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1 Introduction

Scheduling problems are immensely important for production, healthcare, traffic, logis-
tics, distributed systems, and many other application areas Abdalkareem et al. [1], Ikeda
et al. [95], Pinedo [165]. There are many variants of scheduling problems in the literature,
such as job shop scheduling problems Xiong et al. [224], open shop scheduling problems
Anand et al. [9], flow shop scheduling problems Reza Hejazi and Saghafian [174], and flexi-
ble versions where more than one machine is available for at least one operation Chaudhry
and Khan [41], Xie et al. [223]. See Allahverdi [7] for an excellent reference on scheduling
problems and their classification.

Standard job shop scheduling problems consider a collection of jobs, consisting of op-
erations, and a collection of machines. The operations within a job must be executed in
a given order. A job is done once its last operation is done. Each machine is designed to
handle one of the operations and can only execute one operation at a time. The goal is to
find a schedule of the operations onto the machines such that some metrics are optimized,
typically, one aims at minimizing the makespan, i.e., the time until the last job is finished.
For such problems, Garey et al. [80] showed that finding a schedule that minimizes the
makespan is NP-hard.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise
in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not

L]
@ Sprlnger permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.



