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Abstract

Historical building conservation is an important work for most global organizations due to its potential cultural, social, economic,
and urban renovation benefits. Accurately allocating budget in a limited time is a crucial factor that profoundly affects the restoration of
historical buildings. An ineffective budget control mechanism often causes further damage to historical buildings that are facing urgent
restoration needs. This study presents a new cost estimation concept based on the case-based reasoning (CBR) approach instead of a
traditionally intuitive estimation method. In CBR model, two retrieval techniques, ‘Inductive Indexing’ and ‘Nearest Neighbor’, are then
applied to retrieve relevant cases from the knowledge-based database. Two of the most common types of Taiwan historical buildings are
tested to explore the restoration cost implications. The result reveals that the CBR solution can effectively predict the actual restoration
cost, solve order change problems, and reduce the budget review time. These applications are also useful for many other countries, espe-

cially for those seismic belt regions, that are facing similar problems regarding historical building restoration.
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1. Introduction

Historical building conservation is an important work
for most global organizations due to its potential cultural,
social, economic, and urban renovation benefits (Lee, 1996;
Lichfield, 1988). To actively preserve their precious archi-
tectural heritages, governments usually provide appropri-
ate financial resources to conduct these maintenance,
repair and restoration works (Pickard, 2002). An efficient
cost control mechanism, however, that favors conservation
work is desirable in that it can economically make use of
limited resources to implement the relevant urgent works
(Feilden, 2003).
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In Taiwan, a lengthy budget review process, at least one
year for an investigation, that lacks an effective cost estima-
tion system has caused severe impact on conservation
policy implementation. Especially the grievous and
world-famous Chi-Chi earthquake, which occurred in Tai-
wan in 1999, has raised questions about the implicated
budget control and review problems. Many historical
buildings face increased damage (CCAEY, 2005), as well
as an excessive waste of restoration time because of a com-
plicated and ineffective review process.

In addition to the budget review process, there is a
general problem in Taiwan historical building restoration.
According to most implemented experiences, the inconsis-
tency between the appropriated budget and the actual
restoration cost was significant. The discrepancy usually
results from the multifaceted characteristics of historical
buildings. The restoration actions sometimes depend on
hidden building element conditions. These elements
only become visible after demolition work and can easily
cause changes in the work orders and modifications to
the cost.
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Undoubtedly the traditional budget review process is
time-consuming and the government is awkward about
the whole restoration cost estimation. In fact, domain
knowledge existing in historical building experts should
be systematically re-used in the judgment on these restora-
tion works. Plentiful research has paid attention to con-
struction cost estimation problems, using many artificial
intelligence methods (Adeli & Wu, 1998; Kim, An, &
Kang, 2004a, Kim, Yoon, An, Cho, & Kang, 2004b;
Mohamed & Celik, 2002). Among these methods, case-
based reasoning (CBR) is one of the most popular and sat-
isfactory decision support tools to discuss cost estimation
issues (Doganl, Arditi, & Giinaydin, 2006; Kim et al.,
2004a, 2004b; Perera & Waston, 1998) In this study, the
concept of CBR and its applications provide a good oppor-
tunity to improve the budget review process and restora-
tion cost inconsistency problems.

Based on the CBR concept, this study attempts to effec-
tively predict the best restoration cost estimations for his-
torical buildings. The proposed approach contains three
major procedures. A knowledge-based system of historical
buildings and relevant quantified processes is first built.
Two retrieval techniques, ‘Inductive Indexing’ and ‘Nearest
Neighbor’, are then applied to retrieve relevant cases from
the knowledge-based database. These cases offer valuable
information for restoration cost estimation. A Taiwan con-
struction cost index is introduced into the case revision
process to correct the acquired cost estimation data. Two
common types of historical buildings in Taiwan are tested
by the proposed approach and the implications of the test
process are also discussed. It is expected that the result will
provide useful insight for decision-makers when they are
facing similar problems.

2. Restoration procedures for historical buildings in Taiwan

Historical buildings in Taiwan express the diversity of
the architectural context due to the specific life style of
native people and the multicultural experience due to mul-
tiple colonizers. Currently, building conservation projects
are generally based on the historical, cultural and architec-
tural values attributed to the historical buildings as reasons
to conduct building preservation, maintenance and reuse.
The planning process before restoration work on historical
buildings consists of two sub-processes: (1) Investigation
stage: it usually takes about 9—-12 months to complete the
building diagnosis, related maintenance plans, and the ini-
tial cost estimation plan reviewed by Cultural Affairs Insti-
tutions of Taiwan; (2) Design and Planning stage: it usually
takes about 2-6 months for the architect to propose the
restoration drawings, required materials and quantity
information with the detailed construction cost estimation
(Wang, 2004). That is, with the current restoration proce-
dure, the government inevitably needs to spend at least
one year before the restoration construction stage. It would
be a great improvement to shorten the procedure, espe-

cially for those ill-conserved buildings in urgent need of
repair.

The cost estimation for historical buildings is compli-
cated and more difficult than that for other buildings. In
addition to considerations of unique materials, the building
appearance, and the construction method, it also involves
various applications of Taiwan traditional building decora-
tions. Furthermore, some building parts and their deterio-
rated conditions can not be detected from appearance,
which causes uncertainty and difficulty in the cost estima-
tion. How to construct a useful method, based on profes-
sionals’ experiences and domain knowledge to provide
optimal decision support information in cost estimation
is the key success factor in restoration projects.

3. A new cost estimation method for historical buildings

Instead of adopting a traditional cost estimation mech-
anism, this study attempts to build a new cost estimation
method for historical buildings based on the case-based
reasoning (CBR) approach. CBR provides both a method-
ology for building systems and a cognitive model of how
people solve problems (Perera & Waston, 1998). The
central tasks involved in CBR methods are to identify
the current problem situation, find a past case similar to
the new one, use that case to suggest a solution to the cur-
rent problem, evaluate the proposed solution, and update
the system by learning from this experience (Humphreys,
Mclvor, & Chan, 2003; Mamaghani, 2002; Kolodner,
1993). Essential tasks needed to make a typical CBR
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system are: (1) retrieve one or a small set of the most
similar cases according to the problem specification; (2)
adapt to the new situation by revising former solutions;
(3) retain the new case and solution as part of history for
future retrievals (Chua, Li, & Chan, 2001; Jeng & Liang,
1995).

To effectively retrieve valuable information for decision
making, a systematic CBR process needs to be established,
as shown in Fig. 1. There is a five-stage reasoning proce-
dure of restoration cost estimation: (1) input the new case
information via the system’s interface; (2) attribute identi-
fication and transformation; (3) retrieve the cases from
database based on the comparison result of building type,
structure type, roof material, and building condition; (4)
revise or adjust the retrieval cases according to the con-
struction cost index; (5) retain the solution.

A detailed introduction to and definition of this process,
such as the case representation, case library design,
retrieval method (induction tree and the nearest neighbor
methods), and case revision mechanism are described as
follows.

3.1. Case representation

A case is a contextualized piece of knowledge represent-
ing an experience. Cases can be represented in a variety of

forms using the full range of Al representational formal-
isms including frames, objects, predicates, semantic nets
and rules (Watson & Marir, 1994). The first step in operat-
ing the CBR process is to define common features from
extensive and complicated cases, so that it is possible to
retrieve useful cases. These features, as described in Table
1, are regarded as the attributes of each case in the data-
base. After a survey of historical building investigation
and experts’ interviews, the eight most discriminating
attributes that will affect the restoration cost estimation
of historical buildings are defined.

“Building type”’, “Structure type”, and “‘Roof material”
are the fundamental architecture conditions for defining
the historical building. These three attributes are repre-
sented by the choice data type in the database. “Building
height”, “Building area’, and “Building decoration” are
three attributes that can be represented by numerical value
data. It deserves to be noticed that Taiwan historical build-
ing decoration always shows diversity (as shown in Figs. 2
and 3). The assessment of the building decoration depends
on the concept proposed by Ipekoglu (2006) establishing an
evaluation method for traditional dwellings. In this study,
according to required labor and costs for the decoration
restoration, four levels of decoration for major building
elements, such as the roof, the pillars and beams, the walls,
and the doors and the windows, are defined. Summing up

Table 1
Case attributes of a historical building
Attributes Definition Description Data type
Case name Restored case name N/A Text
Building type Based on architecture styles and material features to  Traditional Taiwanese dwelling Choice
classify four types Colonial wooden building
Colonial brick wall building
Primary ferroconcrete building
Structure type  Building structural system Wooden frame Choice
Load bearing wall
Hybrid structure
Roof material ~ The most common applications of roof materials in Concrete tile Choice
Taiwan Slate tile
Copper tile
Brick tile

Material
replacement
ratio

Building
decoration

Building height

Construction
damage
degree

Building area

The ratio of the damaged parts that need
to be replaced in a building

The decoration, such as the claying, painting, and
wood carving, on major building elements

The height of a wall structure

Damage level of each building element

The floor area of a case

Level 1: the ratio is less than 20%

Quantitatively

Level 2: the ratio between 21% and 40% measurable
Level 3: the ratio between 41% and 60%

Level 4: the ratio between 61% and 80%

Level 5: the ratio is higher than 81%

Four decoration levels of the roof, the pillars Numerical
and beams, the walls, and the doors and windows.

Summing up the level of each building element to

obtain a decoration score.

N/A Numerical
Evaluation of the following elements: Quantitatively
Site, foundation, internal wall, external wall, wooden structure, measurable
floor slab, roof structure and painting decorations

N/A Numerical
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the level of each building element can obtain a decoration
score. A higher score means that the building has more dec-
oration and it needs more money and labor to conduct the
restoration of the decoration. ‘““Material replacement ratio”
and “Construction damage degree” are quantitatively mea-
surable data. Five levels of material replacement ratio are
defined from less replacement (<20%) to great replacement
(>81%). Table 2 is an example of the illustration of the
structural element damage degree with regard to Taiwan
historical building damage evaluation (Wang & Hsiao,
2003). Each building restoration element can be denoted
by the criteria.

3.2. Case library design

Case storage is an important aspect in designing efficient
CBR systems in that, it should reflect the conceptual view
of what is represented in the case and take into account
the indices that characterize the case (Watson & Marir,
1994). The case library is composed of a number of histor-
ical data cases that are in the form of a frame structure, and
describes the design requirements and solution (Tor, Brit-
ton, & Zhang, 2003). In this study, the construction of
the database is based on information from past restoration
projects implemented by the experts, including the various
investigation, planning, design, and restoration construc-
tion reports. Two hundred and ninety three restoration

projects on historical buildings have been collected and
then refined into the database.

In these projects, the majority have experienced prob-
lems concerning work order changes or the modification
of the budget due to some specific and unpredictable fac-
tors of the historical building restoration. That is, the cost
estimation of these projects mostly depended on past
implemented experiences, to provide useful information
to avoid mistakes in future estimation procedures. After
attribute comparison between the input case and the stored
cases, the output information can show the reference value
of restoration cost. The expression of the output cost value
is the price per unit area (US$/m?).

3.3. Inductive indexing

Case indexing involves assigning indices to cases for
facilitating their retrieval (Shin & Han, 1999). Using an
inductive technique for case indexing is to build a knowl-
edge-based system that is capable of combining manifold
types of knowledge (Shin & Han, 2001). Essentially the
induction algorithms are used as classifiers to cluster simi-
lar cases together (Watson, 1999). This study uses one of
the inductive techniques, the decision tree, to index the pre-
vious cases in the database. The decision tree can be
divided into three hierarchies: (1) level 1: Building type;
(2) level 2: Structure type; (3) level 3: Roof material.

Fig. 2. A historical building with fewer decorations.
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Fig. 3. A historical building with abundant decorations.

Table 2

Structure damage level

Level Damage description

1 It expresses slight deterioration. The ratio of destroyed parts to the whole building is less than 20%

2 It expresses some deterioration. The ratio of destroyed parts to the whole building is between 21% and 40%

3 It expresses moderate deterioration. The ratio of destroyed parts to the whole building is between 41% and 60%
4 It expresses serious deterioration. The ratio of destroyed parts to the whole building is between 61% and 80%

5 The building almost collapses. The ratio of destroyed parts to the whole building is higher than 80%

For the level 1, four major building types are first distin-
guished. The paths and checkpoints pattern for level 2 and
level 3 may vary according to the case’s characteristics after
determining the building type. When a new case is input-
ted, the decision-maker will start the indexing process. At
the end of the decision tree processing, potential stored
cases will be selected. However, the nearest neighbor
method is still needed to complete the case comparison in
the further retrieval process.

3.4. Nearest neighbor: case similarity function

Nearest neighbor techniques are perhaps the most widely
used technology in the CBR retrieval process (Watson,
1997; Chang, Cheng, & Su, 2004). The nearest neighbor
approach lets the user retrieve cases based on a weighted

sum of features in the input cases that match the cases in
memory (Watson & Marir, 1994). Similarity scores for these
cases are calculated by the nearest neighbor approach to
find the single best match. As shown in Table 3, one of
the most obvious measures of similarity between two cases
is distance. To calculate the degree of match in the retrieval
process, the method of numeric evaluation function is being
used to measure distance. This evaluation function is using
quantitatively measurable, mathematical transforms to sub-
stitute for the qualitative data. In this study, similarity
scores are normalized to fall within a range of 0-1 (where
zero is totally dissimilar and one is an exact match). The
case with the highest score in the stored cases will be used,
or modified as the suggested solution.

The nearest neighbor method, however, has difficulty in
deciding a set of feature weights to accurately retrieve cases
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Table 3
Similarity score with Nearest Neighbor
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Attributes Similarity function Weights  Similarity index

Material Measure of similarity of required level of material replacement between target W; W _1 —\Jri-s) T')z} (1)
replacement ratio case (7;) and training cases (S;) " LT

Building decoration  Building decoration similarity between target case (7)) and training cases (S;) W, Will =+\/(T; = S;/T j)z} (2)

Building height Building height similarity between target case (7%) and training cases (Sx) Wi Wi|l =/ (Tk — Sk/T, k)z} 3)

Construction Measure of similarity of damage level of each structure between target case 441 W,l1l— \/ Zf:] (T, —S,/T ,)ZW,} 4)
damage degree (7,) and training cases (S,) -

Building area Building area similarity between target case (7)) and training cases (S,,) W, Wall =/ (Ty — 8,/ Tn)z} (5)

Note: (1) +(2) + (3) + (4) + (5) = similarity value. W,represents the sub-weights for the different construction damage parts.

. . . . . It

in a given situation (Barletta, 1991). Many methods are Costyy = agetCase Cost, (6)

applied to improve the efficiency of the retrieval process,
such as the expert’s decision making (Kolodner, 1993; Shin
& Han, 2001), analytic hierarchy process (AHP) (Chang
et al., 2004; Park & Han, 2002), and indexing techniques
(Tor et al., 2003; Tseng, Chang, & Chang, 2005), etc. Con-
sidering research requirements, this study uses the AHP
method to calculate the weightings of attributes (as shows
a in Table 4), which is beneficial for the calculation process
of similar functions.

3.5. Case revision

Adaptation is the process of adjusting the retrieved cases
to fit the current case. Once a matching case is retrieved, a
CBR system should adapt the solution stored in the
retrieved case to the needs of the current case. This process
is called the revision process for CBR. Through the above-
mentioned similar function comparison, the similar cases
extracted from the case base have partly satisfied the actual
case. The decision-maker generally modifies the proposed
solution according to his/her expertise and experiences.

In addition to the decision-maker’s subjective judgment
on the revision, this study also introduces objective con-
cepts to adapt the retrieval cases. Because the restoration
cost of historical buildings may be affected by the current
economic condition, the construction price fluctuation,
including the requirements for building materials, labor
forces, etc., should be considered in the cost estimation.
The revised process is depicted as below:

casei

where Cost; means the restoration cost of a retrieved case
(before the revision); It,getcase Means the construction cost
index of a new case; I.,s; means the building’s cost index of
the retrieved case; Costc,s; means the adapted restoration
cost of the new case (after the revision).

4. Case study
4.1. Data source

Most historical buildings in Taiwan were built in the
Chin Dynasty (1685-1894) and the Japanese colonial per-
iod (1895-1945), accounting for approximately 80% of all
historical buildings. This study collected 293 restoration
projects (as shown in Table 5), having been restored during
1991-2006, from local Cultural Affairs Institutions and rel-
evant contractors. Restoration cost is indeed the focus of
the data preparation process and the acquired projects
are then refined into the case base.

4.2. Case test

Two types of historical buildings in Taiwan, traditional
Taiwanese dwellings and Colonial wooden buildings, are
used experimentally by the CBR operation. These two
types are the most common and typical buildings in the his-
torical inventory. The government also invests many

Table 4

Calculation of attributes weights with using AHP for case Bl

Attributes BClI BC2 BC3 BC4 BC5 Priority vector Attributes weights
BCl1 1.00 5 3 1/3 3 Vper = 12.33 W;=0.246

BC2 1/5 1.00 1/5 1/7 1/7 Vpcr=1.69 W;=0.034

BC3 1/3 5 1.00 1/5 1 Vpcs =153 W, =0.150

BC4 3 7 5 1.00 3 Vpca = 19.00 W,;=0.378

BCS 1/3 7 1 1/3 1.00 Veces =9.67 W, =0.192

Note: BCi means ith building condition; BC1: material replacement ratio; BC2: building decoration; BC3: building height; BC4: construction damage

degree; BC5: building area.
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Table 5
Data source of historical buildings

Building types Quantity Proportion (%)
Traditional Taiwanese dwelling 72 24.6
Colonial wooden building 85 29.0
Colonial brick wall building 71 24.2
Primary ferroconcrete building 65 222
Total 293 100

resources in maintaining and restoring these buildings.
These two types of building are discrepant in architectural
styles. For example, the traditional Taiwanese dwellings,
composed of three building units to form a courtyard, usu-
ally has a larger floor area and various building decora-
tions. Contrarily, the Colonial wooden buildings are
mostly independent building units with smaller floor area
and uniform decorations.

Currently, 72 traditional Taiwanese dwellings and 85
Colonial wooden buildings restoration projects have been
completed. Their restoration information has been gath-
ered. In the case test process, 10 cases are randomly
selected as the test cases from each building type. Other
cases are regarded as the training cases stored in the case
base waiting for the case retrieval.

Table 6 describes the example of the attribute descrip-
tion of test cases. After the input of the attribute evalua-
tion, the output of the restoration cost estimation will be
provided by the training cases using the retrieval approach.

4.3. Result and discussion

In the retrieval process of CBR, the first stage, an induc-
tive indexing approach, is operated by the software of
Microsoft Access. The user can acquire potential restored
cases that match new cases from the indexing tree. The
nearest neighbor method is further used to retrieve the final
cases from the potential cases. Fig. 4 illustrates one exam-
ple of a test case regarding the retrieval process and similar-
ity value computation. The construction price fluctuation
has been considered in the computed process. The result
of test cases, as shown in Table 7, contains the similarity
value, actual restoration cost, original allocated budget,
and the CBR suggested solution for these two building
types. Higher similarity value means that the solution of
CBR is closer to the actual cost.

Table 6
Case description attribute of test cases

1607

It is obvious that there is a significant deviation between
the actual cost and the original budget in each case. That is,
the budget of many restoration projects was not allocated
properly and economically. To examine the effectiveness
of the CBR solution, this study introduces the concept of
a deviation ratio to explore the cost implication of the
actual cost, the original budget, and the CBR solution
of each test case. The computed process is depicted as
in Egs. (7) and (8). The comparison result is shown in
Fig. 5.

2
Deviationratioof R;(%) = \/ (COStAC[ — COStorg> x 100

Costac
()
2
Deviationratioof R;(%) = \/ (COStAéO_StCOStCBR> x 100
Act
(8)

where R; is the deviation ratio of the original restoration
budget (Costo,g) from the actual cost (Costac); R;is the ra-
tio of the cost suggestion provided by the CBR approach
(Costcpr) to the actual cost.

The average R; in scheme 1 and scheme 2 is 16.6% and
12.5%, respectively, which are far higher than R; in scheme
1 and scheme 2 with the average 4.1% and 3.8%, respec-
tively. Distributions of the R; are also more variable than
those of the R; in both scheme 1 and scheme 2. For all test
cases, all points of the R; obtained by using the CBR are
less than 10%.

In addition, there is an observation deserving mention.
Fig. 5 also shows that the average ratio, including R; and
R;, in scheme 1 is higher than in scheme 2. This may imply
that the discrepancy generally results from the characteris-
tics of historical building types. In scheme 1, the traditional
Taiwanese dwelling type, the scale and the decoration are
more complicated than in scheme 2, the Colonial wooden
building type. Excessively complex and various building
characteristics have increased the difficulty in estimating
the restoration cost. The implication of the finding is also
helpful for decision-makers who administer the restoration
policy.

Undoubtedly the operation of the CBR approach is
more effective in the cost estimation process than the tradi-
tional estimation method that is usually based on some

Cases attributes

Traditional Taiwanese dwelling

Colonial wooden buildings

Structure type
Roof material

Load bearing wall
Concrete tile, slate tile

Material replacement ratio Min: Level 2
Building decoration (numerical) Min: 6
Building height (cm) Min: 350
Construction damage degree Min: Level 1
Building area (m?) Min: 309.2

Wooden frame, hybrid structure
Concrete tile

Max: Level 5 Min: Level 2 Max: Level 3
Max: 26 Min: 2 Max: 8

Max: 520 Min: 475 Max: 620
Max: Level 5 Min: Level 1 Max: Level 5
Max: 632.5 Min: 83 Max: 206.5
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Fig. 4. A screen shot of the CBR system with the similarity scores for case B1.
Table 7

Extracted results of test cases

Case Traditional Taiwanese dwelling Case Colonial wooden buildings
Similarity Actual cost Original budget CBR solution Similarity ~Actual cost Original budget CBR solution
(US$) (US$) (USS) (US$) (USS) (US$)

Al 0.665 803,749 597,798 729,732 Bl 0.803 186,509 180,912 188,482
A2 0.705 693,276 634,583 718,016 B2 0.712 196,519 173,918 207,297
A3 0.755 522,122 380,100 529,875 B3 0.748 108,373 78,569 104,779
A4 0.718 599,170 727,188 626,405 B4 0.805 133,687 120,584 135,738
A5 0.699 607,346 501,068 569,705 B5 0.786 173,341 151,483 159,089
A6 0.725 618,836 691,310 598,566 B6 0.813 118,290 114,031 117,120
A7 0.736 629,905 465,502 640,858 B7 0.836 206,158 240,303 213,527
A8 0.723 825,438 812,156 838,270 B8 0.762 355,368 388,204 338,708
A9 0.686 618,669 568,460 580,079 B9 0.786 339,000 385,000 349,950
A10  0.710 667,714 547,529 643,965 B10  0.809 201,810 166,087 190,095

Note: The solutions of CBR are based on the unit price of training cases multiplying the floor area of test cases. In addition, these solutions have been

adjusted according to the construction price fluctuation.

participants’ intuition and experiences. Furthermore, the
CBR solution also considers construction uncertainty and
difficulty in the historical building restoration. That is the
reason why the CBR solution is apparently closer to the

actual restoration cost.

5. Conclusion and suggestions

Accurately allocating budget in a limited time is a cru-
cial factor that profoundly affects the restoration of histor-
ical buildings. In this study, a new cost estimation method



H.-J. Wang et al. | Expert Systems with Applications 35 (2008) 1601-1610 1609

Deviation Ratio
o
2
s

LN S ~
I O . O = A

g —p—

Al A2 A3 Ad AS A6 A7 A8 A9 AlO

Test Cases

R, (Cost, -Cost, ) 5 R (Cost,,-Cost )

...... Average R, — = Average R,

Deviation Ratio
T
2
E

T o 7_.’:‘0_'*-._\;? _,_/_D =
=g

Bl B2 B3 B4 B3 Bo B7 B8 B9 B10
Test Cases

R, (Cost,, -Cost,,) =R, (Cost ,-Cost )

= Average R, — — Average R,

Fig. 5. Deviation ratio analysis of adopting CBR method: (a) Scheme 1:
traditional Taiwanese dwelling; (b) Scheme 2: colonial wooden buildings.

based on the case-based reasoning (CBR) approach is
applied to predict reasonable restoration costs. The case
test result reveals that the proposed CBR approach has
two advantages.

First, it can effectively improve the budget review pro-
cess to avoid a lengthy and complicated procedure delaying
the restoration implementation. Second, it can provide
more accurate cost estimation than traditional allocation
methods since the retrieval result, based on past project’s
experiences, has taken work order changes and modifica-
tions of the budget into account.

In future applications, the proposed approach can effec-
tively combine experts’ judgments to develop a robust deci-
sion support tool to assist decision-makers in implementing
the optimal restoration budget policy. These applications
are also useful for many other countries, especially for
those seismic belt regions, that are facing similar problems
regarding historical building restoration.
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