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Abstract: The automated construction machines have been recently developed to help solve the construction industry problems that
significantly affect labour, productivity, quality, and profit. Despite the importance of performance analysis to commercialize the
automated construction machines, previous studies have mainly concentrated on developing hardware and software of automated
construction machines. This research now focuses on two objectives: (1) to propose an analysis model which can measure
productivity, quality, and safety improvement rate of automated construction machines based on research and development (R&D);
and (2) to develop a performance analysis system which will aid the evaluator in analysing the performance of automated
construction machines. Finally, it is anticipated that the effective use of the performance analysis model and computerized system
will ably develop the high-performance, automated construction machines and establish the marketing strategy to increase not only
the commercial value but also the upkeep and development of construction machines.
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. INTRODUCTION
A. Background and Purpose

Since 2000, South Korea’s construction, civil
engineering, and mechatronics experts have led the
development of automated construction equipment
through the sponsorship of the Ministry of Construction
and Transportation. This development aims to solve
problems in the local construction industry and to secure
the industry’s technological competitiveness. The
developed automated construction equipment (ACE) has
been tested and utilized at construction sites. However,
the ACE led to few examples of actual commercialization
despite the cost, time, and effort invested in the R&D of
the equipment. The assumed reasons are as follows: (a)
effective analysis of needs and potential economic
feasibility, while taking marketability into consideration,
failed to occur at the feasibility analysis phase of ACE;
(b) continuous performance analysis did not take place at
the ACE production phase, leading to the failure of
developing high-performance ACE capable of satisfying
what is required at construction sites; and (c) performance
analysis linked to marketing strategy did not occur, thus
hampering the successful commercialization and
dissemination of the completed ACE.

The literature review reveals that there had been
previous studies that addressed the efficiency of
automated construction, based on performance analysis
and comparison with other conventional equipment.
However, studies revealed that the focus was only on
measuring the degree of productivity and quality

improvement and thus failed to perform the required
systematic performance analysis in the process of ACE
R&D. Moreover, the studies were found to describe the
rate of safety and quality improvement (one of the
principal reasons for developing ACE) from a qualitative
standpoint only. As a result, a comprehensive value
analysis of ACE development was not performed, which
is a problem pointed out in the development of ACE.

This study was conducted to propose a comprehensive
ACE performance analysis model by dividing the ACE
R&D phases into feasibility analysis, ACE
manufacturing, and commercialization/marketing, and by
suggesting a performance analysis procedure and method
to ensure an efficient ACE performance analysis required
at each phase. In addition, the study aimed to help ACE-
developing parties, who have no expert knowledge in
performance analysis, to carry out the procedure with
ease by developing a computerized system based on the
proposed performance analysis model. This second
purpose considers the fact that performance analysis
requires a considerable amount of time, effort, and cost
for ensuring expert knowledge in the field and for testing
and evaluating the model. The use of the proposed
performance analysis model and computerized system is
expected to help analyse the feasibility of ACE
development and invent its high-quality performance that
can satisfy the requirements of construction sites. The
said model and system are also expected to help
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establish an effective marketing strategy for the
developed ACE that is linked to performance analysis,
and to contribute to the commercialization and
dissemination of the equipment.

B. Scope and Method

The literature review examines the current state of the
ACE development and performance analysis. The
importance of conducting a performance analysis specific
to each R&D phase was later addressed to help ensure the
efficient development of ACE and to raise the possibility
of commercializing the equipment.

Similarly, a quantification measurement for the
analysis of performance components was proposed. The
productivity, safety, and the degree of quality
improvement  expected from the development,
introduction, and use of the ACE were comprehensively
measured and evaluated. Moreover, a performance
analysis model linked to the economic feasibility analysis
required at each of the ACE development phases was
invented in the use of quantification measurement.

A performance analysis system in line with the ACE
R&D phases was likewise established to allow the
investors, researchers, private enterprises involved in the
development of ACE, and end users to make the
necessary decisions at each phase of ACE R&D more
casily and systematically.

The efficacy of the proposed ACE performance
analysis model was tested by applying the model to the
locally developed automated pavement crack sealer
(Ministry of Construction and Transportation, 2004).

II. CURRENT STATE OF ACE DEVELOPMENT AND
PERFORMANCE ANALYSIS

A. Current State of ACE Development

Since the late 1980s, the Korea Institute of
Construction Technology (KICT) has conducted research
on the need for automated construction and on the
selection of projects to which automated construction will
be applied. The institute has also conducted studies on the
semi-automation of vibrating rollers and tower cranes.
More recently, a host of ACE have been studied and
developed, including an automatic plastering machine for
concrete, an automated bridge substructure inspection
data collection system (an automated bridge maintenance
equipment), an automated Hume pipe laying machine, a
robotic pavement crack-sealing machine (an automated
road maintenance machine), and an automated PHC pile
head cutting and crushing machine(Kim, Young-Suk,
2006).

Presently, the development of ACE in the Korean
construction industry may still lag behind the U.S. and
Japan in terms of the amount of investment made in R&D
or the number of ACE developed and/or commercialized.
Nevertheless, the local industry has become increasingly
keen on the need to study and develop ACE to improve
the safety, productivity, profitability, and quality of local
construction. In fact, a 2002 study (Kim, Jae-young)
reported that efforts were being made to increase the

R&D budget equivalent to 0.5% of the construction and
transportation ministry budget (KRW 75.3 billion) in
2004 to 3% of the ministry budget (KRW 510 billion) by
2007. (The percentage and corresponding figure for 2005,
2006, and 2007 are 1% [KRW 151.9 billion], 2% [KRW
320 billion], and 3% [KRW 510 billion], respectively.)

The development of ACE technology, where the
cutting-edge convergence technology is essential, does
require an enormous amount of budget as well as
collaboration among experts (i.e., from construction,
architecture, civil engineering, mechanical engineering,
electrical engineering, and electronic engineering). Given
this scenario, the latest increase in the R&D budget of the
Ministry of Construction and Transportation is expected
to lay the groundwork for long-term synergistic effects in
the construction industry. In addition, the Advanced
Construction Technology Convergence (a new R&D
project launched by the ministry in 2005) was found to be
under way. The project combines the leading construction
technologies with IT, NT, and other technologies to create
a comprehensive next generation construction technology.
Also, it concerns technology development in six areas,
including state-of-the-art material and construction robots
(www.kictep.re.kr). Investments in the R&D of ACE are
expected to grow and reflect the steadily increasing
interest in automated construction. This technical
approach aims to solve the recent shortage of experienced
workers at local and overseas construction sites and make
the desperately needed transition for the local
construction industry from the so-called 3D (i.e.,
“difficult, dangerous, and dirty”) industry to a state-of-
the-art industry; improve its image accordingly; and
secure its global competitiveness in the future (Kim,
2000).

B. Current State and Problems of ACE Performance
Analysis

Table 1 summarizes the present researchers’
examination and analysis of previous studies on ACE
development and performance analysis.

Problems with the previous ACE performance analysis
are summarized below.

1) Lack of systematic performance analysis methods

The literature review has revealed that there were no
systematic methods for analysing ACE performance
established for ACE, either underdeveloped or already
developed. Therefore, investors, researchers, and end
users who lead the ACE development are faced with
considerable difficulties in carrying out the ACE
performance analysis because they lack not only the
expertise but also the source information and systematic
analysis methods.
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TABLE I
DETAILS AND LIMITATIONS OF PREVIOUS STUDIES ON ACE PERFORMANCE ANALYSIS
Researcher Title Key Point Limitation
Warszawski| Economic Analysis of e Conducted an economic feasibility analysis on |e The economic feasibility analysis model was intended only
and Robots Employment four types of robots used inside the building for the robots operated indoors.
Rosenfeld | in Building e The feasibility analysis was limited to the break-even point
(1997) analysis.
e No alternative was proposed to measure the rate of safety
and quality improvement.
Kim et al. | Implementing an e Developed an automated road maintenance o No linkage between productivity improvement and
(1999) Automated Road machine (ARMM) and conducted performance| economic benefits was explored.
Maintenance Machine| evaluation against the local environment
(ARMM) e Developed a productivity measuring model for
the ARMM.
Rosenfeld | Automation of o Installed a motion controller in the o The adopted economic feasibility analysis processes are too
and Shapira| Existing Tower conventional tower crane model to achieve complicated
(1998) Cranes: Economic and| semi-automation. e The manual calculation technique used in the feasibility
Technological e Conducted technical and economic feasibility analysis requires a considerable amount of time and effort.
Feasibility analyses
e Performed analyses on benefit-cost, NPW,
ROR, and break-even point.
Navon Conceptual Design of |e Proposed a design concept for developing a o Only the degree of productivity improvement was estimated
(1995) a Flooring Robot: horizontal surface, autonomous multipurpose in comparison with the conventional flooring method.
Development interior robot e No analysis was performed on the foreseeable economic
Methodology and o A computerized graphic simulation was carried| feasibility to be generated from developing the automated
Results out based on the proposed design. flooring machine.
o The degree of productivity improvement was
estimated.
Ham et al. | Development of Road |e Developed a semi-automatic road stripe- e The comparison only led to suggesting improvements in
(2005) Stripe-Removing removing equipment. productivity associated with the semi-automatic equipment.
Equipment Using e Measured the productivity of the developed o Only the qualitative description (no quantitative description)
High-Pressure Water automatic equipment via field testing. was given of the safety and quality improvement.
Jet
Hanetal. | Development of the |e Developed a prototype for remotely controlled e The researchers failed to establish a connection between
(2004) Prototype for an automated Hume pipe-laying equipment. productivity improvement and economic benefits.
Automated Stewart e Measured productivity and produced data via |e No method for measuring the degree of safety and quality
Platform Based Hume|  various on- field tests. improvement was proposed.
Concr_ete Pipe Laying |e Presented the degree of productivity
Machine improvement in quantifiable data.

2) Lack of performance analysis methodology specific
to each R&D phase

Performance analysis conducted at the ACE
development feasibility analysis phase bears significance
because failure to accurately conduct the analysis will
lead to the ACE development with either very little or no
field applicability, commercialization possibility, or
profitability. The significance of ACE performance
analysis carries over into the manufacturing phase if the
goal is to develop high-performance ACE capable of
reflecting what is needed at the sites, as well as into the
commercialization/marketing  phase. =~ Without  an
established business strategy (i.e., in line with the
marketing strategy), the usability of ACE will be
compromised, leading to an enormous waste of project
budget. Therefore, it is imperative to develop a
performance analysis methodology that is specific to each
of the ACE R&D phases to perform a relevant analysis.

3) Lack of measures for quantifying safety and quality
improvement

Previous analyses of ACE performance only offered
the qualitative description of increases in the expected
construction safety and quality from introducing ACE.

Failure to link the assumed improvement in these areas
to economic benefits led to an inadequate assessment of
economic value, supposedly enjoyed by end users who
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might introduce and use ACE. In fact, the inadequate
assessment is assumed to bring about the devaluation of
ACE with an otherwise outstanding performance
capability and to lower  the  equipment’s
commercialization possibility. It is therefore necessary to
develop a comprehensive performance analysis that
allows benefits to come from increased productivity
which can be considered from an economic point of view.
The improvement in construction safety and quality can
be quantified and offered as effective source materials to
individuals involved in ACE development.

4) Lack of performance analysis models linked to
marketing strategy

In order for the ACE to be marketable among
prospective customers, it is essential to establish a
marketing strategy that is in line with the proposed
performance analysis model and that analyses the ACE
economic value for various types of end users. However,
there is currently no such model available. As a result, the
likelihood of commercializing and wusing high-
performance ACE in construction sites may have
decreased.

5) Lack of ACE performance analysis systems
According to the review, previous analyses of ACE
performance were conducted manually by experts who
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require a considerable amount of time, effort, and cost.
Moreover, conducting performance analysis under a
single set of conditions or assumptions could lead to
inaccurate results, as ACE varies in shape and features
depending on the work type, process, and operation.
Therefore, it is imperative to develop a performance
analysis system that allows more flexibility for the
researchers/developers, and end users of ACE in that they
can change the parameters and assumptions to best reflect
their situations while conducting the analysis. With such a
system in place, the researchers/developers and end users
will be able to carry out the analysis promptly and
accurately.

C. Importance of Performance Analysis in Line with ACE
R&D Phases

As mentioned earlier, R&D should be carried out on
ACE where the development feasibility has been ensured
through analysis. As regards the ACE manufacturing
phase, the performance level analyses required at each
construction site should be conducted. Afterwards, ACE
with substandard performance should be modified and
their defects be compensated to ensure high performance.
Moreover, upon the completion of development, the
performance of ACE should be compared with that of the
conventional methods. A performance analysis should
also be implemented in relation to the economic value to
be enjoyed by the constructors provided they adopted
ACE. These procedures would help commercialize the
developed ACE and help spread or disseminate them with
success.

In the development feasibility analysis phase, the
researchers/developers and investors of ACE get to
decide whether to proceed with R&D or investment on
ACE, based on the results of potential performance
analysis (see Figure 1). In the manufacturing phase and
based on the  field testing  results, the
researchers/developers will conduct a performance
analysis on the ACE under development to ensure that the
ACE will have outstanding performance capabilities.

Lastly, in the commercialization/marketing phase, the
private enterprises will carry out ACE performance
analysis targeting end users to establish effective
marketing strategy after having completed the technology
transfer from the researchers/developers. In sum, by
carefully analysing the performance of the developed
ACE at each of the R&D phases (i.e., development
feasibility analysis, manufacturing, and
commercialization/marketing), the interested parties
could prevent or minimize the wastage of R&D funds and
efforts as a result of inventing ACE with low
development feasibility. Such precaution will likely play
a crucial role in improving the performance of ACE under
development and in ensuring its  successful
commercialization.
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FIGURE I
SIGNIFICANCE OF ACE PERFORMANCE ANALYSIS SPECIFIC TO 'R&D
PHASE.

III. DEVELOPMENT OF PERFORMANCE ANALYSIS MODEL
SPECIFIC TO EACH PHASE OF ACE R&D

A. Selecting the Target of ACE Performance Analysis

1) Target of performance analysis at the development
feasibility analysis phase

At this phase, the interested parties can figure out the
approximate number of workers and equipment/machines
to be deployed. This can be done by defining the function
of the ACE to be developed and by using the conceptual
and detailed design information. At this point, however,
they cannot measure the degree of safety and quality
improvement in quantitative terms or incorporate the
quantitative data into the economic feasibility analysis
because the lab and field tests on the prototype have yet
to be conducted. Therefore, in the feasibility analysis
phase, the interested parties may incorporate ACE
productivity data into the conventional methodology,
calculate approximate costs of labour and equipment to
be invested, and carry out an economic feasibility
analysis based on the estimates while taking into account
the annual benefits and expenses to be accrued.
Afterwards, the interested parties may utilize the results
of the economic feasibility analysis (e.g., benefit-to-cost
ratio, net present worth, rate-of-return, and break-even-
point analyses) to decide whether to carry on with ACE
development. In addition, the interested parties may
conduct a sensitivity analysis, as the development
feasibility analysis phase also requires the establishment
of various assumptions and parameters for the purpose of
economic feasibility analysis. The sensitivity analysis will
help ensure the effective performance analysis on ACE
development.

2) Target of performance analysis at the manufacturing
and commercialization/marketing phases

At these phases, the productivity and safety of ACE

and the degree of quality improvement can be analysed

through the results of field testing conducted on the

prototype. Given that, analysing benefits generated from

the increased productivity and the resulting reduction in
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work period and labour and equipment costs to be
invested is also possible at these phases. Meanwhile, the
quantified rate of safety and quality improvement may be
incorporated into the economic feasibility analysis as
deemed necessary by each party involved. The users may
otherwise choose to calculate the decreased rate of
accidents and rate of quality improvement in comparison
with the conventional methods and use the data to analyse
the presumed effects of ACE development. Note that the
performance analyses at the manufacturing as well as the
commercialization/marketing phases have different
parameters but have the same target for analysis.
Therefore, in this study, the performance analysis of ACE
was divided into the manufacturing phase and the
commercialization/marketing phase. The interested
parties may look into the economic feasibility analysis
data  derived from the  manufacturing and
commercialization/marketing phases. These phases may
be used to ensure the development of high-performance
ACE and the effective commercialization of the
equipment once they are completed (see Figure 2).
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FIGURE I
SIGNIFICANCE OF ACE PERFORMANCE ANALYSIS SPECIFIC TO 'R&D
PHASE.

B. Quantification Measures for Performance Analysis
Components

1) Quantification measures for economic benefits to be
generated from higher productivity

The development of high-performance ACE promises
higher productivity compared with the conventional
method of construction. The use of automated equipment
will likely reduce the time spent in executing the same
amount of work. Verification is required from the
economic benefits coming from such increased
productivity. First, the number of days worked in each
year (NDWY) must be calculated for the conventional
method of construction and for automated construction.
As regards the NDWY with the conventional method, one
may take into account the statistics for average yearly
work days compiled by professional constructors taking
on the work. The amount of construction work carried out
each year (AWCY) with the conventional method is
obtained by multiplying the daily productivity
(conventional method) by the NDWY (conventional
method). On the other hand, the NDWY, which has an
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automated construction required to execute the same
amount of construction work as the conventional method,
can be obtained by dividing the AWCY (conventional
method) by daily productivity (automated construction).

In the case where automated construction did bring
about the expected improvement in performance, a
decrease in the number of equipment and workers needed
to do the same amount of work would normally happen
with the use of ACE. A decrease in the NDWY as well as
the resulting drop in the number of equipment and
workers needed each year is likewise anticipated.
Therefore, using ACE would save on annual costs of
equipment and labour. Note that reducing the amount of
wasted materials is one of the goals for developing ACE;
however, the amount of waste varies with the work
method and proficiency of each worker. Thus, measuring
the amount of waste and converting it into costs was
carefully determined not to compromise the reliability of
the results of economic feasibility analysis. In this study,
therefore, the impact of material costs was left out while
conducting the economic feasibility analysis.

With the conventional method of construction, the
annual costs of equipment and labour can be obtained by
multiplying the NDWY by the sum of daily cost of
equipment and daily cost of labour. By the same
principle, the annual costs of equipment and labour with
automated construction can be obtained by multiplying
the NDWY (automated construction) by the sum of daily
cost of equipment and daily cost of labour (automated
construction). The difference between the sum of annual
costs of equipment and labour using conventional method
and the sum of annual costs of equipment and labour
using automated construction accounts for the annual
benefits accrued from introducing ACE. Table 2
summarizes the procedure for obtaining the accrued
annual benefits.

TABLE IT
ANNUAL CONSTRUCTION COSTS OF CONVENTIONAL METHOD VS.
AUTOMATED CONSTRUCTION

Conventional Method Automated Construction
(X number of days worked yearly)|(Y number of days worked yearly)
Constructi Constructio Constructi [Constructio
on cost to n cost to be on cost to [n cost to be
Cateco be invested| invested Cateco be invested| invested
89 | cach day | each year 89T | cach day | each year
(in Korean |(in Korean (in Korean |(in Korean
Won) Won) Won) Won)
Equipment A Ax X Equipment B BxY
cost cost
Labor C CxX |Labor cost D DxY
cost
Toal | a+c AL o | Bap B

Annual benefits to be accrued from ACE introduction
=(A+C)xX-B+D)xY

2) Quantification measures for safety improvement

The question behind measuring the safety improvement
was determined considering a comparison between the
conventional method and the proposed automated
construction. How long have the workers been exposed to
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risks and how detrimental are the risks? In other words,
by measuring and analysing, three things were
considered: (a) if there were workers involved in a
particular high-risk task; (b) what kinds of risks were
included in that task; and (c) how long and in what hours
that the workers, if any, were exposed to the risks.
Through these considerations, the extent of risks involved
in the conventional method and in automated construction
can be measured. Table 3 summarizes the process in
which the decreased rate of accidents owing to the use of
ACE is quantified. Table 5 summarizes the formulas used
to calculate the decreased rate of accidents due to the
introduction of ACE, as compared with the conventional
method.

TABLE III
QUALIFICATION MEASURES FOR SAFETY IMPROVEMENT

antification .
Qu Details

Procedure
1. Divide the
work into e Divided conventional construction and
units automated construction each into units according

according to to the work process to measure and assess safety

the work improvement in quantitative terms.
process
. o Identified all possible risk factors included in
2. Identify . . .
. . each unit work to quantify safety improvement
risk factors in . . .
cach unit resulting from the development and introduction

of ACE.

3. Assess risk

factors

ifistﬁcmted o The performance evaluator should indicate in
conventional either “Yes (1)” or “No (0)” the possibility of
and having risk factors in carrying out construction
automated

construction

4. Estimate

the ® The risk factors identified in each unit work
importance have different impacts on accidents

of risk factors
included in

o In this study, possible risk factors in each unit
work were subjected to pair-wise comparison

each unit using the analytical hierarchy process (AHP).
work by The importance (weight) of the influences those
using the factors have on accidents was estimated.
AHP
5. Measure
he ti . . .
the time e Measured the time spent in executing each task
spent in . . . . ;
. included in work units according to either the
executing the . .
conventional or automated construction method
tasks . ;
. . to quantify the expected safety improvement
included in . .
from introducing ACE.
each work
unit

tificati .
Quantification Details
Procedure
6. Estimate e Incorporated the influences of each risk factor

the on accident occurrence by multiplying the

possibility of importance (weight) of risk factors by the
having presence-absence status of the risk factors within
accidents each work unit, according to the conventional or
while automated construction method (the
executing “Multiplication Results”).

each work o Identified the possibility of accidents for each

work unit which takes into account factors such
as risk, weight of risk, and duration of exposure

unit (consider
risk factors,

importance to risks by multiplying the Multiplication Results
[weight] and by the work time measured according to the
work time) conventional or automated method.

7. Compare

the risk ratio
of each work e Calculated the risk ratio of the accident
unit occurrence possibility for each work unit by
measured for dividing it using ACE by the possibility of

conventional accident occurrence for each work unit using the
and conventional construction methods.
automated
construction
. e The degree of risks that may occur in each
8. Estimate Lo . . .
the weighted work unit using ACE varies with work unit, thus
the degree of risks may affect the risk ratio of
value .
automated construction compared to the
between . .
work units conventional construction method.
. o The degree of risks included in each work unit
using the . N . .
AHP was subjected to pair-wise comparison using the

AHP to calculate the weight of each work unit.

9. Calculate
the risk ratio
for each work

e Computed the risk ratio for each work unit
which takes the weighted value into account by

unit (ACE) multiplying the risk ratio for each work unit
considering using ACE by the weighted value obtained via
the weighted the AHP.

value

e The total risk ratio for automated construction
corresponds with the sum of risk ratio for each
work unit using ACE which took the weighted
value into account.

10. Calculate
the total risk
ratio and the

decreased e The decreased rate of accidents expected from
rate of introducing automated construction corresponds
accidents with the value obtained by deducting the total
(ACE) risk ratio (ACE) from 100% (risk ratio for

conventional method).

3) Quantification measures for quality improvement

The economic benefits expected to come from quality
improvement that is assumed to result from introducing
ACE can be measured by quantifying the effects of
developing ACE. The literature review, however, revealed
that measuring improvement in quality in the wake of
ACE development had been carried out mostly in
qualitative terms, similar with measuring improvement in
safety. Therefore, in this study, a quantifying method was
proposed so that users can enjoy economic benefits,
which are expected to come from higher construction
quality associated with developing and introducing ACE.
The proposed method for quantifying quality
improvement was designed such that it allows the
performance evaluator to measure and evaluate the
degree of improvement based on the results of on-site
field testing of automated prototypes compared with the

KICEM Journal of Construction Engineering and Project Management
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conventional method of construction. Table 4 summarizes
the process in which the rate of quality improvement
generated by using ACE can be quantified. Table 6 shows
the measurement for quantifying improvement in quality,

comparing ACE introduction with conventional
construction.
TABLE IV
QUANTIFICATION MEASURES FOR QUALITY IMPROVEMENT
Quantification Details
Procedure
1. Divide the e Divided the conventional method of
work process construction and automated construction into
into units units according to the work process.
2. Identity
quality- o Identified all possible quality-affecting factors
affecting in each work unit.
factors
e The performance evaluator should rate the
3. Evaluate . . .
. quality of construction executed either through
quality . .
. conventional method or automated construction
(conventional .
on a 5-point scale: (1) Extremely poor, (2) Poor,
method vs.
(3) Average, (4) Good, and (5) Excellent,
automated . . ; . .
construction) according to the identified quality-affecting
factors and based on the results of construction.
e By comparing and evaluating the conventional
method and automated construction according to
4. Compute quality-affecting factors (or obtaining the sum of
the rate of rating scores), the rate of quality improvement
quality can be computed for a particular work unit and
improvement can be compared (conventional vs. automated).
for each e This is done by dividing the quality-affecting
work unit factor evaluation score for each work unit using
ACE by the quality-affecting factor evaluation
score using conventional construction.
e The quality of each unit that makes up the
automated construction work varies in terms of
5. Estimate its contribution to the whole quality of the
the weighted construction. Therefore, the weighted value
value among among work units must be calculated and
work units considered.
using the o In this study, the degree of quality contribution
AHP by each work unit was subjected to pair-wise
comparison using the AHP. Also, the weighted
value of each work unit was estimated.
6. Calculate
the quality
improvement e The quality improvement rate for work unit,
rate for unit which took the weighted value into account, is
work obtained by multiplying the quality improvement
(consider rate by the weighted value for each work unit.
weighted
value)
7. Compute
?}?S cﬁ;ﬁfare e The sum of quality improvement rate for each
he quanity work unit using ACE corresponds with the
improvement s .
rate quality improvement rate for the construction
. using ACE, as opposed to the quality
(conventional . . .
improvement rate for the construction using
method vs. .
conventional method.
automated
construction)
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C. Development of Performance Analysis Model

1) Factors to be considered for performance analysis

The main issues with the ACE development feasibility
analysis phase include assessing potential economic value
to be obtained by investors (such as public agencies or the
government and constructors in need of automated
machines, via the development of ACE) and making
decisions about whether to proceed with the development.
As regards the researchers/developers of ACE, the main
issue is to define and verify the basic functions of ACE so
that the equipment can serve as automated machines with
field applicability and commercialization possibility.

At the manufacturing and commercialization/marketing
phases, the conceptual and detailed design of ACE, which
were proposed at the development feasibility analysis
phase, were used as the basic materials upon which the
pilot type and prototype of the equipment are
manufactured. Laboratory and field tests were conducted
on the fabricated machines, and the results were used to
measure with reasonable accuracy the production costs,
the number of workers to be deployed, the number and
type of equipment to be mobilized, the number of work
hours, and the degree of safety and quality improvement.
Due to the extent of tests performed, the results of
economic feasibility analysis conducted at the
manufacturing and commercialization/marketing phases
will have a higher reliability than the results of economic
feasibility analysis conducted at the development
feasibility analysis phase.

To carry out a performance analysis of ACE to be
developed at the feasibility analysis, manufacturing, and
commercialization/marketing phases, assumptions and
parameters must first be established, as shown in Table 7.

2) Development of economic feasibility analysis model

a. Benefit/cost ratio

The economic benefits achieved from introducing ACE
at the development feasibility analysis phase include (a)
saving on annual labour cost resulting from the reduction
in the number of days worked each year (NDWY),
brought by the reduction in the number of workers
deployed and by the improvement in productivity; and (b)
saving on annual equipment cost resulting from the
reduction in the number of equipment mobilized.
Additional costs to be accrued from introducing ACE and
carrying out the construction with them include the
inevitable cost of manufacturing and annual maintenance
once the machines are operated. Since the development
feasibility analysis phase covers up to the completion of
the conceptual and detailed design of the developed
machines, the performance evaluator has no way of
knowing, at this point, the manufacturing and annual
maintenance costs of the equipment that is under
development. Thus, the lack of information makes it
necessary for the evaluator to estimate the manufacturing
cost within the project budget and to estimate and
propose the annual maintenance cost by taking into
account the amount spent in maintaining similar
construction equipment.
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TABLE V
A METHOD FOR ESTIMATING ACCIDENT RATE IN WORK USING ACE

Possft();lcl?ll1 ;)ri 111%‘3cec1dent Risk Ratio of
Conventi- Weight of | Duration of Work (considering risk Each Unit Work| Weighted |Risk Ratio of Each
Risk |~ O"ve Automated |Risk Factors| (seconds/work) ne Using ACE Value | Unit Work Using
Work onal . e . factors, weight, and A
Factors Construction| within Unit . (compared to | between | ACE (considering
Method work time) . . -
Work conventional [Unit Works| weighted value)
Conven- Conven-
. Automated | . Automated method)
tional tional
Risk [ B c AxCxD| B xCxE
it work eter | G/ F)x100 G/ F)xH*100
Unit wor Risk D E I( 0) H (¢ )0
(CAR factor n (%) %)
Sum F G
Risk
. factor 1
Unit work Risk
(UW)n factor n
Sum
Rate of accidents due to the use of ACE Z((G/Fo) XH>100
(%)
TABLE VI
A METHOD FOR QUANTIFYING QUALITY IMPROVEMENT FROM USING ACE
. Quality-affecting Conventional method Automated method ) Quality Weighted Quality improvement
Unit Work (UW) improvement rate rate (considering
factors 1 2 3 4 5 1 2 3 4 5 . value .
for unit work weighted value)
Quality-affecting
factors 1 - n o o
UW 1 The number a b c d e f g h i ] (B/4)x 100(%) ¢ (B/4)x Cx100(%)
Sum Ixa | 2xb |3xc|4xd |5xe|Ixf|2xg|[3xh|[4xi|[5X%]
Total A B
Quality-affecting
factors 1 - n
UWn The number
Sum
Total
Rate of quality improvement due to the use of ACE 1 2B /A[]%; ) €100

% Note: 1 = Extremely poor; 2 = Poor; 3 = Average; 4 = Good; 5 = Excellent

TABLE VII

ASSUMPTIONS AND PARAMETERS FOR ECONOMIC FEASIBILITY ANALYSIS ON ACE

Assumptions and Parameters

Details

Productivity from conventional
method

® The rate of time required for executing a particular amount of work
e The rate is computed via interviews with professional constructors and based on on-site work (actual
measurement).

Productivity from automated
construction

o At the feasibility analysis phase, the data on conventional productivity are used to predict the productivity of
ACE.

e At the manufacturing and commercialization/marketing phases, the productivity of ACE is estimated via a
number of lab and field tests.

The number of days worked
each year (NDWY) using
conventional method

e The annual amount of construction work is calculated by multiplying the NDWY by the conventional
productivity.
® The NDWY using ACE is calculated by using the productivity (value) of ACE.

Costs of manufacturing ACE

o At the feasibility analysis phase, the estimated cost of manufacturing ACE is established within a range that gives
competitive compared to the conventional construction method.

e At the manufacturing and commercialization/marketing phases, the cost of producing prototypes and
commercialization models should be established.

Service life of ACE

e Normally, the service life of construction equipment/machines at the time of planning construction equipment
development is about 10 years. The residual value of the equipment older than 10 years is estimated at 5% of the
purchase price.

Costs of annual maintenance

e Suit the cost estimation to the R&D implementer’s circumstances, by either indicating each yearly cost
throughout the service life of ACE or applying a set rate used for similar equipment.

Interest

o At the development feasibility analysis phase, the development of ACE is a new program that poses higher risks
to investors. Thus, MARR should be set at 25% to 30%

o At the manufacturing and commercialization/marketing phases, either MARR rate in the development feasibility
analysis or the loan interest can be used to continuously check the reliability and validity of made on ACE
development.
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In this study, two methods for establishing the
maintenance cost were proposed. The interested parties
may choose either (a) the method in which the
performance  evaluator  directly  establishes the
maintenance cost expected to be spent every year
throughout the equipment’s service life; or (b) the method
in which the evaluator assumes that a certain percentage
of the manufacturing cost will be spent on maintenance
over a period of time."

There are four economic benefits achieved from
introducing ACE at either the manufacturing phase or the
commercialization/marketing phase: (a) saving on annual
labour cost due to the decrease in labour deployed; (b)
saving on annual equipment cost owing to the reduction
in equipment mobilized; (c) reduction in the amount of
estimated annual accident costs resulting from a decrease
in accident occurrences; and (d) reduction in the amount
of annual rework cost due to the improved quality. On the
other hand, the manufacturing cost and annual
maintenance cost have become additional costs which
result from introducing ACE. At the ACE manufacturing
phase, the production cost can be estimated with
reasonable accuracy by taking into account the prices of
components that make up the prototype. At the
commercialization/marketing phase, the production cost
can be estimated based on commercialization models.
However, calculating the exact amount of maintenance
cost required throughout the service life of the equipment
is impossible at this point, just as it was impossible
during the development feasibility analysis phase.
Therefore, a rough amount should be computed.

Note that while conducting the development feasibility
analysis for ACE, the performance evaluator must stop
the development if the benefit-cost ratio is found to be
less than 1, provided the assumptions and parameters set
for the feasibility analysis are at their optimal state.

b. Net present worth

At the ACE development feasibility analysis phase, the
net present worth of developing ACE can be obtained by
subtracting the present value of the amount spent on ACE
manufacturing and annual maintenance from the present
value of the benefits, accrued from a reduction in required
labour and equipment. At the manufacturing and
commercialization/marketing phases, the net present
worth can be achieved by deducting the present value of
the amount spent on ACE manufacturing and annual
maintenance from the present value of the benefits
accrued from decreased labour and equipment uses, the
benefits accrued from a reduction in accidents, and the
benefits accrued from decreased rework expenses as a
result of improved quality.

c. Annual profit
The annual profit to be generated from using ACE

! Maintenance Costs of Similar Construction Equipment at the
Planning, Development, and Feasibility Analysis Phases
(Hyeon, Sang-heum, 2005); 5% of the manufacturing cost
during 1 - n/2 years, and 10% of the manufacturing cost
during n/2 - n years
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throughout their service life (“n” years) can be calculated
by subtracting the total annual construction cost, using
automated construction, from the total annual
construction cost, using the conventional construction
method.

d. Rate of return

At the development feasibility analysis phase, the rate
of return refers to interest(i) that makes “0” the difference
between the present value of the benefits resulting from
decreased labour and equipment costs and the present
value of the costs arising from ACE development and
annual maintenance. On the other hand, the rate of return
at the manufacturing and commercialization/marketing
phases corresponds with the interest that makes “0” the
difference between the present value of the benefits
(generated from decreased labour and equipment costs,
reduced rates of accidents, and smaller rework costs due
to improved quality) and the present value of the ACE
manufacturing and annual maintenance costs. At
whichever phase, the rate of return must be greater than
the MARR expected by the constructor.

e. Break-even point

The break-even point analysis focuses on just how
quickly the professional constructor adopting ACE can
collect the purchase money and start creating profits
provided the developed machine has performance
capabilities at par with what is expected by the
researchers/developers and investors. Results of the
analysis can be used as basic data with which the

interested parties can determine the validity of developing
ACE.

f- Sensitivity analysis

At the development feasibility analysis phase, the only
available information on the equipment under
development is its conceptual and detailed design. At this
point, there is no way of accurately figuring out the
amount of manufacturing cost and annual maintenance
cost, the decrease in the number of workers required, or
the drop in the number of equipment mobilized. The
results (values) of economic feasibility analysis
conducted at the development feasibility analysis phase
are affected significantly by the set assumptions and
parameters. Therefore, a sensitivity analysis incorporating
changes in the assumptions and parameters must be
conducted at this phase.

Sensitivity analysis can also be carried out at the
manufacturing and commercialization/marketing phases,
on the set assumptions and parameters including the
expected service life of ACE, the annual maintenance
cost, and the MARR. The analysis conducted at this phase
can effectively assist in the performance evaluator’s
decision making on ACE development,
commercialization, and marketing.

Table 8 summarizes the reviewable economic
feasibility analysis indexes at different phases.
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TABLE VIII
ECONOMIC FEASIBILITY ANALYSIS INDEXES
Economic
Feasibility
Analysis Formula Remarks
Indexes
* Development feasibility
analysis phase:
@ (Benefits from the
reduced costs of
mobilized labor and »
equipment) x (P/A, iy, n) * MARR =i
PWof | Manufacturing and * Analysis perlog oo
benefit commercialization/market | * (P( A, im, 0) = n[ {0+ i)™
enelr ing phases: l}f{lmx(lfr im ) }1: present
@ (Annual benefits value efﬁc1ent,_1|-w
* Manufacturing  phase:
accrued from the reduced MARR =i
costs of mobilized labor Tl
. current interest rate
and equipment and the A . :
. X considering inflations = i,
improved quality of safety Lo .
. . *Commercialization/marketi
and quality) X (P/A, ig, n)
. ng phase:
* Development feasibility .
Iysis phase: weighted average cost of
a ysis phase: . capitalZ = WACC, current
® (Manufacturmg cost + interest rate  adjusting
annual maintenance cost) inflations into  weighted
* (P/A, i, 1) average cost of capital =
PW of cost| Manufagtu_rmg and i,,, service life of ACE =n
commercialization/market
ing phases:
(Manufacturing cost +
annual maintenance cost)
X (P/A, ifw, n)
B/C Ratio 2 1 (prerequisite
@ Benefit- ®/® for proceeding with
cost ratio N
development/investment)
@ Net
present @®-®
worth
Total annual construction
(@ Annual | cost (conventional method) -
profit total annual construction cost
(automated construction)
@ Rate of ®-®=0 “T}’l’e i value that makes ®-®
return 0
() Break- -® The n value that satisfies the
even point equation ® = @
Changes in economic
® feasibility analysis indexes
Sensitivity | reflecting changes in
analysis assumptions and

parameters

Figure 3 illustrates the proposed ACE performance
analysis model for this study. At the development

feasibility

analysis phase,

savings

on labour and

equipment costs resulting from ACE development were

used as benefit factors.
commercialization/marketing phases,

At the manufacturing and

the reduction in

rework costs due to decreased accident costs and

2 Weighted average cost of capital (WACC) is the weighted
average against the loan interest rate imposed by financial
institutions and the earnings from equity capital.

* WACC = (Borrowed capital costs X proportion ratio of
borrowed capital) + (Equity capital costs x proportion ratio of
equity capital)

[J Proportion ratio of borrowed capital =

borrowed

capital/(borrowed capital + equity capital)
1 Proportion ratio of equity capital = equity capital/(borrowed
capital + equity capital)

10

improved quality was added to the benefit factors. On the
other hand, the equipment manufacturing and annual
maintenance costs were considered as cost factors in all
phases. The performance analysis on ACE was conducted
based on the cash flow chart, as shown in Figure 3.
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FIGURE III
ACE PERFORMANCE ANALYSIS MODEL.

IV. Establishment and Implementation of the ACE
Performance Analysis System

A. Users of the Performance Analysis System

Users of the ACE performance analysis system include
researchers/developers and investors of ACE, private
enterprises  receiving  technology  transfer, and
professional constructors wanting to purchase and use
ACE. At the development feasibility analysis phase, the
researchers/developers will use the performance analysis
system to examine the performance capability of ACE
that is under review for development. When presented
with the results of the examination, the investors will then
review the validity of the established assumptions and
parameters and analyse the results of economic feasibility
analysis. Based on these data, the investors will determine
whether to make an investment.

At the manufacturing phase, the researchers/developers
of ACE are the principal users of the performance
analysis system. By utilizing the system proposed for
each key phase of ACE manufacturing, the
researchers/developers  should conduct continuous
performance analysis to see if the underdeveloped or
developed ACE can satisfy the sites’ demands or satisfy
the level of expectations harboured by the professional
constructors, respectively.

At the commercialization/marketing phase, the
researchers/developers may use the performance analysis
system to quantitatively analyse the performance of the
completed ACE. In addition, they may consider the
potential marketability of the ACE to predict the sales
potential of the equipment. They may even propose a
model for profits generated by technology transfers for
private enterprises. The proposed system can be utilized
by private enterprises in determining whether to proceed
with the manufacturing of ACE. It can also be used to
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establish a marketing strategy for professional
constructors—the prospective customer. Professional
constructors are thought to benefit from the performance
analysis system when deciding to purchase ACE, by
using the results (values) derived from the system.

B. Designing and Implementing the System User Interface

In this study, a performance analysis system was
designed, taking into account the user interface, to enable
the system user to carry out the performance analysis
with ease, along with the ACE R&D phases. The parties
leading the development of ACE may put the assumption
and parameter data into the proposed performance
analysis system in the sequence presented in the system
to obtain various data relevant to the economic feasibility
analysis.

1) Composition of the performance analysis system to
ensure development feasibility analysis
The performance analysis system designed to carry out
the economic feasibility analysis in the development
feasibility analysis phase consists of five steps (see Figure
4):

Step 1. Basic assumptions and parameters are
established to analyse potential performance
capabilities of ACE.

Step 2. A user interface was designed to allow the
analysis of labour cost using either conventional or
automated construction.

Step 3. The user may estimate the cost of mobilized
equipment for either the conventional or automated
method.

Step 4. The annual cost of construction is compared
(conventional vs. automated) and analysed.

Step 5. The performance analysis system allows the
user to obtain the results of various economic
feasibility analyses, based on the data entered into the
system through Steps 1 to 4.

2) Composition of the performance analysis system at
the manufacturing and commercialization/marketing

phases
The performance analysis system devised in this study
can be used at the manufacturing and

commercialization/marketing phases of ACE R&D. The
system is designed to operate in the following order:

(a) Enter the productivity information of ACE;

(b) Enter the unit work (task);

(c) Enter the safety-related parameters for safety
improvement rate analysis;

(d) Enter the quality-related parameters for quality
improvement rate analysis;

(e) Establish the assumptions and parameters for
economic feasibility analysis;

(f) Analyse the daily labour cost for the conventional
and automated methods, respectively;

(g) Analyse the daily equipment cost for the
conventional and automated methods, respectively;
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(h) Analyse the annual cost of construction for the
conventional and automated methods, respectively;
and

(i) Conduct an economic feasibility analysis based on
the entered data (see Figure 5).
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FIGURE V.
DESIGN OF THE PERFORMANCE ANALYSIS SYSTEM IN THE
MANUFACTURING AND COMMERCIALIZATION/MARKETING PHASES.

C. Implementation of the Performance Analysis System

In this study, the performance analysis model was
applied to the previously researched and developed
robotic crack-sealing machine for automated pavement
maintenance ~ (Ministry  of  Construction  and
Transportation, 2004) as the target of the analysis. The
efficacy of the model proposed to analyse the
performance of ACE was tested.

1) Analysis of the safety improvement rate
While using the proposed ACE performance analysis
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system, the rate of safety improvement expected from
using the automated pavement crack-sealing machine was
measured and evaluated. To quantify the said rate, the
present researchers of this study divided the work unit
into smaller tasks (i.e., crack cutting, air blowing, sealant
injection, squeezing, and curing according to the crack
sealing process). Next, the researchers measured via site
surveys, the time in seconds per meter as required to
execute each of the said tasks using either the
conventional or automated method and then entered the
data into the system. Under both the conventional and
automated methods, crack cutting and curing are carried
out in the same manner. Thus, the time required for these
tasks was the same regardless of the method used: 60
secs/min for crack cutting and 5 secs/min for curing.

Air blowing, sealant injecting, and squeezing are
normally executed as separate tasks with the conventional
method. However, they are performed simultaneously via
a multipurpose manipulation device when using the
automated crack sealing method. In this study,
approximately 20 secs/ min was spent in doing all of the
air blowing, sealant injecting, and squeezing. The
researchers entered 10 secs/min for air blowing and
another 10 secs/min for sealant injecting and squeezing.
As regards the same tasks done in the conventional
method, air blowing was measured to take 20 secs/min,
and sealant injecting and squeezing 20 secs/min.

Brainstorming was used in this study to identify
possible risk factors within each task and quantify the
degree of safety improvement expected from introducing
the robotic crack-sealing machine. The brainstorming led
to the identification of risk factors first related to crack
cutting: (a) injuries caused by the blade of grinder; (b)
injuries from flying asphalt debris; and (c) car accidents
from the traffic in the work area.

The risk factors for air blowing were identified as
follows: (a) burns caused by using the heat transfer
system; (b) injuries from flying asphalt debris; and (c)
accidents from the traffic in the work area. The risk
factors possibly associated with sealant injecting and
squeezing included (a) burns from using the high-
temperature sealant and (b) motor accidents from the
traffic in the work area. As for the risk factors identified
in curing, there was the risk of having accidents due to
the traffic in the work area.

In using a total of nine risk factors identified from
brainstorming, possible risks inherent in the conventional
and automated crack sealing methods were evaluated, as
shown in Figure 6. In addition, the importance (weight)
of the risk factors in each task was rated using the AHP,
as shown in Tables 9, 10, and 11, taking into account the
influences of the risk factors of each task on the severity
of accidents.

12

TABLE IX
WEIGHT OF RISK FACTORS FOUND IN CRACK CUTTING
Risk Grinder | Asphalt Area Total Weighte
Factors Blade Debris Traffic 0 d Value
Grinder
blade 1 12 1/3 0.5 0.16
Asphalt
debris 2 1 172 0.9 0.3
Traffic in 3 2 1 1.6 0.54
the area
Total 6 35 1.83 3 1
TABLE X
WEIGHT OF RISK FACTORS FOUND IN AIR BLOWING
Risk Heat Asphalt Trafﬁc Weighte
Transfer . in the Total
Factors Debris d Value
System Area
Heat
transfer 1 12 1/4 04 0.14
system
Asphalt 2 1 13 0.7 0.24
debris
Traffic in 4 3 1 19 0.62
the area
Total 7 4.5 1.58 3 1
TABLE XI
WEIGHT OF RISK FACTORS FOUND IN SEALANT
INJECTING AND SQUEEZING
Risk Burns by Traffic in Total Weighted
Factors Sealant the Area ota Value
Burns by 1 3 1.5 0.75
sealant
Traffic in 173 1 0.5 0.25
the area
Total 1.33 4 2 1

To compare the data between conventional and
automated methods, the risk rate of each task using
automated crack-sealing machines was computed. Data
were compared with the conventional method using the
likelihood of accidents during each task. FEither
conventional or automated crack sealing was adopted,
taking into account the risk factors, weight value, and
duration of work. The risk rates were 100% for crack
cutting, 0% for air blowing, 0% for sealant injecting and
squeezing, and 100% for curing (see Figure 6).
Afterwards, the degree of risk in each task was
subjected to pair-wise comparison using the AHP. The
results were applied to compute the weighted value of
each task: 0.24 for crack cutting, 0.14 for air blowing,
0.53 for sealant injecting and squeezing, and 0.09 for
curing (see Table 12).
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TABLE XII
WEIGHTED VALUE OF EACH TASK INCLUDED IN CRACK SEALING
. Sealant .
Crack Air L . Weighte
Task Cutting |Blowing Injectlng_ and | Curing | Total d Value
Squeezing
Crack 1 2 173 3 1 0.24
cutting
Air 12 1 1/4 2 06 | 0.14
blowing
Sealant
injecting | 5 4 1 4 21 | 053
and ’ ’
squeezing
Curing 1/3 12 1/4 1 0.4 0.09
Total 4.83 7.5 1.83 10 4 1

In using the weighted value among tasks, the risk rate
of each task due to the introduction of the automated
crack sealer was calculated. As a result, the risk rate for
crack cutting, air blowing, sealant injecting and
squeezing, and curing was found to be 24%, 0%, 0%, and
9%, respectively, or 33% in total. Based on these
numbers, the decreased rate of accidents associated with
ACE introduction was found to be 67%.
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FIGURE VI
MEASURING THE DECREASED RATE OF ACCIDENTS
UNDER AUTOMATED CRACK SEALING

2) Analysis of the quality improvement rate

To compute the quality improvement rate associated
with using the robotic crack-sealing machine, quality-
affecting factors were first identified for each of the tasks
included in crack sealing. These were the same tasks used
in measuring the safety improvement rate. The factors
affecting the quality of crack cutting were found to be the
width and depth of the cut cracks. The factor affecting air
blowing quality was the status of foreign matter removal.
The factors affecting the quality of sealant injecting and
squeezing included the amount of sprayed sealant, the
consistency in coating thickness, the finish of sealant
injecting, and the quality of sealant application at the
corners. The curing quality-affecting factor was found to
be the sealant's curing state.

Based on the seven factors found to affect the quality
of the tasks and by using the results of field tests, the
quality of crack sealing conducted in the conventional
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method and the automated method was rated on a 5-point
scale, as illustrated in Figure 7. The data revealed that the
rate of quality improvement in each task using the robotic
crack sealer machine was 100% (crack cutting), 200%
(air blowing), 125% (sealant injecting and squeezing),
and 100% (curing). The quality improvement rate
calculated for each task using either the conventional or
automated method did not take into account the weighted
value in quality between tasks. Thus, the AHP method
was used to compute the weighted value of each task. The
numbers were 0.15 for crack cutting, 0.27 for air blowing,
0.47 for sealant injecting and squeezing, and 0.11 for
curing (see Table 13).

TABLE XIII
WEIGHTED VALUE OF QUALITY IN EACH TASK OF CRACK SEALING
- Sealant .
Crack Air o . Weighte
Task Cutting | blowing Injectmg. and| Curing | Total d Value
Squeezing
Crack 1 12 1/4 2 06 | 0.15
cutting
Air 2 1 12 30 11| 027
blowing
Sealant
injecting | 2 1 30| 19 | 047
and ’ ’
squeezing
Curing 1/2 1/3 1/3 1 0.4 0.11
Total 7.5 3.83 2.08 9 4 1

The quality improvement rate of each task using
automated crack-sealing machines, which took into
account the weighted value between tasks, was 15%
(crack cutting), 54% (air blowing), 59% (sealant injecting
and squeezing), and 11% (curing). The numbers suggest
an approximately 39% increase in quality compared to
the conventional method.

< Ed
| Quallty - ]
W affecting Factor
5

5]

Evaluate quallty [
Conv. Vs. Auto.

Aty
S R 5
]

2Ty

FEEVEL]

[
[ °

[o] (]
]
-] -]
I
WAL (1 WS LHECE 2 28 L0k 3 2@0ICH 4 23 80, 5. 4% 80
=E

PURT FEYYE
T07%|
£

=2 NEEN N2 euREy
il #ity Quallty Improvement
[XE rate consldering
[E3i 5 weighed value
7] =

[XE]

Quality Improvement
rate of U.W

Welghed value
between U.W

AEE WY SYUS2 NF W SHE- 39%

FIGURE VIL
MEASURING QUALITY IMPROVEMENT FROM INTRODUCING AUTOMATED
CRACK-SEALING MACHINES

3) Analysis of economic feasibility

a. Establishing basic assumptions and parameters

In this study, the basic assumptions and parameters
illustrated in Figure 8 were established prior to
conducting economic feasibility analysis using the degree
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of productivity improvement resulting from introducing
robotic pavement crack-sealing machines. The economic
feasibility analysis purposefully left out the degree of
safety and quality improvement because, at present, there
are no available data on the reduced costs of accidents
(safety improvement-related parameter) or the reduced
costs of rework (quality improvement-related parameter).
These parameters will help quantify just how much
improvement has been made with automated pavement
crack sealing. For the purpose of the analysis, the
productivity of conventional crack sealing and automated
crack sealing was established at 1,200 meters/day and
1,584 meters/day, respectively, based on the results of site
surveys and tests (Ministry of Construction and
Transportation, 2004). The cost of manufacturing the
prototype of robotic pavement crack-sealing machines
was KRW 72,000,000. The service life and annual
maintenance cost of the machines were established at the
value that is normally applied to planning and developing
construction equipment (i.e., 10 years as the service life;
5% of the manufacturing cost during the first year to five
years and 10% of the manufacturing cost during the 6
through 10" year as the annual maintenance cost). These
numbers were applied as parameters for the analysis. Site
surveys revealed that the number of workable days each
year for conventional crack sealing is 100. As for the
interest, a MARR of 10% was set for the development
feasibility analysis on robotic pavement crack-sealing
machines, as professional construction entities require
(see Figure 8).
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FIGURE VIII

ASSUMPTIONS AND PARAMETERS SET FOR ECONOMIC FEASIBILITY
ANALY SIS ON AUTOMATED PAVEMENT CRACK SEALING.

b. Benefits analysis on reduced costs of labour and
equipment
Based on the number and assignment of workers
deployed for conventional and automated pavement crack
sealing and the cost per day, the daily cost of labour was
computed for conventional crack sealing and for robotic
crack sealing (see Figure 9). Also, the daily labour
savings due to the introduction of automated crack
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sealing were computed, resulting in KRW 400,794. In
addition, the number and type of mobilized machines and
the daily cost of lease for the two crack-sealing methods
were examined and analysed (see Figure 10). In using
these data, the daily savings on equipment owing to the
introduction of automated crack sealing were computed
(i.e., KRW 250,000).

c. Analysis of annual benefit accrued

Based on the results of productivity measurement via
field tests, the productivity of conventional pavement
crack sealing was found to be 1,200 meters/day, and the
number for automated crack sealing 1,584 meters/day.
The number of workable days each year was set at 100
during the phase of establishing assumptions and
parameters. Suppose a crack-sealing company’s annual
amount of crack sealing performed via the conventional
method is 120,000 meters (= 100 days x 1,200
meters/day). The same amount of work can be done in 76
days (=120,000 meters/day + 1,584 meters/day) if the
company chooses the robotic crack-sealing method.
Based on the number of days worked each year (NDWY)
for the conventional method (100) and for the automated
method (76) as well as the daily saving on labour and
equipment costs for each method, the annual benefit
accrued from introducing the robotic crack-sealing
machine was computed to be KRW 90,892,192/year (see
Figure 11).
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FIGURE IX
DAILY SAVING ON LABOUR DUE TO THE INTRODUCTION OF AUTOMATED
PAVEMENT CRACK SEALING
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ANNUAL BENEFIT ACCRUED FROM INTRODUCING AUTOMATED CRACK
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d. Economic feasibility analysis

In this study, an economic feasibility analysis was
conducted using the proposed performance analysis
system that took into account (a) the annual benefit
accrued as mentioned above, based on the improvement
in quality and reduction in costs of mobilized labour and
equipment; and (b) the additional costs resulting from
developing ACE (manufacturing costs and annual
maintenance costs). This process automatically resulted in
a cash flow chart which took the annual benefit and cost
accrued into consideration (see Figure 12). The present
value of the benefit accrued was found to be KRW
558,493,173. The present value of the cost accrued was
KRW 102,594,051. Using these figures, the benefit-cost
ratio was calculated to be 5.44, which is greater than 1,
indicating that the development of the automated machine
was efficacious. The difference between the present value
of benefit accrued and that of cost accrued was KRW
455,899,122. This means that the parties using the robotic
crack-sealing machine can enjoy the benefit amounting to
KRW 455,899,122 in present value for the 10 years that
they will utilize the machine.
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The flow chart on annual total construction cost was
analysed. Results showed that the annual cost accrued
from labour and equipment that were mobilized for
conventional crack sealing and automated crack sealing
was KRW 172,632,700 (conventional) and KRW
81,740,508 (automated). Moreover, an additional cost of
KRW 16,696,709 was required each year due to the
introduction of automated crack-sealing machines (the
same amount to be applied over the 10-year period).
Therefore, the annual cost saving for the 10-year period
was calculated to be KRW 74,195483. The rate of
earnings expected from introducing the robotic crack-
sealing machine was computed at 121.1%, which greatly
exceeds the MARR of 10%. According to the break-even-
point analysis, the invested capital can be collected in
about 15 months if the automated crack-sealing machine
is introduced (see Figure 12).
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FIGURE XII
RESULTS OF ECONOMIC FEASIBILITY ANALY SIS ON AUTOMATED
PAVEMENT CRACK SEALING

As described above, the parties involved in developing
ACE can utilize the performance analysis system
proposed in this study. The parties are enabled to use the
results of tests conducted at their own sites, use their own
productivity data (conventional vs. automated), establish
their own assumptions and parameters, and obtain various
data on economic feasibility analysis. The proposed
system will also enable the parties to conduct sensitivity
analysis (see Figure 13) on the changes in the results of
economic feasibility analysis influenced by fluctuations
in the parameters set for the productivity, manufacturing
cost, service life, MARR, and annual maintenance cost of
automated pavement crack-sealing machines. These
features of the system are intended to assist the interested
parties’ decision-making for ACE development.
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V. CONCLUSION

The following conclusions were drawn from this study:

1) Proposing an efficient way of analysing ACE
performance

In this study, the current state of the development and
performance analysis of ACE in Korea and elsewhere
were examined. Afterwards, the need for and significance
of developing an ACE performance analysis model was
addressed. In addition, the R&D of ACE was divided into
three  phases (development feasibility analysis,
manufacturing, and commercialization/marketing) to help
ensure the efficiency of ACE performance analysis.

2) Establishing a quantification measure for the
performance analysis components of ACE

Despite the fact that improving safety and quality is
one of the principal goals for developing ACE, previous
studies failed to propose methods for quantifying the
improvement in terms of the economic benefits. In this
study, the degree of improvement in productivity, safety,
and quality was quantified and was presented as
parameters to be chosen by the parties involved in ACE
development while they consider economic benefits. The
quantification was intended to help improve the value
driven from ACE development and to increase the
possibility of commercializing the developed equipment.

3) Proposing a performance analysis model specific to
each R&D phase

The researchers of this study proposed a performance
analysis model designed to help conduct economic
feasibility analysis (e.g., benefit-cost ratio, net present
worth, rate of return, break-even point, and sensitivity
analysis, among others) with ease. A number of factors
were considered: (a) additional costs, that is, ACE
manufacturing cost and annual maintenance cost; (b)
annual benefit accrued from productivity improvement or
from reduction in labour and equipment costs; and (c)
benefits accrued from improved safety and quality. The
proposed model was intended to assist in the decision—
making of interested parties.

4) Establishing an ACE performance analysis system

An ACE performance analysis system was established
for this study. The aim was to help the investors,
researchers/developers, and end users of ACE and other
interested private enterprises to quickly and easily
analyse the performance of ACE according to the R&D
phases. The established system is believed to assist the
performance evaluators of ACE in establishing their own
assumptions and parameters that suit their circumstances
(according to the ACE R&D phases). Functions include
measuring and evaluating the performance of ACE,
ensuring the validity of the development, inventing high-
performance ACE, and effectively setting up the
marketing strategy for the developed ACE.

5) Reviewing the efficacy of the development system
through case studies
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The present researchers of this study used a robotic
pavement crack-sealing machine as the target on which
the established ACE performance analysis system was to
be tested. Using the target and the system, a
comprehensive performance analysis was conducted by
examining mainly the productivity, safety, and quality.
The results revealed that the performance evaluators
could easily produce a number of economic feasibility
indexes using the proposed system. They were also able
to enter, assisted by the proposed performance analysis
process, productivity data on the conventional, and
automated crack-sealing methods to evaluate the factors
affecting safety and quality as well as to establish and
enter assumptions and parameters for economic
feasibility analysis.

Based on the results of this study, the parties involved
in ACE development are judged to be capable of
developing, commercializing, and investing in ACE
successfully by utilizing the results of the economic
feasibility analysis carried out with the phases of ACE
R&D.
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