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Abstract. The paper examines efficient post-disaster management of cultural arti-
facts, emphasizing the need to prioritize object treatment for resource efficiency.
It focuses on multi-objective optimization considering heritage value, process-
ing capacities, and resource availability. Highlighting gaps in disaster recovery
guidelines and ICT utilization, it proposes using optimization techniques to adapt
object routing based on heritage value amidst uncertainties from incomplete data.
It suggests queueing theory, job shop, and batch-processing optimizations for
object recovery processes. The research underscores the significance of optimiz-
ing the stabilization phase during recovery, presenting a model for prioritizing
objects based on heritage value and damage. It seeks to allocate rescue budgets
to objects, optimizing their stabilization within budget constraints to maximize
salvage impact.
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1 Introduction

After a disaster affecting cultural and heritage property, efficient resource allocation and
prioritization are crucial for object stabilization and evacuation. Institutions face the
challenge of handling diverse artifacts with varying heritage values and limited process-
ing capacities. Effective salvage operations depend on managing and adapting priorities
during recovery and stabilization phases (Kjglsen Jernas, 2021). This paper focuses on
the multi-objective optimization of the object processing flow based on their heritage
value, the capacity of processing lines and the availability of resources. After presenting
the specific issues of cultural assets disaster management and relevant optimization tech-
niques in the literature review section, we will present our rescue and recovery process
and model the resulting optimization problem. The discussion section will present the
way these techniques can be applied and our existing efforts in validating our approach.
The conclusion will open avenues for future research and synthesize our findings. The
main contribution of this paper is the modeling of the resource allocation and object
prioritization problem for cultural assets disaster management.
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2 Literature Review

Cultural and Heritage Assets Disaster Management. In crisis management, distin-
guishing between disaster, hazard, and risk is crucial (Gravley, 2001; Mayner & Arbon,
2015). Hazards are potential threats, disasters are events affecting people or property,
and risk combines event likelihood and outcomes (ISO; Drennan, McConnell, & Stark,
2014).

Disaster management involves pre-crisis, crisis, and post-crisis phases (Lettieri,
Masella, & Radaelli, 2009), with stages like mitigation, preparedness, response, and
recovery (Lettieri et al., 2009; Mohan & Mittal, 2020; Sakurai & Murayama, 2019).
Information systems play a key role in these stages.

Heritage collection management, including preservation and inventory, has stan-
dardized methods (Dudley & Wilkinson, 1958; Arvanitis & Tythacott, 2014 Matassa,
2011; International Council of Museums, 2017). Protecting these collections during dis-
asters requires ethical considerations and international conventions, yet lacks specific
guidelines for individual object rescue (Coté & Carr, 2022).

Recovery involves data input, object identification, and analytics, often relying on
manual systems but with potential for ICT use (Caire, 2003; Chroust, 2012; Graves,
2004). Prioritizing and adapting during recovery is crucial for salvaging heritage col-
lections (Kjglsen Jernas, 2021), requiring a balance in resource allocation and expert
decision-making (Shan & Yan, 2017).

Optimization Techniques. Optimization aims to discover the most optimal solution
within defined criteria and constraints, involving maximizing or minimizing a function
while considering a set of limitations (Tiirkyilmaz, Senvar, Unal, & Bulkan, 2020).
In our scenario, we strive to simultaneously optimize multiple objectives: preserving
total heritage value and reducing processing time for priority objects. While achieving
a global optimum is the ultimate aim, in practical scenarios, improving upon existing
solutions within time or financial constraints is often deemed successful (Stork, Eiben, &
Bartz-Beielstein, 2022; Caunhye et al., 2012). Optimization problems vary based on
the problem type, number of objectives pursued, and data accuracy, categorized into
deterministic or stochastic optimization. Local optimization algorithms, mainly gradient-
based, suit problems with numerous variables but might not align well with discrete
optimization tasks. Conversely, global optimization algorithms have better potential
for finding the global optimum, especially with discrete features, although they come
with high computational costs and limited constraint handling abilities (Venter, 2010).
Given the uncertainty inherent in our context, stochastic optimization, accounting for
unpredictability in object extraction order and rate, becomes crucial. However, selecting
a specific optimization method remains challenging as research indicates that context-
specific considerations and hybridization of competing algorithms often yield superior
results compared to individual algorithm application (Fouskakis & Draper, 2002).

In terms of optimization, sequencing and scheduling the treatment operations in
the case of post disaster rescue and recovery of heritage objects can be formulated as
different alternative problems.

First, we can formulate the problem as a budget optimization problem where each
heritage object possesses a finite budget allocated for stabilization (Lee et al., 2010),
while various stabilization measures come with specific costs. This optimization prob-
lem requires a strategic decision-making framework to maximize the effectiveness of
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stabilization efforts within these budget constraints (Soma et al., 2014). The challenge
lies in selecting from a range of available stabilization techniques, each with its associ-
ated cost, while adhering to the financial limits imposed on each object. The objective
is to optimize the selection of stabilization measures across all objects to achieve the
most impactful stabilization outcome while staying within the prescribed budgetary con-
straints for each object. This formulation seeks to identify an optimal combination of
stabilization measures for each object that maximizes the overall effectiveness of the
stabilization process while respecting the budgetary limitations unique to each heritage
item.

Second, we could consider our problem as a special case of the job shop optimization
problem, that aims to find the optimum schedule for allocating shared resources over time
to competing activities in order to reduce the overall time needed to complete all activities
(Yamada & Nakano, 1997). During the last three decades, numerous research efforts have
focused on solving this problem efficiently (Chaudhry & Khan, 2016; Tiirkyilmaz et al.,
2020; Xie, Gao, Peng, Li, & Li, 2019). In our context, we seek to optimize at least two
objectives simultaneously: maximizing the preservation of total heritage value on the
one hand and minimizing the processing time for priority objects on the other. Therefore,
we need to find a multi-objective optimization technique suitable for solving our variant
of the flexible job shop scheduling problem.

To summarize, there’s a notable lack of standardized guidelines for individual object
rescue and recovery. Effective resource allocation and object routing are crucial for
preserving significant objects. In the field of ICT applied to post disaster collection
rescue and recovery, emergency response decision support systems (ERDSS) could be
used to provide institutions with reliable and efficient tools helping them manage the
rescue, recovery and stabilization of impacted collections (Pettet et al., 2022). Exam-
ples of ERDSS in the field of heritage protection comprise risk monitoring platforms
such as SOS-Heritage (https://www.sos-heritage.eu/), rescue and recovery systems like
Arcultura (https://arcultura.org/), and general methodologies such as Proculther (https://
www.proculther.eu/). Optimizing the routing and processing of objects based on heritage
value could enhance response efficiency. Yet, further research is necessary to identify
and integrate optimal optimization techniques for this purpose.

3 Optimization of the Rescue and Recovery Process for Cultural
Heritage Assets

In this section, we present the processes on which we will use optimization techniques,
depicted in Fig. 1 and further detailed in a white paper by Rosselet et al. (2022). At the
most abstract level, it can be viewed as three main phases: extraction and assessment,
stabilization, reintegration.

Extraction and assessment denote the phase following the impact when affected
objects are removed from the disaster site and transported to the assessment station.
During this stage, the impacted assets undergo evaluation to determine the extent of
damage. The stabilization phase consists of all measures required for the heritage asset
to reach a stable conservation state, that is, the item is in a condition that will not further
degrade, and it is ready for temporary storage and ulterior restoration or reintegration.
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The reintegration phase is the moment stabilized assets can return to traditional
or temporary storage locations, their data can be reconciled with the usual collection
management systems and further restoration measures can be used as part of the day-
to-day processes of the institution.
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Fig. 1. Simplified object rescue and recovery process

Among these phases, our optimization effort will target specifically the stabiliza-
tion phase. During this phase, the actors in charge of the rescue and recovery need to
choose how to apply the different stabilization measures and how to balance the available
resources. This phase is critical to avoid further degradation of the assets.

Optimization of the Stabilization Process. The first step is to model the prioritization
problem and define the objective function, decision variables and set of constraints that
restrict the values of the decision variables for the optimization problem.

Our goal is to maximize the value of the salvage effort under the constraint of the
available processing resources. To make the best use of available resources and ensure
efficient rescue, two sets of factors must be considered at object level: their priority, and
their salvageability.

The objects are characterized on a 5 level priority scale comprising low, medium,
high, extreme and catastrophic priority (Pedersoli & Michalski, 2016). The priority level
of an object may have been determined in advance - this is often the case for high-value
objects on the institution’s priority lists - or it may be established when the objects are
sorted during the salvaging process.

The salvageability factor depends on the level of damage sustained by the object and
the extent of stabilization required. The level of damage is described by a 5-level scale:
no damage, light/minor, moderate, severe, destroyed (PROCULTHER Project, 2021).
The extent of stabilization required is quantified by the number of required treatments
and their duration.

Optimization Problem as a Budget Allocation Problem. The optimization problem
can be modeled as a budget allocation problem. Each object is assigned a rescue budget.
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This rescue budget is first based on the existing object’s valuation and priority. Object
valuation and priority can exist beforehand (which is typically the case for insured and
high priority objects) or can be established during the evaluation phase of the rescue and
salvaging process.

The rescue budget determines the stabilization measures the object will undergo
and its priority for treatment. Each stabilization measure has a marginally increasing
cost, to reflect the fact that a stabilization measure’s availability decreases as it reaches
its saturation level. During the stabilization phase, there exist different alternatives for
stabilization measures that vary in both cost and effectiveness in preserving an object’s
authenticity and integrity.

The resource allocation process can be considered based on the total rescue cost for
an object in comparison to its rescue budget. The objective is to maximize the value of
the salvage effort under the constraint of the available processing resources.

The optimization problem is modeled as follows:

B; as the budget allocated for object i

M;; representing stabilization measures for objecti(j = 1, 2, . .., m; for the ith object)
P;; denoting the priority of each stabilization measures M;; for object i

Cjj as the cost associated with implementing M;; for object i

Decision Variables

e Let x;; be a binary variable indicating whether a specific stabilization measure M; is
selected for object i.
o x;= { 1 if stabilization measure Mj; is selected for object i
0 otherwise

Objective Function
Maximize the overall impact or priority of selected stabilization measures for each object:

Nm,-

e max ) ) Pj-xj
i=1j=1

Constraints
Budget constraint for each object: the total cost of selected measures for each object
should not exceed its allocated budget:

mj
° ZC,']'-)C,']' <Bjfori=1,2,...,N
j=1
Binary variable constraint: x;; should be binary (either O or 1) for all i and j:

e x;j€0,lfori=1,2,...,Nandj=1,2,...,m
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These constraints ensure that for each object, the selected stabilization measures do
not surpass the allocated budget, while each x;; remains a binary decision variable.

This formulation allows for optimization tailored to each individual object, maxi-
mizing the overall priority or impact of stabilization measures within their respective
budgets. Adjustments can be made based on specific costs, priorities, and constraints
associated with the stabilization measures for each object.

Optimization as a Special Case of the Job Shop Optimization Problem. The second
modelling we investigated it considering our problem as a special case of the job shop
optimization problem, that aims to find the optimum schedule for allocating shared
resources over time to competing activities in order to reduce the overall time needed to
complete all activities (Yamada & Nakano, 1997, ()zgiiven etal., 2010).

In this type of problem, each heritage object would represent a job that requires
undergoing various stabilization measures for preservation. The different alternative
stabilization measures or tasks required for the preservation of heritage objects are rep-
resented as machines. To reflect the variety of available methods for object stabilization,
we define multiple alternative stabilization measures for each task, considering varia-
tions in cost and effectiveness in preserving authenticity and integrity. These alternatives
represent different options for achieving the same stabilization goal.

The optimization problem is formulated as follows:

i objects

Jj stabilization measures

J the set of objects requiring stabilization

B; as the budget allocated for object i

V; as the preservation value of heritage object i

M; representing the ordered set of stabilization measures for object i where My, is
the first and My, is the last element.

P; as the set of processing lines on which operation jcan be processed

tijx as the time required to implement M;; for object ion processing line &

Cijx as the cost associated with implementing M;; on processing line k

Decision variables:

o — 1 if processing line kis selected for stabilization measure M;; for object i
*=1o otherwise

sijx = the starting time of operation O;; on processing line k

cjjt = the completion time of operation O;; on processing line k

¢; = the completion time for stabilization of object i

The objective functions are:

Maximize Preservation Value: Maximize the total value preserved across all heritage
objects considering their historical, cultural, and monetary significance.

e max ) V;
i
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Minimize Processing Time: Minimize the time taken to complete priority objects’
stabilization measures, ensuring timely preservation.

N
e min ) ¢
i=1

Minimize Cost: Minimize the overall cost incurred in selecting stabilization measures
while staying within allocated budgets.

N m;
e min ) Y Cj-xj

i=1j=1

Constraints:

Budget: Each heritage object is allocated a rescue budget that should not be exceeded
during the stabilization process.

° Z Cijk'xijk <B;VielJ,VjeM,
kEPj

Precedence: Certain stabilization measures must be completed before others can start.

° Z Sijik > Z Cij_l,kViGJ,VjeMi_{Mif(i)}
keP; keP;

Time: Specific time frames within which priority objects need to undergo stabilization.

e ¢i> ) Ciu
kGPj

i1y -k Viej

This modelling better captures the stakes of the rescue and recovery process. Solving
this refined job shop scheduling problem considering alternative stabilization measures
involves finding an optimal schedule that maximizes preservation value, minimizes pro-
cessing time for priority objects, and minimizes costs by selecting the most suitable
and cost-effective alternatives for stabilization measures within allocated budgets and
considering the effectiveness in preserving authenticity and integrity.

4 Results and Discussion

In this paper, we have modeled the problem as a budget allocation challenge, where each
heritage object’s rescue budget determines the stabilization measures within financial
constraints. The goal was to maximize the overall impact or priority of selected stabi-
lization measures for each object within the allocated budget. This optimization problem
could be solved by using a binary integer programming solver.

The second modelling presented the problem as a special case of the job shop opti-
mization problem, aiming to find an optimum schedule for allocating shared resources
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over time to competing activities. Each heritage object represented a job, and alternative
stabilization measures were treated as machines. The goals are to maximize preservation
value, reduce processing time, and minimize costs. To solve this, mixed integer linear
programming could be used (Ozgiiven et al., 2010).

The current study presents several pertinent limitations. Firstly, the optimization pro-
cess lacks consideration of uncertainties, which are pivotal in influencing its efficacy.
Our problem may call for the use of stochastic techniques because it involves a signif-
icant amount of uncertainty (Powell, 2019), mainly because data required to solve the
optimization problem is not known completely in advance: the complete inventory of
impacted objects may not exist or may have been destroyed, new objects are continuously
discovered and extracted from the damaged areas, processing times can vary between
objects, required stabilization treatments can be modified to tailor the stabilization pro-
cess to the evolution of an object’s state. Secondly, while optimizing the stabilization
process might yield cost savings, there remains a crucial need to balance these against
the overall expenses incurred in global salvage operations. Thirdly, the realization of
the optimization’s full potential efficacy remains uncertain due to potential impediments
such as bottlenecks or organizational hurdles within the salvage efforts, which might
impede the anticipated benefits.

5 Conclusion

The paper explores the effective management of cultural and heritage collections after
a disaster, emphasizing prioritizing object treatment for resource efficiency and optimal
care. Institutions face diverse artifacts with varying heritage value and limited processing
capacities, necessitating efficient prioritization strategies. The study focuses on multi-
objective optimization of object processing considering heritage value, processing line
capacity, and resource availability. It delves into disaster management phases, the lack
of standardized guidelines for individual object recovery, and the role of information
technology in aiding mitigation, preparedness, response, and recovery. Moreover, it
discusses the significance of object traceability for preservation and legal aspects.

Key gaps identified include the absence of operational guidelines for post-disaster
recovery atan individual objectlevel and insufficient recommendations for implementing
ICT in this context. The paper proposes utilizing optimization techniques to dynamically
adapt object routing and processing based on heritage value, addressing uncertainties
arising from incomplete data. Techniques like queueing theory, job shop optimization,
and batch-processing optimization are considered for optimizing object recovery pro-
cesses. The research section advocates for stochastic optimization techniques due to
their adaptability and faster solutions.

The specific focus of the paper lies in optimizing the stabilization phase during object
recovery. It presents a model for prioritizing objects based on their heritage value and
the extent of damage suffered. The optimization problem revolves around allocating
rescue budgets to objects, determining their stabilization measures within the budget
constraints, and maximizing the salvage effort’s overall impact. The formulated deci-
sion variables and constraints aim to optimize each object’s treatment while managing
resource limitations effectively. This approach ensures tailored optimization for individ-
ual objects, maximizing the impact of stabilization measures within allocated budgets.
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While the job shop scheduling variant more accurately reflects the constraints involved
in the rescue and recovery of real-world heritage objects, the potential benefits must be
weighed against the increased complexity of this approach. Meanwhile, the budget allo-
cation optimization technique may yield satisfactory results in practical applications,
where other factors outside the scope of this paper may have a greater influence on the
rescue and recovery outcomes. In further research we would favor the use of heuristic
or metaheuristic techniques due to their higher applicability and their ability to present
fast sufficient solutions (Stork et al., 2022). Among these techniques, we would investi-
gate optimization algorithms inspired by natural, human, social, or physical phenomena
(Zhang et al., 2018).
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