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Abstract:
   Resource allocation in higher education is one of the most challenging decision-making problems due to the presence of multiple conflicting objectives and limited financial and operational resources. This study proposes an integrated framework that combines the Analytic Hierarchy Process (AHP) with Weighted Goal Programming (WGP) to support resource allocation decisions in higher education institutions. In the proposed approach, AHP is used to determine the relative priority weights of eight candidate projects based on three institutional criteria: teaching, research, and consultancy. The derived weights are then integrated into a Weighted Goal Programming model that allocates resources efficiently while satisfying financial, spatial, and operational constraints.
    The proposed framework is applied to the real-world case study of Ho et al. (2007) and solved using Python with the PuLP optimization library. The results show that the AHP–WGP model selected five projects with a total budget utilization of 94.7%, compared to only four projects and 71% utilization achieved by the original Preemptive Goal Programming model. A comprehensive sensitivity analysis was conducted across three dimensions: budget variations of ±10%, alternative weighting using the TOPSIS method, and changes in minimum project requirements. The results confirmed the robustness and stability of the proposed model under different decision scenarios.
   The findings demonstrate that the proposed AHP–WGP framework provides more flexible and balanced solutions, improves resource utilization, and better reflects real-world decision-making conditions compared to traditional Preemptive Goal Programming approaches. The study contributes to the growing body of literature on hybrid MCDM methods in higher education management and offers a practical decision-support tool for university administrators.
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1. Introduction
   Higher education institutions play a vital role in economic and social development through teaching, research, and knowledge creation. However, universities often face increasing pressure to achieve high performance while operating under limited financial and operational resources. As a result, resource allocation has become one of the most important and challenging decision-making problems in higher education.
   University decision-makers are usually required to allocate limited resources among competing projects and objectives, such as improving teaching quality, supporting research activities, enhancing consultancy services, and reducing operational costs. These objectives are often conflicting, which makes the decision process more complex and difficult. Therefore, traditional decision-making approaches may not be sufficient for handling such multi-objective problems effectively.
    In recent years, Multi-Criteria Decision-Making (MCDM) techniques have been widely used to support decision-making problems in higher education. Among the most used methods are the Analytic Hierarchy Process (AHP) and Goal Programming (GP). AHP is effective in determining the relative importance of alternatives and criteria based on expert judgments, while Goal Programming is useful for finding optimal solutions under multiple constraints and conflicting goals.
    Several studies have applied Goal Programming techniques to higher education resource allocation problems. However, many traditional Goal Programming models, especially Preemptive Goal Programming, rely on strict priority structures that may reduce flexibility and limit the ability to make practical trade-offs among goals. In real-world decision-making environments, decision-makers often need more flexible approaches that can balance multiple objectives simultaneously.
    To address this issue, this study proposes an integrated framework that combines AHP with Weighted Goal Programming (WGP). In the proposed approach, AHP is used to determine project priority weights, while WGP is applied to allocate resources efficiently while considering financial, spatial, and operational constraints. The study also compares the proposed weighted model with the original Preemptive Goal Programming model presented by Ho et al. (2007) to evaluate the flexibility and effectiveness of the proposed approach. In addition, sensitivity analysis is conducted to examine the stability and robustness of the proposed model under different scenarios, including changes in budget levels, weighting methods, and minimum project requirements.
    The proposed AHP–WGP framework is expected to provide more flexible and balanced solutions, improve resource utilization, and better reflect real-world decision-making conditions in higher education institutions. The remainder of this paper is organized as follows: Section 2 presents the literature review, Section 3 describes the proposed methodology, Section 4 presents the case study and model formulation, Section 5 discusses the results and analysis, and Section 6 concludes the study.
   2.Literature Review
    Resource allocation in higher education is considered one of the most important and challenging decision-making problems due to limited financial and operational resources and the presence of multiple conflicting objectives. Universities are required to allocate resources efficiently among different academic and development projects while maintaining teaching quality, supporting research activities, and improving institutional performance. Therefore, Multi-Criteria Decision Making (MCDM) techniques have been widely applied to support decision-making in higher education environments.
    Among the earliest contributions, Mustafa and Goh (1996) reviewed the use of multi-criteria models in higher education administration and confirmed that applications in this field had been published since 1972, covering resource allocation, planning, and institutional evaluation problems. Similarly, Saaty and Ramanujam (1983) applied the Analytic Hierarchy Process (AHP) to evaluate candidates for academic promotion, demonstrating that AHP can support university administrators in making more objective and consistent decisions by structuring complex judgments into a systematic hierarchy.
    Building on AHP applications in universities, Fenga et al. (2004) combined AHP with Data Envelopment Analysis (DEA) to evaluate research and development management performance across 29 Chinese universities. Their results showed that universities that improved management practices achieved higher efficiency levels, confirming that hybrid MCDM approaches provide deeper insights than single method models.
    Goal Programming (GP) has also been widely applied as an optimization technique for multi objective problems under resource constraints. Hamurcu and Eren (2018) integrated AHP with Goal Programming to prioritize and select monorail projects in Istanbul under three budget scenarios. While their study demonstrated the effectiveness of combining AHP with GP for planning under constraints, the model relied on a Preemptive GP structure, which imposes strict priority ordering and may reduce flexibility in balancing competing objectives.
    In an educational context, de Castro et al. (2019) integrated AHP with Goal Programming to evaluate online courses in higher education. Their model effectively reduced inconsistencies in expert judgments while preserving the original preference information. However, their focus was on resolving judgment inconsistency rather than addressing resource allocation or applying a weighted goal programming approach.
    Polat (2016) proposed an integrated AHP-PROMETHEE framework for subcontractor selection, demonstrating that combining AHP for criteria weighting with an optimization model for ranking produces more robust and flexible decisions. More recently, Ayyildiz et al. (2023) proposed an integrated IVN-AHP and VIKOR framework for university performance evaluation, showing that hybrid MCDM methods can handle uncertainty and conflicting criteria more effectively in higher education settings.
    Alshakhatreh et al. (2024) sought to bridge the gap between MCDM techniques and human-based education interpretability by providing a comprehensive insight into how these models are applied to education solutions. In their study, they categorized the applications of MCDM across different educational sectors and concluded by presenting the existing open challenges and future directions in the field
    Despite the growing number of studies in this field, limited research has focused on integrating AHP with Weighted Goal Programming (WGP) specifically for higher education resource allocation. Moreover, most existing studies rely on Preemptive Goal Programming, which limits flexibility and reduces the ability to achieve balanced trade-offs among goals. Limited attention has also been given to sensitivity analysis under different decision scenarios. Therefore, this study proposes an integrated AHP–Weighted Goal Programming framework to address these gaps and provide more flexible, balanced, and robust solutions for resource allocation in higher education institutions.
3.Methodology
   This study proposes a hybrid Multi-Criteria Decision Making (MCDM) framework that integrates the Analytic Hierarchy Process (AHP) with Weighted Goal Programming (WGP) to support resource allocation decisions in higher education institutions. MCDM techniques are generally divided into two categories: Multiple- Objective Decision Making (MODM) and Multiple- Attribute Decision Making (MADM) (Taherdoost & Madanchian, 2023). AHP belongs to the MADM category and is used to determine the relative importance of alternatives, while Goal Programming belongs to the MODM category and is used to select the optimal set of alternatives under real-world resource constraints. Since the optimal decision depends on both the priorities of alternatives and the limitations of available resources, integrating these two techniques provides a more comprehensive and practical decision-support framework.
3.1 Analytic Hierarchy Process (AHP)
   The Analytic Hierarchy Process, developed by Saaty (1980), is a structured MADM technique that enables decision-makers to evaluate complex problems by decomposing them into a hierarchy of goals, criteria, and alternatives. It transforms subjective expert judgments into quantitative priority weights through pairwise comparisons, making it particularly useful when decisions involve multiple conflicting criteria.
    The AHP consists of three main operations. First, the decision problem is structured as a hierarchy in which the overall goal is placed at the top level, followed by evaluation criteria at the second level, and decision alternatives at the third level. Second, pairwise comparison matrices are constructed at each level, where every two elements are compared at a time based on expert judgment using a nine-point scale ranging from "equally preferred" to "extremely preferred." Third, consistency verification is performed by computing the Consistency Ratio (CR). If the CR exceeds the acceptable threshold of 0.10, the judgments must be revised until consistency is achieved. Once all comparisons are proved consistent, the overall priority weights for each alternative are computed and used as input for the goal programming model (Runtuwene et al., 2018).
    In this study, the AHP priority weights are adopted directly from the published results of Ho et al. (2007), as the purpose is to integrate validated priorities into the WGP framework rather than reconstruct the full pairwise comparison process.
3.2 Weighted Goal Programming (WGP)
    Goal Programming, introduced by Charnes and Cooper (1961), is a MODM technique that extends linear programming by incorporating multiple goals simultaneously. Goal programming models have expanded significantly since their inception, transitioning from basic target tracking to advanced multi-criteria optimization tools capable of navigating conflicting organizational goals (Tamiz et al., 1998; Jones & Tamiz, 2010).
    It is particularly suitable for problems where decision-makers must balance several conflicting objectives under limited resources. For each goal, two deviation variables are introduced: a positive deviation variable () representing over achievement, and a negative deviation variable () representing under achievement of the target. The objective function minimizes the deviations that are considered undesirable.
    Traditional Preemptive Goal Programming satisfies goals in strict hierarchical order, addressing the highest priority goal first before considering lower priority ones. While this guarantees that critical goals are fully addressed, it may neglect important trade-offs among goals of comparable importance. In contrast, Weighted Goal Programming assigns numerical weights to all goals and minimizes their weighted sum of deviations simultaneously, allowing more flexible and balanced solutions that better reflect real-world decision-making environments.
3.3 Integration of AHP and WGP
   The integration of AHP and WGP follows a sequential two-stage process. In the first stage, AHP is applied to derive the relative priority weights of the candidate projects based on expert judgments. These weights reflect the strategic importance of each project with respect to the institution's goals. In the second stage, the AHP-derived weights are embedded into the WGP objective function as coefficients for the project achievement deviation variables. This ensures that projects with higher strategic importance contribute more to the objective function, guiding the optimization toward solutions that are both resource feasible and strategically aligned. The overall procedure of the integrated approach is illustrated in Figure 1.
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Figure 1: The Flowchart of the Integrated MCDM Approach

3.4 Sensitivity Analysis
    Sensitivity analysis examines how changes in model parameters affect the optimal solution and model outcomes (Redchuk & Ríos Insua, 2016).
    To evaluate the stability and robustness of the proposed AHP–WGP model, sensitivity analysis is conducted across three dimensions. First, budget sensitivity is examined by testing e.g. ±10% changes in the available financial resources to assess how budget fluctuations affect the optimal project selection. Second, weighting sensitivity is evaluated by replacing the AHP-derived project weights with alternative weights obtained using the TOPSIS technique, while keeping all other model parameters unchanged, to examine whether the solution remains stable under a different weighting methodology. Third, the effect of modifying the minimum project requirement constraint is tested by increasing the minimum number of required projects from four to five and six respectively. The results of the sensitivity analysis are presented and discussed in Section 5.
4. Case Study and Model Formulation
   To demonstrate the application of the proposed framework, this study adopts the real-world case study presented by Ho et al. (2007), which involves resource allocation decisions at a higher education institution operating under a market-oriented funding system. The institution aims to enhance its competitiveness by improving teaching quality, strengthening research output, and expanding consultancy activities. To achieve these objectives, eight candidate projects have been proposed for potential implementation.
4.1 Case Description
    The eight projects are classified into two groups. The first group, referred to as "hardware" projects, consists of tangible infrastructure investments:
                                    = Establishment of Industrial Centre 
                               = Establishment of Self-Learning Centre
                               = Establishment of Management Development Centre 
                               = Establishment of Conference Theatre

    The second group, referred to as "software" projects, consists of intangible investments:

                                    = Establishment of E-Learning System
                               = Establishment of Library Information System 
                              = Establishment of Intranet Portal 
                              = Establishment of Incentive Scheme

     Four types of resources are considered: financial resources (budget), physical space, hardware development time, and software development time. It is assumed that hardware projects must be implemented sequentially, and similar software projects must be carried out in sequence. The resource requirements and AHP priority weights for each project are summarized in Table 1.
  Table 1: The Resource Requirements and AHP Priority Weights for each
Project
	Project
	Finance (£)
	Space (m²)
	HW Time (months)
	SW Time (months)
	AHP Weight

	Industrial Centre
	71,400
	12,500
	24
	0
	0.191

	Self-Learning Centre
	57,000
	2,500
	6
	0
	0.107

	Management Dev. Centre
	50,000
	10,800
	15
	0
	0.091

	Conference Theatre
	35,700
	625
	12
	0
	0.094

	E-Learning System
	4,300
	0
	0
	6
	0.126

	Library Info. System
	2,100
	0
	0
	12
	0.132

	Intranet Portal
	6,400
	0
	0
	9
	0.116

	Incentive Scheme
	28,600
	0
	0
	0
	0.144

	Resource Limit
	150,000
	25,000
	36
	24
	—



   The AHP priority weights were derived from pairwise comparisons of the eight projects against three institutional criteria: Teaching (weight = 0.558), Research (weight = 0.320), and Consultancy (weight = 0.122). All consistency ratios were below 0.10, confirming the reliability of the judgments. The Industrial Centre received the highest priority weight (0.191), while the Management Development Centre received the lowest (0.091).

4.2 Decision Variable
    Eight binary decision variables are defined, where  if project  is selected for implementation, and   otherwise, for   .
4.3 System Constraints
    System constraints are hard constraints that define the minimum institutional requirements and must be satisfied in every feasible solution. No deviation variables are associated with these constraints.
Establish at least four projects:

Establish at least one hardware project:

Establish at least one software project:

4.4 Goal Constraints
   Goal constraints represent the desired resource targets. Each constraint is converted into equality by introducing a positive deviation variable (), representing over utilization of the resource, and a negative deviation variable (), representing under utilization. Since exceeding any resource limit is undesirable, only positive deviations are penalized in the objective function.
Finance constraint:

Space constraint:

Hardware time constraint:

Software time constraint:

4.5 AHP Achievement Constraints
    Eight project achievement constraints are formulated, one for each project, with a target value of 1 representing full implementation. A negative deviation () indicates that the project was not selected, while a zero deviation () confirms that the project was selected.

4.6 Objective Function
    The objective function minimizes the weighted sum of all undesirable deviations. Equal weights of 0.25 are assigned to the positive deviations of the four resource constraints, since all resources are considered equally important. The AHP priority weights derived from Ho et al. (2007) are assigned to the negative deviations of the project achievement constraints, ensuring that the non-selection of high-priority projects incurs a greater penalty.

Subject to:

     To execute and solve the proposed integrated AHP–WGP model, Python programming language was utilized along with the PuLP optimization library, which has been widely recognized for its efficiency in formulating and solving linear and integer programming problems (Mitchell et al., 2011; Pedregosa et al., 2011).
5. Results and Analysis
   This section presents and discusses the results obtained from the proposed AHP–Weighted Goal Programming model. The analysis covers four main aspects: the optimal project selection and its alignment with AHP priorities, resource utilization across all constraint types, sensitivity analysis under different decision scenarios, and a comparative evaluation against the original Preemptive Goal Programming model of Ho et al. (2007).
5.1 Optimal Project Selection
    The proposed AHP–WGP model was solved using Python with the PuLP optimization library and reached an optimal solution with an objective function value of Z = 0.3140. This value represents the total weighted deviation from all desired goals, and its relatively low magnitude indicates that the selected solution achieves a well-balanced allocation across all objectives.
    The optimal solution selected five projects out of the eight candidates: Industrial Centre ( = 1), Conference Theatre (= 1), E-Learning System ( = 1), Library Information System ( = 1), and Incentive Scheme ( = 1). The three remaining projects: Self-Learning Centre (= 0), Management Development Centre ( = 0), and Intranet Portal (= 0) were not selected. The results are summarized in Table 2.

Table 2: Optimal Solution of the AHP–WGP Model
	Project
	Decision
	AHP Rank
	AHP Weight
	Deviation ()
	Reason if Not Selected

	Industrial Centre
	Selected 
	1st
	0.191
	0
	—

	Self-Learning Centre
	Not Selected
	6th
	0.107
	1
	High cost & space

	Management Dev. Centre
	Not Selected
	8th
	0.091
	1
	High cost & space

	Conference Theatre
	Selected 
	7th
	0.094
	0
	—

	E-Learning System
	Selected 
	4th
	0.126
	0
	—

	Library Info. System
	Selected 
	3rd
	0.132
	0
	—

	Intranet Portal
	Not Selected
	5th
	0.116
	1
	SW time exceeded

	Incentive Scheme
	Selected 
	2nd
	0.144
	0
	—



   The selection outcome is strongly consistent with the AHP priority rankings. The four highest priority projects: Industrial Centre (1st), Incentive Scheme (2nd), Library Information System (3rd), and E-Learning System (4th) were all selected, confirming that the model successfully prioritizes projects with the greatest strategic contribution to the institution.
   Although the Conference Theatre ranked 7th in the AHP priority ranking with a weight of 0.094, it was selected due to its relatively low financial cost of £35,700 and minimal space requirement of 625 m², which allowed it to fit efficiently within the available resource constraints without displacing any higher priority project. In contrast, the three excluded projects were omitted due to binding resource constraints. The Self-Learning Centre and Management Development Centre require significant financial and space resources, while the inclusion of the Intranet Portal would cause the software time constraint to be exceeded, as the total software time would reach 27 months against the available limit of 24 months.

5.2 Resource Utilization
    The resource utilization results for the optimal solution are presented in Table 3
Table 3: Resource Utilization Summary
	Resource
	Available
	Used
	Slack
	Utilization (%)

	Finance (£)
	150,000
	142,100
	7,900
	94.7%

	Space (m²)
	25,000
	13,125
	11,875
	52.5%

	Hardware Time (months)
	36
	36
	0
	100%

	Software Time (months)
	24
	18
	6
	75%



     The total financial expenditure of £142,100 represents 94.7% of the available budget, leaving a minimal slack of only £7,900. Hardware time was fully utilized at 36 months with no remaining slack, indicating that the hardware resource constraint was binding in the optimal solution. Software time consumption reached 18 months out of 24 available months, while space utilization stood at 52.5%, reflecting that space was not a limiting factor in this case. The absence of any positive deviations across all resource constraints confirms that no resource limits were violated.
5.3 Sensitivity Analysis
  5.3.1 Budget Sensitivity
       To examine the effect of financial constraints on the optimal solution, three budget scenarios were tested. The results are presented in Table 4.
Table 4: Results Under Different Budget Scenarios
	Scenario
	Budget (£)
	Selected Projects
	Z Value

	Budget (-10%)
	135,000
	, , , , 
	0.3980

	Baseline
	150,000
	, , , , 
	0.3140

	Budget (+10%)
	165,000
	, , , , 
	0.3010



        Under the increased budget scenario (+10%), the model replaced the Conference Theatre () with the Self-Learning Centre (,), resulting in a lower objective function value of 0.3010, reflecting better alignment with AHP priorities. Under the reduced budget scenario (−10%), the model was forced to exclude the Industrial Centre (with the highest priority project and replace it with the Self-Learning Centre (, leading to a higher objective function value of 0.3980. Importantly, the number of selected projects remained at five across all scenarios, indicating that the model maintains a stable structure while adjusting the project mix in response to financial changes.
5.3.2 Weighting Sensitivity
    To assess model robustness with respect to the weighting methodology, the AHP-derived project weights were replaced with weights calculated using the TOPSIS technique, while all constraints and resource parameters remained unchanged. The TOPSIS–WGP model selected the same five projects as the AHP–WGP baseline model, with an objective function value of Z = 0.2870 compared to Z = 0.3140 for the AHP-based model. The slight difference in objective values is attributable to the different weight magnitudes between the two methods rather than any change in project selection. This consistency confirms that the proposed framework produces stable and reliable decisions regardless of the weighting technique applied.
5.3.3 Minimum Project Requirement Sensitivity
     The third sensitivity test examined the effect of modifying the minimum project requirement constraint. The results are presented in Table 5.
Table 5: Results Under Different Minimum Project Requirements
	Min. Projects
	Selected Projects
	Z Value
	Change

	4 (Baseline)
	, , , , 
	0.3140
	Optimal stable solution

	5
	, , , , 
	0.3140
	No change already 5 selected

	6
	, , , , 
	0.9480
	SW time constraint violated



    When the minimum projects were increased to five projects, the solution remained identical to the baseline, confirming that the model naturally selects five projects. However, when increased to six projects, the model was forced to include the Intranet Portal (), causing the objective function value to jump from 0.3140 to 0.9480 and introducing a software time violation. These findings highlight the importance of setting realistic minimum project requirements consistent with available resources.


5.4 Comparison between AHP–WGP and Preemptive GP Models
     A direct comparison between the proposed AHP–WGP model and the original Preemptive GP model of Ho et al. (2007) is presented in Table 6.
Table 6: Comparison Between AHP–WGP and Preemptive GP Models
	Criterion
	Preemptive GP 
	AHP–WGP 

	Projects Selected
	, , , )
	(, , , , )

	Total Cost (£)
	106,400
	142,100

	Budget Slack (£)
	43,600 (29%)
	7,900 (5.3%)

	Hardware Time Used
	24 months (67%)
	36 months (100%)

	Software Time Used
	18 months (75%)
	18 months (75%)

	Priority Structure
	Strict (hierarchical)
	Flexible (weighted)

	Resource Efficiency
	Low (29% budget unused)
	High (94.7% utilized)



   The Preemptive GP model selected only four projects with a total cost of £106,400, leaving 29% of the available budget unused. In contrast, the proposed WGP model selected five projects with a total cost of £142,100, utilizing 94.7% of the available budget. The key methodological difference lies in the priority structure: the Preemptive GP model satisfies goals in strict hierarchical order and stops once no further improvement is possible, resulting in large unused financial capacity. The WGP model assigns numerical weights to all goals simultaneously, allowing controlled trade-offs that enable the inclusion of additional projects without violating any constraints. Furthermore, hardware time utilization improved from 67% in the Preemptive model to 100% in the WGP model, demonstrating more efficient use of available operational capacity.




6. Conclusion
   This study proposed an integrated AHP–Weighted Goal Programming (WGP) framework for resource allocation in higher education institutions. The proposed approach addresses key limitations identified in the existing literature, particularly the inflexibility of traditional Preemptive Goal Programming models and the limited attention given to sensitivity analysis in higher education resource allocation problems.
   The framework was applied to the real-world case study of Ho et al. (2007), in which eight candidate projects were evaluated for selection under financial, spatial, and operational constraints. In the first stage, AHP priority weights derived from expert judgments were used to reflect the strategic importance of each project with respect to three institutional goals: teaching, research, and consultancy. In the second stage, these weights were incorporated into a Weighted Goal Programming model, which was solved using Python with the PuLP optimization library.
   The results showed that the proposed AHP–WGP model selected five projects: Industrial Centre, Conference Theatre, E-Learning System, Library Information System, and Incentive Scheme achieving an objective function value of Z = 0.3140 and utilizing 94.7% of the available budget. In comparison, the original Preemptive GP model of Ho et al. (2007) selected only four projects and left 29% of the available financial resources unused. These findings confirm that the weighted approach provides more flexible and balanced solutions, improves resource utilization, and better reflects real-world decision-making conditions in higher education institutions.
   The sensitivity analysis conducted across three dimensions: budget changes, weighting methodology, and minimum project requirements further confirmed the robustness and stability of the proposed model. The solution remained consistent under moderate variations in budget and weighting method, demonstrating that the framework is reliable and practically applicable under different decision scenarios.
    In summary, this study makes three main contributions to existing literature. First, it proposes an integrated AHP–WGP framework specifically designed for resource allocation in higher education, filling a gap identified in previous studies. Second, it demonstrates that replacing the strict priority structure of Preemptive GP with a weighted approach produces more efficient and balanced resource allocation decisions. Third, it provides a comprehensive sensitivity analysis that evaluates model robustness under varying financial, methodological, and policy conditions.
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