kT buildings

Article

Optimization Model of Maintenance Scheduling Problem for
Heritage Buildings with Constraint Programming

Shu-Shun Liu “*©, Putri Utami !, Agung Budiwirawan 2, Muhammad Faizal Ardhiansyah Arifin 2
and Fernanda Sarwatatwadhika Perdana !

check for
updates

Citation: Liu, S.-S.; Utami, P;
Budiwirawan, A.; Arifin, M.EA.;
Perdana, F.S. Optimization Model of
Maintenance Scheduling Problem for
Heritage Buildings with Constraint
Programming. Buildings 2023, 13,
1867. https://doi.org/10.3390/
buildings13071867

Academic Editors: Manuel
Duarte Pinheiro, David Marin Garcia,
David Bienvenido Huertas and

Miguel José Oliveira

Received: 7 June 2023
Revised: 8 July 2023
Accepted: 19 July 2023
Published: 23 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Civil and Construction Engineering, National Yunlin University of Science & Technology,
Yunlin 640, Taiwan; m10916028@gemail.yuntech.edu.tw (P.U.); m11116030@yuntech.edu.tw (E.S.P.)
Department of Civil Engineering, Universitas Negeri Semarang, Semarang 50229, Indonesia;
agungbudi@mail.unnes.ac.id (A.B.); faizal arifin@mail.unnes.ac.id (M.EA.A.)

*  Correspondence: liuss@yuntech.edu.tw; Tel.: +886-908-073-815

Abstract: The preservation and maintenance of ancient buildings, particularly heritage buildings,
is a complex process that requires careful consideration of several aspects, including maintenance
plans and budget availability. An effective long-term maintenance plan is crucial for preserving the
historical value and condition of these buildings. The primary purpose of such a plan is to limit
building deterioration, maintain optimal building performance, minimize operational costs and
ensure budget constraints are met. This study introduces an innovative methodology to optimize
maintenance strategies for heritage buildings in various scenarios, including normal conditions
and the aftermath of possible catastrophic events. The proposed methodology compares different
parameters, such as building conditions, building service life and various types of maintenance
interventions. However, budget availability poses a significant challenge in many case studies,
and addressing budgetary constraints is notoriously difficult. Limited budgets may hinder the
implementation of desired maintenance activities, necessitating optimization of the maintenance plan
to overcome these issues. To address these challenges, this study utilizes constraint programming
(CP) as an optimization tool. Constraint programming is a powerful optimization methodology
that addresses combinatorial problems by formulating them as mathematical models and handling
the associated constraints. By representing the problem as one or more instances of the Constraint
Satisfaction Problem (CSP), constraint programming enables efficient and effective problem solving.
The proposed CP model proves to be a valuable tool in solving maintenance scheduling problems
for heritage buildings. The results of this study are intended to assist decision makers in developing
long-term maintenance plans for heritage building preservation.

Keywords: maintenance scheduling problem; heritage buildings; optimization; constraint programming

1. Introduction

Effective maintenance methods play a crucial role in controlling a building’s dete-
rioration from its early phase and in preventing the failure of its components. Proper
maintenance action can effectively manage the inevitable process of deterioration and
significantly extend the physical life of the structure [1,2]. Maintaining aging heritage
buildings is particularly challenging [3]. Practitioners are frequently faced with tough
decisions in maintaining heritage buildings because of their fragile structures. Several
studies [4-7] have emphasized the significance of preserving heritage buildings, taking into
account their architectural value, historical traditions, scientific importance [8], aesthetic
appeal for tourism [9] and cultural significance [10]. However, there is a lack of comprehen-
sive studies addressing the improvement of the decision-making process for determining
the most suitable renovation time. This poses significant challenges for heritage building
managers in developing cost-effective maintenance plans and implementing appropriate
maintenance operations [11].
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Maintenance plans in heritage buildings serve as a strategic tool to achieve various
objectives, such as controlling degradation, sustaining optimal building performance,
reducing the operational cost and meeting budget requirements [12,13]. Therefore, there is
a need for a cost-effective method to create maintenance plans.

According to Riley and Cotgrave [14], faulty maintenance can be divided into two
categories, i.e., poorly performed maintenance and, more frequently, no maintenance per-
formed at all over the lifetime of the system. Inadequate funding can eventually lead
to the failure of a building, highlighting the importance of proper planning and budget
allocation. Agapiou et al. [15] mentioned that heritage building maintenance, in particular,
is expensive, and financial constraints may hinder the implementation of appropriate
long-term planning, especially in older structures with ancient components. Considering
the fragile structures of heritage buildings, a catastrophic event may lead to significant
deterioration [3,16]. Therefore, these buildings require continuous and substantial mainte-
nance and restoration efforts [17,18]. Inefficient and inappropriate maintenance operations,
coupled with the lack of decision-making tools for optimizing preventive maintenance
activities in heritage buildings, can result in excessive and even needless expenses [19].
As mentioned by Farahani et al. [9], these issues become even more complicated when
maintenance and restoration budgets are restricted, with socioeconomic issues abound.

When defining maintenance policies, it is crucial to consider both objective factors
and the availability of financial resources in the decision-making process [20]. The alter-
native solution to solving those challenges in building maintenance management is the
adoption of a preventive maintenance approach [1,5,21]. This approach plays a crucial
role in calculating and accumulating cost usage effectiveness [22]. By allocating the pro-
jected cost to the building maintenance budget, proactive maintenance measures can be
developed to prevent the deterioration of the building’s condition [6,23]. Kwon et al. and
Chan et al. [23,24] mentioned that this proactive approach helps mitigate future issues and
ensures the longevity and sustainability of the building.

Supported by Prieto et al. [3], the latest collected data are fresh input that support
stakeholders in making better decisions related to heritage building maintenance activities.
In this study, the building condition data were collected from the Central Java Cultural
Heritage Conservation Center in Indonesia [25] and categorized based on thorough field
surveys and expert assessments. The objective of this study is to formulate a heritage
building preventive maintenance plan using the available data. The primary focus lies in
formulating a long-term maintenance strategy that maximizes the lifetime of these valuable
structures while adhering to the constraints posed by budget availability. This strategy also
considers several building condition levels, which can be normal or low-level resulting
from catastrophic events. In normal conditions, real-time data obtained from the current
state of the buildings are utilized, assuming the absence of unforeseen events such as
catastrophic incidents. However, in the case of catastrophic conditions, we simulate a
deteriorated state, in which the buildings are expected to be in a worse condition than their
current state. When such circumstances occur, it becomes crucial to address the urgent
needs of the buildings, as activities that could impact the buildings may potentially lead
to significant deterioration. To tackle this challenge, an optimization approach is adopted
within the framework of the building maintenance life cycle, enabling the development of
a comprehensive maintenance plan.

2. Literature Review

Many issues related to historical preservation have been documented, particularly
regarding heritage buildings in urban areas. Several aspects are important, considering
that the historical value of the building must be preserved [24,26]. Therefore, maintenance
should be prioritized, as it not only safeguards the original structure’s functionality but
also enhances the socio-economic environment in its vicinity [27]. The deterioration of
heritage buildings not only incurs high maintenance costs but also reduces their usability
and safety, which is primarily caused by their age.
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The adaptive reuse of heritage buildings has been a subject of interest among re-
searchers, aiming to maximize the utilization of the remaining structures. Sanchez et al. [28]
used Life Cycle Analysis (LCA) to select the deconstruction programming approach for
adaptive reuse and obtained a heuristic solution that was close to optimal. Adaptive reuse
in heritage buildings is accomplished by considering both economic and environmental
factors. According to Foster [29], the concept of adaptive reuse can provide economic
benefits, wherein heritage buildings should be preserved not only for cultural reasons but
also for economic reasons, as stated by Forster et al. [30]. Yung and Chan [31] emphasized
the importance of preserving heritage buildings by reusing their existing facilities and
extending their lives through sustainable concept development. This can be achieved
through various methods, such as reusing, repairing, refurbishing, remanufacturing and
repurposing the building’s structure. Munarim and Ghisi [32] demonstrated LCA in their
research as a predictive indicator of environmental impact. Frey et al. [33] utilized LCA
to analyze various maintenance operations and their impact on the ecosystem. Their
findings demonstrate that each operation had an impact on the ecosystem. Msrlsoy and
Giinge [34], on the other hand, investigated the variables that affect the decision-making
process for establishing a holistic model for heritage buildings that includes an adaptive
reuse approach.

In order to effectively maintain heritage buildings, proper strategies and tools are
essential in assisting with the management of maintenance activities in accordance with
the standards. Cho and Yoon [11] used mathematical modeling as a tool to simplify the
building maintenance management process. They discussed the comparison of effective
financing for conditions before and after the renovation of the building. Moreover, they
considered cumulative life cycle cost analysis (LCCA), including initial cost (IC), opera-
tional cost (OC) and demolition cost (DO). Thus, it can be a reference for predicting the
cost-effective renovation time. In their research, they developed an algorithm to determine
the cost-effective renovation time. Flores-Colen and de Brito [1] applied the Life Cycle Cost
(LCC) method and developed several scenarios in the building maintenance strategy as
a preventive effort against the possible degradation of building conditions. They consid-
ered several parameters such as service life, performance, minimum level of quality, the
maintenance operation frequency of maintenance activities, and costs. Grant and Ries [35]
generated a building service life prediction in order to represent service life in an LCA
framework and to consider the environmental effect. This study focused on the connection
between the material and the system in the building’s maintenance operations. As a result,
the predicted building life cycle is more precise and thorough. Morcous and Lounis [36]
proposed a maintenance strategy by providing an alternative to network infrastructure
facilities using a genetic algorithm. Their objective was to minimize life cycle costs while
meeting global plan requirements and functionality. Lounis and Vanier [13] conducted a
study on roof maintenance systems, which aimed to achieve multiple objectives, such as
reducing repair and maintenance costs, maximizing network performance and minimizing
the risk of errors in the maintenance process. To achieve these objectives, they employed
the compromise programming method with the concept of a life cycle, using the Markov
chain. In previous studies, as previously presented, the utilization of Life Cycle Cost Anal-
ysis (LCCA) has generally been observed, as conducted by Cho et al., Flores-Colen et al.,
Grant et al. and Morcous et al. Consequently, in this research, the LCCA calculations can be
leveraged as the logical basis for determining the inflation rate in the estimation of future
cost values.

The maintenance system of old buildings, in particular, is often inadequate due to
the decline in the building’s condition [37]. Kalman and Létourneau [26] stated that
the maintenance of heritage buildings is necessary to preserve their value. Munarim
and Ghisi [32] conducted research related to heritage building maintenance to minimize
significant negative impacts on the environment. They considered the impact of heritage
building improvement on the surrounding environment. Kwon et al. [23] used old buildings
in urban areas as a case study. In their paper, they developed a model by adopting case-
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based reasoning (CBR) as a methodology, in which the weighting of several similar cases
was carried out, and a genetic algorithm (GA) was used to optimize the weighting of
the values generated from the CBR. The analysis included Monte Carlo simulation based
on the GA results to predict the maintenance costs for multi-family old buildings. Thus,
the results of the model were used concerning proactive long-term planning during the
maintenance phase.

Farahani et al. [12] proposed a multi-objective optimization technique for maintenance
and renovation schedules, which uses a modified degradation function for life expectancy
studies. The technique was combined with a service life cycle cost analysis (LCCA) to
plan maintenance and renovations for two identical buildings of varying ages and to
demonstrate the effectiveness of the approach. Several previous studies [38-42] have
focused on prioritizing and implementing predictive maintenance based on the building’s
condition level. Furthermore, previous studies [7,43—-45] have proposed research on the
assessment of priorities for the preservation of historic buildings by utilizing the ARAS and
AHP methods. These studies considered some of the values contained in historic buildings,
such as archaeological, historical, architectural, economic, social and other arguments. As
a result, these investigations have generated multiple assessment criteria for alternative
renovation projects of cultural heritage buildings.

Several researchers have developed fuzzy logic to classify and determine building
condition levels into several classifications based on multiple aspects. Previously, fuzzy
logic has been utilized to analyze the service lives of historic buildings. Prieto et al. [46]
developed a new computational approach based on fuzzy systems that is focused on
historic building management and that considers primarily variables related to the inherent
risk of structures in a given local environment. In another study Prieto et al., [47] proposed
the improved use of the Mamdani fuzzy model (MFM) to assess the serviceability of
architectural historic structures. This method is particularly suitable for establishing
priorities for preventive conservation in groups of similar historic structures, based on their
functional criteria. In addition, statistical techniques have been employed to estimate the
functional service lives of architectural heritage [48]. A fuzzy inference method was used to
rank architectural heritage in terms of functional service life, allowing for the prioritization
of maintenance and preventive conservation activities in homogenous groups of buildings,
as well as the optimization of maintenance costs.

Furthermore, some studies have focused on developing multi-scenario analyses to
assess potential future scenarios that may affect heritage buildings. Prieto et al. [49]
proposed an approach for estimating the functional service lives of historic structures
in a given area. This study provided a multi-scenario analysis, assessing environmental
risks based on the building’s intended use. This analysis considered static structural risks
as well as historical data related to the building’s life cycle, based on historical records,
evaluating the building’s degree of vulnerability over time. The findings from these
studies using fuzzy logic methods have provided valuable parameters for predicting and
prioritizing interventions for heritage buildings. According to several statements made by
A]. Prieto et al., [46—49] heritage value is a crucial factor to consider in the preservation of
historic buildings. However, none of these prior studies have addressed the catastrophic
condition in the preservation strategy.

3. Model Development

The method used in this study involves the application of Constraint Programming
(CP), which has proven to be effective and efficient in solving schedule problems at dif-
ferent application areas in previous research. CP is an optimization methodology used
for solving combinatorial issues. Defining these combinatorial optimization issues into
one or more cases of the Constraint Satisfaction Problem (CSP) is a common way to solve
the problem [50]. Scheduling, in particular, has been recognized as one of the areas where
constraint programming (CP) demonstrates its effectiveness [51]. Liu et al. [21,52] proposed
the concept of maintenance scheduling problems utilizing the constraint programming
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(CP) method. Their study explored a novel approach to structural maintenance planning
by utilizing a preventive maintenance strategy based on historical data from a prior study.
They used the Constraint Programming (CP) approach to construct an optimization frame-
work that considers the budget constraint. Considering the effectiveness and efficiency of
CP in solving combinatorial problems, it was chosen as the methodology for the current
research. To solve the scheduling optimization model developed in this study, IBM ILOG
CPLEX Optimization Studio IDE 12.10.0 was utilized as the optimization platform.

3.1. Problem Definition

The first step in developing a historic building maintenance plan is to define the
problem to be solved. This problem is defined as follows:

a.  Many historic buildings need maintenance to function properly.

b.  Before the implementation of the maintenance plan, these buildings have different
initial conditions.

C. The condition of the building deteriorates as its lifetime increases. Therefore, in the
event of a catastrophic event, its condition worsens.

d.  The use of heritage buildings can be worthwhile when the buildings meet the re-
quired conditions.

e. Building maintenance enhances its condition continuously.

f. Building preservation is limited by budget restrictions.

g.  ltisnecessary to have a maintenance plan that can sustain the building’s adequate

condition for the longest possible period.

Based on these issues, increasing the maintenance level can significantly improve the
building’s condition. However, it also comes with an increase in the required budget. This
historic building maintenance model is intended to reach the longest historic building life
by considering the available budget. Given these concerns, we aim to propose an enhanced
concept that effectively addresses these issues.

3.2. Model Formulation

In order to solve the problem as defined previously, we identified and categorized the
key components that require attention. In this section, we aim to summarize the problems
that are required to be solved, and the model proposed in the methodology is as follows:

a.  The building conditions are classified into several levels.

b.  The building can be reused if its condition is at an acceptable level under the
standard required.

c. The planned maintenance of heritage buildings consists of several packages of main-

tenance activity. The packages of activity require that the amounts of the costs are
separate and generate the enhancement of building conditions for every heritage
building individually.

Related to these principles, when the condition of the heritage building is weak, it is
essential to undertake major interventions immediately to prevent exponential deterioration
of the building. However, for heritage buildings that are initially in good condition and
have been well-maintained, major maintenance actions may not be necessary right from
the start of the intervention.

To establish the proposed model, we consider different building condition levels (BCL)
for each building at the beginning of the period, as shown in Table 1. Based on the BCL, the
model adjusts the appropriate type of maintenance required for each building, as shown in
Table 2. According to Kalman et al. [26], heritage building maintenance activities should
be carried out as much as possible to minimize major repairs, which aim to maintain the
value contained in the heritage building. Therefore, there are various options related to the
maintenance type.
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Table 1. Building condition level (BCL) classification [25].

Building Condition Level Building Condition Estimated Remaining Lifetime (Years)
1 Heavily damaged 0
2 Damaged 1-5
3 Poorly maintained 5-10
4 Less-maintained 10-15
5 Maintained 15-20
6 Well-maintained 20-25

Table 2. Precedence relationship of maintenance activities between BCLs.

Building Condition Level (BCL)

Activity Sequence

Predecessor Successor
Reconstruction Replacement/
Rehabilitation Cleaning/the major activity in the next period
Rehabllltatlon Replacement/
Reinforcement . . . .
. Cleaning/the major activity in the next period
Expansion
Reénforcement Replacement/
Regfaacr;i;zrrl\t Cleaning/the major activity in the next period
RExg)ansmn ¢ Replacement/
cplacernen Cleaning/the major activity in the next period
Cleaning
Replacement Replacement/
Cleaning Cleaning/the major activity in the next period
Cleaning Replacement/

Cleaning/the major activity in the next period

The survey assessment involved the standards of heritage building preservation regula-
tions of the Old Town Area Building and Environmental Planning (BEP), Semarang [53]. In
this study, the building condition data were collected from a field survey conducted in 2019,
focusing on a list of heritage buildings in the Old City Area of Semarang, Indonesia [25].
The building condition classifications are shown in Table 1.

In addition, the type of maintenance action is determined using data from previous
maintenance actions. The types of maintenance action are presented in Table 3. The
classification of major and minor maintenance activities indicates that they have a varying
impact on increasing the building’s service life value, from the highest to the lowest. Each
intervention influences the estimated increase in service life, which is indicated by the
growing building age after major and minor activities. The cost of each intervention type is
also determined based on the expert’s experience, as shown in Table 3. In this model, which
utilizes several concepts from a sequence of building maintenance activities as indicated in
Table 2, the preliminary selection is based on the initial building condition level (BCL).

From the information above, we formulated a model to determine the appropriate
maintenance action based on the building condition level (BCL) classification. This means
that, when a specific BCL is identified, the corresponding maintenance action is selected.
The subsequent activity follows the required action, such as replacement or cleaning. As
shown in Table 2, maintenance activities should be carried out without any gaps between
the long-term planning activities. Additionally, the remaining lifespan of each building
needs to be considered when determining the start time for maintenance activities. The
interactivity relationship in this research indicates that, once the predecessor activity ends,
the next activity commences immediately. With no gaps between maintenance activities,
the initial maintenance needs to be conducted in order to increase the BCL significantly. It
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is important to note that, in some cases, the model may recommend a major intervention
alone instead of a combination of minor interventions. The following period in that build-
ing directly chooses the next major intervention associated with the building’s lifetime
capability that the intervention can increase significantly, such as reconstruction, rehabil-
itation, reinforcement and expansion. The model also considers the budget availability
throughout the period to assess the possibilities of selection. Figure 1 further illustrates the
concept of the activity sequence among different BCLs, where shadow areas represent the
construction duration of maintenance activities.

Table 3. Type of maintenance action for heritage building [3].

Scale of Activity Type of Intervention Estimated Increased Service Life (Years) Cost (USD/m?)
Reconstruction 30 210.45
Major activity Rehabilitation 25 140.30
Reinforcement 20 105.22
Expansion 10 70.15
Minor activity R‘gt‘:ﬁirﬁgm ; 3582

Number of building

Building e
(if the
BCL is 6)

Building e
(if the
BCL is 5)

Building e
(if the
BCL is 4)

Building e
(if the
BCLis 3)

Building e
(if in the
BCL is 2)

Building e
(if the
BCLis 1)

The cost is converted from Indonesian rupiah (IDR) to US dollars (USD); exchange rate: IDR/USD = 14,250
(prevailing rate on 17 September 2021).

AF

|
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Figure 1. Activity sequence schema of maintenance actions.

All model parameters and variables are shown in Table 4. To solve the maintenance
scheduling problem, the model is designed to maximize the service lives of heritage
buildings within a given planning period. To achieve this goal, the concept of long-term
maintenance scheduling is applied, and the associated constraints are outlined below.

e
Maximize 2 wpx Dy 1
b=1

The objective function is presented in Equation (1), where the primary goal is to
maximize the lifetime of each heritage building with the prioritized importance weight
of each building, as required by the heritage building preservation regulations in the

case study.
sty =0=dr, =0 2)
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Table 4. Parameters and variables of the proposed model.

Indices Definition
b Index of buildings
p Index of periods
a Index of major interventions
i Index of minor interventions
Y Index of years that interventions were conducted
Sets Definition
B Set of building numbers, where B=1,2,3, .., ¢
P Set of period numbers, where P=1,2,3, ..., f
A Set of type of major intervention numbers, where A=1,2,3,..., ¢
I Set of type of minor intervention numbers, whereI=1, ..., h
w Set of building weight
Parameters Definition
e Total of buildings
f Total of periods
g Total of major interventions
h Total of minor interventions
wy Importance weight of building b
up Budget limit in period p
dry Duration of remaining lifetime for building b
s1p Start time of remaining lifetime for building b, where sr, = 0
ery End time of remaining lifetime of building b
Djapb Estimated lifetime of major activity a
diipb Estimated lifetime of minor activity i
Cja Cost of major activity a
Py Minimum time target of planning in building b
mpy Maximum time target of maintenance planning in building b
cij Cost of minor activity
r Inflation rate annually in year y
Variables Definition
Dy, Total lifetime of building b
Japb Demand of activity type a in period p for building b
Lapp Demand of activity type i in period p for building b
SJapp Start time of major activity 4 in period p for building b
DJapp Estimated lifetime of major activity a in period p for building b
EJapb End time of major activity a in period p for building b
Slipp Start time of minor activity i in period p for building b
DIy Estimated lifetime of minor activity i in period p for building b
Eliyp End time of minor activity i in period p for building b
Clape Cost of major activity a for building b
Clipp Cost of major activity i for building b

According to Equation (2), if the building condition is heavily damaged, it means that
the remaining lifetime of the building is zero, and there is no further time left. Therefore, as
described in Equation (7), the maintenance activities must be carried out continuously.

sty =0 = st = 5], 3)

As mentioned previously, when Equation (2) is triggered, it activates the implemen-
tation of Equation (3). In reality, when the remaining lifetime is zero, the start time of the
remaining time is equivalent to the start time of the initial major activity.

ery, = sry +dry 4
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To define the end time of the remaining time in each heritage building individually, an
approach is used that takes into account both the start and length of the remaining time in
each building. This approach is outlined in Equation (4) for a clearer understanding.

ery, = S]apb (5)

The constraint related to the end of the remaining time based on the building condition
level from the field survey conducted by the government is presented in Equation (5). When
the remaining time runs out, this equation indicates that the major intervention or small
intervention should be started. As a result, there is no idling maintenance action throughout
the entire building. Consequently, the entire structure is adequately maintained.

SIz'pb =dry + D]apb (6)

Equation (6) defines the minor maintenance activity conducted since the remaining
time and major maintenance activity completed. When the duration is finished, the mi-
nor activity needs to be undertaken further. Therefore, in the following discussion, it is
important to note that the start time of minor activities is determined based on the start
time, duration of the remaining time and duration of the major intervention.

DRy =0=1< 5], <2 @)

When the remaining lifetime is 0 in Equation (7), the next major activity must be major
activity 1 or 2, which is building reconstruction or rehabilitation action to be undertaken.

1< DRy <5=2<8],,; <4 8)

Equation (8) presents that, when the remaining lifetime has a duration between 1 and

5, the next major activity is a rehabilitation, reinforcement or expansion intervention for
the building.

5<DRy<10=3<5J,p <5 )

On the other hand, if the remaining lifetime duration is between 5 and 10, as per Equation (9),
the next major activity should be a reinforcement, expansion or replacement intervention.

10 < DRy <15=4 < 8], <6 (10)

When the duration of the remaining lifetime is between 10 and 15, the next major
activity must conduct expansion, replacement or cleaning of the building, as stated in
Equation (10).

15< DR, <20=5< 5], <6 (11)

Similarly, if the remaining lifetime is between 15 and 20, the next major activity must
be conducted as per Equation (11) to examine the replacement or cleaning of the building.

20 < DRy, <25 = ]y = 6 (12)

When the duration of the remaining lifetime is equal to or greater than 20 but less
than or equal to 25, Equation (12) dictates that the next major intervention should involve
cleaning the building. As a result of the above statements, when the remaining lifetime
is between 5 and 10 years, the building is classified as level 6. In such cases, a visual
assessment of the building serves as an alternative to conducting a physical inspection.
The recommended maintenance intervention for buildings at this level is minimal, as the
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building’s condition is consistently excellent. The focus should be on maintaining the
stability of the building level rather than undertaking extensive interventions.

e
20 Cja [1+7’y]yx ]ﬂpb = C]aph
a=
h
E Cii [1+1’y]y>< iiph = Clipb (]3)

£iy z(cn,m Cliyy) < z ¥ bp, 1+

b=1 p=1a=0i=0 =1y=0

Equation (13) illustrates the expense that must be considered. It represents a require-
ment that the maintenance cost in period p must be less than or equal to the budget capacity.

erp > S]apb > Slipb (14)

Equation (14) indicates that the remaining lifetime needs to be finished; then, the major
activity and the minor activity are conducted after the previous activity finishes.

8
Zodux ]apb = D]apb
a=

P
'Zo diX ijp = Dljpp (15)

-
|

s h
Y Y ¥ |dry+ Dy +Dlipy | = Dy
a=0i=0p=0

It is crucial to determine the expected timeframe for budget allocation when planning
maintenance activities. The service goal time can be calculated by adding the remain-
ing time, major activity time and minor activity time. This formula is represented in
Equation (15).

rpy <Dy < mp, (16)

In order to analyze the appropriate budget, it is essential to calculate the expected time
to be accomplished in building maintenance while creating a plan. Budget allocation needs
to consider the maintenance needs of the building and ensure that the desired maintenance
goals can be achieved within the available budget. Equation (16) is used to establish
the model’s constraints, specifically determining the minimum time required to meet the
maintenance targets. In this case, the total time of the activity must be accomplished in less
than or equal to the planning budget allocation time from the authorities, which is 30 years.
In addition, based on [35], regarding the approximate life cycle, the estimated maximum
duration in one cycle of maintenance planning is 50 years.

3.3. Implementation Scenario

In order to effectively address the preservation of heritage building clusters, it is
important to consider various scenarios that may arise during the preservation process.
This research aims to simulate these scenarios and develop a maintenance plan that accounts
for both normal and catastrophic occurrences.

Various scenarios, such as the evaluation of the condition, are simulated and restricted
to the fund procurement issue. Constraint programming (CP) is used as a technique to
handle objective optimization challenges. Furthermore, the objective is intended to assist
stakeholders, practitioners, clients and decision makers in adopting a heritage building
preservation planning strategy using a long-term planning intervention, such as bud-
get allocation and life expectancy. Figure 2 depicts the framework for the research that
was conducted.
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Figure 2. Conceptual flowchart of maintenance scheduling problem for heritage building with

three scenarios.

This study presents a systematic phase methodology intended to provide technical
support for inspection and maintenance management by integrating datasets associated
with various alternative maintenance strategies. In this study, three scenarios are performed,
and their arguments are explained as follows.

3.3.1. Scenario 1: Preventive Maintenance Based on the Current Condition

Based on the current condition and considering appropriate procedures and method-
ical approaches, proactive management is crucial for heritage structures. To extend the
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lifetime of a building, preventive maintenance should be planned before major maintenance
or repairs become necessary [24]. In this case, parameters related to the expected lifetime of
the building and the availability of budget procurement from previous periods need to be
considered. In scenario 1, the objective attempts to preserve the building’s sustainability for
a longer period. It is essential to maximize the building’s lifetime along with consideration
of budget availability.

3.3.2. Scenario 2: Maintenance Intervention When the Catastrophic Condition Occurs

Unforeseen events can have a significant impact on the conditions of heritage build-
ings, leading to catastrophic events occurring over time. To manage the effects caused by
natural deterioration and to maintain the condition level of heritage buildings, preventive
maintenance needs to be implemented in a systematic manner [54]. Catastrophic events,
when they occur, can cause severe damage to heritage buildings in the same area simulta-
neously, often prompting stakeholders to recognize the need for urgent intervention and
appropriate actions [3,5]. This is especially important in areas prone to frequent natural
disasters and catastrophic events. Thus, it is crucial to establish appropriate procedures and
standards to manage potential failures in the future [55]. In scenario 2, it is quite challenging
for managers to obtain the optimal result regarding the building’s condition, which needs
emergency repairs. However, to accumulate the costs that need to be expensed, we attempt
to use the total cost in scenario 1 as a budget ceiling. This approach results in an impact on
the final outcome, as it helps prioritize and allocate the available resources effectively.

3.3.3. Scenario 3: Adjustment of Deficient Budget

The feasibility of each maintenance plan depends on the sufficiency of the budget. It is
important to evaluate the duration required to maintain all the structures in a fully service-
able condition with minimum expenditure over the planning cycle [44,45]. In scenario 3, the
primary concern revolves around achieving comprehensive maintenance of the buildings
to fulfill the expected timeframe. However, the main objective is to achieve comprehensive
maintenance of the buildings while considering the limited budget to meet the expected
lifetime. If the outcomes of scenario 2 are deemed unsatisfactory, where the budget limita-
tion is established based on scenario 1, it may be necessary to make adjustments concerning
the budget capacity in order to ensure comprehensive maintenance of the buildings. In
such instances, scenario 3 can be occasionally implemented, entailing interventions in a
majority of the building components until the expected lifetime is achieved.

4. Case Study

The approach proposed in this study contributes to the decision-making processes for
planning preventive strategies for heritage buildings. This approach takes into account
historical records and leverages them to make informed decisions. It is worth noting that
the selection of the Old Town Area as a case study was based on its proximity to the city’s
economic center. However, it is important to acknowledge that the Old Town Area of
Semarang is geographically susceptible to the occurrence of catastrophic events [25].

Additionally, the data include information on various maintenance and repair activities
conducted on heritage buildings in Indonesia, individually. In this study, the dataset was
taken from a list of heritage buildings in the Old City Area, Semarang, Indonesia. There are
40 heritage buildings that are divided into 6 classifications of building conditions. The data
were collected from a field survey conducted in 2019 [25]. In this study, we simulate various
scenarios that could occur under different conditions. For normal conditions, we utilize
real-time data obtained from the current state of the buildings. In contrast, for catastrophic
conditions, we simulate a deteriorated state, in which the buildings are expected to be in a
worse condition than the current state. The survey data are evaluated by field experts based
on the specific conditions of each building. Consequently, each heritage building included
in the list has a distinct value for the initial building condition level, lifetime remaining and
corresponding expenses, as shown in Table 5.
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Table 5. Heritage building data on the survey list.

Intervention Cost (USD Millions)

Number of Scenario 1 Scenario 1 Scenario 2 Scenario 2
Buildines Condition Initial Lifetime Initial Lifetime Land Area . .
8 Condition Remaining Condition Remaining Recons Rehab Reinforce Expand Replace Cleaning
1 Maintained 6 23 3 7 279 m? 0.059 0.039 0.029 0.020 0.012 0.008
2 Maintained 6 22 3 10 53 m? 0.011 0.007 0.006 0.004 0.002 0.001
3 Well-Maintained 5 17 2 4 344 m? 0.072 0.048 0.036 0.024 0.014 0.010
4 Heavily Damaged 1 0 1 0 296 m? 0.062 0.041 0.031 0.021 0.012 0.008
5 Heavily Damaged 1 0 1 0 138 m? 0.029 0.019 0.014 0.010 0.006 0.004
6 Poorly maintained 3 10 3 5 201 m? 0.042 0.028 0.021 0.014 0.008 0.006
7 Heavily Damaged 1 0 1 0 59 m? 0.012 0.008 0.006 0.004 0.002 0.002
8 Maintained 6 24 3 8 244 m? 0.051 0.034 0.026 0.017 0.010 0.007
9 Maintained 6 22 3 6 93 m? 0.020 0.013 0.010 0.007 0.004 0.003
10 Heavily Damaged 1 0 1 0 250 m? 0.053 0.035 0.026 0.018 0.011 0.007
11 Heavily Damaged 1 0 1 0 327 m? 0.069 0.046 0.034 0.023 0.014 0.009
12 Well-Maintained 5 18 2 2 279 m? 0.059 0.039 0.029 0.020 0.012 0.008
13 Heavily Damaged 1 0 1 0 752 m? 0.158 0.105 0.079 0.053 0.032 0.021
14 Less-maintained 4 12 1 0 190 m? 0.040 0.027 0.020 0.013 0.008 0.005
15 Maintained 6 20 3 9 486 m? 0.102 0.068 0.051 0.034 0.020 0.014
16 Maintained 6 21 3 8 1754 m? 0.368 0.246 0.184 0.123 0.074 0.049
17 Maintained 6 22 3 6 899 m? 0.189 0.126 0.094 0.063 0.038 0.025
18 Well-Maintained 5 17 2 4 1044 m? 0.219 0.146 0.110 0.073 0.044 0.029
19 Well-Maintained 5 19 2 5 2379 m? 0.500 0.333 0.250 0.167 0.100 0.067
20 Heavily Damaged 1 0 1 0 188 m?2 0.039 0.026 0.020 0.013 0.008 0.005
21 Damaged 2 1 2 3 374 m? 0.079 0.052 0.039 0.026 0.016 0.010
22 Well-Maintained 5 19 2 0 111 m? 0.023 0.016 0.012 0.008 0.005 0.003
23 Well-Maintained 5 15 2 2 242 m? 0.051 0.034 0.025 0.017 0.010 0.007
24 Heavily Damaged 1 0 1 0 268 m? 0.056 0.038 0.028 0.019 0.011 0.008
25 Well-Maintained 5 16 2 5 142 m? 0.030 0.020 0.015 0.010 0.006 0.004
26 Heavily Damaged 1 0 1 0 256 m? 0.054 0.036 0.027 0.018 0.011 0.007
27 Well-Maintained 5 18 2 5 422 m?2 0.089 0.059 0.044 0.030 0.018 0.012
28 Damaged 2 2 2 4 254 m? 0.053 0.036 0.027 0.018 0.011 0.007
29 Maintained 6 23 3 5 61 m? 0.013 0.009 0.006 0.004 0.003 0.002
30 Poorly maintained 3 9 3 5 315 m? 0.066 0.044 0.033 0.022 0.013 0.009
31 Poorly maintained 3 6 3 7 199 m? 0.042 0.028 0.021 0.014 0.008 0.006
32 Poorly maintained 3 8 3 10 363 m? 0.076 0.051 0.038 0.025 0.015 0.010
33 Maintained 6 20 3 5 714 m? 0.150 0.100 0.075 0.050 0.030 0.020
34 Maintained 6 21 3 10 161 m? 0.034 0.023 0.017 0.011 0.007 0.005
35 Maintained 6 23 3 10 202 m? 0.043 0.028 0.021 0.014 0.009 0.006
36 Maintained 6 22 3 10 97 m? 0.020 0.014 0.010 0.007 0.004 0.003
37 Maintained 6 24 3 9 211 m? 0.044 0.030 0.022 0.015 0.009 0.006
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Cont.
Number of Scenario 1 Scenario 1 Scenario 2 Scenario 2 Intervention Cost (USD Millions)
Buildines Initial Lifetime Initial Lifetime .
& Condition Remaining Condition Remaining Cleaning
38 6 21 3 8 0.020
39 Heavily Damaged 1 0 1 0 0.010
40 Heavily Damaged 1 0 1 0 0.015
The cost is converted from Indonesian rupiah (IDR) to US dollars (USD); exchange rate: IDR/USD = 14,250 (prevailing rate on 17 September 2021).




Buildings 2023, 13, 1867 15 of 25

5. Result and Discussion

To evaluate the model’s performance regarding the distribution of costs under normal
conditions, the standard deviation estimation technique is employed to assess each scenario
on the graph. It is crucial to verify whether the optimization results exhibit a satisfactory
distribution. A desirable outcome is indicated when the average value during the majority
of the completion periods on the graph closely aligns with the maximum expected lifetime
of 50 years, meeting the desired timeframe. If the graph demonstrates that more than 80%
of the total building duration falls within the upper control limit (UCL) or lower control
limit (LCL) range, and if it is positioned near the mean line, this indicates that the results are
not significantly disordered. This suggests that the model successfully achieves a balanced
distribution and allocation of the budget across each building. It is crucial to evaluate
whether the results are acceptable or rejected. These findings indicate a stable long-term
strategy and can be considered as a robust plan. Therefore, they can be regarded as a
solid long-term plan, as each structure can be completed within the specified timeframe, as
depicted in Figures 3 and 4 for scenario 1, Figures 5 and 6 for scenario 2, and Figures 7 and 8
for scenario 3.
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Maintenance Duration

47
1234567 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Number of Building
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Figure 3. Completion time of building maintenance actions (Scenario 1).

5.1. Results of Scenario 1

The objective in this scenario is to maximize the lifespan of heritage buildings compre-
hensively, leveraging field survey assessments and input from experts in the heritage field.
The results, depicted in Figure 3, illustrate the completion time of maintenance actions
within the estimated planning period. Based on the findings presented in Figure 3, it is
worth highlighting that 80% of the total buildings meet the expected lifespan of 50 years.
This outcome signifies the successful achievement of the proposed model’s objective, which
is to maximize the lifetime of the buildings by efficiently distributing the available budget
among them. Figure 4 illustrates a comprehensive schedule of all maintenance activities
obtained through the optimization model. The model incorporates the concept of a prece-
dence relationship, enabling it to prioritize certain actions based on the building’s condition.
In cases in which a building is in a poor condition and requires substantial improvement,
the model gives priority to options such as reconstruction or rehabilitation during the
initial stages of the building’s lifespan. This approach ensures that critical actions are un-
dertaken early to address significant maintenance needs. The results displayed in Figure 4
demonstrate the adjusted start times for maintenance activities based on the building’s
condition, as indicated in Table 1. Notably, buildings such as b4, b5, b7, b10, b11, b13, b20,
b24, b26, b39 and b40 are given priority for major repair activities in the first year. This
proactive approach is aimed at maximizing the lifespan of these buildings, ensuring that
they reach the expected timeframe of 50 years, while achieving the management goal of
maximizing lifespan.

Furthermore, based on the results obtained in scenario 1, specific maintenance actions
are recommended for different buildings. Building number b24 requires reconstruction,
with an estimated lifetime of 30 years. Under the same conditions, buildings with condition
level 1, namely b4, b5, b7, b10, b11, b13, b20, b26, b39 and b40, are recommended for
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rehabilitation, with an expected lifetime of 25 years. Building numbers b30 and b31
would benefit from reinforcement maintenance actions, which can extend their lifetimes by
20 years. Repair actions are suggested for building numbers b14, b21 and b28, resulting in
an estimated increase in their lifetimes by 10 years. On the other hand, building numbers
b6, b12, b25, b27 and b32 require replacement repairs, which can extend their lifetimes
by 5 years. Finally, building numbers b1, b2, b3, b8, b9, b15, b16, b17, b18, b19, b22,
b23, b29, b33, b34, b35, b36, b37 and b38 would benefit from light repairs in the form of
cleaning, which can extend their lifetimes by 2 years. These maintenance actions form
the initial stage of the maintenance plan, and subsequent actions are determined based
on the remaining funding conditions. The long-term schedule, reflecting these actions, is
presented in Figure 4. Therefore, it can be concluded that, with the building conditions in
scenario 1, the model successfully meets the desired lifetime year expectations and allocates
the budget evenly among the 40 buildings in the case study.
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Figure 4. Gantt chart schedule for scenario 1.
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Figure 5. Completion time of building maintenance actions (Scenario 2).
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Figure 6. Gantt chart schedule for scenario 2.
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Figure 7. Completion time of building maintenance actions (Scenario 3).
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Figure 8. Gantt chart schedule for scenario 3.

5.2. Results of Scenario 2

In scenario 2, the urgency of maintenance actions increases due to the deterioration of
building conditions caused by catastrophic events. In this scenario, the buildings tend to
have the lowest condition level. The simulation reveals that the majority of buildings have
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a medium to low building condition level (BCL). These deteriorations are assumed to be
the result of potential catastrophic events, such as natural disasters or human-induced risks
such as vandalism. These events have a significant impact on the initial BCL of each heritage
building, which in turn affects several variables assessed in the model. Consequently, these
adjustments have a notable influence on the outcomes of the proposed model.

In scenario 2, the allocated budget from the previous scenario 1 is adjusted to accom-
modate the total cost generated by the model. The buildings, most of which have fallen
below the acceptable level due to catastrophic events, require immediate and decisive
action to restore their conditions. This scenario highlights a significant reduction in the
remaining time for each building, emphasizing the urgency of the situation. Moreover, the
average improvement required leans toward major interventions, presenting a challenge
for the model to demonstrate its ability to maximize the buildings’ lifetimes within the
long-term plan while adhering to the budget constraints established in scenario 1. In this
scenario, a considerable number of buildings require major interventions right from the
beginning to significantly improve their building condition levels (BCLs). The simulated
building conditions in scenario 2 have a significant impact on the coverage of the lifespan,
as depicted in Figure 6. This, in turn, has a profound effect on the budget allocation for
each building. As a result, the dominance of the results presented in scenario 2, in which a
maximum lifespan of 47 years is achieved, is highly logical and justifiable. The model’s
ability to adapt to the deteriorated building conditions and optimize the allocation of
resources contributes to the reasonableness of these outcomes.

Based on the results depicted in Figure 5, it is observed that the majority of buildings
fail to meet the expected lifespan of 50 years, and 85% of the total buildings fall within
the range of the upper control limit (UCL) and lower control limit (LCL). This indicates
that the proposed model is adept at adjusting and distributing the available budget evenly
across each building. This adaptability is crucial in emergency situations in which there are
budgetary restrictions. Based on the results depicted in Figure 6, it is evident that specific
intervention types are required to address the deteriorated conditions of several buildings.
For example, building numbers b4, b7, b13, b14, b22 and b26 necessitate reconstruction
interventions, which are projected to increase their lifetimes by 30 years. Building numbers
b5, b10, b11, b20, b24, b39 and b40 require rehabilitation maintenance actions to extend their
lifespans by 25 years. Additionally, building numbers b9, b12, b21, b23, b29 and b30 would
benefit from reinforcement actions, offering an estimated increase in their lifetimes of 20
years. For building numbers b6, b18, b19, b25, b27, b28 and b33, expansion work is essential
to improve their conditions and extend their lifetimes by 10 years. Furthermore, building
numbers b1, b2, b8, b9, bl5, bl6, bl7, b31, b32, b34, b35, b36, b37 and b38 necessitate
replacement actions, which are expected to increase their lifetimes by 5 years. However, it
should be noted that, in order to prevent further degradation and quickly improve the BCL,
repair actions are necessary, and therefore, cleaning is not included as an initial activity.

Therefore, based on the findings presented in Figure 6, it is evident that several
buildings are not adequately maintained to achieve the estimated lifespan of 50 years.
This deficiency can be primarily attributed to budget limitations, as illustrated in the
figure, which ultimately results in a reduced expected lifespan for these specific buildings.
The results obtained in scenario 2, which demonstrate the model’s ability to effectively
maximize the lifespans of buildings and allocate the budget evenly, can be considered a
successful long-term maintenance planning approach.

5.3. Results of Scenario 3

In scenario 3, with limited funds available, adjustments need to be made to address
the unsatisfactory conditions of the buildings, similar to scenario 2. In this scenario,
the building’s condition is assumed to be similar to that of scenario 2, with a tendency
toward unsatisfactory conditions. However, in response to this situation, decision makers
simulate a budget negotiation process that compels them to strive for greater optimization
in order to achieve comprehensive long-term preservation planning for all buildings. This
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negotiation process is common in the development of long-term plans within government
or authoritative bodies. Consequently, the budget allocation should prioritize a sequence
of maintenance actions, with the proposed model providing the best possible performance.

The results presented in Figure 7 indicate that 97% of the total buildings fall within
the range of the upper control limit (UCL) and lower control limit (LCL), demonstrating
that the model effectively allocates the available budget evenly to each building. This
achievement signifies the model’s success in optimizing budget allocation and fulfilling
its objective of maximizing building lifetimes while operating within the constraints of a
limited budget. The developed model has proven its capability to optimize fund allocation,
ensuring the maximum lifespan of the long-term maintenance action plan within the
specified timeframe.

In scenario 3, for the schedule shown in Figure 8, specific maintenance actions are
recommended for various buildings. Rehabilitation maintenance is required for building
numbers b4, b5, b7, b10, b1l, b13, b14, b20, b22, b24, b26, b28, b39 and b40, with an es-
timated lifetime increase of 25 years. Due to budget constraints, no reconstruction work
is initially planned in this scenario. Building number b25 needs reinforcement action to
extend its lifetime by 20 years. Building numbers b2, b3, b6, b12, b17, b18, b19, b21, b23,
b27, b29, b30, b33, b34 and b36 require expansion maintenance action, increasing their
lifetimes by 10 years. Furthermore, replacement work is needed for building numbers b1,
b8, b9, b15, b16, b31, b32, b35, b37 and b38, resulting in a building lifetime extension of
5 years. As the main focus is on preventing further degradation and rapidly improving the
building condition level (BCL), cleaning actions are not prioritized in this scenario due to
the significant repairs required by most buildings. In scenario 3, the provision of additional
funding becomes a crucial consideration in order to meet the expected lifespan of the build-
ings, especially in the face of simulated catastrophic events that have significantly impacted
their conditions. The results of scenario 3 highlight the importance of allocating additional
funds to address urgent maintenance needs and ensure the longevity of the buildings. By
considering the potential challenges posed by deteriorated conditions, decision makers
must carefully evaluate the option of providing additional funding to achieve the desired
lifespan and maintain the buildings in a satisfactory state.

Table 6 provides an overview of the fluctuation in the total cost throughout the esti-
mated 50-year lifetime. The costs are accumulated periodically every 5 years, from P1 to
P10, a total ten usage periods, offering insight into the long-term financial implications of
comprehensive maintenance activities. These findings highlight the significant impact of in-
dividual building conditions, as represented by the building condition level (BCL), and the
total maintenance area. The specific type of maintenance intervention required, regardless
of whether it is reconstruction, rehabilitation, reinforcement, expansion, replacement or
cleaning, is determined based on the unique needs of each building. The proposed model
effectively adapts to these constraints, ensuring that the most optimal and cost-effective
outcomes are achieved.

Table 6 summarizes the total cost for maintenance in Scenario 1, which amounts to
USD 7,780,350.88. The budget allocation for the maintenance plan is based on the budget
ceiling carried over from previous plans. The maintenance activities, as derived from the
model, align to create a comprehensive 50-year maintenance plan, as depicted in Figure 4.
The cost fluctuation is illustrated across the P1 to P10 usage periods.

In scenario 2, in which the building conditions are significantly impacted by catas-
trophic events and the budget ceiling is based on the budget capacity from scenario 1,
the model showcases its ability to generate optimal solutions despite these challenging
constraints. Despite the difficulties in determining these constraints, the model successfully
addresses the urgent maintenance needs that arise from catastrophic events. The total cost
in scenario 2 is USD 7,810,526.32, as indicated in the analysis. Upon evaluating Figure 6,
it becomes evident that the maintenance planning falls short of achieving the estimated
lifetime for several buildings, even though the minimum duration in the life cycle is set at
30 years.
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Table 6. Maintenance cost summary for three scenarios.
Maintenance Period Scenario 1 Scenario 2 Scenario 3
($USD) ($USD) ($USD)
P1 546,947.37 873,684.21 730,385.96
P2 69,824.56 566,877.19 585,824.56
P3 84,631.58 496,421.05 349,473.68
P4 566,245.61 589,894.74 1,187,228.07
P5 895,929.82 926,807.02 655,017.54
P6 1,719,789.47 1,047,789.47 1,278,596.49
P7 620,350.88 956,701.75 602,736.84
P8 1,083,929.82 1,091,157.89 1,272,842.11
P9 1,270,035.09 1,010,385.96 868,491.23
P10 922,666.67 250,807.02 818,175.44
Total cost 7,780,350.88 7,810,526.32 8,348,771.93

The cost is converted from Indonesian rupiah (IDR) to US dollars (USD); exchange rate: IDR/USD = 14,250
(prevailing rate on 17 September 2021).

Furthermore, scenario 3 is introduced to cater to the common demand from decision
makers for a comprehensive long-term maintenance plan. By comparing scenario 2 and
scenario 3, various factors that need to be taken into account can be thoroughly considered.
It is crucial to determine the total cost based on scenario 2, in which the buildings are
fully maintained until their estimated lifespan of 50 years. In scenario 3, the total cost
amounts to USD 8,348,771.93, which is higher than the total cost in scenario 2. This higher
cost in Scenario 3 reflects the comprehensive nature of the long-term maintenance plan,
encompassing all necessary interventions to ensure the longevity of the buildings.

Although acquiring a higher budget can be challenging, it is worth considering the
proposed allocation of additional funds to the maintenance scheduling problem based
on the results. The comparison of average maintenance cost in Table 7 indicates that the
average building cost in scenario 3 is lower than that in scenario 2. This finding suggests
that occasional increases in the fund allocation can be a wise decision. By doing so, not only
can the expected lifetime of the buildings be significantly fulfilled, but it can also lead to
cost savings in the long run. Therefore, taking into account occasional increases in the fund
allocation is a prudent action to ensure the comprehensive and sustainable maintenance of
the buildings, even though it may involve requesting a higher budget.

Table 7. Average cost comparison among three scenarios for all buildings.

Number of Type of Scenario Number of Type of Scenario
Building Scenario 1 Scenario 2 Scenario 3 Building Scenario 1 Scenario 2 Scenario 3
B1 41.36 49.64 44.18 B21 59.54 51.49 49.88
B2 7.56 7.14 8.76 B22 16.46 16.74 18.12
B3 38.78 52.96 49.52 B23 26.04 39.79 31.06
B4 46.22 44.74 47.28 B24 44.62 44.85 43.80
B5 26.02 22.51 21.98 B25 17.29 21.15 19.35
B6 25.10 31.46 29.62 B26 39.00 38.78 37.33
B7 9.20 8.87 9.20 B27 47.02 60.40 57.66
B8 29.62 32.33 34.28 B28 39.62 39.10 36.96
B9 11.44 12.83 13.59 B29 8.28 7.83 10.72
B10 39.88 40.57 41.42 B30 50.31 49.36 38.78
B11 52.28 55.09 52.46 B31 31.72 29.51 25.50
B12 37.22 39.86 40.45 B32 61.96 47.90 51.08
B13 117.24 114.09 115.96 B33 71.32 120.45 120.46
B14 25.20 28.76 29.92 B34 16.78 19.76 21.27
B15 63.62 55.46 60.82 B35 29.40 23.49 29.96
B16 186.36 264.11 260.82 B36 10.56 13.32 13.10
B17 122.88 124.83 116.72 B37 23.86 33.04 25.30
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Table 7. Cont.
Number of Type of Scenario Number of Type of Scenario
Building Scenario 1 Scenario 2 Scenario 3 Building Scenario 1 Scenario 2 Scenario 3

B18 121.80 164.96 183.78 B38 84.88 112.77 89.45
B19 381.94 395.48 346.76 B39 47.92 49.30 55.44
B20 29.24 28.17 30.36 B40 89.68 78.76 87.61

Average cost in each scenario (in USD) 55.73 61.79 60.02

The cost is converted from Indonesian rupiah (IDR) to U.S. dollars (USD); exchange rate: IDR/USD = 14,250
(prevailing rate on 17 September 2021).

6. Conclusions

The maintenance of heritage buildings presents complex and critical challenges due
to the increasing number of deteriorating structures. Degradation significantly impacts
these buildings, making the rehabilitation of aging structures costly, time-consuming and
challenging. To address these challenges, proactive building maintenance management
practices should be adopted from the construction phase. Accurate estimation of the
building’s total lifetime and an assessment of the associated maintenance costs are crucial
for developing sustainable maintenance plans.

To tackle these challenges, this study introduces a predictive model that aims to
maximize the lifespans of heritage buildings while considering maintenance costs. This
study focuses on 40 heritage buildings in Semarang, Indonesia, aiming to identify specific
maintenance actions for each building. The proposed method involves the development of
predictive models based on the building condition level (BCL). The BCLs are determined
through collaborative discussions with experts, considering standardized assessment crite-
ria for heritage buildings. Each building is assigned a numerical level based on its condition,
facilitating the categorization and prioritization of maintenance interventions. This study
employs the constraint programming method, explained through a mathematical model, to
handle the various constraints involved in the problem.

Based on the aforementioned considerations, the comprehensive scenario results
indicate that the model offers several notable advantages, as follows:

1.  Adaptability: The model showcases its ability to adapt to different conditions, en-
compassing both normal and severe circumstances. It can effectively address various
building conditions and prioritize maintenance actions accordingly.

2. Budget Management: The model demonstrates its effectiveness in handling budget
limitations, as evidenced by its performance in scenario 2. Despite constrained
budgets, the model optimizes the allocation of funds to address urgent maintenance
needs and ensure the longevity of the buildings.

3. Even Budget Allocation: In scenario 3, the model excels in allocating the available
budget evenly among each building. This ensures a fair distribution of resources and
enables comprehensive maintenance planning for all buildings.

4. Lifespan Maximization: The model successfully maximizes the lifespan of the build-
ings within the allocated budget. By optimizing maintenance actions and considering
the specific needs of each building, it effectively extends their lifespans and enhances
their overall conditions.

Overall, the model’s adaptability, budget management capabilities, even budget al-
location and lifespan maximization highlight its effectiveness in supporting long-term
maintenance planning for heritage buildings. It offers valuable insight and guidance to
decision makers for efficiently allocating resources and preserving the historical value and
integrity of these structures.
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