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Case Study

Project Schedule Forecasting for Skyscrapers

Yongkui Li'; Keyu Lu?; and Yujie Lu, A.M.ASCE®

Abstract: An accurate schedule estimation is critical for megaprojects such as skyscrapers, which have features such as high economic
values and wide societal awareness. An inaccurate schedule may have serious consequences such as going seriously overbudget or developing
a poor public image. However, the accuracy of using traditional methods to predict a skyscraper’s schedule is low because of the limitation of
available information at the early stage, large uncertainties, complex influencing factors, and their coupling effects on the project schedule. To
improve the accuracy of schedule estimation, this paper establishes a revised case-based reasoning (CBR) model to estimate the schedule for
skyscrapers. The CBR model comprises three steps, including (1) identify seven key influencing factors, (2) retrieve and rank candidate cases
according to their similarity to the target case, and (3) revise selected cases based on multiple regression analysis (MRA). The model was then
tested by using 33 skyscrapers in China from the last decade. The result shows that the estimated error in this model (4.83%) is significantly
lower than that in the traditional models (9-33%). This result justifies the application of extending CBR in the estimation of project schedule
for megaprojects. It also provides a reliable and accurate scheduling tool to help owners better allocate and manage resources in the early stage

of a megaproject. DOI: 10.1061/(ASCE)ME.1943-5479.0000498. © 2016 American Society of Civil Engineers.

Author keywords: Case-based reasoning (CBR); Schedule estimation; Skyscrapers; Project schedule; Case revision.

Introduction

The United Nations predicts that the world’s population is expected
to increase by 30% by 2050 and 75% of the population will live in
cities (Merrill and Gray 2012). Such a rapid population explosion
demands innovative ways to supply more living and working
spaces. Skyscrapers, also called super-high-rise buildings, have
become an important alternative in the urbanization process to
increase vertical space and to accommodate more people. There-
fore, it has become a favorite way in the last decades of accommo-
dating a rapid expansion of population. Skyscrapers have a variety
of definitions in terms of their height. For instance, 165 m was the
definition in the United States (CTBUH 2011), compared to 100 m
in China (NSPRC 2000). This paper adopts the international stan-
dard given by the Council on Tall Buildings and Urban Habitat
(CTBUH) and defines the height of skyscrapers as building at or
above 200 m.

During last decades, skyscrapers have boomed around the
world, especially in megacities. During 1960 and 2000, the total
number of skyscrapers (completed) reached 224. This number had
grown nearly four times and to hit 826 during 2000-2015. China
has the largest number of skyscrapers with the quickest growth rate
in the world. As shown in Fig. 1, the number of China’s completed
skyscrapers has increased during last 7 years except the years 2009
and 2012 (Merrill and Gray 2012). In 2013 and 2014, the number
of skyscrapers in China exceeded that in the rest of world (ROW)
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(CTBUH 2015). Following by this trend, the boom of skyscrapers

will continue in China. By the end of 2016, the total number of

skyscrapers will reach 800, four times more than those in the

United States (Le and Li 2013). Therefore, China was selected

as the context of this study and its result can provide significant

implications for over a half of the skyscrapers existing worldwide.

Schedule estimation is a significant factor in determining the
feasibility of a project (Jin et al. 2014), especially for one with huge
investment and great strategic significance. Meanwhile, schedule
estimation also serves as crucial evidence to allocate and control
project resources. An accurate schedule can help better distribute
construction resources, such as money, machinery, and materials, in
a more efficient way. For example, a project team can arrange the
project finance and cashflow in advance according to the project
schedule. On the other hand, skyscrapers are commonly regarded
as a symbol of urban development and economic status, so a mis-
judged schedule of skyscrapers may have an influence beyond the
project itself to extend to its neighboring zones or overall society.
For example, a skyscraper is a landmark in a city, promoting the
intensity of land utilization and attracting more enterprises to the
zone. Therefore, completion of a skyscraper may influence the pro-
cess of constructing surrounding facilities and infrastructures such
as an underground railway, or the city image.

However, project owners are unable to accurately estimate a
skyscraper’s schedule using existing methods. Possible reasons that
challenge the schedule estimation include four aspects:

e Complex and compounding factors that constantly change the
project schedule, such as uncertain subsurface geotechnical con-
ditions that affect the deep foundation of the skyscraper, or
weather and climate conditions that affect crane operations and
facade installation at the high level;

e Deviation between prevailing assumptions that construct the
schedule estimation and the project actual situation. In the early
stage of a project, only limited information is available (Merrill
and Gray 2012). As a result, schedule planners need to make
their own assumptions that unfortunately are shown to be dif-
ferent from the real scenario happening on the construction site,

» Extremely high and varying risks mean that compared with tra-
ditional projects, the construction process of skyscrapers has
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Fig. 1. Number of completed skyscrapers in China and ROW

more risks, such as long-term financing risks, macroeconomic

risks, and political risks; and
* The correlation and coupling effects intertwined among the pre-

ceding factors makes the schedule estimation of skyscrapers
even more complex and unpredictable.

These mentioned factors reduce the accuracy of a project’s
schedule. Consequently, an inaccurate estimation may affect a proj-
ect’s comprehensive performance, particularly in weakening the
control of project schedule, quality, and investment objectives
while increasing the risks of dispute among project stakeholders
(Jin et al. 2016). Therefore, in order to avoid these problems, this
paper aims to develop a case-based reasoning (CBR) model that is
capable of predicting a skyscraper’s schedule at an early stage.

The study is organized as follows. The next section reviews cur-
rent methods of project schedule estimation, schedule influencing
factors, and case-based reasoning, followed by the section that
introduces the framework of CBR model, including database estab-
lishment, case retrieval, and case revision. Thereafter, the results,
validation, and discussion of the CBR model are presented. The
last section concludes the study and highlights the knowledge
contribution.

Literature Review

Existing Methods and Influencing Factors to Estimate
Project Schedules

An accurate schedule in the early stage of a construction project is
significant for the project’s success (Koo et al. 2010). Traditional
estimating methods have been developed for the long-term and
include the critical path method (CPM), program evaluation and
review technique (PERT), bar charts, and line of balance (LOB)
(Yamin and Harmelink 2001). Each tool has its own characteristics
and applicable scope. For instance, LOB is typically used for
repetitive activities, and CPM is suited for a project with complex
relationships (Yamin and Harmelink 2001). The data sources for
the preceding methods are commonly based on expert experiences
and estimation (Kim and Kang 2004), or data analytics from his-
torical data (Lin et al. 2011). In China, the quota method is widely
applied. That method calculates the average duration of projects
based on certain production technology and natural conditions.
However, these methods have not considered project risk factors.

Researchers have also considered risk factors such as weather,
labor productivity, soil conditions, and speed of transportation (Lu
et al. 2014), and put forward uncertainty-based scheduling tools,
which include probabilistic network evaluation technique (PNET),
narrow reliability bounds (NRB), Monte Carlo simulation (MCS),
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and so on (Okmen and Oztas 2008). These methods can provide a
reliable estimation range for a project schedule, but they neglect the
relevance and influence between two connecting activities (Wang
and Demsetz 2000). Recently, scholars established estimation mod-
els that can combine project scheduling with advanced data-mining
and information systems. For example, Kim et al. (2014) built a
knowledge-based information system to estimate the cost and
schedule of projects. In that study, the system calculated the project
schedule based on mathematical modeling between cost, schedule,
labor productivity, and supply of material. In addition, Hong et al.
(2011) developed a simulation-based schedule estimation model
for core wall construction. The proposed model only considered
labor and equipment resources, but did not consider other factors
such as subsurface conditions. However, those aforementioned
methods have a low accuracy of estimating the schedule of sky-
scrapers because of this building type’s structural complexity and
the restricted information available in the front and planning stages.

In addition to project estimation methods, identifying factors
that influence a project’s schedule is equally vital to determine a
project’s schedule. So far, many scholars have studied influencing
factors for project scheduling from different perspectives. Assaf
et al. (1995) outlined 73 causes of delay, such as change orders,
finance crises, and legal disputes, which were determined based
on a questionnaire carried out to analyze their severity, importance,
and frequency. For example, owners thought the shortage of labor
as the first important delay factor, while contractors considered the
delay in progress payments by owners as the first important factors.
Sambasivan and Soon (2007) identified and ranked influencing fac-
tors according to Malaysian projects as follows: improper planning,
contractor’s poor site management, inadequate client’s finance and
payments for completed work, problems with subcontractors, labor
supply, lack of communication among stakeholders, and so on.
Kaming et al. (2010) undertook a questionnaire and factor-analysis
technique to analyze the factors of schedule delay and cost overrun.
The result showed that labor productivity, design change, weather,
and inadequate planning were predominant causes. Ogunlana and
Promkuntong (1996) concluded that the main reason for schedule
delays was human factors, including communication effectiveness
among stakeholders and the qualification of laborers. In addition,
the supply of construction materials could also be an acute factor,
especially during the boom of construction and real estate such
as during the years 1988 and 1992. Sidwell (1984) recognized
that schedule management was affected mostly by the level of
project management. In terms of project lifecycle, Mulholland
and Christian (1999) divided schedule risks into four parts: design,
procedure, construction, and project management. Based on this
framework, Mulholland and Christian (1999) refined and elabo-
rated each of these dimensions. For example, design risks included
the experience of designers and design change. Procedure risks in-
cluded the selection of and speed of suppliers. Construction risks
included the pattern of contracts.

These mentioned studies have promoted research on project
schedules for typical buildings and infrastructure projects. How-
ever, three limitations exist when applying them for skyscrapers:
(1) most of these methods have only considered several influencing
factors in the schedule estimation, such as material supply, but have
not considered the complexity of skyscrapers, such as the structural
challenges, subsurface conditions, and so on; ignorance of such
influencing factors makes the schedule unrealistic; (2) past methods
are primarily based on the individual project and their internal pro-
cedure sequences, but ignore the comparison with similar projects.
For instance, the schedule of the targeted project can refer to the
schedule from a similar one that has equivalent area, floor, and
types of structure, and so on; and (3) past methods estimate the
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total project schedule using the bottom-up approach by aggregating
the project schedule from individual working packages. However,
skyscrapers that have countless and interwoven working packages
are difficult to be broken down into calculative units and, therefore
the conventional methods are not applicable.

To overcome these limitations, project scheduling for skyscrap-
ers needs to consider more influencing factors and past experiences
of similar cases from the project’s overall perspective rather than
individual components. However, for any skyscraper, it is difficult
to gain enough information and expertise to produce the project
schedule that meets the requirements. Therefore, this study pro-
vides a model that can predict the schedule estimation method
based on the complexity of skyscrapers and the experiences from
similar cases.

Case-Based Reasoning and Its Application to Project
Scheduling

Case-based reasoning (CBR) is a continuous dynamic learning pro-
cess that originated from artificial intelligence. It solved new prob-
lems by reusing experience of similar previous cases. CBR was first
conceived in 1982 by Schank (1983) in his book Dynamic memory.
In 1983, Kolodner (1983) realized the aforementioned idea in the
proposed CYRUS system, which was regarded as the first system
of CBR (Aamodt and Plaza 1994). In 1985, Kolodner first pro-
posed the jargon CBR into the publication, debuting the foundation
of the academic discussion of CBR.

The process of CBR is similar to a human’s thinking pattern;
that is, when people face new problems, they will automatically
recall historical experiences, amend past solutions, and create new
solutions. In 1994, Aamodt and Plaza regulated the four phases of
CBR model—retrieve, reuse, revise, retain, also called the CBR-
cycle (4R) (Aamodt and Plaza 1994). The detailed process is as
follows: (1) retrieve the cases according to their similarity to the
target case, (2) reuse the solutions of retrieved cases to deal with
the target cases, (3) if deviations exist between retrieved cases and
the target cases, revise retrieved cases to create a new solution, and
(4) retain the new cases and solution in the database for future use
(Kim and Kim 2010).

CBR has been commonly used in many disciplines to help
identify suitable cases and provide decision-making support. For
instance, CBR is most applicable in a field that has high similarity
and rich experiences but ambiguous rules, such as the medical
domain (Ping et al. 2015), fault diagnostics (Lin et al. 2009), in-
telligent decision support systems (Koo et al. 2010), and electronic
information services (Thomasson et al. 2006). Particularly, CBR
has also been utilized as a decision-making tool in the construction
field in order to utilize the experience from previous projects when
planning a new project (Jin et al. 2014). For instance, Duverlie and
Castelain (1999) applied CBR to the cost estimation in the project
design stage. In 2001, Chua et al. (2001) developed a decision-
making model to provide bidding suggestions for contractors in
different situations. In 2006, Ozorhon et al. (2006) established a
CBR model to demonstrate how experiences of competitors in
international markets may be used by contractors in order to sup-
port international market selection decision. In 2011, Goh and
Chua (2010) applied CBR to identify potential construction hazards
utilizing past experience in the form of past hazards.

However, only a few studies have applied CBR in project sched-
ule estimation. Jin et al. (2016) established a CBR model to esti-
mate the preliminary duration of multihousing projects in Korea.
The model chose the k-nearest neighbor (KNN) method to retrieve
cases and revised the cases by regression-based algorithms. The test
showed an accurate estimation with the error rate of 5.73%, which
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was better than the traditional one of 9.15% (Jin et al. 2016). That
study initiated a milestone for CBR-based project scheduling esti-
mation but has two limitations when applying it to the skyscrapers.
First, the selected cases of the study are relatively simple and small
scale, so the CBR process and conclusions may not fully replicable
for complex projects, such as skyscrapers. Second, the selected
cases were limited to residential buildings, and thus did not include
other types and functions of buildings, such as commercial build-
ings, offices, and hotels. Therefore, this present study seeks to
improve the model and overcome these limitations by proposing
arevised CBR model that can estimate the schedule for large-scale
and multifunctional skyscrapers at an early stage.

Framework of the CBR Schedule Forecasting Model

The CBR-based schedule forecasting model comprises of three
steps: data preprocess, case retrieval and ranking, and case revision,
as shown in Fig. 2. The data preprocess stage aims to identify the
most important influencing factors. The case retrieval stage is de-
signed to retrieve the cases with high similarity to the target case.
Case retrieval is the key process in the CBR cycle as its result lays
the foundation of the following processes (Ji et al. 2010). Using
different retrieval methods can significantly impact the perfor-
mance of CBR results. So far, three approaches have been widely
used, including KNN, inductive retrieved method, and knowledge-
based retrieval methods. Among them, KNN is the most simple and
the most widely used method, especially suitable for situations with
a small number of cases. This study, therefore, applies KNN to re-
trieve similar cases since this study has small numbers of cases in
the case base. The KNN process includes two parts: determining
the weight of attributes (or influencing factors) and calculating the
similarity of cases. Then the similar cases can be identified accord-
ing to the similarity score. The third stage is the case revision,
which aims to compensate for the deviations between retrieved
cases and target cases and create a suitable solution for the target
cases. This stage involves two steps: (1) using principle component
analysis (PCA) to choose the most important factors, and (2) use
multiple regression analysis (MRA) to revise selected cases. Three
stages are further explained in detail in the following sections.

Case Database Establishment and CBR Data
Preprocessing

Case Database Establishment

A database must be set up prior to the establishment of a CBR
model. The more integrated the case database is, the more accurate
an estimation result the CBR can generate (Ji et al. 2010). The pri-
mary source of the case database is the Mega Project Case Study
Center of China (MPCSC 2014). In addition, the study supple-
mented this data with additional case information from the sky-
scrapers’ official websites and historical documents. In total, the
study collected 33 cases in China with the following characteristics:
(1) height above 200 m, (2) completion date during the years 1993—
2015, and (3) region within mainland China, in addition to one case
in Hong Kong and one case in Taiwan. The basic characteristics of
all projects are summarized in Fig. 3.

Determine Attributes

The study needs to determine attributes that mostly influence the
project schedule for skyscrapers. As a common practice, a literature
review and analysis were used in this study to identify the attributes
impacting project schedules (Kim and Kang 2004). After review,
32 attributes were summarized as the basis for data processing.
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Step 1: Data pre-processing to identify key attributes and database in CBR
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Fig. 2. Framework of CBR schedule forecasting model

The details of 32 attributes and their categories are presented in
Table 1. Since these 32 attributes focus on different aspects of sky-
scrapers and their units are different, it is necessary to standardize
the data into comparable values (Ji et al. 2010).

Then, the study applied correlation analysis to identify the most-
relevant attributes to the project schedule based on all cases. The
filtering criteria are defined as the bilateral probability of correla-
tion coefficient, which was less than 0.05. Under these criteria,
11 attributes were identified. However, among them, one may cor-
relate with one another, such as height and floors above ground.
Therefore, two experts performed an independent check to elimi-
nate overlapped attributes. To avoid collinearity, only one factor
can be selected from A1, A2, A3, and A4. Similarly, only one factor
can be selected between A5 andA6. Therefore, eight combinations
were tested that include one factor from Al, A2, A3, and A4,
and another one from A5 or A6 (Appendix I), then the group with
minimal index values and lower collinearity effect was chosen.
After discussion, seven attributes were finally selected, as given in
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Table 1. The selected attributed have also been compared to
past studies to show their validity (Al-Momani 2000; Chan and
Kumaraswamy 1999; CTBUH 2015; Jin et al. 2016; Kaming et al.
2010; Ogunlana and Promkuntong 1996), as compared in the last
column of Table 1.

Case Retrieval and Ranking

Calculating Attribute Weights

Different methods exist to weight the attribute in CBR, such as ana-
Iytic hierarchy process (AHP), genetic algorithms (Kim and Kim
2010), and expert analysis. Among them, the last one has been
widely used in CBR studies like the CBR-based bidding decision-
making model (Chua et al. 2001) and CBR-based construction
procurement decision model (Luu et al. 2005). Therefore, expert
interviews were selected to determine the weight that describes the
importance of each factor. A total of four experts on construction
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Fig. 3. Height, year, and location distribution of 33 selected skyscrapers in this study

Table 1. Selected Attributes and Corresponding Weights

Factor Step 1* Step 2 Step 3 Weight of factors®
Project-related Height: ground to top (A1); height: occupied floor (A2)(X1); floors (Al), (A2), (A3), (A5), (A2), (A6), (A7) X1 =0.1355,
above ground (A3); floors below ground (A5); tower GFA; gross floor (A4), (A6), (A7) X2 =0.1694,
areas; structural material; type of structure; depths of excavation (A6) X3 =0.1864
(X2); foundation; excavation of earthwork (A7)(X3); functions
Participants Experience of constructors; type of owners; number of investors; (A8) (A8)° X4 =0.1525
project cost (A8)(X4); experience of designers; experience of
supervisors
Condition of  Development of region; quantity of labor; labor productivity (A9) (A9) (A9)f X5 =0.1864
construction (XS); building site categories; earthquake fortification intensity;
annual freezing days (below 5°C); annual average rainfall; annual
number of typhoons
Economic Gross domestic product of the city (A10)(X6) (A10) (A10)® X6 = 0.0677
Skills factors ~ Green building certificate (A11)(X7); application of building (A11) (A1D)" X7 =0.1016
information modeling; top-down construction method; engineering
quality award
Hazard Level of construction hazard N/A N/A N/A

Note: Bold text represents the factors that were finally selected in the model.

A total of 32 attributes were selected from Step 1 literature review, 11 attributes were selected from Step 2, correlation analysis, and 7 attributes were selected

from Step 3, expert analysis.
YX1-X6 are numerical variables; X7 is an ordinary variable.
‘Data from Chan and Kumaraswamy (1999).

9Data from Jin et al. (2016), which used the number of underground floors, similar to X2.

“Data from Ogunlana and Promkuntong (1996).
Data from Kaming et al. (2010).

£Data from Al-Momani (2000), which used economic conditions, similar to X6.

"Data from CTBUH (2015).

and project management were interviewed, and they all had
about 5-10 years of working experience on megaprojects.
Among four experts, the first expert had years of experience in
providing professional consultancy services for skyscraper con-
struction; the second expert was a senior engineer and partici-
pated in construction of skyscrapers such as the Shanghai World
Financial Center (492 m) and the Shenzhen Ping-An Building
(600 m). The third one was a senior engineer with experience
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in complex high-rise building development. The fourth expert
was an active researcher on megaproject scheduling estimation.
A three-point scale weighting scheme was adopted from low to
high impact, where one point indicates a factor that may be
slightly important to deciding the schedule, and three points in-
dicate that a factor is extremely important. After analysis, the
weights for seven attributes are shown in the last column of
Table 1.
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Table 2. Estimation Results Based on Different Selected Referencing Cases

Number of selected referencing cases

One case Two cases Three cases Four cases
Forecasting cases Schedule (days) ER (%) Schedule (days) ER (%) Schedule (days) ER (%) Schedule (days) ER (%)
Chongging World Financial Center 1,740 10.72 1,918 1.59 1,854 4.85 1,854 4.86
Wuxi International Finance Square 1,460 5.01 1,703 10.78 1,753 14.04 1,725 12.23
Yuexiu Finance 1,580 10.96 1,491 4.70 1,461 2.61 1,514 6.31
Average — 8.90 — 5.69 — 7.17 — 7.80
Calculating Case Similarity ER — Sactual — Sestimated (4)

The attributes are in different formats, such as numerical variables
or ordinal variables. Correspondingly, two different calculation
rules were proposed to calculate their similarity.

The similarity of continuous variable can be calculated as
follows:

A Vtest—case — min (DAV )

SW; =100 — 100 x -
max(D,y) — min(D,y)

(1)

DAV,» = ‘Atest»case - AVretrieved»case‘

where AV . case = attribute data of test case; AV cyieved-case = attrib-
ute data of retrieved case (previous case); D 4y = difference between
these two factors; and SW; = similarity of the factor i.

As for ordinal variables, the similarity can be calculated as
follows:

(2)

i

{ 1007 if AVtesl—case - AVrem'eved-case =0

0, else

where the values of AV ranges from 1 to 3. Take green building
certificates for instance, when the project has a platinum award,
the value equals 1, a gold award equals 2, and no certificate is equal
to 3.

The similarity of cases equals the sum of each factor’s similarity

SC; =Y SW; (3)
i=1

where SC; = similarity between test case and previous j case; and
SW; = similarity of the factor i.

Case Ranking

According to these given rules, all cases could be ranked in
descending order of the case similarity. In CBR, the way of choos-
ing training cases varies. Cho et al. (2010) used a ratio of testing
case verse training case of 4:1, and Li and Sun (2011) selected a
ratio of 7:3. Differently, Kim and Kim (2010) built a CBR model
based on the total amount of collected data. In this study, the latter
way was adopted due to the rationale that engineers in reality
normally use all available cases to predict the schedule of a new
skyscraper. The ranking result for the sample case Chongqing
Finance is listed in Appendix II. Then, the case with highest sim-
ilarity (SC;) from the case database can be identified as the most
similar case to the target case (Cho et al. 2010).

Error Rate

To show the accuracy of the model visually, the study used the error
rate (ER) to measure the difference between actual schedule and
estimated schedule and compared the results for different estima-
tion methods (Cho et al. 2010)
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N estimated

where S,.,a = actual schedule of the test case; and Segimated =
estimated schedule of the test case.

Preliminary Results

The result of CBR model (unrevised) is listed in Table 2. During
the calculation process, using a different number of retrieved cases
will lead to different prediction results. For example, when 1-4
retrieved cases are used, the average error rate is 5.69-8.90%.
The best result is ER = 5.69% when two similar cases were
chosen. However, the ER of Wuxi International Finance Square
(10.78%) showed large variances. Therefore, such deviations need
to be decreased by revision.

Case Revision

Case revision refers to adjusting the deviation of the earlier esti-
mates based on experts’ experiences and knowledge. The current
methods are primarily dependent on subjective judgment, which
may lower the accuracy of the model’s predictions (Begum et al.
2009). Alternatively, multiple regression analysis (MRA) has re-
cently emerged as a promising method that provides a reliable way
to adjust the original estimate based on the most-relevant variables.
For example, Jin et al. (2012) provided a revised MRA. However,
the application of this tool imposes a strict requirement that the
number of cases should be greater than the number of factors (also
called attributes). Given the limited number of cases, this study can-
not directly apply the MRA method, but rather needs to reduce the
number of attributes. To select the most-relevant attributes, this
study used principle component analysis (PCA) to identify domi-
nant factors from the seven factors used in the previous step. The
technologies used to construct skyscrapers have changed rapidly
over the years. To ensure the prediction is based on the current
state-of-the-art technologies, the cases completed in recent 2 years,
or a minimum of six recently completed cases, were used for the
case revision process.

PCA to Select Dominant Factors

PCA is known as an orthogonal transformation that converts multi-
ple variables into a set of principal components. The transformation
process is defined in such a way that the sum of component score is
calculated by the multiplication of two variables—the percentage
of variation that represents the level of interpretation of the new
factors to the original level and the score of original variable that
represents the contribution towards the whole result (Ji et al. 2012).
PCA has been applied in the following sequence. First, cases highly
similar to the target case were selected. Second, PCA was applied to
abstract the key attributes from these similar cases. Third, the se-
lected attributes were fed into the MRA model. Among the seven
attributed identified in the previous step, six numerical variables
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Table 3. Rationale for Determining the Range of Uncertainty Variables

Uncertainty factors

Lower bound

Upper bound Range

(A) Number of cases
in the PCA

(B) Number of factors
in the PCA (Factor),)

(C) Number of cases in
the multiple regression
(Case,,)

To determine the lower bound of (A): In order
to conduct PCA, (A) must be equal to or
greater than 8 because a maximum of 7
attributes exist in the PCA

To determine the lower bound of (B) and (C):
To improve accuracy, the lower bound of (B)
should be equal to or greater than 2

Considering the same relationship as in the
preceding row, that is Case, > Factor, + 2,
the lower bound of (C) is 4

To determine the upper bound of (A): When choosing more cases, 8-12
the accuracy of the estimate will reduce. After several trials, the

study decided to choose 12 as the upper limit of (A). The reason is

that when the number of cases is 12, the error of estimate is larger

than that when 11 cases are used

To determine the upper bound of (B) and (C): Take the similarity of 2-4
previous cases into consideration, the upper bound of (C) is 6

because the cutting off point for the similar cases is six cases.

Beyond six cases, the similarity to the target case will be low

According to the upper bound of (C), the development of an 4-6
appropriate MRA model requires to satisfy the condition that Case,,

is greater than the Factor, plus two (Case, > Factor, + 2)

and one ordinary attribute (X7, green building certificate) were
selected as initial input variables in the PCA process.

MRA to Revise the Result

Followed by the PCA result, the filtered dominant attributes are
then input to the MRA model to revise the CBR result. The revised
estimate is calculated as follows:

Tr = C + k,factor, + k,factor,+ --- +k,factor, (5)

where Tr = revised estimated schedule; C = constant; factor
n = dominant factors chosen from PCA; and K, = regression
coefficient.

In sum, the preceding discussion outlines three uncertainty fac-
tors in Eq. (5), namely (1) the number of cases involved in PCA,
(2) number of factors chosen from PCA, and (3) number of cases
involved in MRA. The range of each factor and the reasons for
selection are listed in Table 3.

Results

After considering three variances and their range of values, 36 pos-
sible combinations and results for Chongqing World Financial
Center are listed in Table 4. The combination that has the lowest
average ER (5.64%) were selected as the final result, in which three
uncertainty factors can be determined—2 dominant attributes,
11 cases in the PCA, and 5 cases in the MRA model. In this sce-
nario, the MRA formulation and case results are listed in Table 5.
Project cost (X4) is significant to forecasting project schedule in the
cases of Chongqing and Wuxi, while having a green building cer-
tificate (X7) is not a key determining variable.

To validate the accuracy of this model, these results were also
compared with the results calculated by traditional methods. Four
results are compared: (1) regression model that established a linear
regression between 20 predictable factors—including number of
stories above the ground, site location, total floor area, and project
schedule (Koo et al. 2010); (2) industrywide quota estimation that
used the national guidelines formulated by the Ministry of Con-
struction in China (NSPRC 2000) to estimate the schedule of a
building with fewer than 32 floors; (3) the original result of CBR
model without revision; and (4) the result of the revised CBR model.

As shown in Table 6, the accuracy of the revised CBR model
is the highest among all estimations. The average ER is 4.83%,
which is 15.2% lower than the result calculated by the unrevised
CBR model [i.e., (5.7—4.83)/5.7=15.2%]. On the contrary,
the results of traditional methods—both regression and quota
estimation—are not accurate, especially the result of quota with
ER as high as 35%. Regarding the estimation of project schedule,
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5-10% of ER 1in the early stage is considered acceptable (Jin et al.
2016). So the results validate the applicability and reliability of us-
ing the CBR model to forecast project schedules for skyscrapers in
the early stage of the construction process.

Discussion

As shown in the preceding sections, many variables have been ex-
amined during the CBR calculation and revision process. These
variables may influence the final result from different perspectives.
For instance, in the CBR revision process, the number of cases in
PCA may impact on the result. Therefore, the robustness of the
final result needs to be discussed and justified.

Decision Criterion and Robustness of Result

The selected combination used herein was based on the minimum
ER on average in Table 4. However, from another point of view, the
case revision process is also an MRA process, where the R? of the
multiple regression is also a key indicator (Ji et al. 2012). Thus, it is
worthy to compare the results of two different selection criteria:
Option 1 with the minimum ER and Option 2 with the largest
R? of MRA.

The average ER and R? of MRA for different combinations are
listed in Table 7. The minimum ER in all combinations are 5.64,
6.54, 8.16, and 8.23%, respectively. The lowest and second lowest
values of ER are 5.64 and 6.54%, while the two lowest values of
R? are 0.62. Both results satisfy the requirement of the ER and
R?, so the difference between the two selections is negligible. In other
words, the result of the revised MRA shown in Table 7 is robust re-
gardless of the numbers of cases and selection between ER and R?.

Another issue is when a new tallest building occurs, it will be-
come an outlier and higher than the existing cases already collected.
Therefore, this study calculated the scenario in which the average
was calculated by excluding the largest ER in the testing cases.
After removing an outlier (i.e., the highest ER) from each group,
the predicted results are shown in the last row of Table 7, and this
result could be more accurate. ER reduces to the range of 3.08—
4.11%, and R? increases to the range between 0.67 and 0.69. So
the final result is relatively robust, and it can only change a little
no matter whether the lowest average ER criterion or apply the big-
gest R? has been applied.

Number of Cases and Forecast Accuracy

The number of cases in the CBR database is an important factor.
The more cases recorded in the database, the more chances the
target case can be matched within the case pool. Therefore, this
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Table 4. Estimated Results of Multiple Regression Analysis (MRA) for 36 Combinations of Three Uncertainty Factors

Four cases in MRA

Five cases in MRA

Six cases in MRA

Numbers of Two attributes Two attributes

Three attributes Three attributes Three attributes Four attributes

cases in PCA Projects in PCA (%) in PCA (%) in PCA (%) in PCA (%) in PCA (%) in PCA (%)
8 Zhengzhou" 20.02 8.73 4.40 15.44 0.70 19.24
Guangsheng 4.63 12.45 1.51 9.12 14.32 14.61
Moi City 11.51 9.26 23.25 9.16 28.03 21.10
Leatop Plaza 4.26 1.24 5.28 15.23 10.14 54.39
Deji Plaza 8.53 15.31 25.05 21.94 5.18 19.00
Suning 4.39 1.59 1.68 5.01 3.52 4.52
Modern 6.47 6.93 111.98 69.21 0.80 5.99
Jinan 18.43 10.29 22.37 8.93 20.18 21.29
Average 9.78 8.23 24.44 19.25 10.36 20.02
9 Zhengzhou 21.80 34.36 92.98 15.44 22.25 21.13
Guangsheng 10.19 8.29 7.76 13.03 3.07 6.37
Moi City 27.87 25.30 34.47 17.55 38.61 38.76
Leatop Plaza 4.26 1.24 5.28 15.23 10.14 94.93
Deji Plaza 8.53 15.31 25.05 21.94 5.18 19.00
Suning 1.75 1.62 2.02 2.81 1.73 2.41
Modern 6.47 6.93 111.98 69.21 0.80 9.27
Jinan 15.55 2.69 22.37 3.99 20.18 21.29
Average 12.05 11.97 37.74 19.90 12.75 26.65
10 Zhengzhou 20.95 22.44 37.42 17.46 19.53 21.13
Guangsheng 17.20 4.74 7.76 4.18 3.07 16.76
Moi City 27.87 25.30 28.28 17.55 14.32 27.11
Leatop Plaza 4.26 1.24 5.28 15.23 10.14 94.93
Deji Plaza 8.53 15.31 25.05 21.94 5.18 19.00
Suning 44.72 14.40 12.99 2.54 1.28 15.16
Modern 6.47 6.93 16.11 0.06 4.01 2.43
Jinan 3.70 1.19 22.37 1.17 20.18 21.29
Average 16.71 11.44 19.41 10.02 9.71 27.23
11 Zhengzhou 25.49 1.82 1.84 19.59 70.07 12.42
Guangsheng 4.84 3.22 1.51 13.22 14.32 14.61
Moi City 9.00 6.79 6.65 343 3.39 24.55
Leatop Plaza 4.26 1.24 121.77 15.23 58.52 53.71
Deji Plaza 23.58 23.51 25.05 4.55 5.68 42.15
Suning 0.74 1.59 1.74 5.01 1.78 2.11
Modern 478 5.73 112.43 3.06 0.80 9.27
Jinan 3.70 1.19 22.37 1.17 20.18 21.29
Average 9.55 5.64 36.67 8.16 21.84 22.51
12 Zhengzhou 12.30 55.51 53.12 21.43 32.38 27.16
Guangsheng 3.48 2.31 1.53 14.33 14.92 28.61
Moi City 9.00 6.79 6.65 343 3.39 24.55
Leatop Plaza 1.12 6.48 21.15 13.80 38.25 53.71
Deji Plaza 8.53 8.53 29.78 15.81 8.53 19.00
Suning 343 4.76 5.73 4.90 2.41 4.34
Modern 6.47 6.93 16.11 0.06 4.01 9.27
Jinan 3.70 1.19 22.37 1.17 20.18 21.29
Average 6.00 11.56 19.55 9.37 15.51 23.49

Note: Results are measured in the percentage (%) of error rate (ER); bold values represent the combination with lowest average ER.
#Zhengzhou refers to Zhengzhou Greenland Plaza; Guangsheng refers to Guangsheng International Plaza; Suning refers to Wuxi Suning Plaza; Modern refers

to Modern Media Plaza; Jinan refers to Jinan Greenland Plaza.

Table 5. Revised MRA Formula for Test Cases

Estimated Actual Error
schedule schedule rate

Project MRA (days) (days) (%)
Chongging® 1,097.225 — 10.01X, + 43X,° 2,079 1,949 6.71
Wuxi 863.515 4+ 15.43X, + 18.028X, 1,499 1,537 247
Yuexiu —33.157 + 12.001X5 + 75.993X, 1,348 1,424 529

“Chonggqing refers to World Financial Center; Wuxi refers to Wuxi

International Finance Square; Yuexiu refers to Yuexiu Finance Plaza.
°X,, X, and X, are described in Table 1.
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study also tested the relationship between the forecasting accuracy
and number of cases in the CBR database. According to the com-
pletion year, the number of completed skyscraper cases before the
year 2012, 2013, and 2014 were 20, 26, and 30, respectively. The
study then estimated the schedule in each year for the three targeted
cases and the results are given in Fig. 4. As the candidate cases in
the CBR database increased, the ER of three estimations became
lower. Extended from this finding, the ER of 33 cases in the current
CBR database is 4.83%, and the accuracy of the estimation would
presumably become higher if more cases are recorded in the CBR
database in the future.
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Table 6. Results Calculated by Different Schedule Estimation Methods

Regression National quota®

b

CBR without revision CBR with revision

Actual
Case Days ER (%) Days ER (%) Days ER (%) Days ER (%) schedule
Chongging® 1,882 34 2,419 24.1 1,981 1.6 2,079 6.7 1,949
Wuxi 1,663 8.2 1,905 23.9 1,703 10.8 1,499 2.5 1,537
Yuexiu 1,192 16.3 2,162 51.8 1,491 4.7 1,348 53 1,424
Average 9.30 — 33.27 — 5.70 4.83

Note: Schedule is measured in days and the error rate (ER) measured in percentage (%).
“National quota is published to estimate the schedule for buildings within 32 floors above ground and 4 floors below ground; in this study, its estimated

schedule is for reference and comparison only.
PResult is based on the selection of two similar cases.

“Chonggqing refers to World Financial Center; Wuxi refers to Wuxi International Finance Square; Yuexiu refers to Yuexiu Finance Plaza.

Table 7. Comparison of the Estimation Schedule Calculated by Different Numbers of Cases

Five cases in MRA,
two attributes in PCA,
and 11 cases in PCA

Four cases in MRA,
two attributes in PCA,
and 11 cases in PCA

Six cases in MRA,
two attributes in PCA,
and 11 cases in PCA

Five cases in MRA,
two attributes in PCA,
and eight cases in PCA

Project ER (%) R ER (%) R? ER (%) R ER (%) R

Zhengzhou® 1.82 0.60 1.45 0.70 19.59 0.03 8.73 0.94
Guangsheng 3.22 0.56 4.84 0.91 13.22 0.51 12.45 0.51
Moi City 6.79 0.79 9.00 0.77 343 0.76 9.26 0.03
Leatop Plaza 1.24 0.31 426 0.23 15.23 0.05 1.24 0.32
Deji Plaza 2351 0.94 23.58 0.94 4.55 0.59 15.31 0.02
Suning 1.59 0.92 0.74 0.10 5.01 0.13 1.59 0.27
Modern 573 0.39 4.78 0.41 3.06 0.43 6.93 0.41
Jinan 1.19 0.47 3.70 0.93 1.17 0.45 10.29 0.28
Average 5.64 0.62 6.54 0.62 8.16 0.37 8.23 0.35
Average,,, 3.08 0.67 4.11 0.69 6.53 0.41 7.21 0.39

#Zhengzhou refers to Zhengzhou Greenland Plaza; Guangsheng refers to Guangsheng International Plaza; Suning refers to Wuxi Suning Plaza; Modern

refers to Modern Media Plaza; Jinan refers to Jinan Greenland Plaza.
bAverageplus recalculated the result by removing the maximum ER value.

In addition, the study also found diminishing marginal returns in
that the forecasting accuracy increased disproportionately as num-
ber of cases increased. Specifically, the incremental increase of the
forecasting accuracy became lower when cases were fed to the da-
tabase at a later time. For example, the average ER of the three test
cases decreased by 45% when increasing the number of cases from
20 to 26, and no change occurred when increasing the number of

18 4
16.13
16 - 15.11

10.78 10.78

4.70 4.70

Error rate of the estimation(%)

1.59 1.59

0.10

Chongging World Financial ~ Wuxi International Finance Yuexiu Finance

Center Square

M 20 cases(before 2012) 026 cases(before 2013) 030 cases(before 2014)

Fig. 4. Comparison of estimation accuracy (error rate, %) when using
databases in different years
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cases from 26 to 30. The possible reason behind this diminishing
law is due to the single-pairing principle. It means that for each
target case, the increase of CBR cases will increase the likelihood
of finding the best pair for the targeted case. However, once the best
pairing case was identified, the accuracy of the estimation will not
be affected even if more additional projects are added into the CBR
case database.

Conclusion

Accurate schedule estimation in the early stage of skyscraper con-
struction plays an enormous role in supporting stakeholders’ deci-
sions. To better forecast a project’s schedule, this study established
a revised CBR model to predict project schedules for skyscrapers
in considerations of the massive quantities of complex factors in-
volved in the skyscrapers. Based on data collected in China, the ER
of the revised CBR model is 4.83%, which satisfies the estimated
standard and significantly lowers than the traditional method. The
result of this study justifies the conclusion that the CBR is a prom-
ising tool for estimating project schedules for megaprojects such as
skyscrapers. Though this study is based on the context of China, its
contribution could be more generalized to skyscrapers around the
globe.

Specifically, this study contributes three aspects to existing
knowledge. First, this model offers distinct improvements over the
traditional CBR technique. Compared with the traditional CBR that
mostly depends on the subjective judgment or MRA, this study im-
proves the CBR revision process by using a new set of calculation
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methods such as PCA, MRA, and scenario analysis (Table 4) to
select the number of revision cases, ensuring the accuracy and ef-
ficiency of the revision process. Second, it expands the applicability
of CBR in the domain of project scheduling estimation. The CBR
results confirmed the strong potential and promising result of CBR
in estimating construction duration, especially at the early stage of a
project. Third, the CBR model developed in this study provides an
expandable scheduling tool compared to existing scheduling tools
(e.g., CPM, PERT, and bar charts), because the CBR model could
be dynamically improved along with the richness of the retrievable
cases database in the long term once more data become accessible.
Such an adaptive feature is complementary to the existing body of
knowledge on project scheduling methods.

The findings reveal several possible practical implications. First,
as the symbol of a city, skyscrapers normally demand huge invest-
ments and long project periods; therefore, they face high economic
and political risks. An accurate schedule forecasting method can
effectively reduce such risks by narrowing down the contractual
variations between the estimated and actual schedules. From a
broader perspective, reduction of schedule variations could also
avoid the risks and potentially negative impacts on the regional
economy. Second, in the current practice of skyscraper construc-
tion, schedule estimation mainly depends on individual experts
and their experience, meaning that a quantifiable and measurable
schedule method is lacking. The proposed CBR model bridges this

gap and provides a feasible estimation method for skyscrapers in
the early stage of a project. Meanwhile, the CBR model is also of
value to owners by providing them with a schedule decision sup-
port system. Owners can use this model to compare different
project plans and make a reliable selection.

Although the CBR model can provide a satisfactory result,
some limitations exist in this paper, which can be studied in
the future. The first limitation is the number of cases in the
CBR database. As demonstrated in an earlier section, an increased
case numbers will boost the accuracy of the forecasting model.
This can be done in the future when more data on skyscrapers
are available to be collected. The second limitation is that the
CBR revision considered both numerical and categorical varia-
bles, but did not consider descriptive information, such as the ex-
perience of constructors. Hence, further investigation can analyze
the use of different formats of variables (such as continuous,
ordinal, or categorical variables) so that all aspects of skyscrapers
can be reflected in the model. Third, the expert interview was
selected to determine the weight for different forecasting factors
but this may induce inaccurate results due to bias of respondents.
Future studies can use alternative weighting schemes, such as ge-
netic algorithms, to determine the weight values of the attributes.
Last but not least, a future study can automate this model and
provide more-efficient and fast decision support functions for de-
cision makers.

Appendix I. Eight Combinations of Pro-Process Attributes

Combination Al and A5 A2 and A5 A3 and A5 A4 and A5
R? 0.699 0.704 0.699 0.717
Maximum conditional index value 18.910 18.917 18.675 18.389
Factor of VIF >5 None None None A9
Combination Al and A6 A2 and A6 A3 and A6 A4 and A6
R? 0.714 0.720 0.720 0.731
Maximum conditional index value 15.946 15.903 16.033 16.240
Factor of VIF >5 A9 A9 A9 A9

Note: Al = height from ground to top; A2 = height from group to occupied floor; A3 = floor above ground; A4 = gross floor areas; A5 = floors below ground;

A6 = depth of excavation; A9 = labour productivity.

Appendix Il. Similarity Ranking List of the Case—Chongqing

Project name Schedule (days) Similarity
China World Trade Center Tower IIT 1,740 78.936129
Pearl river 2,097 78.426463
Leatop plaza 1774 76.665821
Modern media plaza 1,854 74.365379
Zhengzhou greenland plaza 2,010 74.180691
KK100 1,522 74.118444
The Pinnacle 1,675 71.641997
Tianjin world finance center 1,562 69.518441
Wuxi suning plaza 1,640 66.036657
Wheellock square 1,580 65.587034
Deji plaza 1,460 64.988661
Zifeng tower 1,946 62.885374
International commerce centre 1,999 61.935882
Moi city 1,509 59.853433
Jinan greenland plaza 1,424 56.719358
Guangzhou international finance center 1,409 55.209906
Shanghai world finance center 1,296 53.651769
CCTV headquarters 2,575 53.475409
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Appendix Il (Continued.)

Project name Schedule (days) Similarity
Longxi international hotel 1,256 52.027733
Jinmao tower 1,408 49.232698
Plaza66 1,705 48.81462
Beijing yintai centre 1,400 47.579486
SEG plaza 1,580 45.600156
Bank of China tower 1,058 44.40215
Tomorrow square 2,132 44.307313
Shimao international plaza 1,645 42.631853
Taipei 101 2,522 42.388967
Diwang mansion 1,104 35.845768
Canton tower 1,376 35.628412
Citic plaza 1,399 32.278775

Note: Al = height from ground to top; A2 = height from group to occupied floor; A3 = floor above ground; A4 = gross floor areas; A5 = floors below ground;

A6 = depth of excavation; A9 = labour productivity.
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