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Abstract. Seismic resistance and cost effectiveness are often two important building planning objectives for architects. 
However, these objectives nearly always share a negative correlation with each other, which can cause planning delays 
and confusion. The conflict between these two is a Multi-Objective Optimization Problem (MOOP). Besides, building 
planning often encompasses both subjective and objective factors. However, most current efficiency evaluation methods 
focus on the latter and underemphasize the former. Current efficiency evaluation methods are thus not optimized for actu-
al building planning needs. The aim of this study is to develop a new planning efficiency evaluation approach to resolve 
the above problems. Research methods include the indifference curve, efficient frontier and Data Envelopment Analysis 
(DEA). The indifference curve deduced the subjective planning preferences of architects; efficient frontier theory con-
structed the efficient frontier of school buildings; and DEA evaluated the efficiency of various building factors objective-
ly. A total of 326 school buildings in Taichung City, Taiwan in an empirical study designed to illustrate proposed ap-
proach effectiveness. The results show that using only objective evaluation or subjective recognition is insufficient to 
explain the true nature of building planning. Findings can serve as benchmarks for inefficient school buildings at prelimi-
nary planning stage. 
Keywords: school buildings, indifference curve, efficient frontier, data envelopment analysis, multi-objective optimiza-
tion problem, benchmark. 
Reference to this paper should be made as follows: Cheng, M.-Y.; Chen, C.-S. 2014. Preliminary planning efficiency 
evaluation for school buildings considering the tradeoffs of MOOP and planning preferences, Journal of Civil Engineer-
ing and Management 20(2):  211–222. http://dx.doi.org/10.3846/13923730.2013.801890  

Introduction 
Architects typically regard seismic resistance and cost 
effectiveness as two important objectives of building 
planning and design work (Cheng, Chen 2011) and they 
will work to achieve adequate structural safety using the 
minimum acceptable amount of material (Zekeriya, 
Yusuf 2010). These two objectives are often in conflict. 
Seismic-resistant structures are typically not particularly 
cost effective and buildings designed to conserve costs 
may provide inadequate seismic resistance. This conflict, 
a Multi-Objective Optimization Problem (MOOP), poses 
a significant challenge to building planning and design 
work; moreover, efficiency evaluation methods discussed 
in the literature mostly evaluate objective building factors 
and ignore subjective factors related to architect planning 
preferences. Building planning and design incorporate 
both subjective (e.g. architect preferences) and objective 
factors (e.g. seismic resistance, cost effectiveness), there-
fore, current efficiency evaluation methods are mostly not 
suited to evaluate building planning efficiency. This 
study attempts to develop a new planning efficiency 
evaluation method, which provides a preliminary solution 

when considering the tradeoffs of MOOP and planning 
preferences. 

Research methods in this study include the indiffe-
rence curve, efficient frontier, and Data Envelopment Ana-
lysis (DEA). The indifference curve deduces the subjective 
planning preferences of architects in terms of seismic resis-
tance and cost effectiveness. Efficient frontier theory iden-
tifies the case group with the highest seismic resistance 
among different unit construction costs. The case group 
with the highest seismic resistance represents the efficient 
frontier for school buildings and is used as the benchmark 
for planning buildings of a similar type. The efficiency of 
various objectives for buildings can be objectively evalua-
ted using the DEA. This article employed the above three 
theories to develop a new planning efficiency evaluation 
approach. A total of 326 school buildings in the downtown 
of Taichung City, Taiwan were investigated as an empiri-
cal research to illustrate the methodology. The scope of 
this research was limited in the downtown of Taichung 
City since that it is a densely populated area of central 
Taiwan with over a million people, facing particularly high 
seismic risk. The main limitations of these school buildings 
are: (1) the structural materials were RC; (2) the heights of 
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the buildings were below five stories; (3) classroom units 
were oblong, with school buildings in “L”, “U”, “I” and 
“T”-shaped configurations; (4) building facades were regu-
lar. The detailed characteristics of school buildings in Tai-
chung City will be discussed in Section 3. 

 
1. Efficiency evaluation methods of buildings 
A building is generally considered to be an integrated 
system comprising multiple subsystems (Linzey, Brotchie 
1974). Building planning and design is comprehensive 
and complicated, and integrates subjective and objective 
factors. Aspects of safety, functionality, beauty, economy 
and environmental impact are all important planning 
objectives in building design and execution. Radford and 
Gero (1980), D’Cruz (1984) developed and demonstrated 
an application able to resolve complex building design 
problems, highlighting that efficiency evaluation methods 
may differ amongst building projects due to assessed 
objects, time and goals. Building efficiency evaluation 
methods in common currency today include: 

1) Regression analysis: the quantitative study of 
buildings often employs regression analysis to discuss 
factors affecting building efficiency. This method often 
uses a single output variable of a building as the depen-
dent variable and several input variables as the indepen-
dent variables. Assuming that linear, quadratic or other 
formulaic functional relationships exist between indepen-
dent variables and the dependent variable, the least 
squares method can be used to find the regression 
equations between independent-dependent variable pairs. 
Analysis of residual error between the assessed unit and 
regression equations evaluates efficiency value. This 
method can employ several input variables to estimate 
relations between output variables, but output variables 
cannot be introduced simultaneously into the same mo-
del. Chang et al. (2003) adopted the binary regression 
method to establish a forecast model for predicting 
earthquake disaster structural hazards. Cho and Awbi 
(2007) applied multiple regression analysis to study the 
effect of heat source location in a ventilated room. Hag-
berg (2010) used linear regression analysis to evaluate 
field measurements of impact sound in residential buil-
dings. 

2) Frontier production approach: this approach 
borrows the production function of economics to find the 
production functions of assessed units and measure the 
production capabilities of assessed units. Using statistical 
principles, this evaluation method presents advantages 
including greater objectivity and fewer constraint condi-
tions. However, it must assume production functions, 
inputs and outputs are quantified in advance and can only 
be applied to several inputs and a single output. Buck and 
Young (2007) used a stochastic frontier model to evaluate 
the potential for energy efficiency gains in the Canadian 
commercial building sector. 

3) Analytic Hierarchy Process (AHP): AHP is an 
useful tool for multi-objective decision making in its own 
right. In addition, it has the potential for expediting mul-
tiple objective programming analyses (Olson 1988). It is 
a multicriteria decision making approach in which factors 

are arranged in a hierarchy structure (Saaty 1990). The 
most successful applications have come about in group 
decision making sessions, where the group structures the 
problem in a hierarchical framework and pairwise compa-
risons are elicited from the group for each level of the 
hierarchy. However, the number of pairwise comparison 
necessary in a real problem often becomes overwhelming 
(Harker 1987). Wong and Li (2008) used AHP in multi-
criteria analysis to select intelligent building systems. Lai 
and Yik (2011) adopted the AHP method to evaluate 
facility management services for residential buildings in 
Hong Kong. 

4) Multiple Criteria Decision Making (MCDM): 
MCDM considers optimal decision making for several 
conflict objectives (or criteria), and can effectively evalu-
ate the efficiency of decision units. Generally, problems 
can be divided into multi-attribute decision making and 
multi-objective decision making. It is a suitable method 
for measuring multiple inputs and outputs. MCDM can 
handle multiple inputs and outputs simultaneously and 
approximates actual situations. However, scores and 
weights of various attributes are difficult to identify in an 
objective manner. Khajehpour and Grierson (2003) ap-
plied multi-criteria optimization concepts for the concep-
tual design of high-rise office buildings. Hsieh et al. 
(2004) utilized a fuzzy multi-criteria analysis approach to 
select planning and design alternatives for public office 
buildings. Zavadskas et al. (2010) present risk assessment 
of construction projects based on the MCDM methods. 
Dėjus (2011) analyzed the safety of construction techno-
logy projects using MCDM methods at the stages of 
construction and design. 

5) Data Envelopment Analysis (DEA): DEA uses in-
put and output variables to determine the efficient frontier 
as the basis of measuring decision unit efficiency using a 
mathematical programming model. This method applies 
historical data to evaluate the efficiency of decision units to 
overcome a shortcoming of traditional efficiency evalua-
tion approaches. DEA is currently a diagnostic tool often 
used by organizations. It can handle multiple input and 
output variables simultaneously, and the weights do not 
need to be set in advance. However, DEA only allows 
improvement in a fixed direction (e.g. input or output di-
rection) and measurement efficiency may be not good 
enough if input and output data are incorrect. Cheng and Li 
(2004) integrated the DEA model and binary integer linear 
programming models to explore quantitative methods for 
project location selection. Chung et al. (2006) adopted 
DEA to benchmark the energy efficiency of commercial 
buildings. Lee, W. S. and Lee, K. P. (2009) also used DEA 
to benchmark building energy management performance. 

(6) Artificial Intelligence (AI): AI is the study of 
complex information processing problems that often have 
their roots in some aspect of biological information pro-
cessing. Generally, AI consists of the isolation of a par-
ticular information processing problem, the formulation 
of a computational theory for it, the construction of an 
algorithm that implements it, and a practical demonstra-
tion that the algorithm is successful (Marr 1977). There 
were many practical applications about AI in building 
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efficiency evaluation. Plebankiewicz (2009) used fuzzy 
sets to build a contractor prequalification model. Šešok 
et al. (2010) adopted simulated annealing method and 
high performance computing to increase the efficiency of 
grillage optimization. Chen et al. (2012) integrated two 
AI techniques, namely, the Support Vector Machine 
(SVM) and Fast Messy Genetic Algorithm (fmGA) to 
assess the seismic resistance of school buildings in Tai-
wan. 

Generally speaking, these methods have their own 
merits and suitabilities, but there exist some shortfalls to 
the actual building planning and design work: (1) output 
variables cannot be introduced simultaneously into the 
same model in regression analysis; (2) the number of 
pairwise comparison necessary (in AHP) in a real prob-
lem often becomes overwhelming; (3) the scores and 
weights of various attributes are difficult to identify in 
MCDM; and (4) DEA only allows improvement in a 
fixed direction. The methods introduced above primarily 
evaluate objective building factors, but seldom integrate 
the subjective factors of designers. Thus, they are not 
compliant with actual building planning and design work, 
which embraces both subjective and objective factors. 
The gaps between these methods and actual building 
planning work are the study trying to fill. The aim of this 
research is to develop a new planning efficiency evalua-
tion approach in terms of MOOP and planning prefer-
ences at preliminary planning stage. 

 
2. Research methods and theory development 
To resolve conflicts between seismic resistance and cost 
effectiveness and reflect both subjective and objective 
factors in the building planning and design, this research 
developed a methodology that integrates an indifference 
curve (Mankiw 2008), efficient frontier (Markowitz 
1952; Bodie et al. 2009) and DEA (Farrell 1957). The 
indifference curve is deployed mainly to interpret the 
subjective planning preference of designers; efficient 
frontier serves as the basis for architects to benchmark the 
planning efficiency of inefficient school buildings; and 
DEA helps evaluate the objective efficiency of buildings. 
The above three theories were integrated to develop a 
new planning efficiency evaluation approach that consid-
ers the tradeoffs of MOOP and planning preferences. 
Research methods and theory development in this ap-
proach are discussed in the following. 

 
2.1. Indifference curve  
This study used the seismic performance index Is devel-
oped by the National Center for Research on Earthquake 
Engineering (NCREE) as the basis for designing school 
building seismic resistance (Hwang et al. 2005; Chung 
et al. 2005). Unit construction cost of the school building 
was adopted as the basis for cost effectiveness. As shown 
in Figure 1, if the unit construction cost is arranged along 
the X-axis, the seismic performance index Is is arranged 
along the Y-axis, and assuming the unit construction cost 
of school building A is UA, then the seismic performance 
index obtained is IA. The unit construction cost of school 

building B is UB, and the obtained seismic performance 
index is IB. If the architect’s degree of satisfaction is the 
same as the result, the line (or curve) from point A to 
point B represents the indifference curve. In the plane 
consisting of unit construction cost and seismic perfor-
mance index, different slopes represent the components 
of different unit construction costs and seismic perfor-
mance indexes, which show different planning prefer-
ences of architects in terms of unit construction costs and 
seismic performance indexes. In this article, the indiffer-
ence curve slope is used to interpret the planning prefer-
ences of architects and defines five planning preference 
types (Cheng, Chen 2011). These five types include: 
(1) equal preference for cost effectiveness and seismic 
resistance (the indifference curve slope m = 1); (2) ex-
treme preference for seismic resistance (indifference 
curve slope m = 0); (3) extreme preference for cost effec-
tiveness (indifference curve slope m = ∞ ); (4) greater 
preference for seismic resistance (slope m is between 0 
and 1); and (5) greater preference for cost effectiveness 
(slope m is between 1 and ∞ ). These five planning pref-
erence types can fully interpret architect preferences and 
contain all possible architect planning preferences in 
terms of seismic resistance and cost effectiveness. 

 

 
Fig. 1. Indifference curve of school building planning 

 
2.2. Efficient frontier  
Efficient frontier theory was employed to properly evalu-
ate the planning efficiency of targeted school buildings. 
In economics, the efficient frontier is the curve of all 
efficiency investment portfolios. The “efficiency invest-
ment portfolio” refers to a type of investment portfolio 
able to consider expected return as a desirable thing or 
variance of return as an undesirable thing (Markowitz 
1952). This research adopted the concept of efficiency 
frontier theory to construct the efficient frontier of the 
school buildings. 

As shown in Figure 2, the points represent school 
buildings planning in terms of seismic resistance and cost 
effectiveness. Each point represents the planning of one 
school building. While school buildings D and G bear the 
same unit construction cost, school building D has a 
higher seismic performance index. Thus, planning for 
school building D was better than for G. Considering 
school buildings B and G, both have the same seismic 
performance index, but building B has a lower unit con-
struction cost. Thus, planning for building B was better 
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than for G. A more efficient curve ABCDEF can be ob-
tained thusly. The points on the curve are more efficient 
than points on other sets. This curve is the efficient fron-
tier, the points on which provide benchmarks for future 
school building planning work. The curve can also be 
used to evaluate the planning efficiency of school build-
ings not located along the efficient frontier. 

 

 
Fig. 2. Efficient frontier of school building planning  

Points on efficient frontier ABCDEF can be identi-
fied using DEA. If one decision unit has one input varia-
ble (x) and one output variable (y), the efficiency of the 
decision unit can be defined as: y/x.  If one decision unit 
k has multiple-input variables (xjk, j = 1, 2, …m) and mul-
tiple-output variables (yrk, r = 1, 2, …s), then input varia-
bles and output variables are weighted separately and 
divided by each other. The relative efficiency can be 
defined as: /k r rk j jkh u y v x=∑ ∑ . Thus, relative effi-
ciency can be determined by mathematical programming 
(MP) as shown in Eqn (1) and Eqn (2). Also known as 
the CCR model, the mathematical programming equation 
was developed by Charnes, Cooper and Rhodes (Charnes 
et al. 1978). The relative efficiency of this model does 
not even require setting input and output weights in ad-
vance. 
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where: hk is the input efficiency value of decision unit k; 
ur is the virtual multiplier of the rth output and vj is the virtual multiplier of the jth input. 

Eqn (1) was utilized to solve the virtual multiplier of 
maximum input efficiency of decision unit k. Because the 
input efficiency value must be between 0 and 1, Eqn (2) 
was used to prevent the virtual multiplier from valuing 

the input efficiency of any decision unit above 1. The 
virtual multiplier combination of maximum efficiency 
value was solved under the same constraint conditions for 
the input efficiency values of all decision units. 

Based on the above principle, this paper regarded 
each school building as a decision unit. Unit construction 
cost was set as the input variable and seismic perfor-
mance index was regarded as the output variable. The 
relative efficiencies of all school buildings were deter-
mined using DEA and the results were used to construct 
the efficient frontier of the sample space. The efficient 
frontier curve served as the basis to measure the planning 
efficiency of inefficient school buildings. 

 
2.3. Definitions of seismic, economic and planning 
efficiencies  
In Section 2.2, the curve ABCDEF obtained using DEA 
was the efficient frontier curve. Points on the curve were 
more efficient than points on other sets and provided 
paragon values for planning future school buildings; 
moreover, the curve can be used to evaluate the planning 
efficiency of school buildings not on the efficient frontier. 

 

 
Fig. 3. School building planning efficiency evaluations 

 
As shown in Figure 3, the X-axis represents unit con-

struction cost and the Y-axis represents the seismic per-
formance index. School building B, for example, is located 
on the efficient frontier and is thus the Pareto efficiency 
unit. School building G is not on the efficient frontier and 
is thus not as efficient as school building B. Based on the 
same seismic performance index, the unit construction cost 
of the building B was BG  (or IH ) less than building G. If 
the input efficiency of school building B is 1, the input 
efficiency of school building G can be defined as /JB JG  
(or /OI OH ). School building G is not the Pareto efficien-
cy unit. It can emulate the school building B used unit 
construction cost OI  to achieve seismic performance in-
dex OJ . While school buildings D and G had the same 
unit construction cost, the seismic performance index of 
school building D was GD  (or JK ) more than the school 
building G. If the output efficiency of school building D is 
1, the output efficiency of school building G can be de-
fined as /HG HD  (or /OJ OK ). From the perspective of 
output efficiency, school building G is also not the Pareto 
efficiency unit and can imitate the school building D that 
used unit construction cost OH  to reach seismic perfor-
mance index OK . 
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Architect planning preference is a subjective percep-
tion process that can differ greatly from person to person. 
Planning preference plays an important role when archi-
tects do building planning and design work. Typically, 
certain building planning objectives (or parameters) are 
determined according to architect planning preferences. 
There is little discussion in the literature regarding meth-
ods to capture the subjective planning preferences of 
architects within building assessment models. This study 
used an indifference curve slope to explain subjective 
planning preferences and determine the preference weight 
α for seismic resistance and preference weight β for cost 
effectiveness (Cheng, Chen 2011). Using the school 
building G in Figure 3 as an example, the definitions of 
seismic efficiency (SE), economic efficiency (EE) and 
planning efficiency (PE) are shown in Eqns (3) to (5). 
 OJSE

OK
= ;  (3) 

 OIEE
OH
= ;  (4) 

 PE SE EE= α× +β× , (5) 
where: α is the preference weight for seismic resistance 
and β is the preference weight for cost effectiveness. 

Eqn (3) can be utilized to evaluate the seismic effi-
ciency of school buildings not on the efficient frontier; 
Eqn (4) can be adopted to evaluate the economic efficien-
cy; and Eqn (5) can be used to evaluate the planning effi-
ciency of school buildings in terms of seismic resistance 
and cost effectiveness. Eqns (3) and (4) are objective 
methods for evaluating building efficiency. Eqn (5) is an 
efficiency evaluation method that integrates subjective 
and objective factors and complies with actual building 
planning and design practices. 

In Eqn (3) to Eqn (5), only two planning objectives 
(seismic resistance and cost effectiveness) were consid-
ered to calculate planning efficiency. In fact, the concept 
can be extended to identify planning efficiency when 
more than three planning objectives are considered. Ex-
tension equations are shown in Eqns (6) and (7). 
 ; 1, 2, 3 ....j jPE OB j n= ω × =∑ ; (6) 
 1; 1, 2, 3 .....j j nω = =∑ , (7) 
where ωj is the preference weight for the jth planning 
objective and OBj is the efficiency value of the jth plan-
ning objective. 

 
2.4. Benchmarks for different planning preferences  
“Benchmark” refers to a reference point that is identified 
when measuring relative geographic distance. In man-
agement, benchmark is often used to identify an enter-
prise or organization that is outstanding in its business 
sector or field. Benchmarking is the systematic process of 
identifying a measure or evaluation indicator and compar-
ing it to other excellent businesses to identify and define 

the gap. Learning from the benchmark can help a compet-
itor keep pace and potentially surpass their rival to be-
come the industry leader. 

Optimal planning is nearly always influenced by a 
planner’s planning preferences. Thus, if a planned school 
building is located off the efficient frontier, the architect 
can identify relevant benchmark and improve planning 
direction and efficiency based on planning preference and 
the benchmarking concept. As shown in Figure 4, school 
buildings A through E are located on the efficient frontier 
and thus can be used as the benchmarks for other school 
buildings that are not. It assumes that school building A 
has the lowest unit construction cost of all buildings on 
the efficient frontier and school building E has the highest 
seismic performance index. School building C has equal 
preference (indifference curve slope m = 1) between the 
two objectives. As currently planned, school building F is 
not on the efficient frontier and five types of planning 
efficiency improvement directions of (F→A), 
(F→B)…(F→E) are proposed based on various architect 
planning preferences in order to find the benchmarks. The 
process for doing so is discussed in Section 2.5. 

 

 
Fig. 4. Benchmarks and planning efficiency improvement 

 
2.5. Determining benchmarks 
This section discusses use of the indifference curve method 
to identify the improvement directions of inefficient school 
buildings and find the benchmarks. Figure 5 presents and 
illustrative example using point F in Figure 4. 

 

 
Fig. 5. Benchmark identification method  

As shown in Figure 5, if the school building planned 
by the architect is represented by F, the indifference 
curve slope m represents architect planning preference. 
An indifference curve equation y1 = mx + c1 that passes 
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through point F can thus be identified to represent archi-
tect planning attitude. As indifference curve y1 is not 
tangent to efficient frontier curve yE, F is inefficient. 
Equation yk = mx + ck (k = 1, 2 …n) curves that run paral-
lel to the indifference curve y1 can thus be obtained. Ac-
cording to the utility function theory, equations yk repre-
sent the same planning preferences of an architect under 
different utilities. One of the equations yk (e.g. yn) tangent to equation yE can be found at point B. Therefore, plotting 
point B reveals the benchmark that best integrates archi-
tect planning preference and the efficient frontier. Table 1 
summarizes the benchmark identification methods for 
five planning preference types. 

In Table 1, U1 and U2 represent utility functions of 
the same architect when planning different school build-
ings. The utility function was developed by economists to 
quantify customer satisfaction. If customer preference for 
commodity combination a is higher than that for com-
modity combination b, utility function U is used to repre-
sent customer preference and U(a) > U(b) can be ob-
tained. In accordance with the utility function theory, U1 is smaller than U2 (Table 1), which represents architect 
dissatisfaction with school building F and intends to im-
prove planning efficiencies based on planning prefer-
ences in order to attain optimal satisfaction. Table 1 illus-
trates benchmarks for five planning preference types and

 
Table 1. Benchmarks for five planning preference types 

Preference type Diagram Description 

(1) 
Equal preference (indifference curve slope 

m = 1) 

 

C

U2 

U1 

F 

Unit construction cost Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

 

U1<U
 

 

The indifference curve slope m is 1, representing 
equal preference for seismic resistance and cost 
effectiveness. In the figure, U1 and U2 represent 
utility functions when an architect plans different 
school buildings. Because U1<U2, the architect can 
reduce unit construction costs, improve the seismic 
performance index, and move towards benchmark 
building C to achieve optimal planning. 

(2) 
Extreme preference for  

seismic resistance 
(indifference curve slope 

m = 0) 

 

F 
U1 

U2 
E 

Unit construction cost Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

 

U1<U2 

 

The indifference curve slope m is 0, representing 
the architect’s extreme preference for seismic re-
sistance. Because U1<U2, school building F can 
move towards benchmark building E to obtain the 
maximum seismic performance index and achieve 
optimal planning. 

(3)  
Extreme preference for  

cost effectiveness  
(indifference curve slope 

m =∞ ) 

 

U1 U2 

F A

Unit construction cost Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

 

U1<U2 

 

The indifference curve slope m is infinite, repre-
senting the architect’s extreme preference for cost 
effectiveness. Because U1<U2, school building F 
can move towards benchmark building A to obtain 
the minimum unit construction cost and achieve 
optimal planning.  

(4)  
Greater preference for 

seismic resistance   
(slope m is between   

0 and 1) 

 

Unit construction cost Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

 

U1<U2 

U1 

U2 

F 

D

 

The indifference curve slope m is between 0 and 1, 
representing greater preference for seismic re-
sistance. Because U1<U2, school building F can 
move towards benchmark building D to improve 
the seismic performance index and achieve optimal 
planning. 

(5)  
Greater preference for 

cost effectiveness  (slope m is between   
1 and ∞ ) 

 

Unit construction cost Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

 

U1<U2 

U1 
U2 

F 
B 

 

The indifference curve slope m is between 1 and 
infinity, representing greater preference for cost 
effectiveness. Because U1<U2, school building F 
can move towards benchmark building B to reduce 
the unit construction cost and achieve optimal 
planning.  
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planning efficiency improvement directions. The five 
improvement directions contain all possible architect 
planning preferences and serve as the basis for architects 
with different planning preferences to improve planning 
efficiency. Table 1 integrates DEA with subjective plan-
ning preference, which significantly enhances the rele-
vance of this approach to real world situations and im-
proves a disadvantage of DEA that only allows 
improvement in a fixed direction (e.g. input or output 
direction). 

 

 
Fig. 6(a). Location of the downtown of Taichung City in 
Taiwan  

3. Empirical research  
A total of 326 school buildings in the downtown of Tai-
chung City, Taiwan was conducted as an empirical inves-
tigation (Chen et al. 2008) to explain and verify method-
ology developed in Section 2. The location of the 
downtown of Taichung City in Taiwan was shown in 
Figure 6(a). Figure 6(b) showed the distribution of 
schools (each including several school buildings) in the 
downtown of Taichung City. The architectural character-
istics of school buildings are summarized in Table 2 
(Cheng, Chen 2011). 

 

 

Fig. 6(b). The distribution of schools in the downtown of  
Taichung City 

Table 2. The architectural characteristics of school buildings in Taichung City 
Item Diagram Description 

1. Design of 
classroom unit 

 

In this study, building classroom lengths fall into the range of 
9.0~10.0 m, widths are approximately 7.5~8.0 m, areas are approxi-
mately 75 m2, heights are about 3.5 m. 

2. Layout of 
columns in 

classroom unit 

 

The layout of columns in classroom units can be distinguished as 
follows:  

(1) Two-span column in longitudinal direction and single-span 
column in orthogonal; 

(2) Three-span column in longitudinal direction and single-span 
column in orthogonal; 

(3) Two-span column in longitudinal direction and two-span col-
umn in orthogonal; 

(4) Three-span column in longitudinal direction and two-span 
column in orthogonal. 

The classroom unit with two-span column in longitudinal direction 
and two-span column in orthogonal is shown in the diagram.  

3. Integration of 
classroom units 

 

Most classroom units are connected linearly, forming oblong “egg 
carton” shaped (passageway in the center and classrooms along both 
sides) or “matchbox” shaped (one-sided passageway and continuous 
classrooms at another side) buildings. A matchbox shaped building is 
shown in the diagram. 
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Continued of Table 2 
Item Diagram Description 

4. Layout plan   

  

Classroom units included in this study were in “L”, “U”, “I” or “T” 
shapes, with different building lengths that reflect property character-
istics, student factors and budget. 

5. Type of 
Passageway  

 

In terms of passageways, school buildings may be categorized as 
having: 

(1) no passageway;  
(2) one-sided cantilever passageway; 
(3) one-sided passageway with column; 
(4) two-sided cantilever passageway; 
(5) two-sided passageway with column; 
(6) central passageway. 

The diagram shows a one-sided passageway with column. 

6. Facade  
shape 

  

In sample buildings, facades were basically regular, but some build-
ings had fewer walls on the ground floor than others. Thus, the entire 
structure system may have a weak ground floor, which harms overall 
seismic resistance. The diagram shows a fewer walls on the ground 
floor. 

7. Roof shape 

  

Roof shape and rigidity in RC buildings may affect seismic re-
sistance. Roof shapes of school buildings in this study were flat, in-
clined, folded or curved. The roofs of older school buildings were 
mainly flat, and most roofs of the new school buildings were inclined. 
The flat roof is shown in the diagram.  

8. Structural 
materials 

 

Most school buildings are built with RC. After the 921 Chi-Chi 
Earthquake in 1999, school buildings of SC and SRC have gradually 
increased in prevalence. Regardless of whether buildings are built of 
RC, SC or SRC, building heights are less than five stories, so struc-
tural materials are proper. RC school buildings are shown in the dia-
gram. 

 In Table 2, standard classrooms measured 
9.0~10.0 m in length and 7.5~8.0 m in width, with an 
area of about 75 m2. Most classroom units were oblong, 
with school buildings in “L”, “U”, “I” and “T”-shaped 
configurations. Building facades were regular, and the 
height of most buildings measured below five stories. 
Roofs of old buildings were mainly flat, while those of 
new buildings were mostly inclined. The structural mate-
rials of most buildings were RC. 

For further explaining and verifying methodology 
developed in Section 2, firstly, the DEA theory was em-
ployed to identify an efficient frontier curve for school 
buildings. The planning efficiency evaluation method 
developed in this research was then used to evaluate 

school buildings not on the efficient frontier curve. At 
last, the findings provided suggestions to improve ineffi-
cient school buildings for different planning preferences. 
Planning efficiency evaluation was divided into: (1) Effi-
ciency evaluation of the same school building under dif-
ferent planning preferences and (2) Efficiency evaluation 
of different school buildings under the same planning 
preference. 

 
3.1. Efficiency evaluation of the same school building 
under different planning preferences 
The DEA theory was applied to identify the efficient 
frontier curve in terms of seismic resistance and cost 
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effectiveness for the 326 school buildings, as shown in 
Figure 7. Eqn (8) shows the equation yE for the efficient 
frontier curve, with each point on the curve more efficient 
than the points of other sets. The planning efficiency 
evaluation method proposed in Section 2 can be used for 
school buildings located off the efficient frontier. 
 4 3

2

0.000000790 0.000454
0.0998 9.99 258.

Ey x x
x x

= − + −

+ −
 (8) 

 

 
Fig. 7. Building planning efficiency calculation  

In Figure 7, school building G was selected as an il-
lustrative example of a building located off the efficient 
frontier curve. The unit construction cost of school build-
ing G was 135 (hundred NTD/m2) and its seismic per-
formance index was 100. Using equal preference (indif-
ference curve slope m = 1) as an example, calculation 
would proceed as follows: As equal preference for seis-
mic resistance and cost effectiveness, so the preference 
weight α for seismic resistance is 0.5 and preference 
weight β for cost effectiveness is also 0.5. After calcula-
tion, coordinates of points J and B are J(0,100) and 
B(78,100) when the seismic performance index is 100. 
When the unit construction cost is 135, coordinates of 
points D and H are D (135,126) and H(135,0). In Fig-
ure 7, the coordinate of point I is I(78,0), and that of point 
K is K(0,126). The calculation process for seismic effi-
ciency (SE), economic efficiency (EE) and planning effi-
ciency (PE) is presented in Eqns (9) through (11). 
 100 0.794

126
OJSE
OK
= = = ; (9) 

 78 0.578
135

OIEE
OH
= = = ; (10) 

0.5 0.794 0.5 0.578 0.686PE SE EE= α× +β× = × + × = . (11) 
The planning efficiency calculation process for one 

school building with equal preference (indifference curve 
slope m = 1) was presented above. This research also 
took the indifference curve slope m = 0 (extreme prefer-
ence for seismic resistance), m = 0.6 (greater preference 
for seismic resistance), m = 1.6 (greater preference for 
cost effectiveness) and m = ∞  (extreme preference for 
cost effectiveness) in order to compare differences be-

tween the five planning preference types. Table 3 summa-
rized the calculation processes for SE, EE and PE for the 
five types. 

 
Table 3. Calculating planning efficiencies for the same school 

building under different planning preferences  
Planning  
Preference m α β SE EE PE 

Extreme  
preference  
for seismic 
resistance 

0.00 1.00 0.00 0.794 0.578 0.794 

Greater  
preference  
for seismic  
resistance  

0.60 0.62 0.38 0.794 0.578 0.712 

Equal  
preference 1.00 0.50 0.50 0.794 0.578 0.686 
Greater pref-
erence for cost 
effectiveness 

1.60 0.38 0.62 0.794 0.578 0.660 
Extreme pref-
erence for cost 
effectiveness 

∞  0.00 1.00 0.794 0.578 0.578 
 
Table 3 showed an SE for school building G of 

0.794 and EE of 0.578, under different planning prefer-
ences. These values are not affected by planning prefer-
ences and objectively reflect school building efficiency. 
Introducing subjective factors results in significantly 
different planning efficiency (PE) value that ranges from 
a maximum value of 0.794 to a minimum value 0.578 – a 
difference of 27.2% ((0.794–0.578)/0.794 = 0.272). Such 
difference reflects the highly disparate viewpoints of 
different architects toward the same school building. 
Table 1 can be used as a reference to identify benchmarks 
necessary to improve school building planning efficien-
cies under different planning preferences. Table 4 sum-
marized the calculation process and results. 

In Table 4, benchmarks are quite different due to 
different planning preferences. According to the efficient 
frontier theory and DEA, planning efficiency (PE) of 
benchmarks all equal 1 and all represent efficient school 
building planning. Results illustrated the inadequacy of 
using only objective evaluations and the necessity to 
consider the subjective planning preferences of architects 
in building planning and design work. 

 
3.2 Efficiency evaluation of different school buildings 
under the same planning preference 
To compare the planning efficiencies of different school 
buildings given the same planning preference, this research 
continued to use the equal preference (indifference curve 
slope m = 1) as an example and selected the three school 
buildings L (123,88), G(135,100) and M(147,112) for 
illustration. After calculation, the indifference curve equa-
tion y = x – 35. Figure 8 showed the relationships between 
the indifference curve of the three school buildings and the 
efficient frontier yE. Calculations followed the same meth-
od as above. Table 5 summarized the results. 
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Table 4. Benchmarks of the empirical research for five planning preference types 
Preference type Diagram Description 

Extreme preference for  
seismic resistance 

(indifference curve slope 
m = 0) 

0
20
40
60
80

100
120
140
160

0 40 80 120 160 200 240
Unit construction cost

Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

G(135,100)

 E(157,128)
yE

 

(1) Unit construction cost 
      135 (hundred NTD/m2) increased to   

157 (hundred NTD/m2) 
 (2) Seismic performance index 

100 increased to 128 
 (3) Benchmark 
       School building E(157,128)  

Greater preference for 
seismic resistance   
(slope m = 0.6) 

0
20
40
60
80

100
120
140
160

0 40 80 120 160 200 240
Unit construction cost

Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

G(135,100)

 D(96,116)
yE

 

(1) Unit construction cost 
      135 (hundred NTD/m2) reduced to  

96 (hundred NTD/m2) 
 (2) Seismic performance index 

100 increased to 116 
 (3) Benchmark 
      School building D (96,116)  

 
Equal preference 

(indifference curve slope 
m = 1) 

0
20
40
60
80

100
120
140
160

0 40 80 120 160 200 240
Unit construction cost

Se
ism

ic 
pe

rfo
rm
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ex

G(135,100)

C(83,106)
yE

 

(1) Unit construction cost 
          135(hundred NTD/m2) reduced to  

83 (hundred NTD/m2) 
 (2) Seismic performance index 

100 increased to 106 
 (3) Benchmark 
      School building C(83,106)  

Greater preference for 
cost effectiveness  
(slope m = 1.6) 

0
20
40
60
80
100
120
140
160

0 40 80 120 160 200 240
Unit construction cost

Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

G(135,100)
B(70,89) yE

 

(1) Unit construction cost 
       135(hundred NTD/m2) reduced to  

70 (hundred NTD/m2) 
 (2) Seismic performance index 

100 reduced to 89 
 (3) Benchmark 
      School building B(70,89)  

Extreme preference for 
cost effectiveness  

(indifference curve slope 
m = ∞ ) 

0
20
40
60
80
100
120
140
160

0 40 80 120 160 200 240
Unit construction cost

Se
ism

ic 
pe

rfo
rm

an
ce 

ind
ex

G(135,100)

A(50,40)

yE

 

(1) Unit construction cost 
      135(hundred NTD/m2) reduced to  

50 (hundred NTD/m2) 
 (2) Seismic performance index 

100 reduced to 40 
 (3) Benchmark 
      School building A(50,40)  
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Fig. 8. Calculating planning efficiencies for different school 
buildings under the same planning preference  
Table 5. Calculating planning efficiencies for different school 

buildings under the same planning preference 

Sc
ho

ol 
bu

ild
ing

 

Va
lue

s o
f 

co
ord

ina
tes

 

OJ  OK  OI  OH  SE EE PE 

L (123,88) 88 125 69 123 0.704 0.561 0.633 
G (135,100) 100 126 78 135 0.794 0.578 0.686 
M (147,112) 112 127 90 147 0.882 0.612 0.747 

 
In Table 5, the results showed that SE, EE and PE of 

the three school buildings were different, although they 
were all located on the same indifference curve. In this 
example, coordinates value correlated positively with 
building efficiency values. Generally, for school build-
ings located on the same indifference curve, planning 
efficiencies were recognized to be the same subjectively 
due to an equivalent degree of architect satisfaction. 
However, after calculation, efficiency values differed by 
15.3% ((0.747–0.633)/0.747 = 0.153). Results showed 
subjective recognition as not always sufficient and they 
should be complemented by objective analysis. If school 
building planning efficiency requires improvement, the 
indifference curve can move to the upper-left side until 
the indifference and efficient frontier curves are tangent 
to each other. 

 
Conclusions 
Seismic resistance and cost effectiveness are two im-
portant building planning objectives. However, the natu-
ral conflict between the two often leads to architect inde-
cision and delays in building planning and design work. 
Besides, current efficiency evaluation methods focus on 
evaluating objective factor efficiencies and seldom ad-
dress subjective planning preferences of architects. Thus, 
these methods entail some shortfalls to the actual building 
planning and design work. This study integrated the in-
difference curve, efficient frontier and DEA theories to 
develop a new planning efficiency evaluation method 
designed to address these shortcomings. To illustrate the 
proposed approach effectiveness, a total of 326 school 
buildings in Taichung City, Taiwan were conducted as an 
empirical survey. The findings can serve as benchmarks 

for architects to optimize their building planning and 
design works. 

The same approach can be adapted to tens of thou-
sands of school buildings in other cities in Taiwan. Since 
the empirical survey in Taichung City is quite representa-
tive of Taiwanese school buildings, it may have a signifi-
cant impact upon architects for planning their optimal 
school buildings. 

The results obtained suggest that using only objec-
tive evaluation or subjective recognition is insufficient to 
explain the nature of building planning and design. 
Therefore, the findings can assist architects to: (a) adopt 
indifference curve theory to decide their planning prefer-
ences to reflect the subjective recognition; (b) construct 
the efficiency frontiers of buildings via DEA to convey 
the objective evaluation; and (c) combine the previously 
discussed theories to find the benchmarks. Thus, in addi-
tion to conducting an efficiency analysis of objective 
factors, the subjective planning preferences of architects 
could also be considered in order to reflect the true nature 
of building planning and design. 

Homogeneity among school buildings in terms of 
architectural characteristics makes DEA theory an ap-
propriate approach to constructing their efficiency fron-
tier. This empirical research focused only on school buil-
dings in order to illustrate the proposed methodology. 
The methodology can be replicated for residential, office 
and other building types to establish their distinct plan-
ning efficiency evaluation approaches. Owing to the limi-
tations of DEA, buildings addressed by the method must 
be homogeneous operating units. In addition, the number 
of buildings should be sufficiently large to construct the 
efficient frontier. These issues should be explored further 
in future studies. 
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