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able quantities as egonomic unitl. Such design decisionu

ABSTRACT

‘
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DECISION BY EXCLUSION: g

DESIGN OF THE BUILDING PABRIC

Duign altlernatives are us@ily chosen on the }:asis of
cost; this has been the only currency by which 'tr/ade-offs'.
betveen disparate building quantities can be effacted. @The _
problem with these economic comparisons as a’means ‘of sel-

ecting design alternatives-is that cost -- whether capital

cost, annual cost, life cycle cost or some other kind -~ is.

a very unreliable indicator. Complications aré caused by

the prevalent unstable prices for-building work, variationc

- among several cost indices and also variations in costs from

one contractor to anothor.\

. L _ AN -
In building enclosure design, decisions are made on the
basis of physical units (lire'resistgnces', sound transmission

losses, .risk of condensation andiso on) as well as such vari-

can be made by a procu- o!.' exclusion. In this proceu, the '

’pertormance of deaign alternatives, for each objective con-

aidered, is assessed and normalized by mpans of utility
t:anstomtions. Bach altqrnative is then comparad with
the oéhe:n gencrated in the- dcsign. : \ ‘ -

“

‘an a;te:native is dcmihatqd by the others if the sum of " -

»
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its wérgh;:ed ai:tr:léaute: is less than that of at least ‘\?ne 5
of the others for ever?--poséibie' set of pgl!;tivg weight‘s.k“
Initially-dominated aiternatives are elisiinated. If the
performance obfectives are ranked 'ix; zy'iority',% these con~
~ stra;nts on the weights can be used to exclude more alter-

natives. The: ﬁnal selection by the. designer is made from

a reduced set of “"best” or. "at least as good as” alternatives 1
obtained by progreu:lvely adding cdﬂgtraints atta,‘;ging to
the performdnce objec'ﬁives. T

§

e

'rhis decision king praceﬁa is okne of many stages in

systépatic design. A framework of a lystmtic des.i.qn pro-

cedl.ire isprés nted and illustrated by means of an example
' invoiving'i:' e 9‘319:1 of external walls for sipgle-f.amily A
" houses in t“ne Montreal area. 'L'he lenlitlvity of decisions

5 ea in the designer’'s 1nput is also cons‘idered.

I:rx"-implmnting the Deciai'on‘by Exclusion rula, thé‘ .
‘ign -method has -been objcct.,itied. The appllcation of the. / /
Defision Rule to design wi.ll encouxage the use ®f a’ widet
-range of alternaeives. It will also enco‘urage the useo/f
esearch findings. Because of its vertatility i:h inq uhe

: £ the limitcd information available in ranking o perfor-




e, e N T e

P A L At ataun I o

. R g .
.
\ -
N .
- —
“ ’
- Ny, -
» -
B ~
~ ”
-~
- —_—— =
N W T e
N
.
..
~
- h . _—
. . &
. -
. .
- - < .
.
- . - ] »
- / co
M -
- .
. .
- iy
: - — . .
,
. - B . ’
. . . s .
. .
T A\
)
. . :
T hvl
[N -

ER e

RSP




PR TS

- by La Formation de Chercheurs et d'Action (Concertée du Québe

and, in thi‘!"’!tudy, interaction with a number of people from:!

- Sa e L s DT

R YT

Rule; _ | ' . | .
Dr. Kn Huy ‘Kinh for his comradeship, igterest and en-

‘couragement/ . e | -

: N '

N S ’

and the ational Research Council of Canada. For their £

(Directo chool of Arc?xitecture, Nova Scotia Tecimical
College) for providing encouragement, inspiration, valuable |
criticism and helpful advice throughout the course of this
ey, | R

ﬁz

No r‘march is completely isolated from other areas,

widely-different disciplifiés has provided me with valuable
insights. I wish to thank both Conciordia University and
Nova' Scotia Technical College for the resources: which were

put at my disposal while I conducted the research o

My special thanks to: L i ' a

«

Professor Wolfgang Bitterlich, .for the stimulating dis-

cussions and working sessions while developing the/ Decision
+ N d - . . )



iv,

R
N >

A
N

¢, Dr. Alan D. Russell fof his helpful and ritical insigiu:

throughout the study; ‘

]

Dr. Neil B. !Iutcheon for the meny.good‘ discussions on
' th,scienée of building. ‘

3

- ' | I would like to thank former bollea.gues and present col-
7 > leagues wﬂa have: unwittingly helped to s}mpe many of the

o ideaa presented in this thesis, and in particular Dr. R.
/ A.ngel, of thf'Philosophy Department, ‘and Dr. J. ‘Bertstein of

~ the Ecanomica Department of COncordia Univeriity, and Mr.
) \ ' J‘ayant Maharaj of Nova Scotia ‘Technical College.

. k Worthy of special note, because of their interest and .
¢ dillingness to help, are: . '

it 1 )
- Tony Kennard, s. Chockalingam, J. Raman,. F. Hassan, P

de Jager, I -Melnychuk-Mandicz and P. Koticya for their con~ ™

ti.nued morel support; ) '
4 ) ’ =
¥ ¥

' Miss M. Stredder fer .hgr invaluable help and patience ., .
" in typing. d ‘expertly the many“dra&gl}t's of this thesis;

Mr. N. Stewart for his indefetigahle "bienic" effort in,..
- : making oorrections and lightening the burden of editing the
final copy of the thesie.

Finally, f-z have incurred.an ‘enormous debt of gratiinde

to my family “for the:l.r patience, encouragement and support

-

LT . during all my trials and tribulations.

{ . . Y




N
.
B T e ) e Ll Lie ] R 2 R

- . -~ Ead H g .- ¢ e e wm e 3 “"
e v . ity
5 . R . . a
. .
o N
S
. .

®y
N

ABSTRACT - + « o o o o o + . R

¢ ) 3 : »
sACKNOWLEDGEMENTS . . .« . . s o o o o s o o & o o o o o3ix
i ! &8 <« a
- :\,/Q ; .

TABLE OF CONTENTS e & o o o e ¢ s e ® o e 4 s o ro . Q o s o VWV
- . - a -
q LIS}‘ OF TABLES ¢ o o s & o o o B o s & s e o e o o "Q. 3 Vii .

LIST OF FIGURES . .+ v o T o o o o o o % o o v o o v o widl "
L ' NOTATI\ONS T o . . - o . » - (’- ') .‘ » ) . » 'o :o o .0 [ o. ) > - x

, A - CL
. I DECISION IN BUILDING DESIGN - - L \
x s N SN
! 1.1 Introduction . B K O
! 1.2 Some Aspects of Building Enclosure Design . . , 3
1.3 «.o 7
104 . o_obo e ® - . 12

Aim of the Research

SN , g : : J
’II DECISION BY EXCLUSION- ON THE DESIGN OF THE BUILDING
' o ENCLOSURE : N

°

Decisiong in Building q%;fgn e s e e o e :

2.1 Introduction . . . . .. 1a
, 2.2 - A Review of Systematic Methods of Building - D
" Enclosure Design . . . . . eve o o o o o 15
2.3 Operational Structure for the Design of the
v ‘5‘ Building Encj-osure 8 e & e s e 6 o e 8 e s o o 20 L
’ 2.3.1 Performance Objectives e e e e e . 22
2.3.2 Priorities Among Performance Objectives 24
X 2.3.3 Generation.of Alternatives .., . . . . . 25—
° 2.3.4 Evaluation of Alternatives . . . o 27
2.3.5 Aadditive Models in Decision-naking - - 28
2.4 Decision by Exclusion . . . . ... ... . . 32
2.401 Assumptiﬁns e« & = e . ‘. ' ‘J _40
2.4.2 Theoretical Development of the Decision ~
R\.Ile ‘\o L] - . ot o o = - . o L] . [ . ] 42
' a '2-4.3 Rmrks L] L ] - L L ] ‘Q L [ d .% o - ). 56 \
2.4.4 Computational Aspects of the Elimina- . :
‘tion.of Alternatives . .. . .. ... 58
2.4.5 Parametric Analysis c s e e s s s e o o 62
° z.slhsumary L J e, L ' - ." L - !' - L] L L] L] O.. L4 * 62"
‘ - . T\ ”
e - ., .
“ L i k"\




ye >
ceovi /
THE DESIGN. OF EXTERNAL WALLS C . T o
t - 3.1 Statement of thé /Problem . . . . . . T (') ‘
e 302 Design Cantext ~o s, % e o s e v o ¢ o ,® * e v. . 70
3 < - 3.3 Performance Objg¢ctives . . . . . . . . . . o . *71 | 7
< ° 3.4 Alternative Design Solutions . . . . . .. .. 72 .+ 5
3 / ) P’ 305 ; Malytic&uﬂd 18 ¢ - - L] . . * . . - . [ . o 77 ‘ 7
© 3.6 Evaluation of Alternatives . . . . . . . e . 79 &
: "+ 3.7 -Transformation or Utility Functions . ... . . 8l X
1 ‘ 3.8 Decision by Exclusion . . . S .. . ... J . 91 %
3 ,
Cr 3 8.1 Exclusjion of Dominated Alternatives . , 93 :
T . 3.8.2 , Further Exclusion of Alternatives by ‘o “
3 ’ , s Specifying Priorities Among : -
- u ‘ objectiVES p @ - . e o o s e o o e 94 N ’ f“
v g . T. - 3.8.3 Robustness.ﬁpalysis T T T S .'102L~ ' ,
. - ' . . , o e , -‘ L . . .Hj;
. B : B <
v . QONCLUSION. _DECISIONS, IN BUILDING DESIGN ’ %,
T . P . [ aA
- 4. 1 Decisions’ in Design . .« « o« .« .+ & e ¢ o« o » 115 %
: . 4.2 Recommendation for Further gesearch e+ s o« o 119 2
, ' - .. , ~ , ‘é
APPENDIX I * Computer Program of ‘Decision by Exclusibn o . i
» Rule . '.'- . . ¢« o o o ® -. . / e o @ » e 123 R '{
dl'APPENDIk II Design Context -- External Environment in | ‘ i
. < Montreal Suburb . J:. P 1) | :
K .
Y APPENDIX II1 Performa.nc;e Objectives for External Walls & 5
- . rof Single-Family Houses in Montreal . . 133 g
— q i LY :'
- APPENDIX IV  Models for Predicting the Perfurmance*of N
S External Walls with Respect to Fire Re- - N
- . sistance, Thermal Resistance, Risk of 4
L Lo ° Condensation, Sound Transmission Loss . ' ‘;
° . and Initial COSt c_-ov e e o 8 @ . -’“_' . ¢ e 154 ’ )‘%‘
. , {} - . ‘ .‘. '.“ Y N . ' -\;"'; g::%
t .Q :M " . o ‘:i‘§
- : :‘1 . (. *’;A
3
— . - !
LN . . 4
5 A -
. ‘ ‘al | » g
¢ -+ .
N & -

\

A ] ., ' t
. * i * .
N MRS . . o~
Ry e i Bt R T M N R Y ST e T . u : j




e

-
.. 3 , . i .
.
L S o /
Y N .
. . f
\
v
" .
. N o
¢ x0T
~ * -
Ld > -
' X r » .
Al
.
* N . .
1y . v
. N
- : ’ - +
) - -
- \ © i - )
< . .
N ,
L e :
ket hu -~ « -
. . 4
~ - . - £
- [ * B a
‘ W AR
14
k)
. - - N
. Ve .
. .
1 ‘ 1
-~ . [ a .
. : Y s
- . {
N -
. 6 . . )
~ % : - ~N s
” -
B . < \ I ° T
. L] .
. -
) - V4 - »
- : : -
. &
- o / L AJ
» -
oWt ) , , >
J ¥ -
< . %
" { 3 - .
. ~ . ; . . L}
. Lt . =
N .. .
v O :
) ’ A /\\\\
g B
4 .’» ¢ - -
. ¢ ~ ook
R J/; s ’ . . - ‘- £ 0
L4 - v % >
’ . - - : T L :
A » ~
P . ’ N - . K N .
s < ., - P : . . . N
[ -t * - -
. ;N ‘4
- % ;égggf\ ™ m.%&v:m.v/ e E . i.hw- P o
: 3
L [ - .

TR R I T AT DRI - 0w e e e SRS T ORI

vREL o

<

LIST OF TABLES

N~

%

B R - " : 7
‘e \
.
-y “
-
. . N . -
. . -
° \ ! . - N ) i
o
- » ’ - - -
: -
.
- a
i % - -
. -
- - ~
- . &
/. . .
- . T - *
. .
. I'd i -
N ”a. . \aw.
. - “
- - .
. B . .
' c P
B - 3 -
-4 T . ¢ -
. } * co
. - . \ .
. .
“ 3 R
L S “ ¢ 4 ”e
. - .

"t

R A N R
R e s BT e 2% D8 LSRR L T

.

v

JTSL - C I O 3 g




L P

¢
:' '
¥
3
f
¥
£

TABLE 2.1 -
' TABLE 3.1
TABLE 3.2
TABLE 3.3
TABLE 3.4(a)
TABLE 3.4 (b)

TABLE 3.5

k’h s

tx

- ‘ vii

' LIST OF TABLES

: : ) -
\ . = _
Matrix of attributes R 29"

Summary of perfogmance objectives for
external walls of single-family houses
1n Montreal - - - a e @ 3 . - - - Ww » 73

3 9
Example of matrix of predicted perfor- ‘ ;%
Mance SEOres &+ « + « o « + » + o « + « 80 &

Example of matrix of design alternatives
and their performance attributes . . . . 92 B

Simple preference analysis ~- original
matrix L] L ] L) * L ] * Ll L] - L ] L L] L] * L ] [ ] L] 9 6

Simple preference analysis -- revised
matrix « o o e & 0 s o e « o e e & % e o 97

Effect of change of utility cost objec- -
tive on deciston field -- no preference
between objegtives . . . . . . . . . . . 113

ANY

Le—" -

N R I T F e L earm £ 4 Te b ot T



(

w
o
=
(<] \ ° i .
[
o
E4
£

. _ E]
r [
, .
\
- .- ~ N - - .
- ) ) « 3 " Fl
. - v
- »
. )
) - + - .
. .
- - . ) -
- ’
|
.
N
Aol . e -
)
J~
.




— *

-t o "F{»Nf
4 . B e T A AL B AR R s e ttui‘( 34
VGt ware e e rr eewe e R ? d .

viii
é , | LIST OF FIGURES

.+ ., FIGURE 1.1 Decision Evaluation Matrix . . . . . . . . 9

FIGURE 2.1 General Structure of Design . e e e e e 19

FIGURE 2.2 Operational Framework of Design ‘Sequence' '
- for Components of Building Fabric . . . . 23 -

- <FIGURE 2.3 : Representation of Exclusion Procedure -
fOT.' TWO V&riab‘es e e o o 5 o s a2 & s & 34 '

»

e g e 0

L4

FIGURE 2.4 Representation of Exclusion Procedure
for Two Variables with.Priorities
Between Variables (w; > wz) .- « « « « « 35

& Ll
-

- FIGURE 2.5 Represehtation of Exclusion Procedure .
' for Two Variables with Priorities ‘ /
N ’ ‘Between Variables (w; > 20) . .. . . . 37

L s o il
-

FIGURE 2.6 Region in m-space 'in which Alternative“l
A is Selected (Intersection of Regions ° .
Of InequalitY). e & 8 ® ® & ® s ®» s e * @ 38 1}

FIGURE 2.7 Union of Regions in w-space where alter-
natives may be Selected . . . . . . v . . 39

. .
FIGURE 3.1 Example of Alternative Design Solutions . . 175

FIGURE 3.2 Utility Transformation -~ Threshold
Functicn Type L] L] Ll [ ] . L] L * L] , L] L ] - , L ] a 3
N FIGURE 3.3 Utility Transformation -=- Step~Function
Type [ ] * . [ ) [ ) [ ) L) [ ) L] [ ] [ [ ] [ ] . [ ] ) L] - 8 3

" .. FIGURE 3.4 Continuous Utility 'Functions -- Linear

. and Diminishing Marginal Utility . . 8BS - .

FIGURE 3.5 Utility Funetion based on Theoretical ’
. , and Empirical Relationship . .!. . . . . 87

FIGURE 3.6 Utility Based on Theoretical and Judge-
\ . mental Relationship e o o s's s e s s o s 89

FIGURE 3.7 Graph of Step-Function Utility Transfor-
-mation for Risk of Condensation . . . . . 90 -

FIGURE 3.8 Parametric Analysis for Initial Cost . .. . 105
FIGURE 3.9. Parametric Analysis for Fire Resistance . o l08

FIGURE 3.10 Plot of Cost Attributes vs. Pire Resis- :
. e tance Attributes (original and revised) . 110

FIGURE 3. 11 Trnanormation of Actual Costs in Per-
* centile Utility Scores by means of
Utility FunctiOnS LA ‘e @ 8 e e 2 ¢ .0 112

A
-




-~ L. N

me-\méw TIRLEEY

FN

o S SRR N

APPENDIX IV

- :

. - - . .
’ - FIGURE A4.1 Graphical Representation of Risk of Con- ' .
densation Calculation . . . . . . . . . 157

|

N . ) ' ‘ . ¢
¢ FIGURE A4.2 Plot of Sound Transmissidn Loss vs. '
' Frequency. ¢ o L0 » e o . LI ] ¢ o' 0 e L] 162
-~ ' *
T v
i . & A\
. '\$ A
N ‘
‘ -
. - o - i -
2 B S o
)
. .
- ' .
\: .
. - “
. 2
. . '
. n. 4
I . \"
. .
v . i 4] ’ Yy
- , ) ‘ . :
) * /
, . 7 R il
- -
* . . ¥
1 - * v . - .
C . .
H !
» { { .
. : C - . "
. . ’ - K ”
N [
- ) 4 ’ v
{ . N .
Ll F . N h
- h ‘ N -~
Y -
‘ L3 L t M ’ X ’
N ~
' - . t
4 .
i N .
- . -
’ \ . .
- - - -
R e
. . ] . -
s - . %
/
' ’
"
- . -~ .
{ i ’ {
’ . .
. »
2
3 \, ' » . “ 3
! »
o ° . 0‘ E]
. .
\ . .
1 « ° -
’ a . N *
T ') rd jad
" . * . ' *
' ' N il A} 3 : . N R
. '} , . s . .
' .




ISIDTI——————S L R e L

, N | \
N wl 1 \ r
’ i
' :*’%' LY
. ‘ . | -
‘(
BRI NOTATIONS e
v R - -
Bepauge of the wide scope of the thesis it has baeen
" n@cessary to divide. the notations into thres parts:
} ) N-1 - Notation for Main Part of Thesis
, s N-2 Notation for Appandix IIr ‘.
... _N=3  Notation for Appendix IV . °
N ) ( -’ID ' ' *
A 1‘ ‘ \'
4 f "5 . . >‘L “ v
- - 4 ' ) ‘
‘ ( ’ h 5.‘1'*“"‘; ) : )
-~ N 3 @ ' : “‘ “ ﬂ ’ .




o}

[OOSR USRE SN

Initial cost

‘Pire resistance S _—
. Number of- performnnce objactivea ' 3

- Zero vector - , ‘ \ >

.Risk of condensation o . . ' E

_performance objective j

N-1. NOTATION FOR THESIS

3

Coefficients used in utility function

;
]
:
3
-
Py
,

R B AL S e S her s ¥ P

The 195- unit vector ‘ .

Factor used in parametric analysis

. 8
Positive real numbers

Parametriied vaxiable

Number of alternative con;tructiona_l system

A weak ordering relationship ' -

Any indices between 1 and n . :
Sound tranami ion loss - - B | é

Thermal regigtance

The "utility of an altcrnutivc -4 with rolpoct to

. { :
Sum of weightad-utu;itiu of n,l;kernative / :
m-diunlional row vector - '

Pcr!omancc variables in the nt {Y} of variablu i
considered in d“iqn - ‘ 4

13




xi
; N-2 | NOTATION FOR APPENDfX III i
? ' Ny ‘ P
"= A . Praction of "g" assigned as horizontal ground
- accelgra;:.iqn . - B \
DL Specified dead and live loads, rolpect‘i(rely
5 ; h Height of wall
;:, L R 'Rasiiéance of wall or thermal insulation depend~
: . g ing on context (Limit state design)
STL ~  Sound transmission loss : - )
Sp .Horizontal forcs factor for earthquake- e
Q Air infiltration rate ;
w . Lateral load . : LN
A . Weaight of fixture | . T -
b : Pbrformance factor ‘ -
Ly . Importance factor o ' T | /
a8y ,08 Variability factors for dead, live ‘and wind loads
A Deflection of wall | = ST
.8 | Structi;re vibration o
' .Yij " Level of performance of“ah altomtive i with
‘respect to an objective .
| Yoy ' Most desirable limit on performance objective 3 .
. ‘Y'J.'j‘ The least agceptabl.e limit on performance. objective j
z . Objective function in linear programming formulation
""j' " The weight attaéﬁing to porfo;\dzmo vari‘able‘ 3
. . ‘ . !
[cl, x n An (t x n) matrix where t is the number of linear
constraints on weight attaching to performance objec-
~ tives .
' (:U]m :}n The matrix o! attributaf /.. L
‘“{c) The convex set of npn-dovminatad alternatives

. . .
\ .' ~ L ]




ot . xii
— .
: ' N-2 (continue@) .
{c} The convex let qf non-dominated alternatives with™ . %
’ priorities on objectivet ‘ . \ - :

tiy
)

" A set ot\candidaﬁe solution dr iltarnatiVba

of weights which will :esult in alternative
-being selected : T

e

(Yj} ’ ‘s@t of pertoxmance variables ér‘performance objoc*
. ‘ tives establishod by the CIE macter 1ist of: proportiea

- A o Mathepatical weight used in davulopmant of decision
' rule 4 y
B ' -~  Scalar quantity b - L

@ . N T

. 0 \ P
\ a
' R . )
v ' r,
. ‘
P B
L \ \ q .
. "
: .-
! ‘
*
- n .
+ , . N
'\ \ .
"
N * B
~trty
1 'T
‘ L M { B o
, ;
v » |
“
‘ A\

7N




.. B N ' . [ «
'ﬂ\’; . . . .
N o e R S I R AR RS

. " o A . X xiid

- ' ' AT R
H . X . . \

o . . ‘N=3 NOTATION POR APPENDIX IV °

\

A _ Area noml to flow of heat ‘\\,,{
. ‘

Spacing of line studs

e am

c 'Velocity of -cund in air
' a, (Saparation of panels in a double panel construc\ti\on ‘
4 _Frequency \
."“'B ) ‘ Bridqiné frequengy g F
tc Critical frequency for single panel "
£, umiti;n: frequency for double panel .
£ Pundamental double panel rsscnance T~
2,08, Surface coefﬁcients of the air f.low inside and
o \o/utsida, respactively
. h "~ Thermal conductivity ' -
.M Total mass of multiplo panel per unit jrea N
f"* <P zqngth of flow path (thickness) ~ §  ~ B
‘ m Mass of panal per unit area.
W m :mf | Mass of panel 1,2 per unit area -~
o0 a pffactive mass of double panel for detemining £, .
k . PyiP, Vapour pressure inside and outside | v
: 'q . Heat flow rate " e
} B.x. Total ‘thermal :uista\nco
' lj | 8 sRz,... Individual resistances - .
i : : ‘ S
", " TL(E) . Transmission Loss o.f. COnstruction at frequency ()
L (£) . 'Tranlmiuion Lou for panels 1 and 2 at a
TLa (£) ~ frequency (t)
, :'xf,z.x(;‘.) v o r:mmiuion loss at tngucncy (f.) of a m;lt.iplc
- - R ‘pannl with’ no :Lnur-pqpn connoction&




\ a0,

N \

ATL,

.

ti'to

|

st

xiv

Transmission loss at a frequency (£) according to ‘

mass law

-9’
Increase in transmisgsion loss overh{hat calculated
according to the mass law

\Inside  and outside te /eratures,’ raspectiv,el’"

Overall vapour resistaﬁce

Weight of water vapourf transmitted through a unit
area .in unit time

X ; -
(BN

Average ‘peimability

\
- . —_—

= Permeability of the ma"terial

e . G i

A TN e et T




-t

~

. e
y " -
. }i;‘:‘:'/. -
. [ )
.
- .
-

CHAPTER 1
DECISION IN BUILDING DESIGN . ¥

LY
<oy il
.
.
; B
- ! ]
.
. .
N
‘ ) '
. .
- » Sy
.- .
p
, :
1 y
¢ M :
. .
\ .
¥ ; - ) :
. .
.
Ql -
. . ‘ ] .
N
——— ‘ e
=
.
. .
. " -
R <
= t ’ . A
- LA
- .
) P | , ’ ‘ ' . '
. . - ~ am
t > AT R R L)
] B * i G 0 h ’ . '
s . . Y , . v R " .
. i NN ‘



, ’ A e I v .
! ' , Y .
— ' " ' CHAPTER 1 . " -
DECISION IN BUILDING DESIGN . -
‘/ .0 . &\,
1.1 INTRODUCTION = ¥ .o S |

- v : S .
In pre-industrial societies, the;materials and hethode
of construction changed slowly. Buildings were“efected‘by"

craftsmen familiar with the materials available in their

4@cality,'the kind of building'wanted, curréht technfquesf

of construction~;nd local climatic conditions. cOnsequently,
the enclosure of a building tended to be reasonably well-
adapted to its funcpions ‘and to the climate. Generelly- .
accepted vocabularies of design and material\usage enabled;
ordinary builders tgﬁprovide environments which ministered -

& v . to the needs and. requirements of their building owpers -and
. T o
{i ) . users. | &\‘ . | g’

With the technological advances since the industrial

\ﬂg \revolution, there has been a proliferation of new building

materials, constructional systems and. methods. Bufiding

designers* - architects, building engineers. and others -
a ! . f’ﬂ
are aware thatz . ] ' P E

- : T
(” * Throughout this s , the words "build ng deetgner' and’
‘"designer" have beén used instead of "ar3hitept™. Tradi- "\N\
tionally, it has been.architecta who have‘been responsible
for designing the anclosure of buildings; the use of the
- word "designer" in place«of "architest" now reflects the
B . increasing participation of other protessions such ‘as ) -
engineers -~ building~-, materials-, and so'on -- and de= -
velopers, .in addition to architeots, in the design of “
the building enclosure,

Ll

\
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'"Th;zr conventional methods of eatzsf@zng new require-

.
B v Lo 2%

ments and making use of new constructzanal passtbzlt- '

ties are no Zonger adequate " (l)

o

The attitudes and practices of the past -- tlie consensus of

opinions on how buildings ought to be built ~- whose con-

~

uings, have to give way to new approaches more suited to

changing conditions.2

L)

The changes are‘not-only in the

. means of construction butaalso in people s continually-

-

varying requirements and use of buildings as well as their

1)

increasing standards of.expectations.

Although there‘seems to be no consensus among building
d ¥

designers ‘on what the new approaches to design should be,

@

usequence was to convert requirements into successful build-.

*

S
~

it is clear that they must adopt a disciplined (systematic, -

even) framework* for design activities if they hope to make
~

,* Design performed by the congenitally unmethodical has re-

sulted in much wasteful and inefficient expenditure of .
effort and creative skill exploring routine problems. .
Consequently, second-best results have often been accep-
ted as design solutions when better ones already exist.
It would be reasonable to expect that method An building
' would be beneficial to designers. How-

ever, the effect
(a .goal=-directed) problem-solving activity) is a great
extent determin by | tools available and the.skill
and willingness with which they are employed. Systematic
method used by designers combining the art and science of
building offers a framework for. making greater use of the
designer's imagination and- for the conscious¢application

‘of knowledge.

T

ess of methodical approaches to design

P.N. Manning, ”Appraisals of Building Performance and Their

Use in Design®, Vol. 1, Synthesis, Ph.D. Thesis, Univgrsity

of Liverpool, 1967. ©

tectural Press, London, 1974.

- s ‘ . »

A.J. Elder, AJ Handbook of Building Enclosure.' . The Archi-

-~
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ﬁﬁ while methods in operdtéons research (e.g., Linear Proqram-

)

r -

" however, have only become practicable with the advent of -,

- computers.

1.2 SOME ASPECTS OF BUIXDING ENCLOSURE DESIGN

o

1peraonality.involved in design be reflected &n a formal way.-

A e

. J
k) .
effective use of developments in the many other disciplines

that bear upon design. For instance, system dnalysis tech-

niques ‘can be used for develdping performahce objectives

2NN

ey P e et
o AWM R LA

~

ming) and decision analyeié\can be adopted in the evaluatiye

phase of the systematic design process. Such developments,

~ 4

R gl e s

-
L A\ i

— .

ot . RO

> : 7
it is the nature of studies\of building design probiems .
te;be‘complex because they imwolve the simultaneoug considi“
eratidn of many interesting factors. Though much.design
decision-making\ig done zntumtzvely , on a subjective a§¥
,Sessment of whatever facts are available, a theoretical

nmdel of the structure of the design process necessarilys\‘ﬁ

must x€ly on many techniqu#s embodjed in the structure of "N
such subjects as philosoph& value theory, decision theory;
psychology, mathematics, economicg,,building engineering, -
theory of measgrement, and so on, fof only in this way can

the large variety, of activities and aepects of mind and

One *very simple view of the design process is that ag
degigner fitst %dentifies the performance requirements and f.é
then selects‘§:om among all the possible;solutipng,that :
solution which meets the objectives most nearly optimally.,

This is the way in which, in practice, a designer might . |

/\-
L . .
. * - QQ-\ l f
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) desi%p (say) the enclosure of buildings. However, concealed

R VL AT

RN

in this simple concept is a large collection of uncertain-

¢

ties, conflicts and ambiéuities: "For example, the building

* enclosure is concerned, inter alia, with physical and eco-

TR e v L

v nomic needs, yet it is seldom possible to determine with

i any certainty what priorities may'be ascribed to these needs.

‘ N
T e e PR SO R e . 53 »
St Vi b R AR

Or, it is possible that at least some of the perfornmance

)

PRTI e

objectives are in conflict: that, while making iﬁérove-
ments in one éspect of a constructional system's performance,

another aspect is concurrently worsening. The formulations

of design programs are often vague and ambBfiguous, so even

the definition of W\set of objectives is liable to be

A
¥
;
!
id
pC

* fraught with difficulties.

-

-
K T

Basic to the design of,the‘building enclosure is the ~ )

3 definition of performance objectives. ' The specification of \M‘\\ 'f

J S%ormance pbjectives involves the reconciliation of two ¥
Y

complementary types of information:

¥ i
) s ot

P

(1) ..The owner's requirements (i.e., what is wanted

e e

or needed), and

(i1) The cgﬁstraints acting upon the design (i.e., -

B
NI RRPTCR . N v LY

factors which control thé fulfillment of the

oo requirements such as codes and by-laws). - "; ‘ ‘

\

It is therefore essential to identify the requiféments and
constraints as well as general background information about

the context of the design problem (e.g.,l site and climatic

Ay
¢ -

2%
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'conditions) The performance objectives spec1fy the desired
level(s) of performance in terms of criteria or "least
facceptable" limits and, in some cases, "most desirable"
limits as well. Thus, the ijectiveé are considered, as
performance variables in which some degree of achievement | ‘

is deairaﬁle;‘

A
Ig several soluéioqe are proposed to meet the perﬁpr-‘
mance objective?, a deeisien husg be made to adopt one. ﬂ
The alternative eelected should be better than or at least
as -good as the other eolutions from the standpoint of over-
all pefformanee. In order to eompare the effectiveﬁess of
the alternative solﬁtioes it is necessary to measure their

-

performance even if the measurements are crude and approxi-

mate. A set of analytical models is' needed to predict the ®
performance of alternatives withpug favouring any canﬂifate'(\ -
' ‘solutions. Thesq analytical meeels enable the designer~to
, quantify the performance of any or ail of the alternatives. '
The degree to which a candiaate solution satisfies the de-
sired level of achievement of an objective is gscerpained é
- by comparing the performance score against the limits 5peci— %
’ ‘~fied on the objectives. . . - ‘ . . -%

Differént features of the‘bgiiding enclosure are meas-
ured in different waés using different types of measuring
scales. _Aﬂﬁ) each feature is liable to Ee appraised to a-
different level of pfecision, depending on éhe’ﬁay in whizh
the objective has beeh defined and on the nature of the .

[N
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- the risk of condensation in the enclosure, for example, the

- o wles ... -

prediction obtained from the analytical models. The most
useful measurements -- and the oees with ehich"designers
are most familiar -- are those made on interval scales. 1In
the design of external walls, for example, the limits of
desirability for thermal resistance pxovide the pasis for

an interval scale against which the predicted performaﬁée

of a wall can be masured. For thermal reeistancq\measure;
ments, the alternative's performance can be predicted

reasonably accurately and the intervals on.the scale are

.
\

S,

A

i

regular. In many cases, however, comparative relationships
rather than precise relationships between the alternatives,

although not so adequate, have to suffice. In estﬂMatinq ' -

designer has to make informed ju&gemedts about the chances ‘\\ 5
q{ condensation occurring in the constructional system. In’
such instances the designer can only rank the performance 4

'of alternatives; and the risk-of-condensation scale is thus

“ ‘an ordinal scale reflecting both the approximate nature of

the prediction and the definition of the objective. When

the performenie objective is epecified only in terms of a

'criterion, thevperformance of an alternative is compared

with that criterion. and the alternative meets-*§.does not

L

meet the desired level of performance. This_criterion {and
its nominal scale) provides a basid for appraising whether

minimum standaxds have been met and cannot be used to dif-

1] « +
ferentiate between candidate solutions. ' - . \

w oL |
In the.design of the building enclosure, the main

.
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L difficulty facing designers choosing among alternatives is

& that constructional systems have many attributes. For ex-

ample, a designer may want a solution that probidee good * -

o

thernal insulation, high fire fesietance, low risk of con-

L ’f:’fg
+ . , . — - A
densation, adequate sound transmission loss and low cost. ‘%

: ' . ‘ ", A
¥ But, solutions generated for the design are likely to ~ g
.,Lﬁﬁvl possess widely different characteristic; on each of the %

, ol

g
5
b
k
¢
:

' performance variables -- good on some,‘peer on others, in- _
different on many == 80 that there is no readily-evident ' " :
"best" alternative. The difficulty is enhanced by uncer- |
tainty about the way in which requiremente may interact one
with another. Arbitrating between interacting requirements
and keeping track of all the relevant variables du?ing the
course.of‘the ‘design process‘imposes a heavy cognitive load
on the designer, particularly if the problem is complex

with a large number of var.tables3'4

AU \ . -
the case with the process ‘of designing a building's enclo-

-~ which is certainly

sure. How, then, are alternatives to be compared when they

are likely to have these different properties?

1.3 DECISIONS IN BUILDING DESIGN Joe

-

\

Three methods of decision-making in building design can
] i .

G -

G.A. Miller, "The Magical Number Seven, Plus'o; Minus fweé -
Some Limits on Our Capacity for Processing Information", .

“©o Psxchological Review, Vol.,63 (1956), pPP. 81-97.
) o 4 D.B. Yntema and G.E. Mueser, "Remembering the Present

.. States of a Number of Variables", Journal of Experimental
. P.xcholggx Vol.. 60 (July 1960), pp. 18-22.

N -
‘ ‘ '
- .
[
-
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be discerned®. In these methods, the decisions are éither:

(1) of a rather rough-and-ready kind, made in a not-

e
. ¥

very-systematic way, but using understanding de-

T

rived from practical experience;

(ii)ﬂ made by aesigning a common unit (e.g., dollars)

. to performance variables and evaluating alter-

g

{
,%

z
E
A
;

&

natives in terms of'these common (e.g., monetary)

4’,

units; or -’ y S

(iii)nbased on.some manner of aggregating the perfor-~
./ mance attributes after they have been valued in-

- ) '_dependently. I ' . | .

Perhaps the most generalized model of the decid!%h pio—
cese»ds represented by the evaluation matri* (Pigure 1. 1).’ |
- The matrix provides a. simg&e_tabulation of the level of
achievement (represented by a quantity) afforded by each
) alternative on'each of the objectivee., Besides showing o

each alternatiVe s deqree of achievement on the objeetives,
v the numbers in the evaluation matrix ‘may reﬂleet the rela-
" tive- importanoe to the designer of each performence ob- '
jective. ‘A orude overall measure of .the sffectiveness of

an alternative isg then ‘found By summinq the attributes in

L [ 2

.o

oot 5 D.P., Grant ["The Froblem of Weighting", DMG-DRS Jour aI, '
Vol. 8, No. 3, (Jul-8ept'3:974), pp. lSG-III] ﬁ%nts in

this article that building design deeisions can be clas-
. sified into these three methods. - ..

h
L "

. . - -\
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the relevant row of the matrix. However, in the application
of this theoretica;lly eleéant and simple concept, difficul-
ties of a fundamental nature are encountered. In arrivﬁi’
at a single numerical value to enter into the cell of the
"matrix, many diverse considerations hive to be cémbined.
This, i though, :nay not be possible. in the design. of tr;e

building enclosure for the reasons that fo-llow.

g e e - - -

. Firstly, raw performance measurefnents have to be con=-
verted into levels of achievement. This would be done by
nomalizing the raw performance scores (which are based on
diverue units of measurament) to a percentile scal@y means
of tranaformation functions. These transformation functions
can raeflect the utility the designer a.t/taches to each per-. '
férmance objectiv;. For example, tranwtomtion.functiqns
based on the law of diminishing marginal .ut"ility'may be used
whag greater uaens:l.tivit'y to achievements at low levels of

’ performance is desired. ".I.‘\hu;, ~a designer would probably
coﬁaider a small Increu_e in (say) fire rkesiatance at levels
clgn to the ‘minimum acceptable limit more beneficial than
a/”imil_ar increass further a}ong the scale.

. Secondly, it is conc&:ﬂ.vable that raw por#o’mnhce scores
ars obtained !éoml othozjthan-intorval scales. The trans-

\ formation to percontile ucala of meuuromentr—from—t—noalo

lower than the intorval o ny, from an ordinal ucale --\ o
could be done vih utap-funot-,ionn. 'rhough permiuible, this

would bo lim:l.ting: it is not: meaningtul to po:torm

J AN .
. " . { . ' . &
i . . B B
’ B ’ ' . : '
, , - \ , i .
R no, . T o . Co .
. N - .
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arithmetic opérations-(such as addition) én_nﬁmbers which

,are, at best, crude ékpressions'of judgements.

Finally, there is the p;oblem of‘measuring the relative
iﬁportance the designer attaches to the varioua performance

opjectivés. The most common and most reliable metpbd for

~ expressing judgements concerning the‘rhlgtivg‘}mportancg‘gf

6

objectives is to rank them. Ranking of performance obieé- .

Tives by order of importance results in ordinal measurements.

. J .
However, it is not possible to derive a set of weights (i.e.,

—

interval scale measurements) from the ranking method nor to

-make use of the'rank measurements in arithmetic operations.

Limitationa‘pnthe use of normal additive decision

models in design can be overcome by using the Deaietion by

Ezolusion Rule which it has been the purpose of this thesis
to eltabliah. The Decision by Exclusion Rule can be likened

to a version of the evaluation mhtrix at Figure 1.1. Each

1

altornat}ﬁé'u'utility or"pérformance attributes obtained as .-

a result of the transformations of the raw scores are entered

into the appropriate cells of the'mitrix.k These attributes,

-

6 ) -
R,T. Eckenrode ["Weighting Multiple Criteria”, Management

Science, Vol. 12, No. 3, 1964, pp. 180-192] in reporting

s figding, adds that ranking needs no training and re-
quires the deast time to use of all the methods compared.
The explicit ordering of the priorities on the objectives
is an approximate rationalization of a normally subjective
process. Thus, the qualitialzgnsociatad with ranking tend
‘to support the élpumption that designers are more likely
,to rank preferences than (say) rate them or use the method:
of successive comparison. ‘

) B . N B V,,

h .
: C ¥
- . H
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however, are not weighted.. Initially, &he exclusion‘proceés

is based on the ccmparilon of the attributes -- "pure domin-
ance* being an obvious and special case. Further exclusion
of alternativel'may be achievgg by taking into account the

priorities among the objactiveﬁ. This usually r;sults in

rd

. the constriction of the decision apﬁce. ‘When there are

several "optimal"” golutiona, a more exacting specicication \.

%>

' of priorities reduces the number of "optimal® solutions.’

Unless: the priorities are quantified, it is unlikely that

»

e -
one "boet" solution will emerge. .
. ” -
A - ) L ! o )
1.4 AIM OF THE RESEARCH ] . ,Sv

. { R v
Thq purpose of the study is to develop a rational and

realistic method for making decision in design. .Owing to

their complexity) the numqrouu and vari&ﬁ lteps of the .
-1
design decision-mak;ng procaaa are delineated in a lystam-

atic manner. Design methods pertinent to the datermination

- \_/7PB£$A huild#ggﬂs enclosure are reviewed critically and so
L N . 7

. the design mbdel proposea in this thesis is put in context.
The operational model is then described in some detuil with
considerable emphaaia on the basis for and theoratical da~ ‘\
velopmant of the decision rule. The attendant postulate-

anq analyses are also discusued. An aﬁ%reciation of the .
! " , , : N -
. . .

he dominanca model assumes that within a variable, the
decinion—maker can compare any pair’'of alternatives with
regard’tc7va1uep\tor all variables taken singly. How-
ever, the 'moddl does not con'idor campardlcnc between
objectives. -, o ‘ oy
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design decision-making process:in the coﬁtext of other
decision-making procedures is also.presented. ,

In Qrder to démongtrate the application of the dec?aion
model that has been developed in this particular study,&%ag\
ééope has been restricted to the design of the enclosure 6f‘\
single-family houses ~- and external walls of“such houses -
specifically. .Nevertheless, the use of the decision model
cah\readily be extended to the design bf other building sub-
systemé, the evaluation of building alternatives at the
planniné,stagé)'and even té the assessment of develop%ent

5 plans. ' T
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, \ CHAPTER 2
o DECISION BY EXCLUSION:- ON THE 'DESIGN OF THE
e ' BUILDING ENCLOSURE
P 4 . . s “

Ve
v, )‘

2.1 INTRODUCTION | . o -

It is possible to identify two approa.ches to the sys-
te.matic'design of the building emc:lozs:.ur'e.‘l In one Qpproé.éh’,
% the unknown variables a/x;g in the constituent material prop-
erties, component configuration and cogstruc_;:ioqal factors_
‘which are to be selected tod fulfill a set of desigi; require-
ments whiale simultaneously optimising an ob:;ective furfctiorg.’
\J;n contrast, the other approach treats feasible and admisf
sible cons}:ructionall systems whose properties can be deter-
5\‘ mhined by ;nalj'y:sis or ‘exper'iment. The design best-suited to
the use of this second approach is the one that optimiseg
wan objective' function such as cost or weight. Ui:tiﬂl_ recently,
the objective function in ;both approaches had inw;ariably beer‘z
in terms .of one variable (stfuct.ﬁral or monetaiy) while the
remaining ‘féquiremexrts were considered as c?ngtraints. But
this method of &ciaion-—making - on the basis of a single
objective function -- imposes severe limitations on the

designer. It {8, for example, difficult'for him either to ~

/
trade-off between various performance attributes or to ex-
press preferences between performance requirements.

I N '
1 c.c. chamis, "Ciosing Materials Research Structural Design

Cycle", Proc. ASCE, Journal of Engineering Mechanics Div=~
ision, BMS IOcther 1969), pp. 1255-68.
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method which accommogates\the designer's preferences‘within ) |

. properties relevant to the design problem in terms of a

“ , 15
H . L3
[3’ ° ’ 3 ¥
'2.2 ° A REVIEW OF SYSTEMATIC METHODS OF BUILDING ENCLOSURE
, DESIGN ' (
» (R * . s
In an attempt to formulate an optimal multi-factor design

2,3

procedure for constructional systems,. Krokosky devised a V.

each performance requirement. Each performance objective |
(in this case structural, thermal and acoustic) is specified 1
in quantitative terms of most- and least-desirable values, 1
|
|

together with different levels of desirability of the’ per-

formance attributes in the form of a ranking matrix reflec-
ting the attribute's worth to the designer. An ideal multi-

functional material which meets the design rgquirements

optimally is then sought, using a random’ gearch technique.

-

For ease of computation, Krokosky expresses various ma;erial -
. ¥ \ .
{
)

"prime unifying material paraméter" Though he works in

tpia way, it is not always bosaible to correlate all of the-

performance variables in terms of a prime parameter (e.g., \ 3

[<] 0

yo] * ‘
E.M. Krokosky,'"The Ideal Mnltifunctional COnstructional

Material®™, Proc. ASCE, Journal of Structural Division, °
inf 94, S?Z, Proc. Papgr 9396 (april 1968), pp. 959 - 981.

AN
3 E.M. Krokosky, "Optimal Multifunctional Material Systems"
Proc. ASCE, Journal of Engineering Mechanics 4piv>ision,

" Vol. 37, EM2 (April 1971), pp.. 559 - 575. .
’ . ‘ . d
f E.M. Krokosky, op. eit. (2). ) Y .
LY -
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g : ; , - ~density * Much more seriously, it is also doubtful whethef,-
5
£

//'\\\
i any sdlution obtained from this design proce- ®

Y - dure wduld) ctualiy be constructed, for it is unlikely that

. e - -
' " any-materials available would possess the assumed ideal ’
multi-functional properties.
13 ) t

r The procedure developed Q} Krokosky contains an implicit
: ' . assumption of indifference between performance requirements 1Mdm‘w;,
and the dasgign golution is considered to be as desirable as
its least desirable attribute on the ranking»vectors.5 But R
the relative importance of the various performance requize-
ments cannot be taken into account in this design process.‘

%Eish to
These prior-

This is_a serious weakness because designers oft

G

F I P 1S s wrriaa A e ST

express-their priorities between requirements.'
ities have a significant effect on the solution selected. -
. ‘ Rao, et aZ,6 have discussed at length some further merits
ST and shortcomings of Krokosky's scheme. ' ;
fl ' fe \ " The Building Research Group ih Japan has tackled the’ L.

. . r'd o~ ! .

- problem of optimal Q?terial choice more directly -- in a

N | ==
.y . @ v * It should be noted that Krokosky s method belongs to the '
- ' first approach (performance characteristics unknown) de-

s sc&iﬁéd above:' - .

AT I e 4

Y

5 . . . X 4‘ ' N
id. s & .
Ib ' o oy \
- - J.K.S. Rao,’ V K. kapur and C.V.S.K. Rao, "Discussion of .

‘ Paper by E.M. Krokosky" 1,0D. eit. p. 7, Proc. ASCE, Jour-
C . nal of Engineering Mechanics Division, EM6 (December, 1971)

- _ 'pp. ®750 '~ 1753.°
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gsystemic and systematic way.7’8'9’10 The sucéessful éppli-

cation of this method depends on the exister€é, in a readily-
accessible form, of an extensive information system which

-
-

takes into account both design context and individual mater-

8 »
"ial properties in their multitudinous variations. This pro-

cedure, t@gughc offers no shortcut from systematic computation
and evaluation of alternative materialg. It virtually dis-

regards the problem of preferences begwee§ performance vari-

ables and -- a crucial omission -~ does not attempt to

- reassemble the alternatives into the overall design.

3
1

&making process presented in this

The design decision
thesis attempts to avoid some of the shortcomings noted in
both Krokosky's and the Japanese Building Research Group!s

methods. 1Its use is restricted to constructional systems -

—g

7 Building‘Research Institute, Ministry of Construction,
Building Research Group, Japan (March 1965), Forty-Fourth
Report: - On the Systematic Method for Selecting Building

Materials. ~ :

8 Building Research Institute, Ministry of Constructidn,

Building.Research Group, Japan (March 1968), Fifty-First
Report (second report): ' On the Systematic Metﬁoﬁifor.

Selecting Building Materials.

9 Building Research Institute, Ministry of Construction,

Building Research Group, Japan (November 1968), Thirty-
» §ixth BRI Research Paper: On the Systematic Method for

va

Selecting Bullding Materjals. .
/

4
1°ABuilding Research Institute, Ministry of Construction, .
Building Research Group, Japan (January 1970), Fifty-

" sixth Report (third report): On the Systematic Metﬁod =
for Selecting Building Materials. ] '
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available (or possible within the oonstraints of professional
practice) whose,dbnstituent‘mate;ial properties are known.*
' Moré%iiz;.in this method, tﬁe design process is uodertaken
,at a higher level in.the hierarchy of design decisions --
specificaliy, at tﬁe level of4sub-components rather than at
the atomi tic (or@very detailed) level to ;hich the Japanese
procedureqk(/;onfined (Figure 2.1). In<addition to the
variations due to the use of different materiala, a designer
usmng the method expounded in this work develops and identi-
fies a large numbér of feasible and admissible design solu-

tions that result from changes in configuration and dimension.
)y .
|

Where it is feasible te~do—sq, the perfpﬁce requirements

are specified dn terms of "least acceptable and "most

desirable™ values, and prefezio;o between reunrements can
nge taken into account in the decision rule. WPile the appli-

cation of the decision rule may not necessaril* result in

a unique design soTution, its use results in a reduced set

of "optimal" altenﬂatiVés reflecting both the values of |

the designez and the limitation impoé%a\by the nature of

va*ue meosofement, iie{h/ranking or ordinal measurement.

-
;e
’

- * This approach corresponds to the second (feasible and
admissible alternatives) one.outlined at the beginning
©of this section.

m.
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l ~ ’ , DESIGN TYPE
! (Housing)

‘t ”
§
! - .
- | | - &
‘ ' ' '
. | . ®
f | MAJOR COMPONENTS
3 | . > R {Spaces, environgent,
. | fabric, ...)
¢ I
: ‘ \ SUB COMPONENTS
* ] . : | . . | ~ (Walls, roofs, ...)
|
2 ~ - -~
f | Cr
’ |
i |
; | , DETAIL
" | ‘ ‘- . ‘(Joint details, ...)
| Pl
e ————— —_ : »
ANALYSIS SYNTHESIS EVALUATION ¥
J ) t -
FIGURE 2.I GENEKAL STRUCTURE OF DESIGN' (After Manning, op. cit.(13).)
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The differences hetween methods refiéct the variations in

2.3 OPERATIONAL STRUCTURE FOR THE DESIGN OF THE BUILDING
ENCLOSURE’

The modelling of design*decision-making prQcesses is o
fraught with difficulties. Notwithstanding these, mostugea-

criptions of the activities involvéd in design recognize a

. M ‘
basic pat:tern‘.«l1 Page_,_12 in summing up the Conference on

hY

Design Methods, descﬁ%&es the- pattern thﬁs: ' ©

", . .there only seems to be one oommon point of
' agreement, and that is that gystematic' design is

a three-stage process demanding analyata, synthests !

and evaluation. . ." N . R
\ ' R ' ¥

[

Cwaf.

A

design problems and variations in the operating mode of

individual designers. o y
) ®

-

5 Manninq,l3 in groposing*a design fr;mework (Figure-2.1)
buggests that design comprises a sequence of decisions lead-
ing from relativgly abséraét terms to the final.épecifibation‘
of hardwafe, A need (say, for housing) is recognized and

the designer attempts to satisfy this need by the design and

W .~ s

-
LY

o

construction of new buildings. The firgt taﬁb,is the

7,

Lol

11 See, for instance, the numerous descriptions in J.C. Jones,

Design Methods: .Seeda of Human Futures; Wiley-Interscience
(1973)

. - ! » ’

J.K. Page, A Review of the Papers Presenxed at the Con-
ference, in J.C. Jones and D.G. Thornley (eds.) Confer-
ence on Design Methods, (London, 1962) Pergamon Press (1963).

T o

12

s P
o

13 P. N. Manning, "Appraisals of Building Performance and

their Use in Design", Vol. 1, Synthesis, Ph. D. '1‘1’1«&:1.3,‘~
(Liverpool University, 1967). ~ N
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v understanding, structuring tnd statement of the design prob-
"~ lem. This corresponds to the design method phaaé‘of analysis
and comprises the gathering of relevant informafion, the
h definition of constraints and objectiveé-and, where feas-
; . ible, the definition of relationships between objectives.
f ' The writing of the design program (as. the activity of speci-
i .
v fying the design ‘requirements of a building is termed in
b ) . R
§ North America) - . : -
o "o . .18 probably the moat orucial aspect of the
N entire dgsign process, a aclgar statement being ,
essential to a auccessful solution. . ." (14)
Programming is-fraught with substantial difficulties )
. ", .arteing from the faot that the different
_ partzas to a building project have different
i interest in and different expectations of it:
their requirements will differ acaording to
f/ghe viewpoint from whioh they see the buzldtng." (15)
The\design context,'(i.e., the\;§§§9£ environments: phy- .
(sical, economic, aesthetic, technological, social and so.
s
2 ‘ on) affects the requirements embodied in tﬁé\program. But,

R during the early'phases. at least, of a design program, it
may not be obvious how and to what extent the context: de~
termines the performance requirements. Furthermore, the A
party responsibie for druqing up the program may not be the

¥  designer and may not know what information is needed or

" .
-

<
14 rbiq.
15 thia. ‘ SR

v
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available. The uncertainty in defining the performance re-
quirements is reflacted in the steps involved in stating the

prcﬁlem (Figure 2:2).

2.3.1 Performance Objectives

- -

“

-ti

The precise specification of limits of a performance re-

quirement results in a performance objective. - The CIB Master

A

16 haéxbeen used to establish a detailed

List of Prbperties

gset of performance variables. or performance objectives (Yi}.
When appropriate, a performance criterion, corresponding to
the least acceptable value of the variable,’ is defined for -
each design context; in some instances, a performance in
exc?sa of the lgast acceptable limit is desirable. In such
casgf, an upper limit correqpon&ing to the most desirable .
or uaeful’Valué of the variable, beyond which no advantage
wil} be gained, is defined. The proqiam or technical limi-
tations may afford guidanct for the defini?ion of the upper
bound w/ilg‘éadeg and other legal docgmanﬁs‘delimit the
least géceptable valug of the performance variable. , Thus
the performance objective'on each variable ia defined either
by a gfiter%gn (e.g., acceptable/unacceptabls) or by a range

of desirable 1imi£§g(loast acceptable to most desirable).
(

-~

The range of “each performance objective (i.e., the

! 1

CIB Master List of Properties for Structuring Documents
elating to Bulldings, Bulldin TemenVe §u§IaIn Eomjj
erials and Bervices eport No. 18, Inter-

onents
naEIonaf Council for Building Research Studies and Docu-
mentation, Rotterdam, 1972, ‘ .

16
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difference between upper and lower bounds) is normalized to
L3

a percentile scale so that any distortions in the relatlve

"importance of the variables in the design due to variatién;

//iﬁ the magnitude of actual measurements are eliminated. 1In ' j

*

the case of ordinal scales, the rankings are prescribed,
fixed vﬁluea on the percentile scale. For the interval

scales, hoyeﬁer, the ﬁfanaformations to the percentile scale

may be linear or on the basis of other utility functions

s i T

(such as the law of diminishing maréinal utility).;v [
y & : .

2.3.2 priorities Among Performance Objectives

o’ .
Wherever a deciaion exigts, preferences hased on a sys- b

'tem of values may be exeréilad. Whether a designer will
value one performance objective over another will vary from
person to person, from circumstance to circﬁmltance and from

h! time to time. Furtherxmore, 'some 1ndiviqgal designers may

| make tpeir ohoic?f accordihq to well~formulated lfsteml qf
values while others may be capricious. A design decision-
making nmodel can do no more than represent and‘predict'tﬁu“\ .
conaoquoﬁces of the designer's grafgrances. Thus there is
no mbthédology which will substitute for!the designer's iden-
tifying the performance varia?leu, ;;iining 1imitl'o£ accept-
ability and the utiligy of the objectives, and axpﬁesling
- / ‘ b " i ’.f\"\

17 the limiéationl'oh the type of mathematical transformation

possible with sach scale type is discussed at some length
-~ 7 "By §.8. 8tevens, "Measurement, Psychophysics and Utility","
in C.W. Churchman and P. Ratoosh (eds.), Measurement: )
. Definitions and Theories (Wiley, 1959). ' ’
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preferences between objectives. But, by making the values

in the deciglon process explicit, two advantaéeb are
achieved: . .
. . ' | ,
(1) , the systematic and conscious’exercise of judgement

is assisted, and

- J

(11) thé consequences for the decision of changes in\~’//,

values can be -studied.
é.3.3 Generation of Alternaéivés

In order to achieve his objectives, a designer generates -
-,
a number of feasible and admissible alternatives from which

to choose. This is known as the 5aynthaa£a' atage. It is-

. largely imaginative =- or, at least, dependent on "Qgtcral'la

rather than "vertiocal" modes of thought -- and it is qidely
believed that it must, to allarge extant, be pafgonal to

each iﬂdividual desig;er. A variety of processes . -- rationalf”
intuitive; ordeﬁga or random -- that may be appropriate to

aid tpalsynthesil of QLffe;ent s?lutiong‘by dit%rrqnt p;r-’
sonalities can hg‘fqpnd in the Qiterature.lg'zo Hg1;21 alsa

discusses a number of different schemes (e.g., functicnal

E. de Bono;fThe Use of Lateral: Thinking, Penguin Books, -
1967.

J.C. Jones, Design Methods: Seeds of Human Futures (Wiley-
Interscience, B * T .

G: Broadbent, Design in Architecture (John Wiley, 1973).

19

A.D. Hall, A Methodélo for Systems Engineering -(Van
Nostrand, 1 . A ‘ ‘ ’
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analysis of "id\%twn") which are at the designer 8 disposal.

The morphological l:u:u:22

which can be used to st;engthen the
synthesis stage, provides means both of o‘rdering,land, visual-
izing many different ways of tackling a design problem. The
quality of solution obtained from such genez:eting models de-
pends on the type and number of parameters chosen as well

ag the types and combi;mtions of sub-solutions and the abil-

ity of the designer using them.-

\

In the method for the design of external walls (that is
applicable to other components of the building fabric) pro-‘
posed here, a set of cendidh'ge'solptiona or alterneti;res_ {i}
is generated as a fesult of the brocels of synthesis. In,
i:he_ case of walls, an alternative fi\e defined by tlfxe mater-
ials, geometry and configuraéion of.the component's consti-

tuents. In practice, most construction materials and

products are available in discrete sizes (e.g., bricks,

blocks, batt ineuilaticlﬁx, gypsun board, and 8o on). So the
approach to the design of e}:uilding 8 enclosure in which
only feasible and admiauibie23 alternatives are considered

. as solutions to the problem is adopted. Any change in the

materials specified 'or in the configuration or in the geo-

metry is treated as another altnernative to be considered _

L ~, —

(Stratholydo, 1973) .

See P.c Pishburn [Decision and Value Theory, Wiley, 1964]
torzdi.-tinction between the texms "?aaeiﬂcg and "gdmie-
8thle g

23

H.H. Marba‘ch, Remarks on the Use of the Morphological Box,-
The Dasign ActIvIty Eon!erenc;. MIxT\eoqrapEes ProceeHIngs

Y
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2.3.4 Evaluation of Alternatives

N
.
ot “'_:k‘;-:iiii

/‘

Depending on the synthesis technique uéed,. the number of
alterﬂatives postulated as candidate solutions to a design
problem is likely to be large. - The process of reducing all

the possible s&;utiona to a set of admissible alternatives

is the first step in the evaluation phase and the time and
cost to do this could be prbhibitive. It is, therefore, es-
sential to eli;pinate some alterhatives -- the least useful
~ ones, of course -- quipkly,twhile still leaving 'a yeasonable
o number, which contain acceptasle solutions, for more detailed !
comparisons. Some alternatiyes might be rejected be;:auge | |
their materials ai‘g not available,. while others could fail
to satisfy some principles of building. It is also possible
to use -the owners' requireinents (say, aes'thetic preference‘ ¥
for a facing material)s to reduce the decision field consid-
ergbly. The exclusion for such reasons of ce}it'aix} construc-
. tional systgma ccul\d eliniinate gsome solutions that, on the oY
(’W\basia of the performance objectives, might be considered = ! _ '
_optimal; on the other hand, the solutions finally Arri&ed at |
will not be upacceptable to the owner (e.g., on subjective |

“y
grounds of appearance).

The next step in the evaluation procedure is to model'tlie
performance of the alternatives in any suitable way -- verbal,
mathematical, visual or experimentaJ:,. The alt;rnaglvgs' pre-

\'] , dicted Eahaviour is then measured and nomali:zad with respect

N |
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to the range of thg performance objective defined.earligi.

h
S

These transformed performance measures together form the
m x n’ ¥here Uy refers to the at~-
tribute of alternative i with respect télthq,pgrformance

objective j (Table 2.1). Each ro#/vector in the»matii&“of

attribytes describes quantitétive}y the predicted behaviour

of an ahfernative. Thus, the matrix of- attributes forms

the basis for decision-making.

2.3.5 Additive Models in pecision-Making

1

The many attribuéés which characterize constructional
6 ' ' ' -
systems pose difficulties for designers choosing between

alternatives. Several decision-making rules have been de-

\ -

veloped in such otherngiéciplines as manaéemeﬁ% science and

24

economics. However, in multi-attribute decision-making,

one idea -- the additive compe;Tiion notién -- dominates
the literature.2® This assaréﬁ\that‘the utility o;Pa .
multi-attributed altefnative compound equals the sum of the
weighted utilities of its components. 1In terms of buil§ing

enclosure design, it,is assumed that, 'in an additive model,

. the 'various component attributes contribute additively but ¥

independentl§ to the alternative's overall worth. A precise y

24 Por a succinct description of the different approaches to

multiple-attribute decision-making, see K.R. MacCrimmon,

Decision-Making Among Multiple-Attribute,Alternatives: A

Survey and Consolidated Approach, Rand Memorandum RM=- -
ecember, 1968) . o

a

. - AR
W. Edwards and A. Tversky, Decision-Making, Hammondsworth
(Penguin, 1967). .

25
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priorities among objectives --.in terms of

, weights -- is required, and the total-value or overall uti-

\

-+ lity, Vi of an'alternatiwé i is equal to the sum of the

weighted component attributes.

j = thecweight attaching to perfoxmance variable 3,

Y
\

J*lr

-+ W uiz

L
. N s 0 uin=

FL

; N

s e

+

In mathematical form:

LK N +wo uu
]

ij

/

< ",E’

v

+

(2.1)

The’ optlmal solutlon is theén found by choosing the alter-

native whi\* has the highest total utility. Stated for-

mally,

(i)

o 37*

~

oo (il)

3

the additiwve dec131on rule is:

1

Calculate‘the overall dtility of each‘alternetive

-

+

constructional system, and’

¥

¥

.§e1ect that alternative with the highest utility.

The ‘additive model is a conceptually simple model which

@

makes it attractive to the des;gner faced with a complex

"cholce and also prov1des a means of explalnlng decisions.

Moreover,

¥

as yet,

no other tractable formulatlons that

descrlbe non-independent structures have been satidfactorily

hconstructed.

26
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‘ a In the degign of the building énclosure,'two p;obléms
make the application of this decision rule difficult or -- ’
perhaps —-- meaningless. The first problem concerns the
ﬁéasurement of the alternativés' performancé. &heﬁbre-
dict}ve models vary significantly in prec1sion of pre-
dicted performance. Consequently, the measurement of .
berformanbe would be on n&!ﬁnal, ordinal, interval or ratio,
scales,‘dependipg on the precision of the predictive‘modél
and the statement of the performanée objective. Howe&er,
arithmetic operations, which are implied by. the addzﬁive
decision rule, can be performed only on mea§urement7 on
interval or ;atio scales.28 - |
. FY ]
s}The ﬁecond problem encountg;ed with the use of the ad-

ditive model for designing building enclosures stems from
&esigners' inability to express with'any precision what

gometimes must be vague preferences.concerning the perfor-

mance requirements. For example, this drawback may be caused -

because a designer, in his everyday praitice; would never
think of "decomposing" the design program and its labyrinth
of énter-rélationships into its component requirements. _The

. ‘\‘ .
_kinds of minds that writeé research reports (such as this)

™~

27 These could be either iconic, analogue or symbolic. For
more information on model types, see C,W. Churchman, R.L.
Ackoff and E.L. Arnoff, Introduction to Operations Resedfch

(Wiley' 964) . “ - /

k) . { o

28’8 S. Stevens,"Mathematics, Measurement and Psychophysics ’

in S.S. Stevens (Ed.) Handbook of Experimental Psychology,
Wiley, (New York, 1951).
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are usually entirely different from the minds of the more
pragmatic, intuitive, "action-rather-than-fhaught" indivi-’

duals who constitute the bulk of professional designers.

.Yet:aqpther probieﬁ tﬁat miiPt arise could be dge to
variations in ‘the design context. Variations in climatic
coﬁditions could, for instance, make the .task of aésigning
weights to perférﬁance requirements very difficulg.. It is .
%eggonable, therefore, to expect th;L'a designer would‘ex-‘
press‘;he weights in terms of a range (or an interval) of -
humbers. ,So_ggr, hqwever, there is no geherﬁliy—;cceptablé

techpique for ﬁealing.with the effect of large tolerances in

weightings used in making decisions among'multi*attribute

Y
¢

/
2.4 DECISION BY EXCLUSION

! e

For the.theoretica} dévglopment of the Decision by Ex-
clusion Rule and its coﬁputer application, it has been ex-
pedient to use the notion.of "wéights" even ﬁhough weights
are bever specified. An aiterna:ive istsaid\to be domjm¥ted
by éhe others:if the'guﬁ of its weighted attributes, vi, is
less than that of at least one 6f.the others for every pos-" -
s#b%g éet of n&n-?egative weighés. Thusf~in the first’ phase
of the Decision by Exclusion Rule, many attributes can be

‘eliminated by dominance (with implicit additivity).

t
(Y

a
.

29°

C.W. Churchman, et al; op. oit. (27) . :
T - ’ . ‘ . . '
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GraphicallyA an glternative can Be\represented by a point
in n-dimensional space, where each coord;hate corresponds to'
one attribute. The convex hull formed by connecting the ex=
treme points in this attribute space encloses these joint!w
which represent the dominated éﬂternatives. For éhe 2-
dimensional attribute space (in the .sample shown'in_Figure'

2.3) the pon-dominated alternatives whiph form the é%nvex

hull are: ‘ , )
3, 6,48 and 9 ;

and the interior points are excluded from further consider-
ation. If a priority between the performance objectiyes is
not gsppbsed, then, any of the four 'attributes may be selec-
ted because it would be at least as good as any other.

The relativq;poéitiona of points in the attribute space
are uﬁique up to and including a linear transformaﬁion. Thus,
adding or multiplying either y; or y2 attributes, or both,\by
a positive constant does not change the dominance structure,
i.e.:‘the resulting convex hull comprises the same extreme
p;int as those prior to transformation.

© The inequality wp > w; (corresponding to pegfo;mance
objectiq§ 1 being more import?pt than objective 2) restricts
consideration in the attribute space appréximately to the
lower side of the line OE (Fi;ure 2.4). The constricted

attribute space can be determined more precisely by moving

the v‘ector': -8, + 32 (whicha is urpéndicular to OE) 'outwarcl
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. .
from the origin ung}l‘;t passes through the outermost ex-
treme point. The resulting convex hull obtained by adding
this vector to that defined by the extreme point (shown
shaded in Figure 2.4) changes the dominance structure, for,

altarnativg 3 now becomes an interior point and so it is dﬁ-

‘cluded.

As thg prefarence for perto;mance objecﬁive 1 incréﬁsau,
i.e., w1 > kwz, k- > 1, the direction of the vector (-e; +
ke:) approaches the line parallel Fo y2—-axis passing through
the appropriate extreme,po;nt in the clockwise direction.
For the case of k = 2, i.e., objective 1 being more than
twice as important as objective 2, only alternatives 6 and 9
remain on the convex hull (Figure 2.5). 1In the limit“eg k
b@éomes infinitely large, i.e., only objective 1 matters,
thﬁ vector (-e; + Ke,) becomes parallel ts the ya~-axis and
only alternative 6 remains for further consideration in the

design,
_ e

It is conceptually easier to consider the‘haighting
space instead of the attribute space.. If the weights are

" allowed to take on any value (ponitivg or negative), it is

possible to determine a range of weights for which only

one alternative s dominant. For altorﬂhtivoa with two

. attributes (e.g., matrix in riqurc 2,6), this range of

weights can be :opﬁenoated by a region in tha plane defined
by the wi=, wi=axes. All these regions, defined for all

alternatives, constitute the whoie w=-space (Figure 5.7).
(- ' i
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: When the restriction w > Oia{s imposed, the set of feasible
sol \tions is rastricted to the first quadrant. In this par-

ticular example, altetnatives 1l and 4 will be excluded YKe-

L7

cause alternative 1 is entirely in the negative w-space,

while alternative 4 corresponds to a point at the origin.

A
. oh o - L sk
R B A et ST BT el SR o R

The restriction w; > w2 can be represented by a region
bounded by the lines u, - wy and the posii:ive wy-axis, i.e.,
alternatives 2, 3 and 5 remain.for furthg; consideration
(Figure 2.7). As the importance of objective 1 rglative to
objective 2 increas;s, f.e., > kwz, k > 1, and increasing,
the daciaipn spa&é diminishes since tl;e line w; = kw, apbro-

aches the éoa‘itive w; axis. In the lixﬁit, only alternative

'y
3 can be selected.

2.4.1 Assumptions

A more r.igoroua prelentation of the Decision by Exclusion
Rule involving multi-attribute altergatives ‘is given balow.
Its mathematical development is facilitated by the use of
linear algebra) gnd the t!;cory of linear inequalities. In this
section, some of the auv.imptior(s, which form the bases of the
decision rule, are made explicit.
" 8
‘ ‘ (1) Assumption of Ordinality =- The design decision-maker
. oan weakly oréar the preferences hetwaen performance

' objectives. N ‘

It Ig! is a weak ordering :cla'tionlhip (aucfx as prefer-

4

» “-ence or indifference) then R, should satisfy the con-
ditiongi - "

AN
~,
-

-
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1 - (a)

(b)

for all

YjR Yi,

for all

Y

where Yi' Yj

the set Y of

.context.

(i1) Assumptions of Independence -- The performance *

41

-y
Yi and‘Yj in ¥, either YiRij or
and -~

\,

Yi' Yj and Y

k

then YiRka.t

and Y, are performance variables in

in ¥, if Y,R Y, and

tRyty-and

variables considered in the design

o

i

&V

variables are assumed not to be reflundant.

of preference between performance attributes. > -

Easton

31

b

proposes a geometric analogy in order to

establish the indepeﬂgénce of the performance vari-

. ables.

In building enclosﬁre desigq, Easton's in-

dependence criterion is not likely to be satigfied,

- 80 some redundancy between perfprm&ncg_variables(

may eﬁist.

Thus the independence{;ssumption can

be reformulated to imply th&t no at ribute should

be redundant with respect to other attributes: in

¥

* Note: Condition (b) is known as the transivity axiom, .
which in decision theory is considered to be a ration-
ality axiom. (30)

30 P. Suppes,

_Science, D;

31 ,. Easton,

Objectives,

g

This assumption assures the consistency of the order

Studies tﬂ-the'ueihodolo and Foundations of
Reldel Publishing Company, Dordrecht, Holland

Complex Mana asrial Dncisiona Involvin Multi
EQEE Wiley and Sons (15737, ]

3
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\

-~ .

\§§ther words, logically or empirically it should
not be possible to imply an attribute value by

‘ some combination of other attributes.

-~

B

~
R e
>

(1ii) Implicit Additivity -- It is assumed that the de~

O cision will be influenced by the gontribution of*

! all the attributes as if these were additive even
though the addition of the ‘component attributes -

is not explicitly performed.

I \ - ' oo
Co The assumption of implicit additivity is neces-

is such that preferences. between them'één be
) |
measured only on an ordinal scale.

the nature of some objectives is such‘Jhat not

all attribptes =@ be measured on interval

1 ' Lo scales. ) : /

!
C
§ (iv) Taken qol;ectively, all attributes are assumed |,
gr ' to be sufficient for choosing an alternative
g constructional system.
é (v) Each performance variable considered iﬁ the

design decision-making procggg is as qmeda#opw

,
.

have some weight or preference value.

v

2.4.2

[

Theoretical Development of the Decision Rule

Y . It has been argued that the weights‘attaching to the
_ ~
. ' '  performance variables can, at best, be measured on an

-

sary because the nature of performance ébjectives :

Furthermore,

»
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ordinal scale. When considering weights to be put on the
attributes, it may be possible to state that performance
variae}e Y, is preferred to or more important than per-

formance variable Yj

.Thus, . T\\\\

o . !

or the weight (on.rankr on Yt is greater than that on Yj
but the magnitude’ of the difference between the weights is
unknown. If a\wbighting scheme w were obtainable, then the
objective would be to find the maximum utility, Vi

. )
Thus, : C *
£ » '

v, = ﬁk W = m:ﬁ Hi m : ) ' (2.3)

%
where i = 1, ... , m and u; is the 158 row of the attribute

\j ' matrix u, and k denotes the beet alternative. o ' ?

\ Tt

_Consider a set of weights (w1, «.. wn) as a columnC; .

4

vector w in the Euclidean space EP.* .

[ . . < ¢ ¢
‘ The equation ﬂ ‘
\ ‘ V= ouw | (2.4)

Fi

cah be interpreted as a linear—transformation from E® into

g ‘ 'Em, (ﬁ being a (m x n) matrix and v a column vector in Em).
‘ X . - '

1

"% A Buclidean spacerE is the space of n-tuples (x;, cee 1.
\x ) of real numb o . . .

.
PR e e e : ' [

1 . P
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- . For a given weighting vector w > 0, and a given attribute |, %
K ( , . y Lt
. S . . ;
; matrix u, alternative i is selected, i% > v, for all j. *é
- . . N vl ' i . ~ = " — j . P~ r}
u“ - @w - }"3
' L Defining . ' . L :
. . ¢ . . . .7
s ‘ : ' ;
[ v, = {V|lv, > v, forall j}, (1 =1, ... , m) ;
' . 1. i="3 : 3
. alternative i will be chosen if uw ¢ V... . %
, ’ ( . / . - ‘
. N . Ct - - .
AL o The V; divide the m~dimensional v-space into m convex
, ‘ sets whose boundaries are the hyperplanes* vy = vj“ i and o .
S . v : é%
) J = l' . e ’ m. ’. ! . - N
2 \ - e 1
. L -« : é
i Al}l sets have, in commen, the half line defined by . i
E'V: » -~ %
o o N » :
“‘ « \ ' Vl = Vz = Vs" = .'o: = Vm ' 5 J:::
¥ - o . , '
f 'If it were possible to state that u > 0, -then it would . ’ Kk
./ W9 ’ '
‘ r g be in order to restrict considerations to the positive or- ;
N ‘ * S \
thant of the v-space.' . . o ’ .
iy ., l ' N4 : .Q“
The cone V, can be'expressed in ‘matrix notation, thus:
, Sy = {vlp‘“ S 0} | L (2.8 7
. - -y"l‘ B . °
HAVRTI ' : (1) .
' -+ where the "preferende" matrix P i's defined dy: "
. “ v, . . ' N s
- , . ' . . . " . ' -‘ - ) P « .

N ‘ - )
* Hyperplane: The set of points whosd coordinates satisfy (

aXx =k (where a is a fixed veqtor andék is constant) is
called a hyperplane: The set of points satisfying a linear

‘ ' inequality ‘'such as a x < k is called a half-space. (32)
" 32 ok
v B. Noble, ‘Kpplied Linear Algebra, Prentice-nall, 1969.
“ ‘ ———— " @ ‘ o
,\' . ng | . \
D' i
Y . A

. f . . /
. . NI
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i ) .
‘: . +l 0 X "'1 es e 0
’ +1 B N | )
if v +l eeovw "1 L) 0‘
: pli) . e 0 o
0

O s o ¢« O O O
O *» s ¢ O O
[ ]
'—l

vee =1 0 .0 +#1

l

° /

P(i) has'm rdws and m columns. For convenience of ‘no-

‘ tation, the trivial inequality (vi - vy 20) is not omitted.

. Hence, P(i) contains a zero row. . 3
; : R :
Inserting Equatﬂbn (2.4) into (2.5) results in . ‘5

v, =@ e ua S0
) R v e ,:1
’ ‘ ¢
Instead of considerirg the cones V; which are defined
in the v-shace, it is possible to investigate the corres- . A
pohding set$ in the G—spacé: N .
4 - kh ‘
W= w20y §S.f= 0} - (2.6)
. }. - ’
where Wi igs the set of weights which will result in alter-. .
. ' . ' 13
native i being selected as the "best" c¢hoice. )
, Defining 1) . P(i)u, Equation (2.61_becomes
) Cwe=@zoleMEIo), 151, o, m (2.7)
. where Q(i) is a (m x n) matrix of the forﬂa N o
& : ‘ .
L . . . )
4 P N
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! Thus the kEE row of Q( )¢

u; age the i

equals ﬁk -'Hi, where Gk and
and iEE rows respectively. Therefore, wi

: can- be described in terms of the rows of U.

i o g

: ¢ ) 2 N
’Wi={wlol(u];-ui)‘ﬂ);io,~k=l,'... ,‘m} .

If the weights are to be normalized theq the linear con-

% strgipt Zwy; = 1 should be stipulated; however, this is not
P esgsential to the development of the theory.

?

Theorem I:
i {

13

} ) ‘
The sets Wi (i=1, ... , m) have no common interior,q

points, i.e., only a boundary”point can be an element of

twd or more such sets.

_ .

An interior point of wi is a vector w, € W wﬁ!ch satis-‘

fies the inequality Q(i) w < 0. Hence, ‘ will be shown

A )

& - that there does not exist an @ such that

» o) T <0 ana @™ T < 0 for any k ¥ 2.
Or, stated differently, the sets w;”are non-oyerlapping, and
! ahy given weighting vector w will be an element of one" set
wi onlf; unless'it falls on the boﬁndary of wi.
| ' : . ' 2

¢ . . -
L
. * - . e
. -
a *
.
B
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Proof (by contradiction): ,

\ ‘ From the definition (Equation (2.7)):
g M
W= @2 0P TS0t @@E -TE) <o
t for k=1, ... , m} !
f n . Without loss of generality, assume that there exists an
° w which is an interior point of w,-and ﬁz. Therefore,
) T <o ~and,Q(’) 3 <0
or, )
«/z\ . L N
(-Gka -ﬁ.la) /< 0 for k = l’ see ¢ m ) (2-8)
and i

.' \d N h
§ (G0 - T28) <0 for k=1, ... ,m (2.9)
; S
g Choosing k = 2 and 1, respectively, Equation (2.8)
% becomeas ; | .
- / -
b
% (W20 - W) < 0 ’ ) 4
1 s\ o ‘ : .
i - d Equation (2.9) becomes
B : g | |
:\"‘" a '
3 .

(G1@ - 28@) < O ' _ .

* 1.6., & contradiction exists. L ‘

+ Therefore, the theorem holds. o
. e ‘

Thus, wi is the set %p the w-space where alternative i

) will be at least as good as any other alternative, and the

-

-

»
L4

L I N L TR T I Al e, gy, )
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interior of W, is the set of & for which aléernative i will

- ] : »
~ be better than any other alternative. \\ I

W; could be visualized as the intersection of (m - 1)
half spaces which are described by tlie inequalities:

;' P ] N (Ek “Ei)mio k'-lp TR} 'm'k#i

: ¢
Since w = 0 is on the boundary of each half space, each

W, is a convex* cone originating at o = 0.

‘e

Theorem Ii: ' : o

. !
' -
v

The wi span the w=-space.

Proof: . : | ‘ - i
| ” , | .
Giyen any u, let u;u = max (u,w). :
. k :

‘It follows th\\f (@, - §;) @ £ 0 for all k. Therefors,

A

Bxample

’

COnsid;rinq five alternatives &n?'two‘attrtbutea, a

graphical representation of the theorem’is qi@en in Figure’
6

* A set in E is said to be a convex set if ‘it contains ihe

line-segment joining any points x, and xx of the set.
Thus, a hyperplane and a half-space can be shown to be
convex sets.. (33) o ‘ ! -

L]

33 rbia. S -
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2.7.

Considering the effect of the restriction
'3'> 0, (La., 3= 0and & ¥ 0)

w is said to be semi-positive, i.e., only the positive or-

thant of the w is considered. This restriction will remove

" from further consideration all wi's thch do not have a .

N L
point in therpositive orthant.

(
Thus. if ui < u fbr gone k # 1, wi céan be aliminated.

o

In the example in Figure 2.7, W; and Wy can be elimigated

from further consideration.
A :

Consider Wi the set of weights & for which alternative

"1 ils selaected:

. PN
{ W, = {u > 0|alternative i is selacted}
= (G > 0|5 - T,) § <0 for all k)
> oot 550 ;

L4

{
In other@%ords. alternative i will be .chosen for all semi-

itive Eiyhich solve the iineqr inequalitica(

oem S0, T2 0 (2.10)
/
/ . .

If this system of linear incqualitias has no solution,

en alternative i will never be selected.

[ 2
.
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¢ - - .
///// Gale's theorem of‘ﬁhe alternativ°§4hatatea that either
the above system has a solution or the systen
! . /
g x o) > 0, %20 (2.11)
"has a solution X, but never both syatems.
v Note that X is an m-dimensional row vectdr, m being the
number of alternatives. to .
[ .
Gale's thaorem of the alternative makes it possible to
; -eaxamine Equation (2.1l) rather than Equation (2.10). Equation
(2.10) has no solution w if Equation (2.11) has a solution
¥ - .
X. Equation (2.11) has a solution X only if
. \ P '
1 m \
y =(1) = :
E x >0, x>0
oy Tk Tk X
o = (1) th _ ().
has a solution. Where Q. is the k= row ?: Q » Or making
~ use of the definition of Q(i):

N

I % (@ -8y >0, 20

B ARSI, T T R gy e

.
. .
(
, \
’ m » ’
) y . .
.
L]

km]
} ‘This is equivalent to . '
g ,
g\‘ - nm m - - ' ( 1
L u; I x,. ¢ & X, v, x>0 ° 2.12)
2‘ iyml K kel k k' = ,
~% since - )
3 m . , o -
: I x>
3 C kml ¥

I

34 See Theorem 2.10, p. 49, in D. Gale, The Theory of Linear
Economic Models (McGraw-Hill Book Co. IincG., I5¥5$.

N 1
2 gt ey
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; . .
F (X is semi-positive), it is possible to divide Equation (2.12)
m ! ’
by & x, i H
I \,
m W
i . " S
uy < o ' X 20
. fy . x xk )‘
! Defining g
% , r ) |
: x
1 k n A et
I X : 3
gl * | oy
. , , |
§ then / . ;
3 - ..
m g
i A 20 for all k and I .\ = 1. ' %
kul R }
- ;
Hence, "‘l.
- m - . ) ) ’
ST k-r;l Ag U With A, > 0 for all k and R
m ' . t
T "k -] - . (2.13) ;
k‘l (’ \ x;’,
! AN
?, ¥t is now possible to state the problem in terms of
%‘ Equation (2.13). Thus, alternative i will not. be chosen
& © if there exists A, (k =1, ..., m) such that
i . om _ ¢
W, < I A, U, with A, > 0°for all k n
i k 'k k - A
k=l . 9
‘ '
J . M Y - "
and [ ( (
{ - .~
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Al

sin , the theory of convex sets, this result can be ex-

: ! .
n a Vifferent manner. Thus, there exists "k

o e B v s . [ 4. ar 22y v
o ARG E L Hanrt T, s Foone 8 R B

«e o+ M) and My (3 = 1, ... , n) such that
m ‘n

a £ AU = L u, @
1 kel ¥k a3 7173

. ’ N

with uj>°~(j‘1' evs pn)' Akio(k-l’ "o 'm)o ‘(

. Vd

I, = 1, where -j is the 3X® unit vector of E®, i.e., a (3‘
vector consisting of the coefficient 1 in position 3 and

zeroes elsevhere. Ei is therefore ,cxpmu;d as ‘an interior’

\r‘j}oint of a convex se§ which is the sum of the polytope
" q,ohoratod E’x%the Ek (k =1, ... » m) and .the /mga 1v0.

‘orthant generated by (-'é'j)*. (3 = 1, vee o M)

{
fheorem IXII:

->

Alternative i will never be selected if i'i'i is an in- -
terior point of the convex set qimratcd by the sum of the
© polytope < Wi, «.v o Uy > and the negdtive orthant. '

.
v
LY

S A

* The notation used in the theoretical development is con-.,
sistent with Gale's notation. (33) Hence, (X) connotes the
half-line generated by X and < Xyy .4 > ls+the convex
hull of X1y ses o X also called oqhvix alytopo)\./

)

- / '
¥ 35 rpea, - ’ ' ‘

M [

A
-
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8. /
1t Ei is on the boundary of that 6onveg set and not a

corner point, then there will always be an alternative “at

least as good as" alternative 1.

. ! ~ . - ,

Examglc: A : L
Consider ten alternatives of two attributes each:

m= 10, n = 2 (See Figure 2.3). \

~ The ten rowg Gi of u are plotted in the performance
variable space. The alternatives 1, 2, 4§ 5, 9. 10, thch

are not extreme points of the convex set, can be eliminated.

- 7Thus, if it were possible to determine 'all the oxtrqme

points Ek of the convex set C = < U}, ... , um‘> + z (-cj).
then, for any given set of weights uw, a "best" or ‘at least
as good as" solution could be found from the extreme points,
i.e., all u [wﬁigh are not exéicmc pointc can bhe eliminated

“from £urther considoration.

o

It 1t were possible to stipulate that u > 0, then the

convex set'C can bo restricted to the positive orthant, thus )

becoming a polytope.
N <

A}

Consider, now, linsar constraints on the weights '

(0 «+v W) Of the typs w.'g wy, r ¥ 8. This inequality

r
can be reprbsented as S

' (.r'-i.)u_(_Q . .

Adding (i}‘- :;) ul-a'l;w vector to the matrix d(i), an

S
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$

[ (m + 1) .x n] matrix denoted by QU‘) results.

Applying Gale's theorem of the alternative (as previous-
. . N -~ ‘
ly), aeither the system Q(“ g 0, w > 0 or the system
x 6(“ >0, X > 0 has a solution but never both-systems.

(Note that X now has (m + 1) coa!ficient\s.)

v AR YR

-
-
&
—

Therefore, alternative i will, not be selected, if the

first system has no solution, or, equivalently, if the second

»

system has a solution, in: which case, there exists an X such

H
;
by
oy
F
X
IS
4
,

that
m - - o \
kfl X (@ =) +x .la -8.) >0, X220 :
L
| ~
or, ) \) P ‘
- ‘2":‘ ‘E - -
‘. o X, < X, u, + (e, - o).
T Lo K my kK *mt1'®c ~ *s

The first m coefficients of X cannot all be zero, since in’

this instance, the resulting inequality would be

Xpa) By = &) > 0, Xl > O ~

. ) (N | ‘
from which it follows that e > e_, which is not true. .

A

,'.l‘hti:cforc,
\

n ‘ .

I x>0 C -

kml o .

T “ o

and it is possible to divide- by it.
P
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/\\\ [ 3 ;
m -—
2 x_ U
B S T ST S
i m m r s
I x Ix .
k=1 X k=1 K ~
Defining i
A . ) ,
N b bxk - [ 4 k bl 1' T e s ’ m+1'
I x ~ ) , ‘
P o : ‘
then - . B

N .

m
I A =1 and 2,

>0 for k=1, ... , mtl
L k=1 ) |

-

" not part of the normalization.)

. S

Alternative i will never be chosen, if there exist

-

LN ., -
(Note that therﬁ,is no upper: limit on A ... sincejxé;y is

Ae (k= 1, o0 » m + 1), such that .
- - m - — - -
gy < kfl Ap W * Aqﬂ_l(er - 8,)

- . ‘ >
' m
NGO k=1, «ov pym+ 1) and LT A = 1.
. - kel i

'
° .

Equivalently: At&éihatlve i will never be chosen, if there

exist (m + 1) A, and n My such ph%t

¥
- ?, - - - g -
Sy = AUy, + A . (e =-e) = Y. ©
1 pmy ¥ k= mHlr a jm1 I L
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~ 3

n .
Of_kk(k-l,...,m-!-l)', 2 Ak-l

’

' uj>°(j-l' .oopn)ﬂo
e » , ,

P . This result is similar to the previous finding bu%%ége

restriction w, £ Wy causes the half-line generdted by

~ -

., e - e to be added to the’ convex set.ﬂ : e L

!
)

Theorem IV: \ ’ C - -

Under the restriction w, < wg, alternative i ‘will never-
be chosen if Ei is an interior point of the convex sget C

generated by the polytope < U1y oo Eﬁ >, the négative -

n
. orthant 13} (-eé). and the half-line (er - ‘s)'

Y
[

2.4.3 Remarks - ' ' /

-

-

(1)  since (-e,) = (e~ &,) + (-6 ), the half-line
2 \ . .
C o {-8,) is in the convex set generated by the otler

. half lines and can, therefore, be omitted as a |
generator. It is thus possible to write:

= E =< T, e, T >+ 35 (-3)) + (&; - &,
8 . ' .

A ‘mora )
. (ii) ﬁ ﬁha natant w_ < wy is replaced by the more

X
genoral inear constraint’

A1
!

- -' N T T /
A o ‘
F - and . | \ 2
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o where fr and fs are any positive real numbets

then C can be modified to

x-<”-\;l' o‘o. '— > + }: (-e ) + (f Qﬁ-fe)
: ‘o jps 3
(The proof follows that of the simpier case

' almost lipe for line,,and is therefbre éﬁitted.)-

¢

L]

Using the same attribute matrix as in the previous ex-
ample, the constraint w: > 2w: has been added " (=€) is not

needed as a generator of the convex set C. (Figure 2.5.)

(1id) Another important generalization can be made’ bx\\
' allowing t (where t > 1) linear constraints to
be~applied simultaneously on the set of welght®—

\ - . . ?

L ws -

fri wri - fsi si'sf = 1, vee ¢ t ' ’ .
where r; and's; can be any indicea between 1 and

“'. In this case, T becomea

v , ! \

=z

n t ' d
. t= SULy vee o Uy > F jEi-ej) +ififriori-£sityi)

a
Ll
1Y

a
3

Once more, the half-lines (-ej) can be~ omitted
for all-j's which are contained in the index set

‘{.‘ili o 1' e g t}-

B N " o TR TR T T TR P WA

I PP T

-
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e o mY

B
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It ~should. be noted that, by’ addin several constraints
\ - A 1
on the weights simultaneouelyh more (ne er less) alternatives

1

A might be eliminated than by applying the\e;imination proeees

~ \\ .
L ~successiye}Y. considering one constraint at\a time. f/

The following example will illusgrate the difference to
beiégted. ) Yo '

[«
1]
O N~ S

[

‘ . 4
i S ° ' % )— "’ —J M o : ’ '

Alternative 5 is excluded before™ adding any constraints.s~ L
Cdﬂetraint w1 < w3 excludes alternatigz 4-.ee;etraiﬁt wia’ < Wy .. Ar
e ,' Iexcludes alternativ;*4 However,‘applying botn constraints
' ' ‘) eimultanegusly(:altennatives l, zlend 4 can be excluded.

..'.

% e

‘v
"

v \ .23424. Com@utational Aspects of the Elimination of , T
' . s, Alternatives b U : :

~
N
..‘.'.& ko

- \
! v . . .
AL ’ ‘v

L . ~
At present,-an algorithm is«being developed* to deter- o
] > (,« , r' .
dine the extreme’ points of a donvex set whjch is generated

Sl Farses -

. L
ot S

. by a polytope and a set of haif lines, the polytope beﬁng
“ ‘aae . . ‘ @ N

) . . described as the _convex hull of a set pf points (not as an
+f -

’ - .;ntersection of»half-spaced&mas is the-case in linear pro-

shaould eliminate (in a com=

-t
~ "
e ok LA S
R S gl

%‘ o gramm*ng) Such an algbrit

, 'putationally efficient manner) all algernatives which will
' 4 \ . \' ' A \ ‘
. r!" .
* Jointly by W. Bitterlich and the author. . o k‘
3 . ' ’ ' » ' B ’ 5 r
/ < . * S

XN 3

[— —_— . %w
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4 /.‘ o \ o
not be selected (for they correspond to non-gxtfeme points
o in the convex set). .
‘f\ :s ' ! ‘ J & v L i
Since ‘at present there is no direct suitable algorithm, >
a "brute force" approach ﬁsﬁ‘i‘ng the equations for the sets £ g
> ' | L ‘ %
K wi Dg {m Z Ol (.‘Ik -‘1.i-1ji) Uni 0 for k " l, * e e f m} ;g
! i .’ s -' . ! J
i =\1, ..+, M has been developeéd. Alter,native i whl be :
. geliminated if W, is empty. Since cpmpu;:er algorithms for B ')z,
N linégr proéréming (LP) are"readily ;vailéble, it is rea- . ‘ :
gl \ T sonable to /(‘éfofmulate the elimination process as an LP ' e
; - problem. E | . : y
¥ , ~ Formulation I | - ,
" ~ v % .
¢ P ) Maximize / : ' "‘{‘, s - ""‘\
. ’ * : 'm 4‘ a4 F . g . ‘
. Iz zZ= I W P
‘ \ =1 :
. . ~ K B i
© | Subject to ' , i :
: . . ’:f | ,' . ' ‘ ’e_ - ) ’
' ’ . (uk; Ei"(-n-’i 0, k, -~l‘ ses p N
' . N ' - N - p
m F.
. ' Tw, <1 - - :
i jm1 7 ¢ :
. - : v e .
3 bl w
- . 2 . ‘ Fs \‘ﬁ g( 0 ‘ ‘D' . . ‘ L ~ . ot % ) ) .:‘ o ’ \
' . ' . . . »” -~ v,. i ’
b ' -3 : — ~—
o This problem always has a feasible solution w = 0. (A ¢
) . feasible solution t6 an LP problem is a solution which satis=" i
. . fies all the constraints but does not ne'cesaarily optimize I *
“ g B - ]
’, [ 4
[ Y '?g
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'
the objective function z.) The existence of an initial

feasible solution simplifies the computation.

/

Pad

’ , .
If the LP problem—thus formulated only has the solution

AN

w = 0, then the objective function 2 remains at zero and- the

set Wi is empt& since Wi contains only semi-positive weights -

§  —
»

0). . o . ¢
— .
L3 ‘ .
3

>

If, on the. other hand, the LP problem has any non-zero
golution,'it can e?sily be seen that the value of the ob-
jective function will be 1. This yields a simple criterion

,in deciding whether or not to eliminate alternative i.

The formulation of the LP problem above is not the only
| o ) .
way of expressing the elimination process in terms of linear
A} ¢

programming.

Consider; for example, the following modified LP problem.

Y

Formulation IT

Maximize ' ) \ -
. ) . LR }
o { . ’ \
. s zZ =0 W ~ ‘ v
“hy o . .
» o ,
‘ . . - *
Subject to “Sx\g . . ) )
- (Ek - Ei) a;f_ 0. k = 1' "n"/ m‘ B ’ ;
. ' 1 , *
. . . m ~ X ' * ']
J T w, = 1 . L
i-l ‘. ) N
. \, n
wao0 ) “
! P . . -
\ -
\ - wa, ’ ' =
A

!
i
i
!
)
;
A

C e




o

O is a.zero vector. The objective function in this case is
artificial agd meaning{pss. sThe criterion for elimingtion
‘of alternatives becomes one of the exidtence of a feasible
} " sqlution. Thus, any gbjéctive function would Rave been,
: . . . ’aéceptaSlé, the simplest one being.fhe choice made.- The
| . non-ef@stence of a feasible solution to this LP problem is

equivalent to LA being empty, hence alternative i is elim-

inated.

¢ N

‘This approach is computationally more complex since

7

ey m?i;,sﬁ-:m

special attention has to be paid to gﬁé setting-up 62 an
artificial initial Solution and to Applying the Phase I -

"

e AN G i i - 4

Phase II procedure of linedr programming.

Both linear programming formulations have their dual

, LP rormulations'thch look slightly different.-but do not .

; - ’ seem to have any computational advantage and; as such, are . 4
ﬁ‘ : . .

: not formulated here. , o

1

r~ . {

Linear constraints on the weighting sacheme of the form
L J

. . . f W < f w * (rj. Sj - 1' Y. I ] m)

(j = l. ses @ ti
“ o ‘

do not pose a serious-purden on the LP formulations pre-

' . viously described. The inequalities (£, e ~f_ 8 )
) x s, 8
o L TR B Bl
\ _ @0, (=1, «.. , t) are added to the existing set of
s *  constraints, ‘All these appxoachoahhave the di-advantag’\\\;u],
that they make it necessary to apply an LP program m times J ..

1/.

) ’ A
Q-
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»
. ¥ 0 .
-~ once for each alternative, hence the term "brute force".

A

‘A flow-chart for a.computer algorithm that uses the LP

LR R SO

-

- ) Formulation I is given below. ‘

n 2.4.5 Paremetiié'hnalyeie ' '

! . - To determine the robustness of a decision, the following
set of constraints (1 - F)w'j° 2 F uy is used. This is of the
same type as Fr w,, < F ? but here, F is allowed to'vary -
cbntingyoualy and the value of F for which elternetive iis

. -~ eliminated is determined for each’ elternetive. The formu-
letion chosen assumes a value between 0 and 1. The algo-
<\ rithm to find the critical F for each i is presented in the

‘flow-chart. The class of equations Puy < (1 = Fluy for all
: i

i
! 3, J # Jo was treated aimilarly.

. . 2.5 SUMMARY

y
Many systematic methods heve been developed to eaaiet

36

in the proceas of deeigning building enelouutee. However.

very few methods (but notably those of Xzokosky®! and the _
Jepaeque Building Research Groupaa) have considered the

.

*mnlti-i;trihnie'neture of the problem. Lewl‘kot at¥, in .

‘ /.

ﬁ;. .36 See J.C, Jones, Op. Ctt. . - . LT

[ R
L ,37 See 'E.N. Kro eeky. Op. Cit. (2) endi(S).

4,

38, See Buildinq Releareh Group) Op. Cit. (9), (10). (11) end

(12) .
39 N.P. Lewis,

Research rterly, Vol. 24.

2. PR« 21.7“223 .
. . i

A.E.;Semudl and W.B. rield. "An nxample of the -
Application /of a Systematic a;hed (to Design"®, Ogeretione :

-
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Entex
n  (number of_alternatives)

‘n ‘(numbcr. of variables) - Y .

¢ m X n matrix U (attribute
. , matedx) .

, Yy , . ,

:{' o ’ - ’ - :) [ ’ ‘
e v ,,Zr : \Jo - ’ ! .

M : - N 8 N

For all qltnrnati.vona (xows) k

~

v o,

" Solve the LP problem © |

n .
Naximize 3 = 1 ‘ujl

. “Subject to: -

' | . . ‘
‘ . .\J\\ X‘ »

- It * zaQ
g - - :

' Exclude alternative k and ¢ o N

" corresponding row of U ‘

\ ,
' +
. 3 L )




FLOW DIAGRAM FOR ADDING LINEAR CONSTRAINTS
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Enter
.t m

n
mXxXDn

R el Ll AV

(number of alternatives remaining after the Baiic

Exclusion Process) \ -
(number of variables) v
matrix U-(attribute matrix)

Conatraint matrix C*

+

o SETEITRR AT Ty TR
Py,
-
-

R B

SATET T S W
-

U

For all Sremaining) alternatives k -

/ ' .
-§31ve theq LP problem

Maximize . g )
& g -j-l “3 '
Subject to:
n . -
D owy <l -
.(Ei - Ek) 55_0 for. .1- l' X o. m‘ »
‘ Cw=0
Q=g

|

1t - g =0
BExclude alternative k.

w

5 \‘

[

2

.

i

t

instance, consider the ca

following:

C is the matrix which dcfsgf

3 -1 0
Cw= (o 2 _1)

there n =

Juy € wa and 2 < wy, thep:

A}

]

bes linear consdkraints on w.  For
and the weights are the

‘C ia an (t % n) matrix where t dis the number of constrainta. -

A4
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!'LOW DIAGRAN FOR PARANETRIC LINEAR CONS‘I‘RAIN’I‘S
(L - ¢£) mj 2 ! mj
N\
Enter
, m (number of. remaining altérnativcl)
n . (number of variables).
L - mx n  matrix U (attribute matrix)
L e _variable to be paramotrind
For all (rcmuining) varublu j p j
[£; =0 fx = )]
. ‘ ) L | |
' £ = (f; = €,)/2 | /
' " 4 solve the’ LP problem for u: X
J Naximize: n
o P LJ\ . 2 = ; _ y
[ ' I= : ‘ (
Subject-to: n . y ' -
I uw, <1 A A .
=1 3=
- (ii'“k) 5_0 for 1;-1\7 vese o M
(f - ”a"‘i 2%, for Jml, .uo,n JH3

RPN

yes’

£ = ¢ !
' )
- ) £, = max £ such that oy '
. (1= fu, > fu, for all 3. ¥ Je '
i j. -.‘ /j 5 \
D [ V] s -
), = 1s ,
\ gy + max g s
: : JF 3 - -
P . /
Ro Approximate
.Solution
, &
]
4 —— ’ H ‘
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~SFLOW PIAGRAN FOR PARAMETRIC LINEAR CQﬁSTkAIN’I‘S
. | s ‘
/ mj! - (1 !) mj . !
r s ¢ . »
L . Enter | . \ .
. m (number of remaining alternatives)
n (number of variablaas) 1.
% ; | x n matrix U (attribute matrix)
: . | 3je  variable to be parametrized
; :
i ' / \
. . | For all (remaining) variables j ¢ i,
P ‘ . ‘ .
‘ ? 5 =0 L=
=" ; 2! »
. . - - ’
// ‘ ’ I . '
Solve the LP problem for wi N
. n
-l .
I3 “ ( ) . .
Subject to:
n . ° \
. I Wyl I I
e IR0 g : ’
(‘\3‘1 - i‘kj E _‘_ 0 > for i = 1. sae o M “
fuj, S0 - Day for 3 =1, ... »Dnand 3 ¥ 3o :
[
« Ve
. oA
. PR
4 £f1 = max ¢ nug:h that
fuy & Q= fuy for allj # 3y 1
\ ‘ 1.0, A - ;
2 !‘ - 1
- d+ o)j ./mln uj ( .
; ' . . ’ * 3’!
\ ry -
q !
K © proximat
. Ap Mte
PN : SQlu?on'
| 2
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g e

a ‘\

discussing éhe appliéat,:icn of systematic methods to design,
noted that there is & considerable gap between research and

application. .In the design decision-making scheme proposed

s o iy

. here an attempt has been.made to l_:ridge\ the gap -- partly “
Yoy

& , -
! by simulating practice and partly by reducing the cognitive
e . .

E " load 6n the designer and, in so doing, improving the quality
: of design.
) A /

' i/ ‘ \ The design program for a building is used to dotino the

limits of acccptabnity. utility !tmctiom and prn!oroneu Bt |

among pcr!omancn objectives; any chanqu ,bcinq easily ac-

commodatcd in t:hc design procccﬁro. vhich remains virtually

1nvar.i,a. Thus, having ensured that the uquirnmm:a of

deaign are responsibly cared.for, more’ effort can be sxpénded

: on the (moro demanding, and imaqimtivo. wnthuh phuc of
dniqn. adapting existing ‘solutions to new aitultionl or -
®roposing ‘entirely new constructional systems. The predic- '
tive and measurement models used 1}\ the .valua,tigx; phasa; ave ¥

.. 'invarian}: -= improvements in the models' are easily incor-

. porated into the design acheme. ' R IR ‘
/ ;, ‘ } /\ . . ) \
: on applyin{ the d-ci'u‘on\:}u,, a nxbor of Pl.tc;mtiwn

:rc axcludcd at each step in the-procedure:

.« > ‘ E

i By ohcckinq thom against conntuim:l such as building
\' . uchncn primipln. (c.q.. ;tw-ctccc wcathcn tw\kt-
“ ent ‘ .40) trmaportuti‘on limitations, ete.

3 1 . %
T0 = :
G.K. Garden, "Rain and Aiy Leakage at Joints", Induogrhl-
/ nuon gr{u\\. Vol. 2, No ¢ (July 1971). PP- -

<@
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(ii) By comparing ‘their prodi:fed‘partormanca with the

least acceptable limit onieach objective.

N

(iii) By comparing an alternative's a%tribuiei with those
( of the othar alternatives in the decision field to

determine whether the alternative is dominated or

I\Ot . : § - ) ' u

L
?

kiv) By tak&gg,pro!oroncc@,amohg objnciivni and checking . .
whather remaining alternatives become dominated or

not. | A\ ¢ ,

The reduced set of alternatives which results from the

application of the decisiaon rule comprises the available set
of optimal aolutions. Given the 1imitéticnl.o£ the prefer-
ihao mcanurcmonts. any alternative cho.on from" tho reduced

lct would be at leaat as good as any othcr rumaininq alt-r-

‘native.

In the pa‘t)hiwc methods have bheen’ available fér re-
solving the multi-attribute decision problem encountered in
the deaigp of a buildiné enclosure. One of th‘m is the
“one-dimensional comparison method", which d‘fihll a utility
tunction (usually additive) over the attxihutoa considered
in thc dcaiqn and then finds the optimum alturnnt1V|. The

'othor 1: the 'Multt-dtmcnatonal oampcrioon mcgbod“ in which

the altornativna art—conaidamnd on thu baoil of each attri-
bute separately. Noith.r mnthod has been aeecptcdfuniv-r-
sally. th'd.eiaion by.oxeluoion rule attempts to bridge

]

By e FART

A




\ | z
, T
‘ . the gap between those prevalent approaches which are two ;

! extreme cases in the domain of domination strpctuxjes.u By

% ’ | modifying the multi-dimensional comparison method t.o accoun&\
‘ for the assumption that the cohatit\{ent attributes-contri-
bute ».bb the overall worth of the ali:ernative, it is poasible
\to identify a domination/structure in which an optimal solb-
' tion is not dominated by{‘the other ‘al@athﬁel in the de-
cision space.. The auumption ot)impl it additiyity/makes
] possible t ﬁ use of linear programminno :I.dantify the ex-
. treme points in the attribute space corresponding to the
non-dominated altornatives. Preferences between objectives
are trea"teﬁ ;a additional constraints in the LP formulation
and these, in turn. are raeflected by a. conltriction of the

' ?
) decision space r%ulting in t:he exclusion of altcrnativa-.

< . The more explicitly the preferences are stated, the greater .

. the constriction of the decision space and thus the fewer

% would be the number of alternatives -remaining. If weighting .
; . were possible, these would result in a "one-dimensional

oompariao'n 'mthod"‘. in which it is likely that only one
~a.J.t:hx‘mt:i.\n. the' op'!;‘imhl.‘wéulid remain in the decision space.

»

> o )
. ’ 2,

-~

~

1

- a L.P., Yu, "Cone Convexity, .Cone Extrens Points, and Non-
A dominated Solutions in Decision Problems with Multi-

¢ objectives", Jourfial of Optimisational 'rhoor and Appli-
! catiom, vol. 11, No. 3 !EHU. _
’ { T ' i ’ "

2 . N
<. ‘
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» ° CHAPTER 3

APPLICA'I‘ION ‘OF THE DECISION BY BXCLUSIDN .RULB
© TO THE DESIGN OF EXTERNAL WALLS :
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{ ' CHAPTER 3 ' - ' v
1 .

APPLICATION OF THE DECISION BY EXCLUSION(/RULE - 1
TO THE DESIGN OF EXTERNAL WALLS ‘

T | ‘ ° i
3.1 STATEMENT OF g PROBLEM ‘

In ghfs,Cthtér, it is proposed to examine thqddeé}gn

‘;
é‘;'.
3
&
!

.procenu for a component of the building fabrip,‘ile.,'tﬁe

external wall of siﬁgle;fpmiiy°hgnaes in‘Montreal.ﬁ The

] e
design process comprises any stages (as shown in -Figure 2.2)

©

of which the principal ohesjrre: Lo h . L. )
ii) Eatablisping the design context !

(11) Spéciilcation of perform&nce objectives 3
. . : 1
(144) Gdteration £ alternatives v _ o
ﬂxika/ radiction af alternatives' performance T %
ST ) : ;
() Evaluation and selection of optimum alternative(s) 3
* ° : !
using the Decision by%§?cluuionhru1e. %
. - a - , o oL 3

Each of these stages will be eslaborated further. How=- ~
ever, to illustrate the application.of the Decision bwgEx- : ‘

clusion rule,. the emphasis will be on the evaluation and’
. : .

© salection processes. "This in no way diminishes the impors . e

Sl

tance of the other stages, which aré elsential in providing

4

a contaxt for the applization.

N | . oy
. 3,2 DESIGN CONTEXT . ., \ @ "y )

-

The external environments, the avail&bihity of rcaourcel g

and dilign. and qtatutory conltraintn assumad(;n this example(

- . —~ N . ‘
. a < . 4

¢ ) N
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* are typical of conditions _found in suhurban Montreal. 1In _ v

m - practice, the designer would make measurements or judgements '
A" ‘(__’ .

-

M-.on the site to determine conditions ,, establish data from

such published sources as "The Climate of Canada"l or “Sup-

TN
‘ plements to the Nati_onal Buildin Code"z, and so on. A
L} 3. Al

- number of design énides and exhaustive chec:kli“sts4 are'also

4 available to help the designer in athering information. ,

NAREEE Por the purpose of this example, thé AJ building enclosure ’

3 'A' 1 f_demgn guida has been used to outline kinds of data appro-
‘ | priate and the environmen& conditions in Montreal have

t'r-c-(‘

) ! :been assumed (Appendix II). \

o Y

* 3.3 PERFORMANCE OBJECTIVES o i

[id

~~ The' specificati’on of perfomance objecg_:l;\es makes ex- & *
plicit the purposes to be served by the constructional sys-
“tems’ withou‘t vrestricting the designer in the solutions he
puts forward. - It is the designer's re'spons%lity to specify |

‘y .
ohject?ives as precisely as he can, but there-are wide vari-

ations in the gxtent to which this lis ﬁossible: The set of

4

The Climate of Canada, Meterological, Branch, Dept. of
Transport. Information Canada, Ottawa, 1962.

1

2 Associate. cOmittee of the Natiocnal Building Code, National

- ' Building Code of Canada 1975, ‘National Research Counc
- of C anada, Ottawa, 1975, NRCC 13992.

N 3 See, for.example," A J. Elder (I}d ), AJ Handbook of Building

Enclosure. - The Architectutal Press, London, 1974.

R see. for example, Jaeggin, K.W., and Brass, A.E., A Stud :
of the Performance of B\;’il dings. National Research Council
o of Canada, ﬁttawa, 1967, N 352. / -
- % a3, Elder, 0p. Cit. (3¥.c | ‘ L
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.performante qugctf&ea'shown in Appendix III\devehﬁgqg for

this study provides exampl,e&sf that range from the precisely- o
definable to the broad];( general. But’ performance objective’g
of these kinds are presently the most specific that can be
devised and they provide a suiteble basis for evgluag.on of .
whatever a.,lternatives are genei'/ated during the desiqn pro- {‘
'cess. The summary of the performanc‘e objectives, which is

-\
based on t.he CIB Master List of Propert.ies is preqented in

Table 3.1; but only five objectives will be considered fur- .
ther in this design example, to wit: ' -

(i)° Pire resistance (FR) B R S N B
(ii) ‘Thermal resistance (T) o . .
“(iii) Risk of condensation (R}

(iv) S6und transmission loss. (S)

4 N (;

a ¢ v
P

(v), . Initial cost (C)

- -’ ' . w o 2 v
' The remaining objectives in Table 3.l are considered as-
PR . 0*

- Q

constraints. -
* i

“3.4° ALTERNATIVE DESIGN SOLUTIONS - . / ‘

'~_ In most énses, there will be a large nunber of construc-

3

tional systems constituting possible alternative answers to

the statement of performance objectives. The trade and
. »
k

- /
CIB Master Lists for Structuring Documents Relating to
Buildings, BuI'IEIn% Elements, Ccnnggnentsg Materials and
Services, International Counc or Bu g Researc '
- Studies and Documentation, CIB Report No. 18, Rotterdam,
"1972.) .t L . .

6

’
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TABLE 3.1 -

b e

SUMMARY OF PERFORMANCE OBJECTIVES FOR EXTERNAL NALLS OF
. SINGLE FAMILY HOUSES IN MONTREAL

./ \
- )( !
PERFORMANCE VARIABLES PERFORMANCE OBJECTIVES
A (l;:ud on CIB Master List lof — - , - .
Properties) . . - Least Most
’ . i Acceptable : Desirable
- - - . S
1 Cqun:uiva Strength R = y[uDD:FuLL] : —— / _‘ *
2 Bending St:r.nqth R.= Y[ow“]~ —— )
J Bending/Stiffness 4= h/%0 in(h/50 mm) | -
-+|.4 1Impact Strength Safety | R= 750 ft-1b(1000 J) -
: 3
S5 1Impact Strength Service | R™ 90 ft-1b(120 J) ——
. Strength relating to - o — o
g4 l ¢ holding power of fixing R® 0.4 wp .
7 vibration . §:< 0.2 &y in 0.5 sec. — -
S . Fire Resistance Fire Resistance
8 Fire Reaistance . Rating = 0.Sh - _Rating = 2.0h
9 —~tgnitability and . Flame Spread Flame Spread
Flame Sprcad . Rating = 150 - Rating= 0
) "+ | smoke Development - Smoke Develop- . .
10 Smoke Development Rating= 150 - ment Rating = 0 .
.- o Q =11.8 ft/hr under . ¢
11 Air Tightness 0.30 in .
9 ®- Q =~3.6.in/hr under f
7.5 mm of vaur J
12 Prevention of j ‘ ‘ Condensation plk - Condensation - .
Condensation High ) Risk - None . A
{
113 Dimensional Control - . - -
a4 Prevention of t -
;“ Water Penetration “° vater penetration
- R = 9.097F ft'h/Btu "R 20.00°P.
1S Thermal Insulation (1.6°dtmim) £t h/Bty
. (3.57C miM) o
ﬂ.“ . >
Transmission of - 5 | syt = 70 aB .
16 souna - STL = 30 4B, . s = .
~ : | sézvice: '
17 Service Life i}‘;‘.’“’ = 20 yrs Lite = 100 Yr‘#
$2.00/¢¢?
18 Initial Cost $6.00/26* (s64.57/m) | $2200L%% a
N.B: Por key to symbols ses Appendix III .
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7,8

echnical-literature abound with feasible solutions,* and

' modificatiqns of these constructional systems may result in
| , yet more alternatives. Considerations of different ccnfig-
urations, variations of thicknesses 4nd different-materials

can also be used to generate alternatives.
,

It is possible to identify a wall by describing the
pmatetials and configuratianof the laminae which conetitute

the construétional system.‘ The set of alternative solutions

shown in Figure 3 1l began in this way with a number of com-

5 monplace sygtems. By changing the materials as well as the .
number and configuration of laminae, the original number of .
alternative solutions was‘eniarged. The description of_wall
sections (Figure 3.1) is s&stematic -- starting with the

\ outermost Iamina (i.e., the surface facing the weather) to
the innermost. Each design'alteraative is designated with a

nunmber which serves as an identification tab in the

* The wall constructions presented as alternative solutions
) to the degsign problem may not include "“the global optzmum
\ systenm, ‘but it is seldom possible to know whether the de-
signer's efforts have uncovered the best alternative(s).
The search for good prospects was stopped, as often happens
, , E in practice, because of time limitations. However,: the set
-, s - of alternatives is large enough that comparisons against
S performance ctiteria and among the proposed solutions can
be significant.’

For- example, that collection of trade catalogues available
-in most design offices: Sweets' Cataloque Services Canadian
Construction Cataloque File, McGraw-H » Scarborough,
Ontario. 1974,

9 Another universal standy is: C.G. Ramsey and H.R. Sleeper,

Architectural Graphic Standards, John Wiley and Sons, New

York, I§74.
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FIGURE 3.1 EXAMPLE

OF ALTERNATIVE DESIGN SOLUTIONS,

Hk

i

(AT

1
1
\
N
A
¥
>
N
N

W

Wood Bevel Siding (34X 8" Cedar)
Buikding Poper - (13¢ Felt)

Wood Sheathing- (347)

Wood Stud of 16 0g - -{2°x4")
Batt Insulation - (2*)

Polyethylene Vapour Borrier -{4mil) -
Gypsum Bourd - ( V/2')

R3S

ﬁe
BA
() @ )

U
SECTION 4

Eég

lding Paper - ls'FoH)
Shecthing . Yy

Siud at 16°ac (2'xq")
Snsulation (3" )

yiene Vapour Borrier (4mil}
um Baord (Y2)

i

£

NOWSUN= .

g

-

(g.

4 WoedStudat 16 o.c (2 X4 "

'S Batt insviation (3%

sdeﬂhyumeour arriee ( 4 mil)
7 Gypyum Board (%

”
—
B

WALL SECTION 10

|
{ ST AT L T T | R
athing . 3 Wood Sheoth ,
4 Wood Shd ac (2°X47 24 wood Stud nt s e (t 7 pry g ;l;?dmi?:;“ (le ?c (Zx4"
: Me::tylmwlcz? : E;;a' "l:\sulcﬂon (3") Berrier 6 Polys thahm Vapour Barrier (4 mil)
Polysitylane -Vopour Barrier ylene amil) 7 Wood Furring (1"%2°)
T Gypeum Baord (W "7 Fr Pirwood Vn:ow . 8 T2G C-dm?(:'xﬂ
. . .
. 4 O D 5
i ' ® 2 o
: @ = U 2 H—®) 3yt : -®
© 7 3 —0 6—‘ ®
WALL SECTION 13 WALL SECTION 14 WALL SECTION 15
| Face Brick (Running Bond) | Foce Brick ( Runung Bond) | Face Brick { Running \Bond}
2 Bullding Paper {152 Falt) 2 Building Poper (Q'rom 2 Buiding Poper (1" £el)
4 oot Stad of meag €] amod Sl A erxen Wood S of 167 ag (2x4")
od Stud o ? xXa"
S Batt Insulation { 2 S aaenss 3 Batt insalation ( 3°)

€ Polyairylane wm Barrier (4 mil)
7 Giptum Boord (129

(O3

smq (34" xa‘cm)
Building Pap«'hs U th)

WALL SECTION 5 9

5" Aksrinum Sidng 4 Boked Enamel | Corrug. Aab.Cament Siding (% x4°xI%)

2 Bullding Poper - ( l5'FolH

3 Wood Sheathing { ™)

4 Wood Stud af 18%0.c (2% 4")

S Bat! insulotion (3°)

6 Polyelhylena Vopour Barrier (4mil )
. 7 Gypsum Board (V2"

a2

®
D —®
®(5 L= n—-*-CO )

WALL SECTION 8
1 Wood Bevel Sidng (3%’Codar)
2 Building Poper-(8? Fm;
3 Wood Sh.u'l\(ng -
4 Wood Stud ot 16"ac
S Bait lasulation-{37)
6 Polysthylens Vhpem'

'Hmwm Boord

{2"xe™)
arrier (4 mil)

WALL SECTION Nl
Wood Bavel Siding (3/4 X 8"Cedor | wood Bevel Siding (%'xd‘Cudu) | Wood Bevel Sldlnq 3/4‘:(3 Cedor)

.6 Polyethylens Vapour Barrier (4mil)
7 Gypsum Boord 87 3]

.

" & Polyethylens Wmﬂwﬂu“mﬂ

t zchun.m zinc coated flol siding
2 Buldng Paper (ls' Fet) -

3 Wood Shecthing (% A)

4 Wood Studati6°0.c (2°X4")

3 Batt Imaulation (3")

7 Gypsum Board (/27)

tssa Ty

o NS
o

WALL SEC?IN 6
} 1 Wood Bavel Siding (¥4"x 8"Cedar)
2 Buiding Poper {(13® Fcn)
3 Wood Shmhlnq(vs )
4WoodStud of 18" oc (2" x4')
& Boeyation oo Lm« (4 mil)
yethylens Vop or
T Gypsum Board mf
S Gypsum Boord ( 2 l

WALL SECT ION 9

! C:“mant smg?‘l(_l )y -
uwring Ste

§ gdldng a0 glm) i

4 Wood smmm t ki

S Wood Stud 18"ac_ (2"%4e") -

$ Batt insulation

8

]
Pelysthylene Vom Borrier (4ni)

" WALL SEC

€ Polyethytens Vapour Barrier (4 mil}
T Gypsum Board
8 Gypwm Bow
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FIGURE 3.1 EXAMPLE “OF ALTERNATIVE DESIGN soluTions, (Cont.)
3 N - . < ] -
. o
b mig y A . — ’
~ . R —@ 5 . -— 3 e
= e 3 P 7 2 . :
i "‘ﬁ" @@ s N bl @ O S e ,
3 s |
H “r ¢
: P aaek { Comman Bond) L o o) . WALL SECTION (8 .
: ace Bric ommoa | ace Bric ommon Bon Brick ing Bond
.2'Bulldng Poper (13% Feit) 2 Building_Paper (163 Felt) L Face Brick | Runaing ooy

H §Viood Shedthing (¥4 . . .
3 Wood g',‘:;"-f},",‘“,}?: @xa") 4Wood Studs o?l.s)'o: (Zx4")" 3Wood Furring

[

S Bait tnsulation (37) 5 Batt Insulotion (3 .. 4Bt Insuiction {3*)

. ., 6 Polyathylene Vopour Barrier {4 mil) $2°2:3¥'§ar¥°‘(’°;5~,e"“w (4 mil) g poyetnylens Vopoue Barrier (4 mil
: . ? Gypsum Boord {¥) BG’ypqum Board { V2"} ® 6Gypsum Boord ( )

T . , ~
~ T —Q 0, 08 @  O—& - n
| @— - o=l g

@ Ao SILE—@E T

’ ’ ) : WALL SECTION 21
‘ WALL SECTION 19 . WALL SECTION 20 | 2
, 1 Face Brick {Running Bond) ! ‘Face Brick (Running Bond) Foce Brick (Running Bond) .
2 Concrete Block {Salid- 4" )~ 2 Concrete Block (Hollow - 47) 2 Concrete Block (Hollow - 4%)
t ' - 3 Exponded Palystyrena (Typs 2 Clasa B.2 3 Expanded Polystyrene(Tipe2 ClossBlig 3 Expanded Pdvswmmlclma,-ﬂr ~
3 ‘ 4 Gypsum Boord ( }2") » 4 Gypsum Boord { }2) . 4 Gypsum Board { Y27 . ‘
1 ; n ’ - R e 1 2 ko " Lo
: O—Eaa-0 ' O—=Fal 45 ®_§Er.l;g__@ .
4 e, . ] Dbj | N P Jomd | H N
' ' Q—=UT) o—= U6
. 4) . ’ )- -{S) . == —-'-_r-;d
I N ¥ I\
o " WALL SECTION 22 WALL SECTION 23 WALL SECTION 24
1 Face Brick [Running Bond ) | Face Brick (Running Sond} | Facs Brick { Running Bond)
y 2 Expanded Polystyrane(TypeiClossB-1 12" 2 Expanded Pelystyrane(Typel Closs 8-2")

3 Concrets Block { Holiow - 4")
4 Wood Furring (1"x2")
3 Gypsum Beord { 129

2 Concrats Block (MHollow - 6”) -
. R + 3 Concrete Block (Hollow- 4%)
+~ 3 Expanded Polystyrene(Type2 ClassBil: 4 Wood Furring (17x 2")

4 Gypsum Board ( V2") © 5 Gypsum Boord\( }2.
3 N } 3 . I FE 3)-
_— ?:-}-: : (4
. . = i @ s
. S 0
. ' 6 G
: , WALL SECTION 23 WALL SECTION 26 WALL SECTION' 27
' ‘ ' ! Face Brick (Running Bond) lzmap;;mm ’Claual"i t Precost Concrete Ponel (8”)
. . 2 Exponded Mﬂmmme!lumﬂd') 3 Concrets Block{ Hallow = 47}
, 3 Concrete Block (Solid « 4”) 4 Wood Furring { "x 27) 2 Exponded Polystyrene(Type2 Class 8-2)
4 Wood ‘Furring 11" 2%) S Gypsum Loh (¥3) ) ’
5 Gypwm Boord (2% 6 Gypsum Ploster { ¥2) 3 Gypwm Board, {12 L
, Ve r o * ‘Y“ NOTE'/ N E_i,
= @ i ! The design olternciives ore mads .
SR 0 @—8. . L -
, . o] by 8 1B« . : up of products and moterials 3
i ) " WALL SECTION “28 . WALL SECTION. 28 tommonly available in’ Montreol, 4
‘1 Precast Concrate Panel (6 '
2 Expanded Polystyrena(Type2 CloniB iz | Precast Concrele Powl (8" ond a8 sich they cre desribed in g ;c
3 Wood Furring (2"x2") 2 Exponded Wm"zma,'n units cutrently used in practice. ' ;
4 Gypsum Boord ( }2) 3 Gypeun Bocrd { W) ‘ o J i
— . . i
§
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subsequent computation.

‘The final set of 29 admissible alternatives (Figure 3.1)

is an/example of constructional systems assumed to have com- '

plied with the least acceptable criteria of those performance

. objectives established for a particular situation. and with

other-constraints,\one of which might be'the building owner's

aesthetic tastes. For this example, the performance objec-

tives are elaborated in Appendjx III.

-

L3

3.5 ~ ANALYTICAL MODELS

Itiis possible to estimate&the'likely behaviour of the
constructional systems by representing them by mathematical
-models, by physical models or(by'pr&totxpes. In the mathe-
matical models (e.qg., for.the calculation of thermal resis-
tance, sound transmission loss and rate of condensation)
reliance is placed on previous scientific knowledge of the
. behav1our of similar conFtructional systems with respect toi
the perfornance.variables. In many other cases (e.g., fire
resistance'rating), tests simulating,the cquitions under’

which the systems may operate are used to assess their pro-

t
o ~ ~ ~

bable performance. Evaluation of the reduced performance

to wear,and deterioration prOVides an illustration of a model
3
) that must contain an element of interpretation based, in this

case, ‘on the suitability of the testumethods and estimates

of the performance predicted from tests, andgmodified by any

LY

relevant further information, experience “or other determining'

likely to result from future use of a construction subject '

- -
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factors that ay be available to the designer. Initial costs

,computer limitatigns. For the purpose of the illustrations . _

J\ %

" ding enclpsure; and,s’

L . ~

(i1) va'trying egré&g%q\f’ pfecision in pred‘i?:ting performanée

-

; of alternatives. . ~-

i - . i
N -

It is possible, usir{g either mathematical models or codes of .
practice, to predict the behav:.our of walls on each of these --
five per,formance objectives (Appendix Iv) .‘ rHéwever, in all

s the calculations, there is an element of mterpretation which’
wcarie; greatly from one model* to the next, depending on their )

. Ix;:epresentat‘ional valid;ty; somg¢ may bﬂe excessive‘lY\ preéisg by '
'fcompar:'ison w‘ith‘: the: crudity of others. »Ideall,y,. all should "
pbssess a similar dggrée of accuracy but, practiclally, _this

PSS

is an impossibility. .

- -
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3.6 EVALUATION OF ALTERNATIVES - @

]

Using the- approach described above, the performance of

Y

alternatlves is predicted wixh respect to each objective.

For the application given in this Chapter, the models are

detailed .in Appendix IV. The predicted performance -scores

are then entered into the appropriate cell in a matrix of

performande characteristics\{?able 3.2). .
' LN . T .

~

It is evident from.the“most cursory examination of tlie

TN S e E'ﬁ!!‘fﬁ""""“; Le S

, &
rows of theumatrix that the disparate units of measurement

and the orders of magnitude of the scores would make;it dif-

e

ficult to assess the overall performance of one altenmpative

,

by comparison with the others.™\ Furthermore, it is. not pos-

sible; from the raw (predicted) petrformance scores alone, to

1 ]
B T

obtain an indication of an alternative's effectiveness in

meeting every perfqrménce objective.

LR B e, o

Alternatives with predicted perfer@ance values less then

1

the least acceptable limits are rejected. _In the external

wall design problen, égis has been’ done for all the perfor-

mance objectives except the cost dbjgﬁ;ive. 'To faeilitayé

the comparison of objectives, the predicted‘performance data

should be expressed on a common ba31s, i.e., in terms of its,
&

corresponding utility. The ut111ty scale is arbltrarlly de-
fined such that 0 and 100 correspond to the least acceptable .

and the most desirable limﬁts;_respectiyelyﬂ The bredicted

performance score is transformed into the appropriate utility

attribute by means of utility functions.




- o , ' TABLE 3.2 . | ‘

) . A
. . |

EXAMPLE OF MATRIX OF PREDIGTED PERFORMANCE SCORES
Ny . .

’
PERFORMANCE CHARAGTERISTICS

—

I Wail ) Fire Rifgc of' Thermal 1{ Sound Initial
i Section/{Resis- Conden- |’ Resistance Trans- ,Cost
lter- |tance | sation |(°F/Btu/hr ft?)|mission] ($/ft?)
native #|Rating] ° (°c/W/m?) (dB) ($/m?)
(Hr) | 0
5 { 1 0.83 None 11.90/2.10 | 43.0 2.6;{1%.20
- 2 | 0.83 Ngne 14.79/2.61 |43.0 p.6 /ga.sﬁ
3 .0.83 None - 14.37/2.53 [42.0 B.18/34.23
4 0.83 None © 14,37/3.53 39.5 [3.48/37.46|
5 0.83 |Negligible| 14,00/2.47 |[39.6 [2.83/30.46
6 1.25 |. None 14.57/2.57 '[(43.0 PB.03/32.26
7 0.83. None 14.75/2.60 |46.2. B.06/33.15
| 8 | o0.83 |ndirgivle| 13.45/2.37 |41.5 PR.48/26(70
a 9 .0.83 | - Nome - | 13.35/2,35, |50.3 P.11/33.48
10 (-0.58| None 12.04/2.12 |43.0 [2.83/30.46
11 0.67 None 14.14/2.49 (40.0 [.61/38.86
¢ 12 0.92 None 15.75/29 |40.0 .04/65,01
13 0.83 None  *'} 10.84/1.91 65.0% [4.34/46.72
] 0.83 | - None - 13.84/2.43 |65.0 [4.38/47.15
1| 1.25 None 14.30/2.52 |64.8 W.75/51.13
5 - 16 0.83 None 13.89/2.45 ° {65.0 .77/51.34
117 1.25 None 14.3072.52 |64.8 g.14/55.33
| ~18 | 4.00|  Nome -| 13.42/2.36 . |70.0 , }4.84/52.10
o1 4.00 | High | 12.94/2.28 ..|70.0' 5.02/54.68
20 | 3.50|  migh | 10.70/1.88 ~ |68.2 {4.69/50.48
‘ 21 | 3.50| mign 9.95/1.75 ‘[88.2. l4.50/4%.44
22 4,00 | High 10.90/1.92 69.8° [4.83/51.99
- 23 3.50 Low 10.11/1,78  |64.0 _14,63/49,84| -
24 | 3.50| Low - 11.89/2.09 |64.0 |4.67/49.84
| 25 3.50 Low 1 11.50/2.03 63.8 4.87/%5.42
26 3.50 | . Low - | 15.14/2.67 [63.8 .21/56.08
" 27 | 3.00f ' High 12.30/2.17 |68.4. - 6.53/70.729
28 3.00 |- High | 12.64/2.23 |69..0 [6.68/71.90
.29 | 3.00] Tow - | 12.30/2.17 |€3.0 [7.36/79.22
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- 3.7 TRANSFORMATION OR UTILITY. FUNCTIONS -

G

ol
. . . ~ ;

The overall worth of an alternative ‘is deterﬁined -by its

a

'constituent utility att;ibutes, which in turh, depend on the

level of. achievemeﬁb*on a performanc objective and on,the
shape of the utility function.” . It is evident that, given a
level of achievement, the shape of the utility function is

i

important in determining the Fagnitude of the attribute.

~ZSince design decisions are likely to be semsitive to changes

A

4

-in attribute values, the effect of changes in the utility. ,,r

v
~function on decisions will be investigatedwilater in the ) -~
- . . .

~ Chapter). ‘ '

\f.‘:\ ° . . ) . \(
—~-

The‘relationship between a.level of performance of an

. -
alternative i with respect to an objective 3. Yij' and the

corresponding utility u,. is given by the transformation.

ij
function uIn f(y ). The utility may be considered in

A

: terms of benefits, comfort, annoyanée, and so on, that an -

. indiVidual qerives from a level ofnpenformance on that ob- ¢

s

jective. - \

[
1

| The shapes of 'the- utility function depend to a ce“fﬁin ,
extent ‘a the scale on which the performance is measured
and also on ‘the individual's judgement of utility Some

‘utility gunctions appiopriate -to the design situation are

~.

described belaw. -

A

(1) * Threshold Function'

.
+

L] < A
Conséder, for instance, the case of the owner whose wisi_'x_~
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~.\where Y is the least acceptable limit.

forgn of-the utility function .is of a hreshold function tYpe

\(
& . o .
straint. . - . \r '
. ; ' [ S .
" (i)  Step-function & o i ' :
. If there is some concern -over ,.acoustical comfort, the
o ‘owner s utility may differ from the above case.' In the ) .

.

- - . A W1

i <
. [ SN ' e ... s s o e SO N e il

is only to comply with the least acceptable l\Lijit on’ the .

N

sound transmission loss objective. "In sugh a case, the
3

‘ satisfactory performance of the wall, YU' is aefined as . W

- % ’ EEYI ' . '

. b
. t
~ ¢
Al

If the above inequality is satisfied, then the utility

L4

correspo'nding to ;-Yij 1s~1'oo; otherwise it, is zero. . Thus the
(Figure 3.2). It should be ﬁoted ho ever, that this type

? ‘ ¢

of uti,lity function is more convem.ently treated as a c&n—

Wl et et oS R AR e 2

B AP

Residential Standard59 only three ratmgs of sound trans-

S
mission.class* are spec:.fied. Each. class corresponds to a

o &
=4

s a S

.. »
-5dB range of airborne sound transmission loss. . The perfor-

mance level at a particular rating (SdB) would correspond

gto one utility level. Thus, the .sound transmission l_oss —

L
¢

* Tt should be noted that these 'ratings are more suitable
for party walls since the ratings are based on Sound
Transmission Class.

o -3

[ . 3

A . R . v o —

? Agsdciate Committee on The National Buildinééode, .Regiden- - .
tial Standards, 1975, National Research Cquncil of ‘Canada, B
Otfawa, NRCC No. 139 91. , i P ’
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ratings cortespond to  three uti}itir levels -- hence the uti-
1ity function cah be represented by a step-function akin to
that in Pigure 3.3. = ~-% - . .

-

e

(iii) Continuous.functions %

‘9

B 1f the performance can be measured on an inberval scale
and the utility varies accordingly, then the utility function
is continuous. Three different shapes of utility functions

-

can be disce:med-’ -

-

4

[N
a

(a) Concave (upwards)
"(b) 1linear, and -

(c) convéx (upwa;ds) .

The firy type is usually basod on tho principle of
\ \unmg mrginal utilitylo which is expreued in the folhc
ing inequalities: '

' du., , '
> - ' .
Yj 0 e - . (3.2)

]

A utility function which tuifills ‘these inoqualities is
"of the form uyy A B‘Yij + K. This indicates that each ad-
ditional increment in pgrformanco contributes a decrealing
amount of utility as the perfomnce level incroales (Pigure -
3. 4). The principle is compatihle vith risk-averse behaviour.
i.le., a gample will, alwgys be sold for less than its expeci;ed

i ~

M.W. Litlon,n Decision and Risk Analysis for Practicin

g oerl. Cu aer Boo (s.
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.~




UTILITY PERCENTILE SCALE

- Yro . , " Y, A
| : ' PEFORMANCE - ‘
OBJECTIVE

- b Ay

FIGURE 3:4 CONTINUOUS UTILITY FUNCTIONS ..
—s— LINEAR AND, DIMINISHING ' MARGINAL U;rlLITY

M - N R ..
¢ ’ . Y




-

value. It is obvious that the risk aversion increases with

'ingreasinq qggard:concavity of the'utility curve.

%
The linear type of transformation produces an increase

in utiiity magnitude proportional to an inorease in perfor-

_'mance at any level of performance (Figure 3.4). This type
of utility transformation is flso known as a risk-neutral

utility functioh. A convex (upwards) utility function of
1

Type (c) is the so-called “"gambler's" utility curve -- i.e.,
it is risk-attractive -~ and not of interest in a design

situation.

(iv)  special Design Utility Functions

Utility functions can sometimes be derivéd on the basis

of theoretical ‘and empirical considerations. The sound

L}

transmission loss and thermal- resistance objectives are
9

amenable to this approach. The AJ Handbook of Building En-

cloaure11

provides a relationship between design internal
10% noise climate in dBA and the external walls' vefgge

sound'insulﬁtion iE“dB over a range of. external 10% noise
; . .

climate in dBA. This telatibnship is plotted as shown in |
R ‘ ~ k - {
the firat quadrant of Figure 3.5 for .an exthtnal'noise cli~

12

4

mate of 85 ABA.. Using Waller's empirical correlation.

, N <
between noise level in dBA and the 10ss of the value of the -

.
- o
. .
- - . -
‘ s
{ » .
P

£y

1 a.3. glaer, op. X(tu T

i 1? R.A. waller. "Environmental Quality, "Its Maalurement.and

Control' ggg;ongl Stndies. Vbl. 4, 1970, pp. 177-191.
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amenity in houses, a reletionship between internal noise

level and utility can be assumed as shown in the second quad-

' rant of Figure 3.5. Combining these two sets of data; the
utility function for aVerage sound transmission loss is plot-~
ted as shown in the fourth quadrant.

The utility function for thermal resistance is derived
in a similar manner and shown in'Figure 3.6. It should be
noted that the heat loss is inversely proportional to the.
thermal resistance. Two utility functions*for resistance
dre, however, deieloped -- one on .the basis of"lineer re-
lationships between heat loss and utility and the- other by
using the principle of dimin shing marginal utility. The
resulting utility functions are both risk-averse; the funcs
tion besed on the linear transformation being less risk-

« -~

everse than the other. 1 : ) -

-

In the example design pr lem under consideration. ;. .

lineaf utility transformation s, for simplicity, been

‘ - . . .
assumed to be applicable for &1l performance objectives \
except the risk of condensation objective. In this objec-

tive, a step-function is used (rigure 3. 7) because the risk

of condensation is’ measured ‘'on an ordinsl scale.

' S - Transformation of performance into utility by means of
- - -~ 0¥ ' * "

lineér functions is given by the equation . . -

._i____;i
?13‘ \ij ) x 100

/
v
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where uij is the utility corresponding to tﬁe performance \
value Yiqr and Ymj and Ypq are the most desirable and least
acceptablellimits respectively. Using the limits of the five
performance objectiveé considered in this example Xéiven in
‘Table 3.1), t@e predicted performance scores in Table 3.2

are transformed into utility attributes and presented in -
Table 3.3. It should be noied that, in this Table, the two
columns for fire resistance attributes correspond to two dif-
fereng sets of limits. Originally, thellimits were 0.5 to
4.0 hr. Thef were later revised to 0.5 to 2.0 hrs. in order
to be more realistic. T‘his ‘dhange of objective limij:s ’f:zo-

vides data for studying the effect on decisions of cﬁénges

in limits (this is EBneﬁlater in this chapter)- Another
0 “ ' - »

point which is worthy of note concerns the cost transforma- : '-- -

tion function -- a high cpst corresponds to a low utility,

-and so the function is of an inverse nature.a

. N \H\l A
3.8 $DECISIW BY EXCLUSION

’

Thus far, the perférmance dbjéctives-for externalvwalls
have been defined, a number of alsernative solutidns to the

objectives have been proposed and their predicted behaviour

-~

calculated and measured on normalized (percentile) scales.
1 ‘ :

The evaluation matrix in Table 3.3 presenté,the data in a ~y

i f
form suitable for application of the deiééiog rule. Because

~

of the large number of alternatives an& performance objecr

*

tives considered in this‘exaﬁple, it is necessary to use &
* .

computerized version of the:Decision by Exclusion rule -

. . S T TR eI .
- RS R R S

DCeE o
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. TABLE 3.3

»' EXAMPLE OF MATRIX OF DESIGN ALTERNATIVES
= AND- THEIR PERFORMANCE ATTRIBUTES =
. ‘ N

‘Perfor-
ance
bjec-
ive

kesiqﬁ - Ri Thermal| Sound Initial
lter- Resis~ |Trans- Cost

hative \ ] tance mission
(%) loss -

25,8 | 32.5 84.5 22.2
52.2 32.5 | 83.5 22.2
48.4 | 30.0. - [ -70.5 22.2
£ 4804 7 | 23.8 .4 63.0 22.2
45.0 24.0 * ) 79.3° )] 22.2
50.0 32.5 | 74.3 50.0
51.9 40.5 74.3 22.2
40:0 28.8) | 88.0 22.2
139.0 50.8 72.3 22.2
27.0 32.5 79.3 5.6
46.3 | 25.0 59.8 11.1
"60.9 | 25.0 -1.0 27.8
16.0 | 87.5 41.5 22.2
44.0 | 87.5 | 40.5 22.2
179 87.0 31.3 50.0
44.0 87.5 30.7 22.2
47.8 "87.0 21 50.0
319.7 |100.0 9.0 M +100.0
35.3  {100.0 24.5 100.0
0 14:8 | 95.5 32.8 {4 100.0
0 7.9 | 39.5 37.5 100.%
0 16.6 | 99.5 | 29.5 100.0
50 9.3 85.0 34.3 100.0
50, | 25.7 85.0 33.3 100.0
50 22.1 - | 84.5 28.3 100.0
50 55.5 | 84.5 19.8 | 100.0
* 0 29.4 | 96.0 |-13.3 100.0
o'- | 38.3 | 97.5 |-17.0 100.0
50 29.4 82.5 | -340 100.0

O O NN D W N

NN RN NNNNNRNK P P o e
©® AW E WO WVW®® AWM AEWLNKFO

)
o

»* . .
*4% The attributes in this column are derived from the linear

transformation of Fire Resistance measurements based on .
the,Objective stale with 0.50 @ 2.00 h as limits. A
"revised” matrix is obtained by replacina the resistance
attributes in the "original” matrix (which are based on
0.50 to 4.00 h scale limits) with the corresponding amen-
ded values in this column vector.
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-

described ‘in Chapter IJ Ythe‘computer*programLis given in

Appendix I). The process involved in reaching a decision

o

can be considered in three distinct steps:

.

-~ \ . N ¢ N N
(1) Exclusion of dpminated alternatives -~ without con- .

. sideration of priorities among objectives.

B o

(i1) Fu;é?er exclusion of alternatives by specifying
priorities among objectives.

(itii Robustneés~analysis.

5.8.1 Exclusion of Dominated Alternativés

Two-analyses are unde}taken using the original matrix
\- . of attributég (fire resistance 1imits -- 0.5 to 4.0 hr.)
and the revised matrix (fire reéistance_limits -~ 0.5 to 2.0

- hr.}; The results are presented and compared below.

-

o
]

R (i) Original Matrix 4 L, e

N ’ . . - g%
17 oﬁt of the 29 alternatives atre excluded from further'
édhside;ation, since, no matter what the priorities assigned
"to the objectiveg, these alternatives are iqierior to those

- N N
-+ . remaining. This is based on the rule of dominance with im-.

plicit additivity. ) ,

k4
L]

The remaining'élternatives, corresponding to tpe ex-
treme points of the convex polygon (the non-dominated
alternatives), are the wall agsemblies (with the ideﬁtiﬁi:
cation numbers in Figure 3:1):

3




3
A

e

N

!

—

-

iR

1,2, 7, 8, 9, 12, 13, 14, 15, 18, 22, 26
| [are . s ‘ ‘
(ii) Revised Matrix ’ “)

* N ﬁith the revised set?"of fire resistamge attributes,
only 12 of the 29 alternatives are excluded, the remaining

alternatives being: “\ : £

1

\ :
1, 2, 6,7 8 9,12, 13, 14, 15, 18, 20, 21, 22, 23, 24, 26

“The rewision in the fire resistance pérformance dlimits had
the effect of boosting most alternatives' score on that ob-
jective's percentfleA scale so that five fewer alternatives -

were excluded. These are- underlined in the above ligt.
{ . ’;4 -

3.8.2 Further Exclusion of- Alternatives -= by Spec1fying
Priorities Among Objectz.ves

4

A7
-

Where a designer is able to express preferences among

L4

objectives, he is likely to’ uﬁe one or the other. of two ways

~of expressing priorities:

°

. -
(1) Simple priorities (i.e., between any two _objectives)\
(ii) ° Partially-ordered set8 of priorities among objectives. -

(i) Simple Priorities Between Objectives

The purpose of this section is to show the effect ofL-—

. -.:;, _
specifying simple priorities between objé’t‘:’tives. ,A simple’

priority consists of expressingﬁ ne obJective as being more

“

" important than another (say, thermal resistance more impor-

). The effect

FR\

tant than fire resistance rating, or U >

.
.

"

=

Ny

—.1

e

:'_'-!:

%

A 4

%

3

o2

(a3

4




of these simple inequalities is to,:educe the decision field
' further by excldding more alternatives from further consider-
ation in the design. The five performance objectives con-

sidereéwin this design example result in 20 possible simple

WA

priority combinations. expressed mathematically as wy > wj,

- i # j, =21, ... , m; 5 = ], O n. The excluded alter-

PRED I 2 T

natives are presented in Table§\3\4(a) and 3. 4(b). Using
¢

the original matrix, if Wp > Wppr the wall assembly 22 will

o | : be excluded from the non-dominated set of alternatives.
- , ” N

This is plausible becauseOthe fire resist&nce attribute of

4 7

wall 22 (of magnitude equal to 100) contributes to the alter-

native's overall utility significantly mere than the thermal

. - . .

resistance gttribute (o{Pmagnitude equal to 16.6); its dﬂ;ﬁ;
all worth'is now'diminished by the pfiority. In general, '
hoyever, it.would be difficult in advance of the'uge of the
computer prdgram toé prédict which alternative(s), if any, |

. . »
- would be excluded: the interactions among the attributes

are usually too comple .

! (ii) Partially Ordered Sets of Priorities Among,Obﬁectives

) (::/; Often a desigher'ghy express a humber of preferences

simultaneously. In this section, a number 'of such™ "partzal??

orderdd- egte of prtorttzes (POSET)* will be used in the

deqision rule. In the following, various applications of

the Decision by Exclﬁsion rule with partially-ordered sets

will be .examined.
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TABLE 3.4(b)

r

SIMPLE PREFERENCE ANALYSIS ~<+ REVISED MATRIX

L

N

[Preference Between
Obijectives

W, > W,
1 - J

T

2

Additional Aiternatives“-
Excluded from-Design




it

-

A designer .considers anti:\!.al cost (C) eyd fire resis-

A

“tance (ER) more :meort:mt than sound trens:niesion loso (S) ,’\
while having no. preference between “the cos'ti end fire resis-
tance objectives.‘ No priébrities are stated for the other

LR

objectives. What" i{ the effect of this part:l.ally ordered

set of priorities on v}e eelection of an alternative solu-
“ “tion?’ . B + CT

d ’

- Expreued in terms\of inequa.litiee, the deaigner 8

preférences are? ) .

= )
cC>s p )
- < =4
\

FR > s ° A~ . -
. | N A -
‘\ S . 'ﬁ v" . . \ . .

.{Only the original performance attributes. are considered.)

' “3 - ! . . ) ' ) Y
Using Tahle 3.4(d) of the simple preference analysis,
two separate applicetione of the above simple prioritiee ‘

TN

. result in the exciusion of tlfe follpwing alterhativ'es's,\\'

ST : e \ | TN
1.9, 13. 14, 15 .
. - ) : a\ L' ' ‘

Alternptively , the above partially ordered set of pri-
.o orities may be coneidered simultaheoubly in the computer

_program as coxﬁ;ﬁstraipts. This results in the exclusion of

. .the seme,waet of alternatives. Alternatiées .remaining -are:

" . P
" R - . 1, 2' 8' 12' 18, 22' 26‘ g
\ K ' In“ cases where the deligner '.l' priorities are more.
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. .
comp/iéx than'POSE-.'r l’, the use’ of the simple preferenceﬁ re-~ -
sults (Tables -3.4(a) and 3.4(b)) soon becom;s too cumber-
some. FPurthermore, i'jﬁ can be shown by set‘: theory ’a;nalysis.
that the number 'of alternatives e\xcluded from the design

. when simple preferences &re~ added may be fewer than the

actual number eliminated when preferences are applied sim-
ultaneously. Numerical evidence will be given in POSET 4.

- POSET 2

! . In a particular instance, a- designer's pz:iorii:ies among
the perfofmance objectives could be specified in a manner

something like the following:

X © Initial Cost (C) is the most important objective while
; , risk of condens)bion (R) is the least; fire resistance (FR),
» 'tho\;gh less important than cost, is more important than
either thermal resistance (T) or sound transmission loss.
(8). Lastly, thermal :"esisi:ance'ig mére important than .
¥ sound- insulation. How would this prderixfg of the objectives\
/6 atfect the deci;ion field? |

N
h
¥

s
-~

In order to use it im the decision rule, the statement

AN
- of priorities has first to be expressed mathematically in
terms of inequalitieh: B ,

. J
*, ° ru M

. C>2FR>T>S>R

-

Simultanecus application of these contraints results in the.

A\l

o . . . -
elimination of the following alternatives in addition to




Y

s N

. (when-no priorities between objectives were considered) :

“:i e., cost is at least twice as important as _fire resistance

whereas fire resistance is more important than thermal re- e

;mission loss; ifinaﬂly, sound transmission loss is
" important than risk of condensatjon.

\previous POSET are excluded by the simultaneous application )

h-—‘:\/\

< those excluded in the first stage of the decision anaiyais

. 1, 7,9, 12, 13, 14, 15

Thus, the alternatives which remain for further con--

sideration in the design are

?

. 2! 81 ]:8' 22, 26

POSET 3 '

- w -
1

what is the effect on the decision field if the prior-*
ities on the objectives as expressed in POSET 2 are refined

s .
“

ag the statement below?
looc Z’ 2.0FR _>- 2.0T 2. 2.05 ->- 2.0R

A

\

sistance, which in turn is more important than ::ourt\re an?g_ o

9

The alternatives 22 and 26 in adiition to those in- the
' Y PR

L4
of these constraints. The set of alternatives remaining is,
then, reduced to , o R _

. / l N . '. .

2, 8, 18

. A .,
- - :
.It is reasonable to infer that as priorities between




objectives are specified more precisely, the mumber of alter-
natives remaining fortdesiqn consideration diminishes. When
the,priorities are defined exactly, the designer is usually

left with only one clternative.* -

»

.

. POSET 4

—1t

[ZamaiN

A designer considers that the :fire resistance objective
is the mostgimportant objective in the design but he has no
preferences amdhg the other objectives. What is the effect
“cfnéhis partially‘ordered set of priorities on the decision

field? ™’

-

The designer's preference can be stated iq té&rms of in-

-

equalities, thus:

FR
FR
FR

FR
v

Applying these constraints simultaneous;y in the'def
ciston rule, the following alternatives are eliminated in

:additiqn to those already excludeé in the first stage:
‘ ' * .

“1, 2, 7, 8, 9, 12, 13, 14, 15

. S
- and so the alternatives rémaining are:

- * '
* This is the case when weights are specified, 1i. e., prior-
ities are‘mcasured on interval scaggs.- ‘

Yo B

e

¥
=
p
&
]
%
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18, 22, 26 i

-

If the)sihple preference analyses are used to exclude
\

alternatives (Table 3. 4(a)), wall assembly 2 would not have~
been excluded This observation,corroborates the statement .
made in POSET 2 that the separate apélications of.simnle
priorities may result in fewer alternatives being excluded

than is the case with simultaneous application of the con-

1Y

. straints.

3.8.3 Robustness Analysis

. . f - .y
[N o

In the usual additive utility«models, the assumption -
that precise weighting of objectives is possible faciligg\ée
‘\‘the choice of ad optimum alternative, but restricts the prac-

tical use of the model. When significant variations in

1

weightingfof objectives occur, "robustness analyses are under-

3
taken ermine the extent to which certain weights may

vary before an optimdl:solution becomes non-optimal. A
systenatic variation of\the weights is termed a parametric
,analysis. On the other hand, uncertainties in the attribute
‘values can be more directly studied by assessing the sensi- /
tivity of the decisions to changes in the magnitude of the .

attributes. Both techniques are treated in this section. -

(1) Parametric Analysis on Objective Priorities

L]
]

In the parametric analysis. the degree pf importancefof
one cbjective relative to the others is’ changed systemati-~-

cally and the. effect of such changes in priority on the '
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alternatives remaining in the decision field is examined.

' Variations in objective priorities can range from the point

L. e .
. o sk
o s Jepmitl “ R A

where an ob]ective is the most importaq&‘factor in the de-.

Sy

o

cision (in fact, the only facto?) through an indifference .

2 ot W
AL 7

et

Y ' towards all objectives, on to where the objective is the

"33.;%

least important factor and, finally, not included in design

considerations.

T
PR
A

In the following; the effect of variations in degree of

-

: importance of initial cost objective relative to the other Y
. ~objectives is examined. It should be noted that preferences §§
' are. not specified among the other objectives (fire resistance o

~ (FR), thermal resistance (T), risk of condensation (R) and

soun& transmission loss (S)), i.e., theyarjmain indifferent - X

to each otheg. A similar’anglxsis"is presented for the fire

“resistance objective with respect to the others (the original

e ' matrix’éf attributes is_nsed in both cases).

- ‘ii L4

A ‘%" Let F be a parameter varying'from Q;té 1 An ?gcreaaer

in degree of importance of an 6bjecti§é (say, initial cost)

over all'the other 6bjectivés is effected by increasing F in
1 - ) ) N § R )
the inequality o o0 ' o -

3

- (1~ Flu > F uy ' v (3.4)

: Yo L .
b . . } L. A , )
. . .

where j represeqts al{h&he cther objectives. A decrease in

" the degree of imgz:::;iﬁ:éﬁ cost with respect to all dther
, ’ objectives is affe py increasing F in the inequality:
. . ' - o , . » ' .. . -U* '

: - - C(3.5)
Pu, £ (1 = Floy . . | (3.5)
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For/ clarity of presentation, the left-hand side of

T _ Figure 3.8 is used to depict the increase in the degree of

importance of the cést‘objective over all the other objec-

tives. There are three specific values of F which are. of

k special intgrest. ' , .o -

: ' .,

& K

§ (a) Point A of Figure 3.8, F = 1.0 PR

- “ , ‘ .

Inequality (3.4) gives ., / _ ' - .
// - ) ' ~ .
S T w, & wy for all ji i #c, ' .f

This means that the cost objective is infinitely more im-

portan ‘than the others.

' (b) Point B of Figure 3.8, F'u 0

-? Indquality (3.4) gives
3 N\ " w_.>0w, for all'j, e | .
¥ oo, Cc - j . 2
¥ i and Ineguﬁlity (3.5)
% . - —_— :
ié‘ : - 0 uy < uy f?r all j, j f e,
i%l Both inequalMities represent an in&ltfé?ghce among all ob-
%ﬁ T jeétives. - ' * S
'E? s >~ (e¢) Point C of Figure 3.8 similarly represents the situ-
[ f T ation where cost is no longer considered as an objettive.
| f- ". . (a) Importance of Cosf Objectivé - ‘ . -
y -3 * . .. . I p ) )

g é : ‘ k.,/, A horizontal solid line in Figure 3.8 repréhents the -
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5 FIGURE 3.8 PARAMETRIC ANALYSIS FOR INITIAL COS"I’<
3 . Indifference between ali A
; - objectives o -
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<— Cost becomes more important than | Cost becorhes less important than —e ?
other objectives # other objectives '
(-F)xwg. > Fxuy . Fxw, < (I-Flxuwy ~ .
(The inequaiities hold for all j, where j# ¢)
. Robustness Analysis — Effect of change in importance rdnking of . .
Wnitial Cost objective with respect to the other performance objectives. .

(Data from or\lgincl matrix) ' ‘ ]
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(ﬂ:ange of F ¢ver which the cog;esponding,alternativé remains . *

e

A A

in the non-dominated set. When no priorities are specified
among the objectives, Point B, the 12 non-dominated alter-

natives are the same as those remaining after exclusios-bf i?
dominance. The number of remainiog'alternatives is reduced

as the importance of the cost factor is inereased or de» - - -

o g TR

éreased. At the point where .the cost objective'is_infinif

tely more important than the other objectives, wall assemblyyg Q :

8 is the optimum alternative. This can be verified by ex-
- amining the‘predicted performance‘scores (Table 3.2) where 2

1mya11 section 8 can be seen to be the least c¢ostly of the "

candidate solutions. ] _

At F = 0.5 on the left-hand side of Figure 3.8, In-~
equality (3.4) becomes

—
* . L :

. The 9 remaining alternatives are L

e ' . -

y . 1, 2, 8, 9, 13, 14, 18, 22, 26 .
' N ~_ —

« - - At F = 0. 8 on the left~hand side of Figure 3.8 the cost

~

objective is considered to be more important than four'times

each of the other variables. The three remaining alternatives

Q
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- At the point C where cost is no lohger'considered in
the decision, and no-preferences are‘ ascribed: to the other
objectives, there are only 4 alternatives-remdining. It is
in‘teresting(to note the large number of alternatives at B

g compared\ with the number remaining at C. It is easy to

explain ‘th"e reason for this observation in physical.terms.

A wall which performs poorly oxoi the four objectives (fire

resistance, Wbermal resis'tance, risk of coridensation sand s

-
]

\
i
99

sound transmission loss) may compensate for this deficiehcy

-

-
o by scoring highly on the fifth (cost) object‘q'.ve, i.e., it

.

may be relatively inexpensive. . .

-

o
' (b) ’Importance of Fire Resistance . ,g’ \
A .

b«
S e

The results of varying the degree of importance of fire -

o ———

:', resistance objective with respect to ‘all the .other 'objec-
l . tives are shovm}n' Figﬁre 3.9. The threéee alternatives 18, -
23 and 26 remain non-dominated over a relatively large range‘ . 6%
' of variation in importance of the fire resistance ob.jective.
' Y& F = 0.67 on the left-hand side, the fire reéistance ob~
' o jecEive is more ~important than twice the other objc;.ct:lves
| and at F = 0.5 i.t is only just more important. Neverthe-
less, the same three alternatives remain. .Thus., a desjgner
A e selecting any of thg'three wall ”sec/t’ions, 18, 22 or 26 on

" the basis of the preference expreséed in POSET 4 is making .

‘a reasonably certain choice. -
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FIGURE 3.9 PARAMETRIC ANALYSIS FOR FIRE RESISTANCE

" Indifference between all ’ . o %:;‘
- objectives &
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{The inequalities hold for all\j, where j== F)
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Fire Resistance objective with respect 1o the other performance -
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(1ii) " Bffect of Changes in the Attribute Values on the

’

Decision . ,

] -
4 -

The robustness analysis described so far has dealt only
with the parametric analysis of changes in preferences ampng
objectives. It is possible to alter the partial orderikg of il N

1 ~

alternatives by means of changes in the values of the attyi--

‘butes. The change of the fire resistance scale resulted in

an increase in value of some fire réﬁstance ‘attributes

. (these, increased value*s were shown in the revised matrix) and

these, in turn, increased the number of alternatives relgin—
ing for further consideration in the desigh. To clar:.fy the
effeci: of those increases in' value of f\ire resistance attri-
butes upon the Becieicn, a partial plo't of initia’l cost (C)

versus ‘fire resistance (FR) is presented in Figure 3.10. This :

plot demonstrates how wall assembly 6, for example, which is -

‘an interior (hence, inferior) point in the original plot be-

comes an extremerv(hence, non-dominated) point in the revised

~ . —

plot...

. o . . -
The effezts of uncertainty in the definition of utility .

°

"functions can be studied byé varying their shape. These func-/

. €ions have so far been assumed to be linear, except for the

o

risk—oﬁkpondensation transformation, which is a step-function.‘
!

If, however, the designer were risk—averse, the equa ion

Y
= aB 33 4+ K may be used to represent»/the utility f gtion.

. ®
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COST OBJECTIVE

8

N

- ‘

T 2 | " 14 v T v 14 ok
" 10 20 "3 .40 S0 6 70 _80 90 100 -
. * FIRE RESISTANCE OBJECTIVE

Flgun 3:10 = Plot of cost attributes vs fire. mlstcneo aftributes S
{original ond ‘revised) : e

(Note: To improve clarity of presentation, all the inferior dtombﬂvcg,’ :
h which do not become extreme polm on the revised pm xe
- _not shown.)
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limit and y;; = 100 at the most desirable limit. The co-

L)

efficients A, B and K ‘can be determined by specifying ‘three

.points on the utility curve, e.g., at Uiy = ¥34 =-0r

uij = Yij = 100 and at the mid-point of the performance
. range, K@j = 50, (Figure 3.11). For the purposes- of this
, exercise, the values of utility atutnis mid-point are taken\ .
" to'be 55, 60, 65, ... , 95. |

9 ’ -

. Taking the cost objective as an example, the remaining
alternatives corresponding to the various shapes of .cost

vatility function are shown in Table 3.5. It.can be observed
R&
. from the Table that, the more promounced the risk aversion, -

i.e,, the higner;the values of utility at yi:_l = 50, thellarger
is tﬁetnumber of remaining~alternatives. "A risk-averse uti-

. lity transformation causes an increase in tHe attribute .
values,'Which.'in»turn, are likely-to become extreme points
in the decision field\ Nevertheless, the overall effect is

/
marginal. ‘An increase £ utility from 60 to 80 at Yi 50

produces only one additional non-dominated alternative, i e.,
wall assembly 20. Over the whole rang romfso to 95, only
4 additional alternatives -are added to the on-dominated
EO
set. o s - i

S

, With the limited numerical evidence in this section, it
can be observed that th; chzﬁge that has the most impact on
the\Hecision is a variation of the priorities among objec—
tives;0 The effect of changing an objectiue s:limits is akin.

to changing tpe priority attaching to the objective. This,.'
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"definition.) ngzihplication of this for design is that . .

‘effort in determining performance objective priorities and .

-

in turn, is equivalent to a percentage error- in thg perfor-
mance prediction model for that objigflve, This can be seen

by realising that the column of attribute values pertaining

to that objective is multiplied by a constant. (One excep-

tion is the cage where performance limits are:contracted; {fﬂ
hefe, utility attributes of. magnitude 100 ;emaip the same by

perfo;maizy’liﬂits and efforts in refining predictivé/models
would be highly beneficial to the‘sdcdess of a project. B

o
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CHAPTER- 4

-8
DECISIONS IN BUILDING DESIGN



cisions at various levels.of responsibility are made by a

‘kind of supporting research that will be<needed. -

° CHAPTER 4 ' .
IN CONCLUSION:  DECISIONS IN' BUILDING DESIGN ™

4

-

In the, process of developing a building design, de-~

variety of people ranging'from the project desigqer at on@gi??
end to the draftsman preparing detailed dravings at Me
other. . These decisions are/got independent of»one another,
but in.making a particular decision, the designer evaluates \
each alternative in the light of ‘the“objectives and his °
personal experience and judgement, and compares alternatives'
against each other. Ability to make decisions is, therefore,
fundamental to the design process, "and the Deq{sion by Ex- \

clusion rule has been developed in response to the need for

more systematic and-comprehensive appraisais in«design '

decision-making. . x
o . ’ - ' - ® . p p‘
The purpose of this final Chapter is to indicate the

e dedision rule's potential value in design practice, to ex- - ‘

.tend understanding and use of the rule and to outline the

4.1 DECISIONS IN DESIGN

g
. . ' - \ ’

To recapitulate, the major assumptions on which the
Decision by Bxclﬁsioh rule is based“qre Epat:

(a) the performance objectives are iﬁdependent of each o /

other (this is the assumption of indepesdence): '.) /




\ o L o /
(b) the'designer can, at best, only rank the prioritiés
among the performance objectives (the assumption of

# .

ordinality), and :

(c) when appraising alternatives, an alternative 8 compo-
nent attributes contribute additively -- albeit impli-
< citly -- to its overall worth (the assumption of

implicit additivity). '~

' : ' . -

- Because of Assumption (c), mbre alternatives are eli-
- ; minated ,as inferior to‘others than would have‘been the c;~aseW
| when only pure dominance obtains. By attaching oriorities
to the performance obfectives and progregsively refining
these priorities, it is possible for the designer to make a
; final selection from a reduced set of "best" og “"at least
_as good ag" solutions. The flexibility of the oecision rgle
2 « . in allowing for preferences among objectives -- as implied -
. by Assumption (b) =-- extends the epplicability of the De-’ ,
cigion by Exclusion rule. o@er‘a wide renge of problems.
This is especially so in the instances in multi-dimensional
~decision-making where, because of the conflicting nature of
some objectives, the decision-maker is often hindered from

bvﬂ - ., weighting the objectives.

\§ . The decision rule msy also oe«applied by plenning

aﬁthorities to the evaluation of development plans for

~
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-

communitiesl, or by institutions or government agencies‘fo

the evaluation of specific building design proposals. Making

optimal choices from among the hundreds of SEF? or Operation

4
Bréakthrough3 proposals would have been examples of the im-

/ :portant uses to which the rule could have been appiied. In

; ' the application of the Decision bv Exclusionlrule to the
design of eerrnal walls it hae been necessiry to confine -

- the application to simple examples but more genLral impli—

- cations c¢can be inferred from this. study.

e
N

There are two ceveats to be borne ip mind when inter- .
preting the results: '

A

P
r

(1) The caveat of incompleteness

1

In a comprehensive design project,nthe designer would
N

ve to consider all the objectives deemed impofiant and

the local context. ‘k ) e

0 (ii) The caveat of tﬁg;pyc}ical nature of the desigﬁ pro-
' cess — b '

~1 See, for instance, the Coventry-Solihull-Warwickshire sub-

regional study prepared by P. Smith and K. Barnes for the
"~__ __  Local Government Operational Research Unit, Development -
) “Plan Evaluation and Robustness, (Department o e Environ-
ment, 3esearch Report 5, ﬁﬁ§o, London, 1976) .

2 Se the Hetropolitan Toronto School Board Study of Edu-

cat nal Facilities, Introduction to the First SEF Buildini,

’ System, Toronto+_12§2L‘*~__ \

] -3 See 0.E. Pf , Guide Criteria for the Evaluation of Oper~ -~

ation Break ugh Housing S stems, National Bureau of .
. Standards, wagﬁfggton, I§;5 .
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Since the design process is cyclic in nature, the evalu;

v

ation and decision stages are not necessarily the final steps
in the design sequence. At the end of a design decision se-
/guence, it is quite possible for there to be no unique soluf
tions, only optimal solutions that are compatible with the
requirements and assumptions which haQe been made at the time
and in the circumstances of the proj@i%. Having cycled once*
through the Qesigg procedu£e/EE;“des;gner acquires an appre-
ciation of the relgtivé s;rengths and weaknesses of.both the
objecﬁives and proposed alternatives.: Depending on the de-

signer's experience and knowledge and the needs and emphases

3

of the project, the design sequence may be recycled with a'
'revised set of performance objectives and changes in prior-

ities among objectives. ‘ Q\

“(

- “ ‘
As a consequence of using the Decision by Exclusion rule. -
that part of the design process that involves deliberating

.gqei alternatives and deciding which one to adopt becomes a
< £,
matter of routine and sc a large number of design proposals

can be analysed. This i3 beéneficial on three counts:

~ .
-
'

LY

(a) The ;eliabiiity of the designer's judgement is enhanced
because his decision is based upon a wider selection of

,alternatives than usually considdred. in traditional

e
—

design methods. ‘
‘__‘ . -

(b) The process‘ﬁf prepariﬁg the data prior to the appli-
cation of the decisiénprule‘is in itself a vaiﬁdble.

activity that helps to define ends, and, as.a




consequence, means.

(c) The time saved in the arduous task of weighting and
comparing alternatives can be used to prdduqs better
predictive models, improved performence objectives and -

f ’ a utility functions, more alternatives to choose between,
\% . ,///’ and so on. - . | . k
% : The paranetric analysiq for deterﬁining,robustness also
; _ servee some useful pufpoees. By examining the results of
the robuetness ahalysis, a designer may be able to determine
\\E\‘the key issues to whxch an alternative is particularly sensi-

tive. These may then be investigated in more detail, and

: ‘\ the refinements used in ‘the evaluation p;dbess. _

. - .
e .t
I

| 2 The sensitivity study undertaken in Chapter Ill/ngglxe-///”' ’f

vealed that changing the priorities among/gbdeéfives has a

/

RS\

\ “ significant impact upon the decisions. Changes in the per-

e

formance limits or pexcentage errors in the predictive model
' ?' o have a similar effect on the decision. In contrast, vari-

ations in utility functions have less.impact on the decisions.

4.2 RECOMMENDATION FOR FURTHER 'RESEARCH ‘ \‘

. [ B
(Y B - - -
-
- , - -

In developing the performance objectives for external

l 9 . walls,va number of problems which also apply to other as-
k . . N . \‘J ) v .
pects of building enclosure were discerned. \These problems

are formulated below in general terms. -

-
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be formulated precisely. Such lack of precision can lead to

-

PR R R g vy
W R R e P P

ambiguities in interpretation. There is a need‘to develop
- N i !
more and better performance objectives and models (mathg-‘“—

< - N - ~
matical or other) to predict the performance of constructional
systems proposed as answers to the performance objectixes.

For instance, durability of constructions, functional life, ;

‘and asSociated requirements for builéing maintenance comprise

i

‘one set of problems of this kind. f’! ' |

The CIB Master List4 provides a useful checklist for:
establishing performance ob]ectives, but it is not cdmplete.
- For instance, racking strenﬁth of components is not included
‘1n the -checklist even though it is of considerable importance
in wall design. Moreover, the Master List is not—euitable ‘
as ; basis for specification of performance bjectives be:;use'
« the form.in wh}ch it was compiled is not copsistent with the
| way in whi:n functional requirements are pe ceivedas Con-
sequently, the reorganization and refinement of performance

objective for externals walls to resolve ‘these deficiencies ~ %

may prove o be beneficial to designers. . . L # ‘E

It is alsp-necessary to develop performance objectives,

CIB Master List for Structuring Docuiments Relating to P

‘ . Bulldings, Building Elements, Components, Materilals and
T Services, international Counclil for Building Research Studies
‘ and Documentation, Report No. 18, Rotterdam, 1972

g

¢ “

o ‘ . §
%

#

See, for example, N.B. 1Hutcheon, ”Fundamental Considerations
in the Design of External Walls for Buildings", 67th Annual
and Professional Meeting of the Engineering Institute 5?
- Canada, Hallfax, 1953.
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for such other components of the building enclosure as roofs

N

and flooi's, aJ\o\ng the lines of those developed here for ex-

ternal walls. A compilation of performance objec‘tives for

buildings, building elements, and components, is essential

for subsequent utilization of systematic desigr and decision-

méthods -

* For the performance objectives to be realistic, it is

2

necessary to examine the service conditions in the locality

of their use (e.g., Montreal)-and also the performance of
materials and constructional systems ir; situ. This type of >

[} |

, research, apart from providing an understanding of the re-

£
g

1

] -~ -' . .
lationships between material, Qesign and environment, serves
- N =

“'d“ '1x ;
T

as a check upon “the performance levels defined in performance
{ - T , .

‘ objectives.

-

3‘:2%;&) -

Fa gl
aﬁi ) %‘.

&

Standardization and optimization of constructional

T,
3,

RN
o

systems for single-family housing (and certaih other building -

ey
e
A

types) are undertaken mainly on the basis of fashion and
practical experimen::”ation over a period of time and many‘
buidings. A rosearch appr‘oach to this tisk would involve
the design generation of o.lternative constructional systems

and’ evaluation of the proposed alternatives by means of the

A

,> Decision by Exclusion rule.. v
. ’ . . . .

[9) — PR

‘!

- Some features of the Decision by Exclusion rule which

‘could be improved to facilitate access and use include the

-

normalization of the raw performance scores and the develop-

ment of a more efficient algorithm for ‘establishing extreme. .




-

— - »

poiﬁts (which correspond to non-dominated solutions). With ¥

these refinements to the computer program, more complex »
applications of the Decision Rule can be tackled economic- ¢ .
ally.

N

‘v

L gl N e At

A computerized design system, of which the Decision by

Exclusion rule would be a cémponent, could .be developed to

.

. ' place emphasis on storing,™manipulating and retrieving de-

.

'sign alternaqives. Though such comprehensive system would

i I

appear to many to leave designers only the tasks of exer-

cising judgement in selecting performance objectives, their

o priorities  and interpretation of results, these would still .
r 4 ’
4 1] N [ 3 3 t 13 (3
- be important..responsibilities which, today, are performed
i . ~ substantially less than optimally. '
A 2
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APPENDIX II

DESIGN CONTEXT - EXTERNAL ENVIRONMENT
IN MONTREAL SUBURB
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from the .local meterological station* can serve to descr
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APPENDIX II
DESIGN CONTEXT -- EXTERNAL ENVIRONMENT -
' IN MONTREAL SUBURB ' ‘..
Sy

r

The data presented below relates to the design of. the

building enclosure. In the absencev'of an actual site, data
ibe
the climate. : . .

/

-

+A2.1 - CLIMATIC DESIGN DATA FOR MONTREAL -

a

(1) Design Pemperature:
N

January (24%): -10° F.  (<23° C.)
Juiy 38): b
Dry bulbs 86° F.  (30° C.)  \‘
Wet bulb: 74° P. (23° C.)
L/ . ’ -
(i1) Heating Factor: ] P

-

Degree days below 65° F, = 8,130 o
(Degree days below 18° C. = 4,437) h

~

(11i) Annual Total Precipitation: o
o , P 3

\ 42-4n. (1,067 mm) '

* (fv) * Ground Snow Load:’

"1 p .
- '54 psf (2,585 N/m?)

N
.

* Montreal Internationlql\ girpdrt , Dorval,
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o .
;16) Hourly Wind Pressures:

v

1/30: 7.8 paf _(374 N/m?) - .

\ (vi) Seismic Codes

(as per National Building' Code of Canada) = 2

/" A2.2 ACOUSTIC'ENVIRONMENT N
\ ) : .
(1)  Location;

Near highway, 3000 vehicles per hour.

(1i) External Noise Level: . . ‘.

85 dBA (10% Level) - : LT

. .
b o Diee 3 L ASAFE AR ez

e SR o Lo Tl

W
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APPENDIX III

PERFORMANCE OBJECTIVES FOR EXTERNAL WALLS OF
SINGLE FAMILY HOUSES IN MONTREAL
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/} ] .! APPENDIX III , . »
PERFORMANCE | o‘imcnvss FOR EXTERNAL WALLS OF
- SINGLE-FAMILY HQUSES IN MONTREAL k ’
f b R
o . N . -
A3.1 ‘INTRODUCTION ° AN R 6.1

The sp‘ecification of perfbrmance objectives makes ex-
3

plicit the purposes to be servedf' by the constructional sys-
tems without restricting the designer in the solutions he
puts' forward. When defining a hperformance objective, the o
following items should be elear: ' .
(1) by which element it should be fulfilled; -

(ii) to” which category of objecti\(e it ﬁelongs; ) "

(1ii) what the performance objective is; ’ e A \

(iv) what units of measurement are used; . . -

(v) 'what the limits of des:.rability are (e.g., least
_' :acoeptable, most “desjrable)

(vi} -~ how fulfullment of the objective will be assessed;

(vii) on what kind of scale the measurements are made;

(v.i‘ii)p how the level of achievement of an elternative will

. _ be evaluated (i.e., type of transforfiation function) .

R . . , -~
. : - . ” . ’
An example of a perfor'mance objecti@:‘definition

: K. Biichin, '1' Hagenbrock, I. Hess, H. Kusgen and P. Sulzer, |
in "Performance Specifications for Housing”, CIB 6th Con-
gress, The Impact of Research on the Built Environment,

International CounciTl for Bullding Research Studies and «

Documentation, Budapest, 1974, recommend the definition of

- performance requirements according to a procedure of which -
this approach is a modification. .
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systems alsd‘makes the definition of durability requirements 4\

- . Y

LT

appropriate to exter a walls of single-family houses in Mon-
treal 1s shown in this appendix. These performance object-
ives ar& compatible with the -classification in the CIB>haster
EEEEZ for building elements. These categories; though_not’
always identical with performanoe requirements for external
walls as outlined either by Fitzmaurice3 or Hutcheon4, treat .

f \

most objectives by subdividing them into their constituent

parts. The thermal objectives of walls, to give one example,

-4 ,d -

are consider in terms of thermal reSistance, thermal cap-

- -~

acity, thermal expansion and physical)or chemical changes

A
4

arising from temperature variationms.

-

Sometimes it is not possible to formulate performance -

ot e it AT A e e

objectives for all walls in simple texrms. The lack of ade-~ '

quate models to predict the service Tife of constructional

difficult to achieve. Notwithstanding these difficulties, '

the set of performance gaiectives established during this

PR

‘study (that is shown in this appendix) prOVides a suitable
)

"

basis for evaluation of the alternatives generated during ,
Q 3

. /. y
- < . ;};

CIB Master List. for Structuring Documents Relating to Buil- ’ o
dings, Building Elements, Com onents, Materials and Ser- E
vices, Intarnational Councll for Building Research Studies* 5
and Documentation, Report No. 18, 1972. : %

? R. Fitzmaurice, Principles of MOd%ER Building, HMSO (lst’ %
‘edition), 1939. o v . <
4 i~

LY

N.B. Hutcheon, "Fundamental Consideration in the Design of 0
External Walls for Buildings", 67th Annual General and Pro-
fessional Meeting of the Engineering Institute of Canada,
- Halifax, May, 1953.

TR B T
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the design process =- and also for the subsequent refinémentd

-

N

of the objectives. . :
| | | B

L The development ‘of performance objectives is evclution-

ary. It is aﬁin to the task of stating the problem in = %

1 problem=-solving procedures;

")
Existing [’ 4 g - .
D! desi Performance propoadd |, [Evaluation Performance
: oy Evaluation Gbjostive Deal e
gn and"Brroz- Gbjective
A Solations . Solutions | |Elimination , .

,* ' . ‘ ‘ [

&

]
-
P \lﬂ«“‘%&@if:w{n, -

‘ ‘This eequencé is one of creative'evolutibn. Even though
the statement of desired éerformance is made without regafd "
to the specific:means.to be;gsed in.achievinq the results, - . )
=7it’ is evident that,; if theylare-ig ?é real#stic'ana‘dhefui, ‘_//
pergermance oejectives have to be baseq on precee@ing‘desigh
solutions. mheAcommon expectation that there shoul@ be an

"original"™ approach to unoriginal, recurring problems is - - .

wasteful and inefficient in its demands upon creative skills.‘




Building Element Bxternal Walls

Reqturement Category . Struftu@ Safety

)

Performenoe Require-  Compressive Strength
ment ¢ \

” General Statement of  Walls shéuld resist im-/"
Requirement posed gravity loads so
: , that the probability of
failure is small

1

ﬁ Unit \of Measurement Kips (kN)

|

Linpits of Desir-

ability

i) least acceptable ¢ R =vlay D +a; L]

(ii) most desirable, ' - :
R §

g) 'Assurance By calculation or"llabora—
' P tory test .

) ‘ ‘, o

h) - ~ Type. of Sc.ale - Nominal

v

"i) a Heuuremnt of Alter-
native's Performance
. (Transformation func-

tion) ‘u»ij‘ o

jy - Remrks: cdupliance with criterion is in accord-
ance with limit states design provisions
in the qational Building Code of Canada, 1975. .

. R.- Resistance of Wall; D and L = specified dead
S - ’ and live loads

¢ = Perfomanoe factor; Y* l’q:o:tanee factor: T

ap =

Vuiabé.lity factois for dead and livn loaﬁs

%pe.
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-

.

By

3

namarks: Compliance with criterion is in accordance
with limit states design provisions- in the
National Building Code of Canada, 1975. .
4\ Resistance of wall; W= lateral load
¢ = performance factor: Y= importance factor
a,” load factor °
. . '

Col \ e e e
) - | 137
. a) Building Element : External Walls
b) Requirement Category : Structural Safety -
c) Performance Require- Bending Strength .
. ment ’ s
d) General Statement of - -Walls should suppokt hori-
Requirement : zontal loads arising from,
- wind, occupancy, etc.,
so that the probability of
failure is suffidiently
, e . small -
e) Unit of Measurement : [Kip-ft (kN.m)
£) Limite of Desirabil- ’ L
ity
(1) least acceptable: ¢ R= y[c'- W]_' !
(11) most desirable : P
q) A‘:suranee) ‘ : By calculation or labora- ‘
~ ‘ tory test
h) Type of Scale : . Nominal
i) + Measurement of Alter- : e
. | hative's Performance '
{Transformation func- "
tion) : u . N
ij , .
‘\,. L ]

. N
0 G i AT R e v Bpaed e AL SRS S
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a)
b)

c)

' ay

e)

g)

" h)

*e

Building Element External Wall

Structural Serviceability-

.

Requirement Category
~
Perfomance Requu-e-

Bending Stiffness
ment .

*»e

General Statement of Walls should resist lateral

Requirementa : loads to minimize damage

. to finishes and components
g that may be included in
o ) the wall

Unit of Measurement’ : in.

(m-) -

. Limits of Dgsirability )
(1)
(1ii) most desirable

least acceptable:

A= h/50 in (h/50 mm)

By calculation or lab,orx-
tests !

Agsurance
\ ‘ ° § ) tor&

Nominal ' . )

Y

Type of Scale :

Measurement of Alter-
native's Performance
('J;ransfomation fanc-
_ tion) : - U4 -

71

3

v

Compliance with criterion is in accord-
ance with limit states design provisions
in the National Building Code of Canada, 1975. .

h = height of. 1 (in. or
‘o m . ) ‘1
(a) 150 1bs ( -’.oo N.) on area
5 in?(30 cm?) at centre of wall
(b) 10-1b/ft2( ~ 500 N/m?) on  °
entire surface of wall -

<

Remarks:

A= deflection of- wall;

"Leteral loads :

47




a) Building Element : External Wall
- b) Requirement Category

Structural Safety

c) Performance Require- Impact Strength’
ment s
- MY '
H d) General Statement of Walls should withstand g
%  Requirement : accidental impacts without
4 becoming dislodged. Frac-
s tures resulting from such
¥ ) . impacts should not produce
; , ‘ falling debris which may be
J ‘ . a safety hazard RN

ei Onit of Measurement ft-1b: (Joules)

Limits of Desirabil~
ity

(1) least dbceptable . R = 750 ft-1b (1000 J) “

(ii) most desirable. —— . — -

* Assurance’ By laborat8ry test

)

£

Type of Scale’ ¢+ Nominal

Measurement of Alter-
native's Performance -
(Transformation func-
tion) : uij '

L4

Iy o

i
£y

i

>, .g;;»..’:t <

Remarks : This criterionlcorfesponda to the impict '
of a person (e.g,,cyclist), hitting the -
wall with his full weight. -

ASTM E 72-68 'Canduatzng Strength Teits of Panela
' ' “for Building Consglruction® is the
standard test. ‘

.~ R = TImpact rqsistahqe of wall.
. - \, 4 \
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. a) Building Element External Whii . T

b) Requirement Categdry

Structural Serviceabili%x

i ;e c) Performance Require- Impact strength !
.- ment ‘ : : ‘
d) General Statement of - Walls should be able to )
: withstand act loads

N Requirement -
T ‘without suffering visually
unacceptable deformations

e) Unit of Measurement : ft-1b (Joules)

E o £) Ligits of Desirability
W (1) least acceptable: R= 90 £t-1b (120 J.) |
% (ii) most desirable : : - - }-

K g) Assurance F : By laboraéq:y test’
- ~h)  Type of Scale +s  Nominal | : T. .
: | 0 Mg;surement of Alter- T -

) o native's Performance T
(Transformation func-

t

tion) : uij ‘ ‘ .

- §)  Remarks: It is possible to relax the service-

-ability criterion if replacementaof parts
3 is easy and inexpensive.

'

;‘ ‘ ‘- R = impact resistance of wall

' mest performance according to. ASTM E-72-68 'Conduat- : |
ing Strength Teste of Panels fod Building Constrye- | =
tion".

—
/

! A h P
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a)
b)

c)

d)

e)
£)

q)
h)
i)

* Performance Require-

k Assurance hd

Building Elements

External Walls

Requiremént 'Cate’gory

Structural Serviceability

Strength relating to hold-
ing power of fixings

ment

nge:lal Statement of

Fiitings should be capable
Requirement

of carrying their intended
loads without loosening or
causing damage to the face
of a wall

Unit of Measurement : Pomd—force (Newton)
Limits of Desirability ¢

(&), Teast ,accepfabble: . R= 0.4 wp

(ii) most desirable
i - By laboratory test
Nominal

*e

v

Type of Scale

Measurement of Alter-
native's Performance
(Transformation func-
tion) : u 13

t s T
Remarks: Under earthquake conditions™{Zone 2 in

Montreal) , the National Building Code of
Canada
terms of ground acceleration and mass.

R>AS_W
- P P

R = resistance capacity of fixing.

A = fraction of "g" assigned as horizontal
ground acceleration

8_ = horizontal force factor - ]

W_ = weight of fixture

For Montreal - R > 0.04 x IOK“P ,

fines the pull force caused by fixtures in .

B e EE e e
R e

-
el S

E
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L
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a) Building Element External Walls

b) Requirement Category

Structural Serviceability

c) Performance Require- Vibration
ment : -
. s
d) General Statement of - Walls should withstand struc-
Requirement J : tural vibrations from gusts
£ of wind, etc., in such a way

. \

that safety is not jeopardis-
ed nor are the occupants
made uncomfortable

e) U?it of Measurement : , in/sec. |, (mm/sec)

N

£) Limits of Desirab?lity i

™

(i) least acceptable: 8§ = 0.2 §y in 0.5 sec.
, (ii) most desirable : -
'g) Assurance : By laboratory test
h) Type of Scale ¢  Nominal .

i) Measurement of Alter-
native's Performance

(Transformation fune-  ° >
' tion) ¢+ 'u -
: ij .
- ' \ .
: ~—

3j) Remarks: This criterion is based on perception of
: and tolerance to-transient vibrations. It
might be possible to propose vibration criteria
similar to floor vibration requirements where deflec-
tion limitations have been correlated ‘with damping .
. and floor spans. .




Building Element >: External wWalls

a)
b) -Requirement Category : Fire Safety
c) Performance Require- Fire ResiséaQFe
ment s “
1d)  General Statement\gf Walls should support imposed
Requirement : loads at elevated tempera-
. . tures to provide time for
people to escape and for the
. fire brigade to arrive. A
~—higher fiwe resistance to
- provide time to the fire
} brigade to control the fire
i?malgo‘desirable i
e) Unit of MeasurewWwdht; : Hours (h)
£) Limits of Desirability -
(i) least acceptable: Fire Resistance Rating = 0.5h
(ii) most desirab : Fire Resistance Rating = 2.0h
qg) Assurance‘ : Code Calculations or Labpora-
! _ tory tests
h) /Type of Scale : Interval - linear or utility
‘ . function transformation
- "100 4— .
i) Measurement of/Alter- i | _—us AR +C
native's Perfgrmance - 2 I .
~ (Transformatigon func- g L, < - mx+
tion) : . . R
% -y 4 “ P
g % o 0.5 Y T 2h v\\ 1
" a @  Fire Resistonce Roting
. / * ‘
J) { " Although.the Residential Code does not pro-
. vide for a minimum fire resistance rating,
+ is thought necessary if the performance re-
nts are to be ‘fulfilled. The 2-hour rating is
deemed adequate for salvaging belongings and possibly
the building. -
Supplement Na.2, of-the National Building Code provides
'  a uspful basis for calculating the fire resistance rat-
ings of walls.
*4g8o00iate Committee on the N tional Building Code, Canadian

» Residential Constriibion; 1870 Reazdentta .Stghne.
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\
a) Building Elements : External Walls .
’ )b) ‘ Requirement’/Category : Fire Safety
" ¢) Performance Require< Ignitability and flame
X " ment : spread
-~ 7 % ) v ) .
) -d) General Statement of External walls should mini-
Requirement : mize the danger resulting:
from a rapid spredd of flame
on the surface
L4
e) Unit of Measurement : | mme———— -
N (\\‘ LY .
fy Limits of Desirability o '
(i) least acceptable: . Flame Spread Rating = 150
‘ (ii) most desirable  : Flame Spread Rating = 0
1 9q) Assurance s Code or laboratory test
« 7 ’h) Type of Scale e Ordinal (stequunction\
b transformation) <
o . .
-1 1) Measurement of Alter- ‘ )
native's Performance B - e
(Transformation func- .
- tion) : u, -
: ij gt
. L . . D
. e ‘o
. . . ~ .
; . o
ﬂ# ' 4
‘ | . 1<}
o ) @
4]
H \ .
m o v " v | v NI gy )
g P O 25 85073 100125 150
. Flame Spread Rating ’
3 - .
j) Remarks: . The flame spread rating is an accepted
' \ method for classified surface burning
w T characteristics of building materials. The least
.. \ acceptable rating was obtained from the Residential
Code, t':he most desirable. is.feasible. *. | 1
’\ ‘ ~ -
m ~ - 3
) : ! ~
¢ IS - Ki - ¥
' / s
‘ « / ¢

«
13
t
B
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a) Building Element ‘s External Walls

‘b) 'Requirement Category : Fire Safety

c) }Performance Require- Smoke Development }
ment :

d) General Statement of Walls should nat contain
Requirement =~ : substances which on combus-

L) b tion will emit smoke
, - .
e) Unit of Measurement : - -- —————— *

(i) least acceptable: Smoke Development

Rating = 150
(ii) most desirable Smoke Development 0
.o ‘} ‘Rating
g) Assurance Code or laboratory test
h) Type of Scale Ordinal - ‘(step function
* transformation)
i) Measurement of Alter-~ .
native's Performance
(Transformation func- =,
tion) : u o
ij » : u
: |
b -
~ / 33 )
{ .\ 3 8 - '».
s gm 1 $
. . s Q 0
. 2 0 '25'50'7S 1001125150
- o
[« 1)

- i Smoke Deveiopment ?Ating

y ' ' .- . -

j) Remarks: This f}@ture of fire safety, although re-
. latively new in the fire field, is used- to
stress the safety of life as opPosed tb "safety of
‘materials™. . — e

[y

« 7

o




" \ R Y S SRR A R
D e s i v 3 BT L SRS | 1T S BR[O R £ e LN
.

a)

b)

c) .

d)

e)

£)

' ment .

Building Element : External Walls "

Ly ) .
Requirement Category : Air Penetration .

Performance Require- Air Tightness

™~

Air infiltration through walls
should be mihimized to avoid
unacceptably high rate of air
change and deterioration in _.
thermal performance

ft/hr (m/hr)
Limits of Desirability - : \
(i)

General Statement of
Requirement

Unit.  of Measurement :

least acceptablé: Q= 11.8 ft/hr under 0.30 in

Q= 3.6 m/hr under 7.5 mm of

-

water
(ii) most desirable : —— - ———
g) - Assurance . By testing
"h) Type of Scale . . ‘  Nominal
i) Measurement of Altert-~
’ native's Perform‘agcg . t s
(Transformadtion func- , ‘ \
tion) : u M
. 1] g , .
i . ‘ -~ o
S -
j). Remarks: A‘Ehough Nordic Building Regulations propose

‘an acgeptance curve for external walls based ,
.on inflation rate rsus pressure difference, it is\
thought that the criterion for air_infiltration rate, Q,
is justified. The pressu're differe corresponds to
the stagnation re resulting from a wind velocity
Of 25 mph (11 m t—:inq speeds in excess of this are
usually not sz.gnif:.c t in air leakage problems.

) 4




o

]

Py o

a) Building Element’ : External Walls ‘
e »
b) Requirement Category : Air/Moisture Movement
. /N e ’ o
c) Performance Require- Prevention of Condensation
ment 3 : ’
d) General Statement of Walls should experience-
Regquirement : limited and preferably no’
. condensation within them, If
condensation occurs, the con-
\ struction should accomodate
i it with no undesirable effects
C - . :
e) Unit of Measurement { ————————————
w . '
f) Limits of Desirability
(i) least acceptable: Condensation Risk - High & [\
(ii) most desirable : Condensation Risk - None
g) Assurance : By calculation or laboratory
' test - '
h) ° Type of Scale : Ordinal (Step-function'
' . oy transformation)
$ + v “e /
. 100+ - ° -t
i) Measurement of Alter- o = L (
native's Performance @ D i ] N
(Transformation func- 09 = -
. - |
tion) : . uij . = i . .
. [/)] o
§ noRe  negligibie low lﬂaﬁrﬂ:' high
W &-  Risk of Condensation
j) Remarké: Calculations for condens‘agion are based on
internal conditions of 70 F(21°C) and-50%
R.H. and external conditions of 0°F(-18°C) and 100% .
RQHI - ' e o
.,,1 - - V ko, )
‘ . - +
= ' . P ‘ -
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a) Building Elements : Exte;nal‘Wale .

b) Reqnirement Category : Hygrothermal Requirements

c) Performance Require- Dimensional Control
ment : .

. , ¢ )

4d) General Statement of . Changes' i} dimension. due to .

Requirement ¢ variation3jin both tempera-
. ture and h¥idity should be . [
‘ compensated for in the de- (

sign and fabrication of

B joints to permit movement

" of components and adequate

sealing of joint

e) Uhit of Measurement : —————- -%
) ~ = .

£f) Limits of Desirability . T ’ i
(i) least acceptable: - V-

(ii) most desirable : - .

é) Assurance - . : -

h) Type of Scale : Nominal .

i) Measurement of Alter- - ' o : o :
native's Performance - :
(Transformation func- : ,
t%n) : uij R o . 5 L

- _ ; \
L) \ “‘ . / -

j). Remarks: ' Variation in climatic conditions: .- <.

- (i) Wwithin buildings ‘ ' §

. Air Temperature: 60 to 80 3(15 5- to 26 7° c)

Relative Humidity: 20 to 80% :

(ii) Outside hulldlngs . o,
; } » Alr Temperature' -40 to 100 F (-40 to 38°c)
. Relative Humidity: 30 to 100% -
N y "*,1 . :
-ﬁ?&hpésde surfaces ' ‘ //t)
" "“¥urface Temperature range: . 200°F (939C)
\ & e

> A
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‘a) B{Jilding Element :  External Walls
| b)  Requirement -Category : Water Tightness . o
c) Performance Require- Prevention of watex pe.netra-
ment -3 tion B
d) General Statement of Walls -should be able to pre-—
\Reqturement : 2 vent rain from reaching the,
. B internal face. If objective
SN : o cannot be met then provision”
: L should be made for adequate
] i o drainage. ,
e) Unit of Measurement : - ——————————
£) Limits of Desirability , ,
(i) least accep\;abie: N6 water penetration-
’ (ii) most desirable : ———e———r -——-
L : L ‘
g) -Assurance : By laboratory test
h) Type of Scale s Nominal °
i) Measurement of Alter- 7 B
native's Performance ) :
(Transformation func- . \
tion) : wu,. ‘
Y i\J ~~—dr *
y s : x
U N - &
(B' <
. IR ; _ .7
j)  Remarks: The lg.boratory tests simulate wind driven
K rain conditions of 5 gal/hr/££2 ¢ :
(0.24 m/hr) of water under a pressure of 3 p.s. £.
s» (144 Pa) or 20% of structural wind load. - L
)‘ ! ’ N :‘
Jr 13;‘\; ' Il . ih‘;)l N
Y , v ‘ '
. :‘9 . v A
2 ' -
[N * :? .
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‘ a), \Building Element : Exterior Walls ‘
b) Mquir'_emnht Category *: . Thermal Requirements -
-€)  Performance Require- Thefimal Insulation

.m t- ! » : ? ‘e .

id) Genqial Statedent of . gan. gshould have sufficient-

y hig themal relistancp

s

44
A

. @) Unit of muurement : O ftzh/htu ( C.n"/ﬁ)
‘€)  Linits | f'Desirability \\ ' | /
, (1) least acceptable:- ‘Rj= 9, osor. £th/Btu :
e . Y ’ (1.6%Cc.m®* M) °
. (11) most’ desirable ' R = 20. og F. ft?h/Btu
‘ P \/ (3.57°¢C ’/w) ; : \
.2 \ “
'g) . Assurance . :, By qalculation orﬂiwaboratoty
. oy test
h) ' Type of Scale ' Interval - (linear or util:hty
@ PO \ function trans-
N oo formation) “
. Y ' L .
i) , Measurement of ut&:- b g
N native's Performaiice’ . \\‘ .. : )
-(Transformation fync- . W' o4l T
« . vt g g
. : AR - §
AT - o g :
“ . 4 ' ; A i ! 5'5
"".:_} . . a . '“
. ¥y \ /‘ \‘ *,

it

3J) namarkl‘. The leas®.acceptable criterion corresponds
to.the ‘dential Code Specification. The
‘most 268 irable yaly€ is both feasible and realistic. A

- crise‘ti n of mind surface temperature of inside face
.(50°F (10 C)) reduces the risk of qondensation and
. ‘pattern staining ? \ o B ) , 4

o
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s Building, Element

a) ¢ External Walls
b) Requirement Category : Acoustic Requirements-
c) Performance Require- Transmission'of Sound
ment ‘ : ; \
d) General Statement of Walls should brovidé a $
Réquirement : sound insulation against ex-
‘ s ternal noise (e.g., traffic)
e)  Unit of Measurement : dB
£) Limits of Desirability ’
T (1) least Aé!eptable: STL = 30 dB
, (ii) most desirable : ‘. sTL = 70 dB
g) . Assurance : By calculation or tests
E) : -of Scale 2 Interval =~ ‘(linear or utility
S . t function trans-
’ - formation)
'{)  Measurement of Alter- .
' ?;tiva's Performance 0o
" \Transformation func- > .
i tion) : U4 = | —uz ABSC
. 3 5. e 3 MR 4 C
AN - 2% )
N 35
g“ ’0 T T T
e, 30 ‘ ‘7048
Sound Transmission Loss
-y )
P i | g Co
j) Remarks: Wound Transmission lLoss measurements are an

v averade of losses on 16 frequencies. The
Residential Code does not specify a minimum requirement
Limits of desirability were€ established for this imme-
diate purpose.

< - BiaS e - lhes ¥
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External w;113

o ..
L h&«&h&tiﬁm Y

wa

number of actors involved estimating the service
-~ 1ife of a component. '

-

ga) Building Element :
- b) * Requirement Category : Durability Requirehents
c Performance Require~ Servige I.j.fe
mant 3 7 o - ,
d) General Statement of ’ Walls should maintain a
Requirement : satisfactory life in which
. only moderate expenditure .
. N on maintenance or repair is
. required
e) Unit of Measurement : Years
£) Limits of Desirability
" (1) least acceptable: Service life = 20 years
(11) most desirable “: Service life = 100 y;ars
g) Assurance ’ K
h) Type of Scale t Ordinal - Stop-function
transformation
f ' ~
i) Msasurement of Alter- .
' ¥ native'’s Performance
(Transfompation func- .
tion) : W, > 100 R o
g .
9 -
S
s §g ‘o | .
2 Y% 40 e w0 1
\Smica Life (years)
) — E : A b . )
'3)" " Remarks: The performa.nce objective lim:lts were bas- -
- - ed on the British Standard Code of Practice
(p.. 3, Chapt: IX on Durability.)- The step-function
transfodgation is made necessary because of the ¢
amount of\judgement necessary in assegsing the large

-

\ ! N
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a) Building Element :" °External walls J-
b) Requirement Category : Economic; Requirement
‘e) Performance Raquire- Initial Cost
~ ment s
d) General Statement. of The ﬂlitial coat of walls
Raquirement ‘( : should be loy o
. e) Unit of Measurement : $/ft?  ($/m?) .
£¥ Limits of Desirability -
(1) 1least acceptable:  $6.00/f£t? ($64.57/m?)
(1i) most desirable : $2.00/ft? ($21.52/m?)
' g). Assurance -y _—
' h) Type of Scale : Interval - linear or utility
function trans-
re " formation
x .
: i) Measurement of Alter-
. native's Performance
(Transformation func-
tion) : u
. ij
i.
o
: : s
» S v
s \ 2 ’ 6 s
. - 2152 ! 6AST§/nf
s e
‘ s Initial Cost
- a ' r- 3
§) Remarks:  The initial cost limits wdre established in
N consultation with CMHC officials and based
‘on rough estimates (10 to 308%) of proportion of house
costs.  Because of these approximations, it was
thought that the least acceptable limit for this ob-~
jective flay be exceeded but a negative number would be
; assigned to the pefformance measurement.’ .
! -
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; . - APPENDIX IV :
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» . . 3 P4 :
. MODELS FOR PREDICTING THE PERFORMANCE OF EXTERNAL
(WALLS WITH RESPECT TO FIRE RESISTANCE, THERMAL RE-

‘ SISTANCE, RISK OF CONDENSATION, SOUND TRANSMISSION

LOSS AND INITIAL COST
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- APPENDIX IV
-
MODELS FOR PREDICTING THE PERFORMANCE OF E WALLS 2
.WITH RESPECT T FIRE RESISTANCE, THE : -
RESISTANCE, RISK OF CONDENSATION,
SOUND TRANSMISSION LOSS AND
INITIAL COST

© %M.1  PIRE RESISTANCE RATING L 3
s . . - .
The fire resistance ratings are based on the standard '
method described. in the-National Building Code of Canadal
and ,;upplement No, 2 to the National Buildinq Cc.»de2 sets, out
ratings based on results of tests reported and analyzed by

the vision &f Building Research, National Research. COuncill

- of Canada. In the Supplement, provi on is made for esti-
’ 'mating\ the fire endurance ratings of constructional systems | )
wf::n: wb;xich test results are not available. o . , ) ;
A4.2 - THERMAL RESISTANCE e ‘ S
= PN R - - . N OB

"  The furidamental equation for steady-atate heat fiow in

one dimension ‘igs . . < " o :f |
.“, : ‘q""’,‘Ag}‘; B Z v v (A'd.l);
_ o L i i .
L wl_ief,e‘zf ST . : ' ' . LT ‘
' s L .
. -

Assoclate Committee on the uational Building Code, "Nat'ion-
‘ “al Building Code of Canada", 1975, National Research Coun-
cil of Canada, Ottawa, NRCC 1.3982. )

Y
2

Assoclate Committee on the National Building Code, "Five'
'Performance Rafings™, Supplement No. 2 to the Nationdl ~
i Building Code of Canada, 1975, National Research Ccmncil .
< it of -Canada, Ottawa, NRCC 13987. , / S NI

4
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q = the heat flow rate
h = thermal conductivity ~

A = area normal to flow
at _ } « ” :
& = temperature- gradient ¥

it is possible to show that the total resistance to heat

. - "sum of the individual resistances in series.

Y

- " Thus/

where: LT ‘ - ‘ $
/ . , . \ . ‘
, * Ri, R2. and R, = the 'individual resistances

-

R, = th%§§étal registance. ‘~'”

T,

-

+ LY '," <
. e
FA

a e
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Integrating along a path of constanf heat flow, tgg fol-

'~ lowind relationship obtains: . -
2 .
= e —@- —AE-— )
q= -k £ SRS - ‘ (nd.2)
] . " -

It has been shown that Equation (A.4.2), is analogous to

. Ohm's‘an for glectrical circuits3. Based on this analogy,

flow through a composite system is numerically equal to the

™~

3 . : , Consider a cgvity wall construqtiog'comp ising more thﬁh

. ‘ ‘.
g - , one (for the purposes of illustration, s&ay, two) homogeneous

- g -

. 3

Ll Sociaty of i Heating, Re!figeratingw md Air-conditioning

‘ IR Enqif‘eers. New York, 1972, - L.t
’ N L ’ .

»

ASHRAE Handbogk of Fun&amentals, published by The American :

g
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3

materials of conductivities k;, and ki, thickness x; and x2,

- and the conductance of the air space separating them equal

tO C. PR (
\ .
.1, X1 l X2 1 ) .
Ry, ='-I + " + &t Ei + 5 N (24.4)
¥ ' s
- ‘ ‘ LY
é : where: ’ ’
( .7 oy i . _ .
B : ,£; and £o = the surface coefficients of the air
1%:- - . flow inside and outside; respectively '
At any interface, the temperature can be calculated
. since the drop in temperature through any component of the ’
'&ei& is propoitional to its resistance. Thus, the drop in
te@geqeture, Ati, throﬁgh the inside air £film, fcr example,
. is: 5 ' ' (
f N {
) Ri ) v * T ‘ '
' 0 Ati‘g "R""T" (ti - t?) ' (A4¢5) v
l;‘“ - " where: - . - :
’ . . . o .5 . ‘ Lt 4
) , - : : ;
g ) ti and - to = the inside and outside temperatures,
e o~ , I ) T )
. . “ respectivei}. P ]
' Hence, the temperature, t;, at the innee face:cﬁlcomn
r . ’ ’ : . ‘A
. . ponent 1 is: . ) ‘ S " N
;_, ty = tp - Aty ’ \(A4.6)
,f 1 V¥ A correction for the effect of ¥8ming “in insulated
wall sections can, be made using charts already. developed 'in

e Lot iy o sae T . o :
Pe ey . 4 ) ) . j_ , L]

. R Cee s T . * IR
. . N . s v
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ASHRAE's Handbook of Fundamentals Although the most exact

, method of determining the heat resistance coefficient for a -
- »
given constructionalosystem is to evaluite the heat loss

through a prototype wall by means of heat meters, the series
model results in adequate predictions, The model does not B -

represent the actual heat flow through walls exactly, but

[y

the resistance values predicted by the series modei compare

"favorably with average values obtained from testss.

3

~ A4.3 RISK OF CONDENSA’I'ION

<

-

P

The fundamental eq&gtion for estigeting water vapour

»

transmission thxough materials isg: ’

-n ‘%,P;' / - o o (AN)‘\

where: . . ,
¢ ; , 4 - b '

»

g
]

w = the weight of water vapour transmitted through

\

.

' ‘ a-unit drea_ in unit time ,
‘ , d* . - . -
' 'HE = vapour.pressure. gradient

% 4 f ©
d

N ] ='pe;meability of the material o ;o

.
N %
-~ v

The closé parallel with Equdtion (A4.1) for rate of

heat flow suggests that a, series model would pﬁovide en

A ’ ' o Ce ’ -

: g - .
M7 R . S =

.
° R -

%

-

A

N.B. Hutcheon, W‘H. Ball.and E E. Brooks,»“A Test Hut Study
of Two es of Insulation“, University of Saskatchewan :Re-
port PRH-4, Saskatoon, 1953 :

L b, *
~aets e
.n«, ’ At A
& PO 25

5.,
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-~
adequate basis for.predic,ting vapour flow end vqpoer pres;
sures throu’ghﬂcomposite walls. The pemeability, u, of a -
material is a function of relative humidity and temperature,
hence there is a need to simplify by treating the average
‘permeability, L

-

I LS | S
§= (R_udp, ' - (24.8)
P1 = P2 . ’ s , -

~

Integrating Equation (A.7) from O:to £ (i.e., across

_the thickness of the material) and from p; to p2, the fol-

lowing equation can be obtained®:

. . .
e = Py = pa) — LB ' -
. w u‘ -B—_E_E——' (?’ /u) . . (A.4.9)ﬂ‘

&, L : . - Il

!

'I'hus, by analogy, it can be shown that the resistance
to apour flow provided by a sheet of material is the xeci-
procal of the permeance (ii/%) and the overall vapour resis-
tance (V) of an assembly, 1s the sum of t!;e resistences of

its components in series. The drop in vapour pressure Aé '

across a lamina in an assembly is proportlonal to its re-
M i

sistance. Thus, the drop in vapour pressnre Ap, across a

-

ok

A
v

. ¥apour resistance v; = (--L) is: . :

V o ' . ’ ! “h
-— (P; = Pe) ) . - {A4.10)

. .
)

whére: | ‘ o " f ;. :

ﬂ‘i and po = the vapour pressures inside‘ and

T outside,’ respectively. : \- W
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To check for interstitial condensation, then the fol-
}
g “ lowing steps are followed:

, -
\ . R
N . » o M - . ) -

& B : (1) Determine internal andj external air temperatures .and

Ny -
. . . T

vapour pressure¥;

(11) On a scale diagram,. p}ot calculated drop in temper-<

‘ - -ature (from thermal resistance series model) across

3

-

' the wall asse&ly:_
; ‘ . .l a. :
3 ' (iii) On the same d@agram, plot calculated dew.point tem-
' \ perature across the wall assembly (conversions are

— ‘ $mad:?B'y means of psychrometric charts) ;

(iv) Comparison of plots from (ii) and (iii) above',’ shov:'s

whether the wall assembly is below dew point, f

A graphical repreeentat‘ion of the’ calcul”ons of risk
. of condensation for wall assembly 1 is givel? in Figure A4.1.. /

\ The lamina in which condensation occurs indicates to the

designer the risk of condensation, If the actual and dew .,

. . Of condensation due to vapour migration through the mater-

) ials, 1f, however, the temperature plots intersect, con- N

f;‘{

#

7

%

4 point temperature plots do\'not intersect, there is no risk ) %
densation is probable at the intersection of the plots. 1f é‘

the interaect:l.on of the temperature plots is at the innermost .

- lamina, the condensation risk is judgegi to be hiqh, ‘whereas,

ﬁ ~ for inter‘aection of the plots at the outermost lamina, the .

1 oy, ' - v
‘5- L N I . ) oy

' ‘2 “# the conditions -assumed are: AR T - ’ " ) ”
) . ) 4 : ' BTN
o .. Internal conditions:” 70° F. (21° C.] and 50% R.H, .-
ﬂv ﬁ*—«-‘f‘ «.. EXternal conditions: 0° F, (-18° C.) and 100% RuH, %
Y v:’{":'s "?”ﬂgé““;w r{ ;v«“ . R -,W'.- . : . . AN ‘:x . ~“V,K3kf‘»‘ " ",

y
’

adye ey
'é‘ o
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risk is negligible. Any eondensation occurring within the
inte\rﬁgdiate laminae is judged as either iqx or moderate,
dependinq on ‘whether the intersection of the tetnperethre
plots is closer to the inside or outside of the’%al]: s res-

pectively.’ : .

' Even though air leakage througlf gaps and cracks accounts N
for six to seven times more condensation than the amount that
results from vapour diffusion .through materials7 it is still

necessary to control water vapour diffusion through materials .

L]

in the wall (especially porous material exposed to freeze-

« thaw conditions). Tt isi not yet possible to predict the con=

[

densation rate due to air leakage without assuming cracking
conditions which, in turn, depend on design and workmanship =

.*__ as well as materials. : L

,
. ‘ s . !

Ad.4 SOUND TRANSMISSION LOSS

#rhe effectiveness of a wall in providing acoustical in-
" sulation 1§ described in terms of sound transmiesion‘ loss.
. ' This depends oh frequency of theﬁincident sound and the mass
"\ per unit ar_ea, as well as thenaseparzﬁ.on And bridging_ of -
_panels in the wall assembly. The mathematical nodel used
here for determining ‘the transng\ﬁission loss for 16 frequencies :‘* ~
(i’ = 125 to 4000 Hz for every third\ octave) 1is base;l‘J on the’
,:nyle Laﬁqretorieé' study'i._on yléys ‘to improve the sound

N L : e

= g - E]

e f’f&%ﬂ:&ﬁatta "Vapour Barriers:. What Are: wThéy? Are They Bf- ..
fective?® CBD 175, Division of Building REsearch, National

Reseaxch Counci], of Can&da, March, 1976, - S e,

e ) J‘%
’ IR e a . - .
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insulation of building elements®, : i ‘ ~ .

*a
[N

) ‘The tranéﬁission loss (TLf of a fihite double construc® - .

tion, with absorption in the cavity at frequencies lower
than the critical frequency of either panel,(is given by

. the equation*: : " ‘
e : . i . * e

. , TL, = tb*log {1+, U,“ .~ . o L
2 a ' . - » )
R w m1 2 Zikd "
’ + l§ Gpc ) T‘ 6 ch (l ) . ) IZf.]: . i’ﬁ e v . [}
) - ; ', . (ad.11)
. ) . \ b ’ 7-{11 \8 ' v
where: o . C T fl ®

’ ' M=m +m anj(; = 2nf£/c - ; . o

. The‘subébript I in the expression TL. (Equation A;II)

I
signi ies fhat the expression is valid %or ideal multiple na L
wpaﬂélzL i - | ' ‘
g 2 © ’ : o '.
From Equation (A4.1l), it can be shown that at low fre-
3 qné;cies where the wavelength is much greater thanotheéail <
mension of €he panel separation, the “transmission at the ,t . A

- fundamental resonance frequency, f,, becomes 0 whe;gi

I3 % f —

. . ] ! ‘
e .
e . R .
. .

* The definitions of the symbols are given at theqend af“"y
\ this section in order to simplity the task of presen- '
tation of the model.™ & - A : )

TR W B
LA el T

g wyie Laborato:ies, %A Study’of Techntques ‘to :ncrqase the o
WrQSouﬁd Ingulstion of Building Eléments”, preparedsfor thjkh: - 24
<%’ Department of Housing and%§rban Developmquga Na bnal Tech-~‘~ :
1‘{" < nigal Information Service 93—221-829. T IR




- ¥ \ .
Com - . WM 2
TII?\I 1? log {1+ (m’ }

Thus, .if wM->> 3.6pc, &
. I
- i ’ 1 . : ‘ \
‘PL 2'0.109(3—3—"’“. s5) = 20 log Mf - 33_.5'db (A4.15)

\

Equation (A4. 15) 18 a statement of the mass law" transmission

. ) ‘, ,\’ s
loss for double panel assemblies. oo

re
v

Atfo<f<fz ¥

. - 2

«™ TL1 + TL; + 20 log 2kd .

\
fz ='c/2nd

characterises the‘cavity resonance. This can be évoiéed by

s

absorption in the cavity. ” \ ‘( 7

‘J ' - ‘ ‘ t
. ‘TL, and TL; are the transmission loss of the two panels

calculated according to the mass law equatt“h- -

»
-
)




» ) . . L -
ot S ~

- .' m » ,
Ty = 20 log + y0) ‘

L]

v . ‘= 20 log(mf) = 33.5 B  (a4.17)
,. wsa /L
- i ' R '(

‘ . >
\.Atkf}le ) ©t o,

\ ” *

TL, Y o(ad.18) .

?

. }f . .
+= TL; (f) + TL2(f) + 67dB

-

s~

: ?.g , ' These equations are adeguate for the case where there is no
E bridé'ingg. Assuming that the inter-panel connections are S

. ° . line connections (studs), the 'transmissigy"ldbs calcylations
, . . .
) ' are performed on the following basis. . K ’

. s , > . ’ ' o ’ A
The overall transmission loss of a bridged douple panel
g is givex} by: -
J e

. H‘\'('H‘I '.n'B

The curve of the' bridged tranmiul:ssio}x loss is parallel to

@4,m®)
‘ A . - ‘
_ the maés law line and a gohvehiegt way A.“: specifying the
: t.ransm:iuion loss //6!'_5' the. bridded dduble“ panel is 4 ‘terms of.
an increase, ATL,,, in trénqmiqsion loss cver and above that 3
< predicted by _thé mass law for the whole assembly.

!

»

| ATL, =10 10g(bE,) + 20 log (z—Si—) - 28 a8 o
L N L (A4.20)
e <" b -
i ' / \( . .

g'rhe bri'd’ging' 'treqne,ncjr;;'fav, is given 'i:y the équatioxi:,
R L . : R

' -

»

- SRR . SR - ’ :
f&) - tB- ?g gntilog - - | (&4.21)

\}
. -

-

.9 Ibid‘"fﬁ-. '\ \ ‘ . . .. "'{’ ‘o




’ _ ¢ CIass ratings were created f.%t internal partiti.ons and are

. ' S % 165

a ‘Thus, at {‘< fB'( ,

12
TL(£). ;/TLI(H
N4 N » . L

, : = {TL1 (£) + TL2(£) + 20 log £d - 39}AB /g ,
. .t , . v
' (A4.22)

‘ and, at £ 5 £5, , .

TL(E) = TL, () + m,, (34.23)

"-«ﬁ >

_ {'Ifhe- effects of coincidence are neglected in these calcula- ‘
/ . tions even though they can be significant and even though h

- . .

g the Wyle model is capabie of taking them into account. Ail
constructionel, aystms are assumed to be double panels even )
though some would be more accuratel@ described as triple

panels (t‘he Wyle model can treat triple panels only vhen

N symetrical, which,"in practice, ‘is ‘rarely achieved in ‘ax-

" ternal walls). . P’ ‘ e . /
~ . ' . (/
. : : A plot of n’ound transmission loss predictions against

“ricd

s

. frequency is shown in Pigure (A4.2). The Sound"'r:':ansmission

e " not applicabie to external walls. Thus, the transmission

loss of a wall asseml'hy is calculated as the average of the

16 frequencies. This transmission loss value can be used as-

@

.an indication of the acoustical inaulation perfomnce of "

external walls.
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A4.5 KEY TO

SRR T

. Ly (£)

o~

Pﬂ

struction

W -
]

0

TL: (£)

TL, (£) =

TL,(f) =

ATL,, -

SYMBOLS USED IN SOUND TRANSMISSION LOSS MODEL

a

spacing of l:l.ne studs
velocity of sound in a,ir
separation of .panels in a double panel con;-

.

/

' ,frequency
’ br:l.dging frequency

critical frequency for single panel
linit.ing frequency for double panel
fundamental double panel resonance -

total mass of multiple panel per unit area

‘mass of panel per unit area

mass of penel 1,; 2 per unit area ‘
effective mass of double ;;anel ‘\for dei;e‘rm:l.ning
£o , R /
transmission loss n:of} const:.;uction at frequency
® -

transmission loss for panels'l and 2 at a fre-

quency (f) ' . S

tranmiasion loss at frequency £ of a multiple

‘panel with no interpanel connections

transmission lou at a frequency (f) according
to mass law

fon

increase in transmission loss over that calcu- '

lated according to the mase law
density of air

8 -
angular frequency ,
- S AN
e - " o wm " )



> Ad4.6  INITIAL COST

/

Calculatioxfs of :Ln:l.ti.al (capital) co-tn are based on
| Lansdownes' Construction Cost aandbookm. The costs for
building work are derived from. dotailed unit rates of the

3 ‘ wall's. constitnent components. 'rheu unit ra):cs co-priu <
) 'hue, overtime, atc. ¢ labor rates plul bcneﬁ.t:, material

plant and hand tools costs. The initial cost-in-place of a
wall assembly is the sum of the unit costs of the consti~

tuents which comprise the wall. - | o

- ®

conts plus handling, federal and,p:oviucul taxes and mll'

v l - R . i \ ’ . ‘ »
i 10 5 x. I.anadmu and Partners, I.hiud. g.g__adggg_’_g_cﬁ:
- - struction Cost Handbook, McGraww-Hill nycrm
' onto, - . -

N - . ’




