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Abstract

The COVID-19 pandemic has highlighted the structural vulnerability of construction projects, especially
in crises when the effectiveness of traditional scheduling approaches has significantly decreased. This
paper presents a novel algorithmic approach that combines graph-based project structure simplification
with cost-constrained profit maximization based on the mathematical model of the precedence-
constrained knapsack problem. The method first reduces the size of the decision space by removing
non-revenue-generating projects based on rules while preserving project logic dependencies and cost.
After that, two optimization methods — integer linear programming and graph theory heuristics — are
used to select the project. Based on practical examples, simplification significantly reduces the need for
computation, making it possible to find optimal solutions that were not manageable on the original
structures. The algorithm prioritizes project paths that provide the highest specific gains while also
meeting precedent requirements. The analysis confirmed the model's flexibility and applicability in
different project environments. The presented approach thus contributes to the development of crisis-
resistant project management and, at the same time, offers a basis for the development of a
generalizable decision support system.
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1. Introduction

As a result of the pandemic and other unexpected crises, construction projects worldwide have suffered
structural disruptions that have fundamentally challenged the effectiveness of traditional project
management and scheduling practices. Material shortages, labor losses, financial uncertainty, and the
disruption of interdependent professional activities have shown that existing models are limited in
handling decision-making situations arising from a rapidly changing environment. Although there have
been many scheduling and rescheduling approaches in the literature in recent years, most of them are
either overly static or unable to cope with the optimization of complex project structures — especially
when it comes to balancing multiple goals (e.qg., cost, time, strategic priorities) at the same time.

Previous approaches often focus solely on the scheduling side and ignore opportunities such as
structural simplification of the project graph, which could significantly reduce the computational load. In
addition, methods that support the choice between alternatives for project continuation in a uniform,
multidimensional decision-making framework are rare.

In response to these challenges, the present study presents a new approach based on graph-based
analysis and simplification of project structures, combining this with the principle of profit maximization
with cost limitations. Our model is based on the mathematical foundations of the precedence-
constrained knapsack problem. The surplus of the model lies in the fact that it offers a flexible,
transparent decision support system that can integrate and harmonize various goals in an adaptable
environment.
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Thus, our study outlines a theoretical concept and develops an algorithmic solution that measurably
reduces the computational need for optimization by structurally simplifying project graphs. In this way,
it can generate new, crisis-resistant project structures that contribute to the development of modern
crisis management practices and increase the flexibility of project management.

2. Literature review

The COVID-19 pandemic has severely affected construction projects worldwide, disrupting business as
usual. Even in the early stages of the pandemic, transportation problems, material shortages, labor
shortages, and productivity disruptions were experienced in the United States and Jordan, causing
project cancellations and delays [1], [2]. In Slovakia, profitability declined, and inventory turnaround
times increased [3], [4]. In India and Saudi Arabia, labor shortages and supply chain disruptions were
the most severe [5], [6], while in the UAE, project management failures exacerbated the situation [7],
[8]. In China, digital technology and state governance have facilitated a relatively rapid recovery [9],
while in South Africa, unpreparedness and economic downturn caused lasting disruption [10]. Overall,
the epidemic has posed new challenges to construction projects not only at the operational level but
also at the strategic and organizational levels.

The above cases highlight the lack of reliable and proactive crisis management models in the
construction industry. Hazaa et al. (2021) identified eight key factors, including strategic foresight and
IT integration, on which our present approach builds [11]. Most previous models provide only a
theoretical framework [12], while our algorithm can be applied to restructure project networks concretely.
Loosemore and Teo (2012) found that Australian firms tend to respond reactively to crises, while our
model allows for active, adaptive restructuring. In COVID-19 [13], Igbal et al. (2021) proposed a three-
stage operational recovery framework [14], and Murthi et al. (2023) emphasized the importance of
restarting, but these are mainly static approaches [15]. In contrast, our study proposes a dynamic,
optimization-based framework. The three-phase model of Sfakianaki et al. (2015) was designed for an
economic recession [16], while our approach effectively integrates in- and post-crisis reengineering in
one step.

Rescheduling and optimization approaches have evolved significantly in recent years, especially in
addressing crises and uncertain project environments. Cui et al. (2010) demonstrated two rescheduling
methods after buffering critical chain scheduling [17], where global rescheduling proved more effective.
Garcia-Mata et al. (2015) pointed toward predictive-reactive strategies and robust, knowledge-based
decision support, highlighting the need to address uncertainty in complex industrial environments [18].
Compared to these, the novelty of our study lies in the fact that it connects graph-based project
representation with a multi-dimensional decision space. The proactive scheduling models of Br¢ic et al.
(2019) and Brci¢ & Mlinari¢ (2018) strengthen adaptivity by integrating flexibility and forecasting, but
they are mainly based on resource constraints and static metrics [19], [20]. An et al. (2017) presented
an effective heuristic focusing on cost constraints, but they do not integrate the non-financial dimensions
of project success as our approach does [21]. Our study will also focus on the crisis situation, the multi-
project environment, and the parallel running disciplines. The classic CPM-based rescheduling [22] and
the multi-project, agent-based model [23] are also important advancements. Still, the novelty of our
model lies in the fact that it embeds adaptive rescheduling into a transparent decision support system.

3. Research goals, objectives and limitations

In a complex, multi-sector investment project, the tight sequencing and parallel running of activities were
subject to strict cost constraints and limited implementation capacity. The structural complexity and
resource constraints required rapid and informed re-planning. The aim was to select a mix of project
activities that maximized the financial results that could be achieved within the cost constraints while
respecting the structure defined by the logical dependencies.

This research aims to develop an algorithmic approach that reduces the size of the decision space by
simplifying the project graph structure, thus enabling efficient, cost-constrained project selection. The
resulting schedule provides a financially advantageous implementation trajectory.



The research seeks to answer the following questions:

Q1: How can we simplify the project structure while avoiding information loss?

Q2: To what extent does simplification increase the computational efficiency of optimization?
Q3: What project combinations does the algorithm produce in a cost-constrained environment?

Q4: How does the performance of integer linear programming compare with that of the Samphaiboon-
Yamada algorithm for the same input?

4. Methodology

In the project structure examined, each project has a positive cost, a non-negative payment, and an
implementation sequence. We aim to choose a project combination that yields maximum profit for a
given cost constraint. This decision problem is equivalent to the precedence-constrained knapsack
problem [24], a sequential extension of the classical knapsack problem [25]. A directed acyclic graph
(DAG) describes the relationship between the projects. The acyclic property of the graph ensures that
the topological order of the projects is unique and contradiction free. Although the problem formulation
is straightforward, its solution is NP-hard [26]; that is, the computational demand increases dramatically
for large numbers of projects. Therefore, simplification of the input is necessary.

Non-paying projects are iteratively removed from the graph if their costs can be transferred
unambiguously to their direct descendant. In this approach, paying projects are always retained, while
non-paying ones with only one descendant are deleted and their cost is added to their descendant. Non-
paying projects with multiple descendants are preserved to avoid contradictions. However, since the
simplification rules are applied iteratively, some new simplifications may become possible after earlier
modifications. Due to this, the required number of iterations cannot be determined in advance. Hence,
further refinement of the algorithm is necessary. The complete solution process consists of four steps:

1. creating a directed graph from the data table

2. simplifying the graph according to the above rules

3. finding the optimal solution on the simplified graph using two algorithms
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derivation of the solution back to the original graph by including the necessary non-paying
projects

Steps 1 and 4 are simple, while steps 2 and 3 provide the computational kernel of the model.

5. Results and Discussion
5.1. Current simplification algorithm

The goal is to develop a generalized algorithm that would return the simplest possible form of a general
directed acyclic graph (DAG) input. Our current version works efficiently on graphs built from non-
branching project branches starting from a single initial vertex — a standard structure in practice. The
algorithm traverses the branches in topological order. At each step, it records the last vertex to be
retained, the vertices candidate for deletion and their total cost, and a dictionary of incoming edges from
other branches. In operation, the algorithm handles different types of vertices. If a non-paying vertex
has only one descendant on the same branch, it is deleted, and the descendant bears its cost. If multiple
edges from other branches come into the vertex, redundant edges are discarded, always keeping the
last relevant edge information. This logic is illustrated in Figure 1, where an edge leads to the vertex B
of branch one from the vertices D and E of branch 2. Since E already implies the completion of D, the
algorithm keeps the E—B relation and directs the edge binding to the vertex C.
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Fig. 1. Removing redundant edges and edge traversal when simplifying a project graph

If a non-paying vertex has a single descendant, but on a different branch, the cost is transferred to that
descendant, and the edges are re-bound accordingly. If there are multiple descendants or a positive
payment, the vertex cannot be simplified, so we keep it. A non-paying vertex can be deleted if it has no
paying descendant.

It is important to note that simplifications can only be decided with knowledge of the current graph
structure. A vertex may become deletable only after a subsequent edge is deleted. Therefore, the
algorithm is run twice: first in the original order of the main branches and then in the reverse order. In
our experience, this double run is sufficient, but in the long term, the goal is to develop an algorithm that
can be generalized for all such cases.

5.2. Optimisation problem-solving algorithms

Once the simplifying algorithm has been used to make the project structure as simple as possible,
algorithms can be applied to find the optimal project choice. We have chosen two types of solvers to
compare their efficiency. In the first case, we formulate the problem as an integer linear programming
problem and give it as input to a solving algorithm. In the second case, we apply Samphaiboon and
Yamada's algorithm algorithm with a simplified graph as input [24].

We can write down the above integer LP with concrete values based on the simplified graph. There are
several methods for solving this type of optimization problem, but unfortunately, in terms of algorithm
theory, this problem is also NP-complete. This means that, in practice, the input size can only be
increased up to a certain value as the computation time becomes too high beyond that. For our research,
we chose the SCIP solver [27], [28], more specifically, the pySCIPOpt implementation [29].

The graph-based algorithm's conditions include the fact that a vertex's profit cannot be negative. When
there remains a non-paying vertex in the graph, this condition is not satisfied clearly. We do not know if
there is a Python implementation of the algorithm, so our goal is to program it based on pseudocode
and apply it to our graphs. If the algorithm does not run in the presence of negative profit vertices, we
only compare it to SCIP in cases where no such vertices are present.

5.3. Observations/results

SCIP proved effective on the simplified graph but failed to run on the original project graph—the original
graphs contained about twice as many vertices and edges, significantly increasing the number of
conditions. In addition, a further problem may be that the original graphs have a very large number of
vertices with zero payoff, and the algorithm must consider too many redundant cases when searching
for a solution.

6. Conclusions

This study aimed to develop an algorithmic model that supports cost-constrained decision-making and
optimized project selection in crises by simplifying project structures. The practical functioning of the
methodological elements was evaluated along the research questions Q1-Q4. The answer to the first
guestion demonstrates that the structural simplification achieved by selectively removing non-paying
vertices and perpetuating their costs does not compromise information integrity.

The simplification significantly reduced the computational demand in answer to the second question:
the linear programming approach (SCIP) did not run efficiently on the original graph. At the same time,
it provided fast and robust solutions on the simplified structure.



The third question shows that the algorithm identified a subgraph with high profit where precedence
constraints are fulfilled rather than selecting the most profitable paths. Our tests showed that the integer
LP model provided feasible and efficient solutions on the simplified project graphs. The implementation
of the Samphaiboon—-Yamada algorithm is still in progress, and its performance will be subject to
comparison in future research. Overall, the paper provides a solution that is not only an optimization but
also a pre-processing, which enhances the crisis resilience of project management from a practical point
of view. Future goals are to generalize the method to more complex graphs and fully implement the
graph-theoretic algorithm.
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