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1. The model demonstrated in_this
article is originated in the Ph.D.
dissertation of the author {"Survival
Throuht Change: A Developmental
Porspective") Presented to Cornell
Oniversity, 1976,

A MODEL OF BUILDING INVENTORY'

Ulker COPUR

This study attempts to demonstrate a model designating the
transformation of the building profile of urban centers as a
function of changing demographic, socio—economie, cultural
and technological aspects of urban environment. More
specifically, it deals with the processes of historic
progression of building stock, mamely of the construction,
survival and demolition of architectural set up.

The model makes explicit in the form of matrix notation, the
distribution and changes in the composition of the building
stock over time, The processes of historic progression of
building inventory which are represented as matrix
operations are production, survival and demolition. Different
survival coefficients enter into this process in which each
rate becomes the by—-product of different sets of wvariables
such as the level of technology, socio—economic condition,
demographic structure, material use, age, etc. The part of
the study which involves the deliniation of relationship
between the built environment and the state of urban
development is not elaborated here and only the exploratory
model of building inventory is presented.

AN INVENTORY MODEL: A STRUCTURAL FRAMEWORK FOR

THE ANALYSIS OF CHANGES IN THE PROFILE OF
ARCHITECTURAL STOCK

The dominant strand of design aectivity in urban centers is
that of ‘the inescapable change in the physical cempositicn
of the city. This physical composition can be described at
any time as a combination of newly produced items and of
surviving ones, Basically, this represents the volume of
physical structuresthat the city has inherited from
previous time periods., The profile of the city's
architectural inventory has two dimensions: a size dimension
and a time dimension. Size refers to the number of
structures, including historic buildings, that make up the
building stock of the city in a given time period, while
time dimension refers to various periocds in which the
inherited building stock has been constructed. :

The size and time composition of building inventory can be
systematized in the form of an accounting model.The
elements of this accounting system are buildings. Buildings
enter into the stock by construction and leave it by
demolition. A time-continuum analysis of building activity
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—-construction, survival and demolition— can bi developed by
degcribing at various times the pessible configurations of
the building inventory.

The process described above can be presented as a more
generalized analytical one which reflects the changes in the
city's building stock. Consider the situation depicted in
Figure 1. The initial building stock at time T) is the
number of buildings Nt built during the first time period
(Ty-~T1). This is a function of different variables such as
location, resources, technology, institutions, population,etc,

A certain percentage of this building stock iz demolished
during the second time period (T;-T;), most probably due to
construction failure, natural disasters, etc. so that the
survival stock at time Tb, at the end of the second time
period (Ty-T2) is,
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fig, 1 Changes in the Building Stock " To Ty T Ty Tu Eime
over time.
s = ' ¥ ' - (1
2 21 1 - .
. Here, ri is the survival rate during the time period two
(indicated by the subscripts 2,1) of the buildings built in
the first time period (indicated by the superscript i). The
survival rate is obtained by subtracting the rate of
demolishment from unity.

The building stock at time T2, at the end of the second time
period (T;-T,) is composed of the buildings built during the
second time period N and the surviving stock from the first
time period, i.e..
B =t!N + R . . (2)
2 n o1 2 .
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Here the new building stock N, is again a function of a set
of variables such as changes in pepulation, technology,
institutions, ete. during the second time period. The
survival rate r}; of buildings built in the previous period
is determined by a set variables such as changes in
population, bielding stock, technology, institutions, income
levels, culture, occupancy, age maintenance and repair,
deterioration, ete.

Applying the same procedure for succeeding time intervals,
we have

B = ' ' N+ 1r® K + N
3 2 21 1 2 2 3 (3)
B o= ' ' ! N+ 2 N4 rP N +N (4)
&4 43 32 21 i 43 iz £ 43 k3 )

In general, at the end of the nth time period at time Ty
the profile of the building stock is

Bt:srl 1 . 1
n n,0-; n-t,n-z °‘*° T, N,
+ x? z 2 N
n,n=1 ‘n-t,n-z 77 Tg 7,
+ep N+ N
n,on-1 n-l n (3)

A MATRIX FORMULATION

The algebraic progression discussed above can best be expressed
with the aid of matrix algebra. A variety of studies from
different fields have adapted and utilized matrix algebra for
model construction. The most common approach is the "cohort
survival methed" used in general population studies.” Few
studies, among which Wolfe's can be mentioned, have
incorporated marrix algebra for the analysis of the behavior of.
the behavior of building stock.®

Thete are a number of potential applications of matrix algebra
as an analtyical toel in evaluating building stock over time
which will beceome clearer as the model is described more fully.
Briefly, however, a matrix formulation furnishes an abstract
but relatively clear way of demonstrating a medel. A number of
computational advantages and the capacity to include a large
body of information enadbles the matrix presentation to reduce

a complex issue into a systematic form. .Thus, it is a ugeful
method of iliustrating the various dimensions of building
activity 51mu1taneously Representing changes in the building
stock over time as a function of building construction and
survival can be readily incorporated in a matrix formulation of
the model. Moreoever, the detailed breakdown of building stock
p0531b1e in the matrixz formulation of this model allows for the
interection of different rates of change for each cohort of
buildings. This provides insights into the relation between
urban processes and the physical stock over time,

The model which illustrates the successive accretion of
building stock is:

[81=[R]IN] (6
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4. If a longexr time period is chosen,
the slupents(Rj;) then (iwi) c¢an bave
a value less than unity.
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where [ 8] is an (nxn) matrix whose elements s;: denote the
number of buildings built in period j that havée survived until
period i. [R] is the survival rate matrix with elements Ry}

.denoting the cumulative survival rate of buildings and [N] is

a diagonal matrix whose elements N;; represent the number of
buildings constructed during time period i.

These matrices will be discussed in detail in the following
paragraphs. '

Thus, the matrix { 8] shows over a sequence of time periods
those buildings that have survived among all that have been
constructed atr different points in time., Therefore, it
illustrates completely the time dimension of a city's
architectural inventory,

On the other hand, the size dimension of a city's physical
stock my be obtained from the following matrix operation:

{8} =18} {u} (7

where {B} is 2 column vector with eclements Bj, zach
symbolizing, as before, the total number of buildings at
successive time periodsi and {uv} is another columm vector
whese elements are 211 unit.

[R], as mentioned above, is the survival matrix with each
element Rjj demoting the cumulative survival rate of buildings.

From the discussion given in the preceeding secticn

i .
.. 41-6,) 1t gor imj
1 ( 1J)k=j+1 Jk-1 © 3
. Ri.j= (8)
o for i<j
where
0 N .
6., =
1]
1 if i = j
ri+1 " js the transitiom probability of survival during the
1

time period ((t+1)-t) for buildings constructed in time period
J.

As has been demonstrated above R;; specifies the cumulative
gurvival rare at a time period i Of those buildings that have
been constructed at an earlier time period j. Since j denotes
the time of construction and i follows j in time, i is always
greater than 7. And for i <j, Rj; =0. For i=j, we see that
value the survival rate Rjij corresponding to that of the
recently constructed building stock is unit. If 2 small
increment of time is chosen, the probability of survival for
the most recently constructed buildings is almost one,
Therefore, a value of unity can be assumed for survival when
i=j.* Consequently, the final form of the survival matrix [R]
is a lower triangular matrixz as shown below:
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Applying equation (8) for each element, Rij is obtained in the
following manner:

R = ¢!
21 21
R = r!r?
ES | 2 2
R = ¢! ¢! ¢!
u] ¥ o3z 2
Y PP R PR Al o
LI BN N R BN BN R BB BN BN BN AN )
Rry = T B T 2
n,0-1 C oW 122
R = r?
32 32
R = r? g2
42 w3 32
- 2 2 .2 _2
R = r r“ r°r
2 n,n=t "' TeTwe m

Since the survival rates rl,.,t always very between zero and
unity, they may be viewed as probabilities, The superscript
7 indicates the time period of new additions to the buildicg
stock, For example, in the equation,

R = rr
L2 %3 32

the superseript 2 refers to the probability of suryival for
buildings constructed in the second time period; r» denctes
the transition probability of survival from time T; to time
T3, 1.e., during the 3rd time period of those structures built
in the second time period; and r#y -indicates the transition
probability of survival from T; to T, of those structures
constructed in the second time period. Therefore, the proeduct
of the two r% r% is the cumulative survival rate of buildings
constructed during the time period two at the end of the time
period four,i.e. Ry,

The operational model of the city's architectural inventory in
terms of the dimensions of time composition and size may thus
be expressed in the following form:
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A. Time Composition Dimension:

[s1=I[R] [N]

B, Size Dimension:
{B} =[81 {u}
=[R]) [N] {u}

NUMERICAL EXAMPLE

A very simplified demonstration of this model can assist in
clarifying its operation. Assume, for example, that during the
initial construction period of a town, 5000 buildings are
erected and no demolition occurs; and that in the next time
period, only 2000 more are built, while 10% of those which
were constructed in the previous period are demolished.

During the third time period, the population of this area
rapidly increases and 10000 new buildings are constructed,
Here, however, 20% of those buildings that have survived
through T, frem the initial building stock and 107 of those
constructed in th@ second time period are demolished. In

order to determlne'the profile of the city's architectural
inventory, the elements of the survival matrix [R] and of the
diagonal matrix of the new building stock [N] are constructed
for each of the three time periods.

The elements Rji: of the survival matrix can be calculated
using equation (8), Since the demolition rates are known,
gurvival rates can be obtained by subtracting demoliticn rates
from unity, Hence, from equation (8)

R =1-0,10 =0.90

21
R31 = 0,90 x (1-0.20) = 0,72
R =1-0,10 = 0,90

32

Decomposition of the survival stock can now be obtained by the
following matrix operation:

1 o0 0 5000 0 0 5000 0 0
0,90 1 ol x |o 2000 0 = 4500 2000 0
0.72 0.90 1 0 0 100001  |3600 1800 10000

As this formulation shows, the matrix of survival stock [ 8]
is decomposed into a time series of survival stock. When i=j,
the diagonal elements of [ S] denote the number of buildings
newly constructed at each time pericd. Each row in matrix [ 5]
represents a cross—section or a profile of surviving buildings
from different time periods; and the element at the far right
of each row indicates the most recent conmstruction activity.
For example, at the end of the second time period, the
building stock is composed of 4500 surviving buildings from
those that were constructed during the first time period and
an additional 2000 buildings which were recently constructed
during the second time period., At the end of the final time
period, 3600 buildings remain from those that were constructed
during the initial time period. Eighteen hundred survive from
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the second time period, and, furthermore, 10000 new structures
are added to the building stock. The elements in the columms of
matrix [ 8] represent a time series of what vemains from each
construction period. The elements at the top of each column is
the number of additions to the physical stock while the bottom
element shows how many of them have survived until the final
time period. 1Im this example, of the 5000 buildings which
were constructed earliest, 4500 remained in the second period,
and 3600 in the third, Similarly, of those 2000 buildings
constructed during the second time period, 1800 remained at
the end of the most recent time period.

The total building stock at different times is also computed
by a simple matrix operation using equation (7). From this
equation, the size of the total building stock is found as:

5000 0 1 1 5000
4500 2000 O x {17 =[ 6500
3600 1800 10 000 11 15400

REMARKS AND CONCLUSIONS

The above described exploratory model can be decomposed into
different subsets. For example, the building stock at each time
period can be disaggregated by building type such that;

(B} = 18"} + (B} + (3%} + . . .

where rdenotes the residential, ¢ the commercial and e the
educational grouping of the total buildimg stock during the
initial time period. However, it would be necessary to develop
a separate survival matrix for each of these because the
probability that a building will exist in some subsequent _
period varies tremendously with the building type., Similarly,
survival rates can be disaggrepated due to various building
materials, Another pattern which is displayed in many
instances is that there can be differential survival
coefficients for the interior and exterior of buildings, such
as of housing stock.® Therefore, the matrices of the model can
be disaggregated into matrix sums and vector sums with respect
to different underlying factors.

The model presented above aids in systematizing our knowledge
of the evolution of the city's physical stock. It assists in
reconstructing the eity's building stock throughout its
history. This can be accomplished by gathering a variety of .
information pertaining to construction and demolition activity
of a city or series of cities. Complete inventories do not
exist, but there are a number of ways in which information can
be utilized to derive estimates for the size of construction
and demolition activity. Variables like population growth,
population~building ratio, etc. can be used as indicators of
building activity. Various analytical procedures, such as
regresszion analysis can be integrated into the model to
maintain the transition probabilities of survival and/or
demolition from one subsequent time interval to another,
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A primary purpose in creating this kind of a model is that

it establishes a structural framework to identify the problem
apace of decigion situations on building processes and
illustrate hierarchical family of related problems., A
diagnosis of some of the elements of the problem space with
the aid of the analytical power of the meodel improves the
capabilities of decision making. Hence, such a model would be
most beneficial during the exploratory phase of physical
planning pocess. The model is intended to sensitize designers,
city and preservation planners to the possible existence of
variety of different building activity situations {production,
survival and demolition) in any given state of develcpment.

Given the complexity and variety of development patterns in
existing urban centers and given their different distributions
of building stock, the medel is useful in placing an array of
possible situations in an inventery form. Accordingly, each of
the matrices' cross sections in time represents a specific
situation in terms of trhe total bullding stock, historic
remains, new building constructuon and each sitwation is
presented in the form of survival or demolition probabilities.

In summary, the model demonstrated above in its most abstract
form provides the basic organizational framewcrk for a theory
of building stock aceretion. Survival continuity, a very
powerful theoretical construct, assumes a key role im this
model. With this model, it 1s possible to conceptualize
physical evolution of urban centers their expansion and
contraction and the significant factors that affect their
survival cohorts., Different sets of events can then be
described using this organizational construct. A time series
analysis of the composition of cohorts allows one of to observe
and understand more fully the historical transformaticnm of the
¢ity. Furthermore, while specific trends in building activity

" can be obtained in a cumulative mannex, the model described

permits projections for changes that can be expected in the
building stock in near future.

BiR YAPI STOKU ENVANTER!Y

UZET

Bu caligmada, kentsel merkezlerin degigmekte olan fiziksel
gevresinin geligimini imgeleyen bir model ana hatlari ile
aktarilmistir. Kentin yapir stoku Sgelerinin iiretimi (tasarim
ve yapimi), vasami, yikimi ve bunlari etkileyen etmenlerx
geligtirilen bu model iginde bir biitlin olarak ele
alinzbilmektedir, Model yapi stokunun nicel ve nitel
Bzelliklerini igermekte, kentin yagaminda farkli zaman
kesitleri iginde bu Szelliklerin defigimini ortaya
koyabilmektedir.

Yap1 stokuna giren yeni dgeler “yapi gatki matrisi" [N}, gatka
sonrasl yagamlarini etkileyen etmenler modelin "yapi yagam
siirdtirme matrisi™ni [R] , clugturmekta; yukarida belirttifimiz
her iki matris [R1[N] ise kent vapr stoku bhilegimlerindeki
depigmeleri g8steren diger bir matrisi, "yapi dkiimi matrisi'ni
[ 5] meydana getirmektedir. Dolayisiyla "yapi ddkiimi matrisi"

[ 51, herhangi bir zamanda yapilan yapyr tiirlerinden ne kadaripin
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hangi zamana veya bugiine kadar yasamlarini stirdiirebildigini
kanitlamaktadir., Bu modelin biraz degisik bir bigimi ise bize
belirli zaman kesitlerinde kentin tiim yapi steokunu vermektedir.
"Tim yapi stoku kolon vektdridi" {B} Myapir d6kimi matrisi" wve
"pirim'" kolon vektdrii"nden olugmaktadir [ S Hul.

Geligtirilmig bulunan modelde "yapt yasam siirdiirme'" kavrami
agirlik tagimakta, ayni zamanda, yapil stokunun degisimini
kuramsal bir yaklagimla ele alabilmek igin genel yapisal
cergeve ortaya konmaktadir, Modelin en 8nemli kullanmimlaraindan
birisi hig gliphesiz gevre deferlendirmesi ve tasarim icindir.
Modelde yapir stokunun deferlendirilmesi yer ve zaman kesitleri
iginde "8n"” veriler dizisi geklinde yapilabilmektediy., Modeli
matris dgeleri g¢izelgesi, fiziksel gevre ve onu etkileyen
etmenlerin defigik boyutlarinin bir arada simgelenmesini
saglayabilmektedir, Bu galigmada gergeklegtirilmig bulunan
model, Brnekleme caligmalar: ile geligtirilecektir.
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