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Abstract—

Presented in this paper is the theory and practical
implementation of quantum annealing for project
scheduling and resource-allocation tasks that can be
mapped to Ising or Quadratic Unconstrained Binary
Optimization (QUBO) models. Quantum annealing is a
meta-heuristic that exploits quantum tunnelling to
search the energy landscape of combinatorial
optimization problems. The Quantum Annealing
Process Flowchart is detailed stage by stage. Hybrid
quantum-classical workflows that embed annealing
inside a Monte Carlo or digital-twin loop are
described, together with supporting figures of the
energy landscape and the hybrid architecture. Cross-
domain analogies with ULD configuration and related
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combinatorial problems illustrate transferability. The
paper concludes with implementation considerations
and the current maturity of the technology for
construction and logistics applications.
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I. INTRODUCTION

Construction and infrastructure projects are among the
most complex organized human activities, involving
hundreds or thousands of interdependent activities,
limited renewable and non-renewable resources,
contractual milestones, and pervasive uncertainty
arising from weather variability, labour productivity,
design changes, equipment reliability, and supply-
chain disruptions. Efficient project delivery therefore
requires scheduling methodologies capable of
simultaneously handling precedence constraints,
resource limitations, and uncertainty within extremely
large solution spaces. For more than six decades, CPM
and PERT have served as the foundation of
construction planning [11] because they effectively
represent activity precedence relationships and identify
the sequence of tasks governing overall project
duration. However, modern construction scheduling
increasingly exhibits the characteristics of a large
scale combinatorial optimization problem [10] in
which the number of feasible schedules grows
exponentially with project size, rendering exhaustive
search computationally impractical.

The growing complexity of contemporary projects has
motivated the development of probabilistic and
simulation-based scheduling techniques that extend
deterministic network methods. Monte
Carlo simulation has become the standard approach for
quantifying schedule uncertainty by repeatedly
sampling activity duration distributions to generate
confidence intervals, probabilistic completion dates,

. Website: https://ijcope.org/ 1


https://ijcope.org/

International Journal of Creative and Open Research in Engineering and Management It} }

Volume 02 Issue 08 Augustl-2026 | Impact Factor: 3.5

and schedule risk profiles. At the same time, advances
in BIM [12], sensor technologies, and digital twin [13],
[14] platforms enable continuous integration [15], [16]
of real time project information with scheduling
models, allowing plans to be updated dynamically as
site conditions evolve. These developments have also
highlighted the importance of supply-chain resilience
[6], [7], since material shortages, logistics delays [8],
and supplier disruptions [9] can significantly alter
project schedules and resource availability.

Despite these advances, identifying globally optimal
schedules under multiple interacting constraints
remains computationally challenging because the
underlying optimization landscape [17] contains
numerous local optima separated by complex
constraint interactions. Recent progress in quantum
computing has therefore attracted attention as a
potential means of addressing such optimization
problems. Quantum annealing
implementation provides a physics inspired framework
for solving discrete optimization problems [18] by
encoding scheduling objectives and constraints into
Ising or QUBO formulations. Rather than relying
solely on deterministic search heuristics, quantum
annealing  explores  the  problem's  energy
landscape  through quantum fluctuations and
tunnelling, offering a mechanism for escaping local
minima that often impede classical optimization
algorithms.

II. LITERATURE REVIEW

Construction project scheduling has evolved from
early Gantt charts to sophisticated optimization and
simulation techniques capable of addressing the
increasing complexity of modern infrastructure
projects. The introduction of the CPM and the PERT in
the late 1950s established network based scheduling as
the foundation of project planning. While CPM
provides deterministic schedules based on precedence
relationships, PERT introduced probabilistic activity
durations through three-point estimates. However, both
methods have limitations when applied to large
projects characterized by uncertainty, resource
constraints, and dynamic operating conditions.
Resource Constrained Project Scheduling Problems
(RCPSP) are recognized as NP hard combinatorial
optimization problems [19], [20] because the number
of feasible schedules grows exponentially with project
size.  Exact  optimization  methods  become
computationally prohibitive for large instances, leading
to widespread adoption of metaheuristic algorithms
such as Genetic Algorithms, Simulated Annealing,
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Tabu Search, Particle Swarm Optimization, and Ant
Colony Optimization. Although these approaches
produce high-quality solutions, they may become
trapped in local optima within complex optimization
landscapes.

To address uncertainty, probabilistic scheduling
techniques have become increasingly important. Monte
Carlo simulation extends deterministic schedules by
repeatedly sampling activity duration distributions to
estimate completion-date  probabilities, schedule
contingencies, and confidence levels (P50, P80, and
P90). Modern implementations incorporate correlated
risks, weather effects, productivity variation,
equipment failures, and procurement delays, making
Monte Carlo simulation a standard tool for quantitative
schedule risk analysis.

Recent advances in BIM, IoT technologies, and digital
twins [21], [22], [23] have enabled continuous
schedule updating using real-time project information.
Digital twins integrate design models [24], [25],
construction progress, sensor data, and resource
information to support adaptive planning, while
improving supply-chain resilience by incorporating
procurement and logistics data [26] into scheduling
decisions.

[II. CLASSICAL CPM/PERT AND MODERN
COMBINATORIAL FORMULATIONS.

Yet classical CPM is deterministic: each activity is
assigned a single duration. PERT introduces three-
point probabilistic estimates but still relies on
simplifying  assumptions  (independent activity
durations, a single dominant critical path) that
systematically understate schedule risk—the well-
known merge-bias problem. Monte Carlo simulation
overcomes many of these limitations by sampling full
distributions of activity durations and evaluating the
network thousands of times, thereby producing
empirical distributions of project completion time,
criticality indices and sensitivity rankings.
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Figure 1. Example activity-on-node  network

illustrating precedence relationships that underlie both
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classical CPM/PERT and modern combinatorial
formulations.

Even with powerful Monte Carlo engines, however, a
second class of difficulty remains. Many of the
decisions that must be made inside each simulated
scenario resource levelling, multi skill crew
assignment, equipment allocation, sequencing under
spatial or safety constraints, multi-project portfolio
selection are combinatorial optimization problems.
Their decision spaces grow exponentially with the
number of activities and resources. Exact classical
solvers (branch-and-cut, constraint programming)
become impractical beyond modest instance sizes;
meta-heuristics (genetic algorithms, tabu search,
simulated annealing) provide feasible but not
necessarily high-quality solutions and still require
careful tuning.
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Figure 2. Monte Carlo Process Flowchart — the
classical probabilistic engine that quantifies schedule
risk and can call quantum-annealing sub-solvers.
Quantum  annealing addresses precisely this
combinatorial core. By mapping the decision problem
onto an Ising or QUBO Hamiltonian and evolving a
physical quantum system toward low energy states, the
method exploits quantum tunnelling to explore rugged
energy landscapes more effectively than purely
thermal classical annealing. The approach is especially
attractive for the noisy intermediate-scale quantum
(NISQ) era because it does not require deep, fully
coherent gate-model circuits.
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Figure 3. Typical Monte Carlo histogram of project
duration used as the outer risk-evaluation layer.

IV. MONTE CARLO S-CURVE

The S-curve provides a cumulative probability
distribution of project completion dates, allowing
decision-makers to assess the likelihood of meeting
different schedule targets. Rather than producing a
single deterministic completion date, thousands of
simulation iterations are performed by randomly
sampling activity durations from their assigned
probability distributions while preserving network
logic and, where appropriate, activity correlations. The
resulting completion times are sorted to generate an S-
shaped cumulative distribution curve, from which
confidence levels such as P50, P80, and P90 are
derived.

These percentile values represent increasing levels of
schedule confidence. The P50 completion date
corresponds to a 50% probability that the project will
finish on or before that date and is often interpreted as
the "most likely" outcome. The P80 date provides an
80% confidence level and is widely adopted for
contingency planning because it offers a more
conservative schedule with a lower risk of overrun.
The P90 date represents a highly risk-averse target,
indicating only a 10% chance that the project will
exceed the predicted completion time. Together, these
confidence levels provide a practical framework for
quantifying schedule uncertainty and communicating
risk to project stakeholders.

In a hybrid quantum classical scheduling framework,
the Monte Carlo S-curve serves as the benchmark
against which quantum annealed schedules are
evaluated. Quantum annealing is used to search for
optimized activity sequences or resource allocations
that minimize project duration while satisfying
precedence and resource constraints. Once an
optimized schedule is obtained, it is subjected to the
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same Monte Carlo simulation process to evaluate its
robustness under uncertainty. Comparing the
deterministic completion time alone is insufficient
because two schedules with identical planned durations
may exhibit very different risk profiles.

The comparison is therefore performed by overlaying
the S-curves of the baseline and annealed schedules
and examining shifts in key confidence levels.

Marte Carlo 5-Curve (Cumetlative Probability of Campletion)

Cumudative Probability
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Figure 4. Monte Carlo S-curve providing P50/P80/P90
confidence levels against which annealed schedules
can be compared.
The comparison is therefore performed by overlaying
the S-curves of the baseline and annealed schedules
and examining shifts in key confidence levels. An
effective annealed schedule is expected to shift the
cumulative distribution to the left, indicating earlier
completion across a range of probabilities, while also
reducing the spread of the distribution, reflecting lower
schedule variability. Improvements can be quantified
by comparing reductions in the P50, P80, and P90
completion dates, decreases in standard deviation, and
increases in the probability of meeting contractual
milestones. For example, if the baseline schedule has a
P80 completion time of 420 days and the annealed
schedule reduces this to 402 days, the hybrid
optimization demonstrates an 18-day improvement at
the 80% confidence level rather than merely reducing
the deterministic critical-path duration.
Consequently, the Monte Carlo S-curve becomes more
than a visualization tool; it provides a rigorous
probabilistic validation of optimization results. It
enables researchers and practitioners to determine
whether quantum annealing produces schedules that
are not only shorter in theory but also more resilient to
uncertainty in practice. By integrating probabilistic risk
assessment with quantum optimization, the hybrid
framework supports decision-making based on
confidence levels rather than single-point estimates,
thereby offering a more realistic and risk-informed
approach to construction project scheduling.
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Figure 5. Energy landscape of a combinatorial
scheduling problem. Quantum tunnelling offers a
mechanism to escape local minima that trap classical
search.

Practical quantum annealing implementation, however,
is non-trivial. The logical problem must be minor-
embedded onto the limited-connectivity hardware
graph; annealing schedules and chain strengths must be
calibrated; and the raw samples must be post-processed
classically before they can be returned to a Monte
Carlo or digital-twin loop. Hybrid quantum-classical
architectures therefore emerge as the natural
integration pattern: the outer classical layer retains
responsibility for uncertainty quantification, data
assimilation and stakeholder communication, while the
inner quantum-annealing layer attacks the hardest
combinatorial sub-problems that arise on individual
scenarios or rolling horizons.
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Figure 6. Hybrid Quantum-Classical Optimization
Flowchart showing the hand-off between classical
Monte Carlo / digital-twin layers and the quantum
annealer.

Conceptual hybrid architecture in which quantum
annealing refines candidate schedule configurations
that are subsequently re-evaluated using probabilistic
risk analysis. In this framework, stochastic techniques
such as Monte Carlo simulation first quantify schedule
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uncertainty by generating distributions of activity
durations and identifying high-risk critical paths. The
resulting risk information is translated into an
optimization problem that can be solved using
quantum annealing, which efficiently searches a large
combinatorial solution space to identify improved
activity sequences, resource allocations, or execution
strategies that minimize project duration, cost, or risk.
The optimized schedule is then returned to the
probabilistic simulation environment, where it is re-
evaluated under thousands of uncertainty scenarios to
determine its residual schedule risk, confidence levels,
and sensitivity to key risk drivers. This iterative
feedback loop combines the strengths of classical
stochastic simulation for uncertainty quantification
with quantum optimization for rapid exploration of
complex scheduling alternatives. Although current
applications remain largely conceptual because of
hardware limitations and problem-size constraints,
such hybrid quantum—classical architectures represent
a promising direction for next-generation construction
project scheduling and decision support under
uncertainty.
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Figure 7. Conceptual hybrid architecture in which
quantum annealing refines configurations that are then
re-evaluated for residual schedule risk.

The same modelling style and the same hybrid
workflow transfer beyond construction. Unit Load
Device (ULD) configuration in air-cargo logistics,
vehicle routing under capacity constraints, and certain
energy-system dispatch problems share the quadratic-
binary structure that quantum annealing is designed to
exploit. Digital-twin implementations further amplify
the value of the approach by keeping the classical data
and risk layers continuously current, so that the
quantum annealer is always presented with the most
relevant sub-problem.
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Figure 8. Digital-twin context in which a live
probabilistic model can invoke quantum-annealing
services for combinatorial sub-problems.

This paper therefore pursues four objectives. First, it
reviews the theoretical foundations of quantum
annealing Ising and QUBO formulations, the role of
quantum tunnelling, and the necessity of minor
embedding. Second, it presents a detailed Quantum
Annealing Process Flowchart that practitioners can
follow from problem formulation through classical
post-processing. Third, it situates annealing inside
hybrid quantum-classical and digital-twin architectures
that also perform Monte Carlo risk analysis. Fourth, it
discusses current hardware limitations, implementation
best practices, and the transferability of the method to
neighboring combinatorial domains. The overarching
claim is that quantum annealing implementation is
already a viable specialized tool for selected
construction and logistics sub-problems and will
become progressively more powerful as hardware
connectivity and hybrid software mature.
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Figure 9. ULD configuration — a cross-domain

combinatorial packing problem amenable to the same
Ising/QUBO and quantum-annealing treatment.
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V. CONCLUSION

Construction scheduling and resource allocation
involve complex combinatorial optimization problems
that become increasingly difficult as project size,
uncertainty, and resource interactions grow. Quantum
annealing represents a promising optimization
paradigm for addressing these challenges by mapping
scheduling problems onto Ising or QUBO
Hamiltonians and exploiting quantum tunnelling to
search efficiently for low energy solutions. Although
current quantum annealers remain constrained by
hardware limitations, including qubit connectivity,
noise, and problem size, they have demonstrated
potential for solving practical optimization problems
when combined with classical algorithms. Hybrid
quantum classical frameworks that integrate quantum
annealing with Monte Carlo simulation, digital twins,
and artificial intelligence are particularly promising,
enabling simultaneous optimization and probabilistic
risk assessment. Continued advances in quantum
hardware, embedding techniques, and hybrid
optimization methods are expected to enhance the
applicability of quantum annealing, making it an
increasingly important component of next generation
construction scheduling and schedule risk management
systems.
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