
J (1,3, 

r-----. ..,....--------j J 3 (1,2, L) 

3 

3~-------------------=4 J (1,3, C,) 

figure l(a) The initinl ndjacency graph, G = K.j Figure l(b) Block pl;)n B(G) 

confluence of the walls of three facilities (for instance, J 1 corresponds to facilities 1, 2, 
and 3, and J2 to 2, 3, and 4), whereas 2-joints are merely a consequence of the 
orthogonalization process. Furthermore, following Foulds and Robinson (1978) and 
Green and AI-Hakim (1985), each 3-joint in B(G) is in one-to-one correspondence with a 
triangle in G (for example, J 1 with (1, 2, 3) and J2 with (2, 3,4)). It is convenient to 
directly implement this association in B(G) by labelling each 3-joint with its 
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aelJlctea m t'lgure 1 (b); thIS labellmg may be easIly 
.. -, .. ~ .. ,," to reflect any sut)Seqw3nt addition or deletion in G. As long as this 

mamt.amea, eX~Hlcmy corlstructmg G becomes unnecessary for 
"""", .. ,." ",,,,,.- information, that the initial 

in G is eliminated the insertion of a new vertex, f, say, then, in 
c01Te~;po'nc1mg to f must be those facilities 

ensuflIlg that any 
"side" of a wall. A consequence 

is at the of the 
relative facility areas here have been 

to motivate one aspect of the process; the final construction 
mClep,en(lerltly of such data, The facility should remain as 

P01;SH}le, and all required adjacencies in the plan must be provided for 
of variations in the of the facilities. As noted above some 3-joint 

c1e~;cnptllons require updating to the insertion of vertex 5: face (1, 2, 3) is deleted 
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2 

(1,2, 

(a) 2,3) 3 4 

2 

(1,2, 

(b) : (1,2,4) 3 4 

2 

k-----~----~ (1,2,4) 

(c) 5: (1,3,4) 
(l,3, 

(1,4,5) 

2 

(1, 2, 3) \c-,------=-"""""""*---=-~".:...._:-_:l (1, 2, 4) 

Cd) 5: (2,3,4) 

(1,3,4) 

Figure 2 The four possibilities for placing facility 5 reoularlv 
into the initial B(G) . I:> • 
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,-,u.u.,",,-,~, by faces (1, (1, 3, and (1, 2, 5) therefore rpnl<:lf',O>C' 

and the new 3-joints (1, 3, 5) and 5) are created, as shown in Figure 
The of 2(b) and 2( c) are similar to that of but 

4) differs, since 5 must not be to , This cannot be 
mamtammg the of all facilities; either 3 or 4 will 

1~-,·HH,Ll)~\j. dl:;pe~ndmg on which is cho~cn ;,1:, the host The 
de~;cnlptlons, however, follow the previous pattern, the of 

3 4 

3 A rejected p .... '-'-'''''I format 

nrrnr1l';ln('r further details we illustrate the construction. .:supp()se that the insertion 

joint IlP,,,'rlIT'_' 

in 2, 

7 
8 

9 

insertion triangle) sequence for a problem 

6 
7 
8 
9 

10 
11 

2,3) 
3,4) 

(3, 4, 6) 
(1, 2, 4) 

3,5) 
(1, 3, 5) 

4) 

corresponding to this data set is depicted in 4, where the 
been suppressed, Note that, in terms of the placelnents outlined 

(1,2,3) 
(1, 3,4) 

(3, 4, 6) 
(1,2,4) 

(2, 3, 5) 

has the fonn of 
has fonn of rotated through 90° 
and reflected about a horizontal axis 
has the fonn of 2( d) 
has the form of 2(d), reflected about a 
vertical axis 
has the fonn of 2(d), reflected about a 
vertical axis 
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10 
11 

5 

(I, J, ,)) 
(2, 3, 4) 

9 3 

-

10 

Figure 4 

has a form snrular to that ot 2(a) 
has a form similar to that of 2(d) 

2 

~ 8 

4 

7 6 

for the insertion da ta 

Clearly, the placement hosts have not been arbitrarily; so-called placement 
directions by the arrows in Figure 2) specify these, and will be discussed later. 

7 has been placed within 6 rather that 4 will at 
worst become topologically equivalent to a Facility was 
than because 5 contained a 2-joint at that stage, but did not; 
maintained (or worsened less) placement within facilities pos;Se~;SIrlg 
DO:SSltJle. Facility 10 was placed within instead of since, otherwise, the aallac(~nc:y 
could be lost if ~ and a10 happened to be too in relation to and as' as discussed 
above. We reiterate that knowledge of the actual facility areas is not required, in 
choosing the placement host. 

Two "basic placement operations" are readily identifiable as those of and 
2(d); each has the special variation in which the placement host is L-shaped rather than 
rectangular. It still has to be decided, however, which facility should be chosen as the 
placement host at each 3-joint of B(G) in order to apply operations. To this end, 
call the placement operations of Figure and POI and P02 respectively. The 
general form of POl is given in Figure 5(a), in which f2 has been placed in 3-joint J. 
For simplicity, the fact that fl chosen as the host at J is by a 
placement direction arrow emanating from J, the notation used in Figure 2. New 
3-joints J 1 and J2 are created by the placement of f2. In the undimensioned dual layout, 
J I and J2 are created by bisecting~he wall connecting the adjacent joints. The placement 
direction at J2 is as shown in order that any further facility placed relative to it impacts the 
least on the shape of f2 and fl; placement of f3, say, in f2, will leave f] and f2 

rectangular, whereas placement of f3 in f] would leave f2 rectangular but f] L-shaped. 
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joint, and ortrtogo:nallty maintained. 

3-joint 

2-joint 3-joint 

Figure Placement Operation PO 1 

after appropnate retlectlon ana rmanon). 
\J.:>l<J.U1J.JU'-'U, the direction for J 1 must follow 

.rrF'CT',,"'rt'IUp. of subsequent placements 
'-,-."ua.'.JvU pla,Celnelrlt host, the 3-joint J I 

equidistant from the 2-

Figure 5(b) Placement operation POl 

The directions for J 1 and h are defined as for whereas those 
for the other of f1 have already been defined as a result of a ","''''11''''''' 

<:''1.Jl-'ll\~Ul,lV1! of which is considered next. The "nature" of 3-joint J in tenns of its 
lac1ement direction not so further at now within f2, will take 

the same fonn as before the insertion of The form of placement operation 
P02 is for the case of a placement host. When the 

the obvious modifications are applied. the placement 

The two cases where joint C1 a 2-joint or 3-joint may be considered together, as only 
the placement direction 3-joint is affected in each case. Note that C2 must be a 3-
Jomt otherwise PO 1 would be applied. The new 3-joints created are again labelled 
J 1 and J2 and the reasons for choosing their placement directions are as follows. Had 
either been directed within fl instead of fl would prematurely lose its L-shape, as 
shown, for example, in 6, in the case of inserting f3 at J I' Note in Figure S(b), 
however, that C j must be a 3-joint; otherwise, f3 would have been placed within fl using 
PO 1. It is evident from their definitions that application of PO 1 and P02 will result in no 
prescribed adjacencies being lost, up to an (arbitrary) tolerance of minimum adjacency 
width. We also note that the inse'rtion of only one further facility into the initial layout 
uniquely specifies all future placement directions. 
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Figure 6 Incorrect insertion option following P02 

in the undimensioned version of B(G), the locations of the 
newly at 3-joint J are determined by the 
distance to the 3-joint adjacent to J (in the case of PO 1) and to both of the 3-joints 

to J (in the case of P02). It turns out that this may be done without 
compromising the actual required area of the facilities; the will 
assume their correct values in the subsequent "inflation" 
work for the placement of each new is bounded above constant, so 
that the process is linear in the number of facilities. 

In order to prove that we will indeed obtain a worst case room shape of T we will assume 
that the first insertion has been made already into the layout Recall the four jJV".)!L}H11.l'-'':' 

for this in 2(a) to 2(d). We note that the placement directions as shown are by 
now completely specified. The insertion of the entering facility is made totally within the 
appropriate host, therefore at each insertion only the placement host can 
possibly have its room shape worsened. Note that any application of POI does not 
worsen the shape of fl' therefore only P02 can. Similarly if we P02 when fl is 
a rectangle, then we easily see that fl becomes L-shaped. Hence the only way to create a 

is by performing P02 on an L-shape placement host. Consider, P02 
with f1 L-shaped. Referring again to Figure 5(b) the only way in which fJ can become 
-MlaDf~[1 is if C1 is a 3-joint and we insert at (If C1 is a 2-joint we are performing 

POI). If we perform this placement, fl will become T-shaped, but, by construction, no 
placement directions will now lie within fl' Hence fl can never again be a placement host 
and so cannot become any worse than T -shaped. 

An outline of the procedure for constructing the undimensioned dual layout of a gi yen 
maximal planar adjacency graph is:given below in Algorithm Deltahedron_Dual. 
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Algorithm Deltahedron_Dual 
Input: Deltahedron insertion order, DIO, in form (vertex, triangle), of maximal planar 
adjacency graph G; initial K4 (* 1 E K4*) 

Output: 

end 

an undimensioned orthogonal layout, dual to G. 

Create initial B(G) configuration 7*) 

(* reflections and rotations required for POi are implicit*) 

for each (vertex, triangle) of DIO do 

begin 

end 

f2 new facility (vertex) to be inserted 

J = 3-joint (triangle) 

fl = placement host indicated placement direction from J 

if there is a 2-joint l' to J then 

begin 

end 

else 

end 

apply PO 1 at J 

add placement directions for f2. 

apply P02 at J 

add placement directions for 1'2 

2 

(1 ? '"') (2,3,4) ( ? 
, -,..) 1<-------,.,--------,; 1, _, 4) 

(1,3,4) 

Figure 7 The initial B(G) configuration 
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block plan construction process. Again suppose that the initial K+ has vertices 1, 2, 3 
and 4, that the insertion order is 5, 6, ... , and that the insertion triangle (vertex) 
sequence is given as in Table 1. Included in Table 1 the placement operation 
for each insertion. In some cases, for instance the insertion of 7 in (1,4, 6), operation 
PO 1 is applied with rotation and reflection, but the basic is unchanged. The 
resulting undimensioned B(G) is given in 8, the adjacency 
graph is shown for completeness in Figure 9. initial placement 
directions (defined in Figure 7) as within facility 4 had to be redirected within facility 3 
following the insertion of facility 5; this is the where this can occur. Further 
placements in B(G) would take place from in the directions indicated by the 
arrows in Figure 8. 

Figure 8 The completed undimensioned dual layout, B(G) 

Figure 9 The adjacency graph for the exall1ple problem 
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1 Data for the Problem 

Operation 

5 (1,2,4) POl 

6 (1,3,4) Reorient placement directions for 

(1, 4), (2, 3,4) since 

at left of (l, 3,4); PO 1 

7 (1,4, 6) POI 

8 6,7) P02 

9 6,7) POI 

10 4,5) P02 

11 (1,4,5) POI 

12 (l, 2, 5) P02 

13 3,4) 

14 5, POI 

2.3 the dimensioned "inflation Ii 
Inflating the undimensioned plan to reflect this data turns out to be straightforward, by 

any "blocks" of facilities created by either the initial B(G) 
amJl1caw)ns of placement PO 1. 

Firstly the exterior dimensions of the building need to be defined. The exterior envelope 
n 

is assumed to be rectangular, and the enclosed layout area concomitant with I 3; for an 
i=2 

facility problem. We motivate the ideas behind the general inflation procedure by 
eX'lffij)le. Suppose that the areas (aj) of facilities 2 through 14 are 

[10, 6, 10, 9, 6, 7, 2, 4,2,3,2, 

so that the area of the final block plan is 100 units . 

.l,,"'-'Lvl.L.LLli", to Figure 8, the horizontal interior wall of facility 2 is placed one-tenth of the 
vertical distance from the top of the layout, since a2 10. The vertical interior walls of 
facility 4 may be placed according to the relative block areas, 
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to 

and 

respectively. The definition of the vertical interior wall for facility'} then cOITesponds to 
the ratio 

The walls of facilities 8 and 13, which resulted from application of P02, may be defined 
in the relative proportions a 13 and A sensible approach for these is to define 
the shape of 13 to be similar (in the to that of 3; likewise, the shape of 8 
should be similar to that of 7. 

Inflation after an instance of P02 applied to an placement host is slightly more 
complicated. The two facilities 10, 12, and 14, within facility 5 
require this. In this case it is necessary to the block of area as + alO + a12 + a14 
so that the comprising 10 14 and the rectangle comprising 12 do not 

between and is retained. This can always be easily 

Finally, the area containing facilities 10 and 14 may be partitioned in accordance with the 
ratio of alO and a14. 10 shows the final scaled plan. 

3 
1
13 10 15 12 

----- 14 
6 

9 7 8 ~ 

-

11 

Figure 10 The final scaled block plan 
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The first step of the inflation is to determine the revised 
D01;;1t1(JnS for the facilities corresponding to the initial vertices (other than 1) of 
and 4 in the proportionality. From then 
to find the revised 3-joint positions for all those facilities sut)S(;~qulent1v 
01clCe,m(~nt rvnpr,:.ttr".,,, in order POI, then 
!JUJUVLL"'..., .... before a PO 1, except on the initial 

rec:tarlglliar proportionality conditions. 
or other schemes when hosts are .LJ-,HlU.uv',l. The inflation 

O(n) time, where n is the number of H"'- ... ·LULHdv, so that the ..... V.LU!-'.LV' ..... 

orthogonal dualization is also O(n). 

the basic 

,"'v1r'~n"'".''' rearrangement of the 
po~;se:;Slrlg the of PO 1 or P02, 
from scratch. 

the dual of any maximal of 
Rinsma et al (1990) could be applied, with one exceptilon: 

should be to test if Deltahedron insertion order may be imposed upon it 
SUICC(;;sSlv(~ly ueJlcung vertices of from the if this process may be 

is left, a reversal of the vertex deletion order the .-orn","ari 

If ela.t1onsll1p score data or cost 
the Deltahedron heuristic can an effective means of 

and the insertion order 

structure of the final which are 
mlugate~G somewhat the ease of its development. placed at 

of the plan will end up a long and narrow "through room". Similarly, the other 
of the initial configuration will often end up extended and distended by the 

the placement process. to different definitions of K4 (perhaps 
facilities that should be to the or permitting 

the positions of the first three facilities may result in an improved final 

Most of the difficulties outlined above are caused by the maximal planarity requirement. 
Its associated triangulation property may be used to advantage (only two placement 
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result in "tentacle-like" corridors within some facilities. The of 
circulation zones in the form of communication paths and Whitehead or 
courtyards (Baybars ( may reduce this difficulty. A certain amount of post
construction ornamentation, whereby some asthetic rearrangement of of 
facilities is undertaken, may reduce some shape distortion. In for the vA,eUHiJLv 

problem, facilities 10 and 14 could be placed within 4 instead of that the 
facility 11 small to make any Such ornamentation 
would prove very difficult to automate, and firstly definition of 

Work is on UU'''-l-'lHlf:', 

and Rinsma et al (1990) to cater for <lrh"t"""r" minimize 
distortion much as is lJ"ch~'L'''''' 
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