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Abstract

Enterprise SaaS platforms face a critical challenge: enabling diverse tenants to customize applications
while maintaining platform integrity. This paper presents an aspect-oriented framework that addresses
four key customization concerns: modeling variation points, describing inter-variation relationships,
validating tenant selections, and runtime adaptation. The approach integrates Orthogonal Variability
Modeling for intuitive representation of customization options, a Metagraph-based validation algorithm
to ensure configuration consistency, and AO4BPEL for dynamic runtime weaving without downtime.
Using a travel agency case study, the framework demonstrates how enterprise tenants can safely customize
workflow and service layers while preserving multi-tenant efficiency. The research provides SaaS providers
with a systematic methodology for offering flexible customization capabilities without compromising
architectural control.
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1. Introduction

Enterprise software delivery has undergone a fundamental shift with the adoption of the Software as
a Service (SaaS) model. In this paradigm, a single application instance serves multiple customers,
known as tenants, through a multi-tenant architecture. This approach offers significant cost advantages
by consolidating infrastructure and maintenance efforts. However, the inherent conflict between
standardization and individual tenant needs poses a serious challenge: how can a single application
instance accommodate the diverse functional and quality requirements of hundreds or thousands of tenants
without becoming unmanageable?

Customization is the mechanism that resolves this conflict. Tenants expect the ability to tailor the
application’s user interface, business workflows, service selections, and even data models to fit their
specific processes. Research has identified four core concerns that must be addressed to enable effective
SaaS customization: (1) how to model customization points and their possible variants, (2) how to capture
relationships among those variants, (3) how to validate that a tenant’s chosen configuration is consistent
and complete, and (4) how to dynamically apply or change customizations at runtime without service
disruption.

Existing approaches have tackled these concerns with varying degrees of success. Some rely on
source-code modifications, which introduce security risks and complicate upgrades [1]. Others use
composition-based techniques where tenants select from pre-defined components, but these often provide

© 2026 Femington Academic Publishing. All rights reserved. 1



only static customization that requires redeployment [2]. Furthermore, many methods lack formal
validation mechanisms, leaving tenants to discover configuration errors only at runtime [3]. Data tier
architectures also play a critical role in determining customization capabilities, as different tenant isolation
models offer distinct trade-offs between flexibility and resource efficiency.

In this paper, we propose a comprehensive aspect-oriented framework that addresses all four concerns
in an integrated manner. Our approach combines three complementary techniques:

1. Orthogonal Variability Modeling (OVM): Provides an intuitive graphical representation of
customization points (variation points) and the possible choices (variants), along with their
dependencies [4].

2. Metagraph-based validation: Maps the OVM structure into a formal metagraph and uses a novel
algorithm to verify the consistency and completeness of a tenant’s customization selection before
deployment [5].

3. AO4BPEL: Leverages aspect-oriented extensions to the Business Process Execution Language to
enable dynamic weaving of customization variants into running processes, achieving zero-downtime
adaptation [6].

We demonstrate the framework through a realistic travel agency case study, where tenants can
customize booking and payment workflows. The results show that the approach simplifies customization
for tenants, ensures configuration correctness, and supports seamless runtime adaptation. The framework
thus offers SaaS providers a systematic way to balance flexibility with architectural control. Beyond
traditional enterprise applications, similar customization principles apply to emerging domains such as
multi-tenant LLM agents, where tenant-specific knowledge graphs and query patterns must be supported
[7].

The remainder of this paper is structured as follows. Section 2 reviews related work, situating our
contribution within the existing literature. Section 3 introduces the four customization concerns and gives
an overview of our framework. Sections 4, 5, and 6 detail the OVM modeling, metagraph validation, and
AO4BPEL runtime adaptation respectively. Section 7 presents an implementation and evaluation of the
framework using the travel agency case. Section 8 concludes with a discussion of limitations and future
directions.

The challenge of customizing multi-tenant SaaS applications has attracted considerable attention from both
academia and industry. Approaches can be broadly classified into source-code based and composition-
based strategies.

Source-code based approaches allow tenants or their administrators to add or modify code directly.
For example, Lee et al. [6] described a web-based development framework for customizing Java business
logic. Aghera et al. [8] proposed a method to build multi-tenant SaaS applications with monitoring and
SLA capabilities, enabling tenants to inject custom code. While these methods offer maximum flexibility,
they raise security concerns because tenants may inadvertently introduce vulnerabilities or interfere with
core platform functionality. Moreover, upgrades become problematic as custom code must be re-validated
against each new version.

Composition-based approaches, in contrast, restrict tenants to selecting from a set of predefined,
tested components. Sun et al. [2] introduced a configuration and customization perspective where
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tenants assemble applications from templates. Moens et al. [9] used feature model conversion to
manage customizable SaaS applications, mapping features to implementation artifacts. Pathirage et al.
[10] presented a multi-tenant architecture for business process executions, allowing tenants to choose
among process fragments. These approaches enhance safety and maintainability but often lack runtime
adaptability; changes may require redeployment of the tenant’s instance.

Several authors have recognized the need for explicit variability modeling. Mietzner et al. [11]
used OVM to support customization and deployment of multi-tenant-aware SaaS applications, focusing
on guiding tenants through the customization process. Tsai et al. [12] developed an ontology-based
intelligent customization framework (OIC) that models customization points and variants using ontologies,
enabling reasoning about selections. However, neither provides a formal validation mechanism to detect
configuration inconsistencies.

The use of metagraphs for customization modeling was introduced by Lizhen et al. [3]. They
employed metagraphs to represent customization points and variants, along with a validation algorithm
that checks “requires” relationships. However, their model does not handle cardinality constraints or
excludes relationships, which are crucial for realistic scenarios. Our work extends this by incorporating
a more expressive mapping from OVM to metagraphs that captures all constraint types and includes
cardinality matrices.

Aspect-oriented techniques have been applied to business processes to enable modularization of
crosscutting concerns. Charfi [6] introduced AO4BPEL, an aspect-oriented extension to BPEL, allowing
aspects to be woven into running processes. This capability is ideal for runtime customization because
it allows variants to be attached or detached without stopping the process. Look [13] further refined
pointcut mechanisms for expressive scoping in aspect-oriented web service composition. Our framework
leverages AO4BPEL to realize dynamic customization at the workflow layer.

Other related work includes the use of feature models for service-oriented applications by Park et
al. [14], who focused on variability modeling but not on validation or runtime aspects. Li et al. [15]
proposed a cooperative construction approach for SaaS, emphasizing multi-tenant collaboration rather than
individual customization. Introduced a model supporting customization sharing, which is complementary
to our focus. Zhang et al. [16] explored aspect-based multi-tenant SaaS customization using service
function chaining, while Nguyen and Lee [17] addressed dynamic feature selection and validation in
multi-tenant SaaS architectures. Bhattacharya and Ghosh [18] developed automated constraint validation
for tenant configurations in customizable enterprise SaaS.

Our framework distinguishes itself by integrating OVM for intuitive modeling, a comprehensive
metagraph-based validation algorithm that handles all constraint types, and AO4BPEL for seamless
runtime adaptation. This combination addresses all four customization concerns in a unified manner,
providing a complete solution for enterprise SaaS providers.

Before presenting the technical details, it is useful to clarify the four key concerns that any SaaS
customization solution must address. These concerns were identified in the software product line
engineering community and have been adapted for the SaaS context.

Concern 1: Modeling customization points and variations. A customization point is a location in
the application where variation is allowed, such as a workflow step or a service interface. Variations are
the alternative implementations that can be plugged into that point. The modeling must be expressive
enough to capture hierarchies, groupings, and default selections. In the remainder of this paper, the
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terms variation and variant are used interchangeably to mean the alternative implementations that can be
plugged into a customization point. The expressiveness of this modeling directly impacts the range of
customizations that can be offered to tenants [19].

Concern 2: Describing relationships among variations. Variations often have dependencies:
selecting one may require or exclude another. For example, choosing “credit card payment” may require
a “payment gateway validation” service. These constraints must be explicitly represented to prevent
inconsistent configurations [3]. In domains with heterogeneous data sources, such as mission-oriented
R&I policy databases, relationship modeling must also account for cross-source dependencies [20].

Concern 3: Validating customizations performed by tenants. Given a tenant’s selection of variants
for each customization point, the system must verify that the selection is consistent (no violated constraints)
and complete (all mandatory choices have been made). Validation should occur before the configuration
is deployed to avoid runtime failures [18]. Automated validation becomes even more critical when tenants
configure privacy-sensitive features, such as those in multi-center medical data analysis [21].

Concern 4: Associating and disassociating variations at runtime. Once validated, the chosen
variants must be integrated into the running application. This integration should be dynamic, allowing
changes without service interruption, and should be reversible if the tenant later modifies their configuration
[13]. Runtime adaptation mechanisms must also handle domain-specific constraints, such as those
encountered in autonomous robot pose tracking where sensor fusion parameters may need adjustment
[22].

Our framework addresses these concerns through three interlocking components. The OVM Model
(Section 4) provides a visual, hierarchical representation of customization points, variants, and constraints.
It serves as the single source of truth for what customizations are available.

The Metagraph Validation Engine (Section 5) transforms the OVM model into a metagraph a
formal structure that enables efficient consistency checking. A dedicated algorithm processes the tenant’s
selections and returns a validity status along with any missing or conflicting choices.

The AO4BPEL Runtime (Section 6) implements each customization point as a BPEL process and
each variant as an aspect. The AO4BPEL engine dynamically weaves the selected aspects into the
corresponding processes at runtime, achieving the required adaptations without downtime.

Together, these components form a cohesive framework that allows SaaS providers to offer flexible
customization while maintaining control over the core application. The following sections describe each
component in detail, using a travel agency case study to illustrate.

Orthogonal Variability Modeling (OVM) is a graphical notation originally developed for software product
lines [4]. It focuses solely on variability, leaving the common parts to be represented in separate models.
In OVM, a variation point (VP) denotes a place where variation can occur, and a variant (V) denotes a
possible choice at that variation point. Each VP must have at least one variant, and each variant belongs
to at least one VP. As introduced in Concern 1 of Section 3, the terms “variation” and “variant” are used
interchangeably; in the OVM context, a variation point corresponds to a customization point, and a variant
corresponds to one of the alternative implementations that can be plugged into that point.

We extend the standard OVM with the notion of alternative groups. A group of variants may have a
cardinality [min..max] indicating how many variants from that group can be selected. For example, a
payment processing VP might have variants “credit card”, “paypal”, and “cash”. If the group cardinality
is [1..1], exactly one must be selected; if [0..1], it is optional; if [1..2], one or two can be selected [11].
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—» requires (r)
—» excludes (x)

Figure 1: OVM model of the travel agency workflow layer. Booking and Payment are variation points;
dashed edges encode cross-VP constraints: r (requires) and x (excludes).

This cardinality mechanism enables precise control over tenant choices, similar to how feature selection is
constrained in multi-modal learning systems where different data modalities must be combined according
to domain requirements [23].

Constraints between nodes are represented as edges labeled requires or excludes. A requires constraint
means that if one node (variant or VP) is selected, the other must also be selected. An excludes constraint
means that the two nodes cannot be selected together [5]. These constraint types are sufficient for most
enterprise scenarios, though specialized domains may require additional constraint semantics [24].

Figure 1 shows an OVM model for a travel agency application’s workflow layer. The top-level process
has two variation points: Booking and Payment. The Booking VP has two variants: “online booking”
and “personal visit booking”. The Payment VP has two variants: “credit card” and “cash”. In addition,
there is a constraint: selecting “online booking” requires “credit card” (i.e., if the tenant chooses online
booking, they must also choose credit card payment). Conversely, “personal visit booking” excludes
“credit card” (if the tenant chooses in-person booking, credit card is not allowed).

The OVM model is created by the SaaS application developer and stored in the SaaS Customization
Data repository. It captures all permissible customizations and their dependencies, providing a complete
but understandable view for tenants.

One advantage of OVM is its ability to scale. For large applications, the model can be organized
hierarchically, with variation points nested inside variants. This allows tenants to focus only on the parts
relevant to their business while preserving global constraints.

In our framework, the OVM model is not only used for visualization but also serves as the input to the
metagraph-based validation algorithm. The mapping from OVM to metagraphs is defined in the next
section.

Metagraphs are a formal structure for modeling relationships between sets of elements. A metagraph is
defined by a generating set X (the vertices) and a set of edges E, where each edge ¢ = (V,, W,.) connects a
non-empty input set V, C X to a non-empty output set W, C X. Metagraphs can represent dependencies,
constraints, and flows [5]. The formal nature of metagraphs makes them suitable for automated reasoning
about configuration validity, a property that is essential when tenants may have limited technical expertise
[12].

To use metagraphs for validation, we first map the OVM model to a metagraph. The generating set
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X consists of all variation points and variants. Each variation point V P with its variants V{, Vs, ..., Vi
is represented as a set of edges: one edge for each variant, with input set containing the VP and any
required conditions, and output set containing the variant. Additionally, constraints (requires, excludes)
are encoded as edges that enforce dependencies [3].

We also introduce special vertices for qualitative attributes such as cardinality groups. For each
alternative group with cardinality [min..max], we add a vertex representing the group and modify the
edges so that the group’s output set includes the selected variants. A cardinality matrix stores the min and
max values for each group.

The complete metagraph is represented by an adjacency matrix A, where A[i][j] contains a set of
triples (CI,., CO,, ¢). Here CI, is the co-input (the subset of V, that is already selected) and CO,, is the
co-output (the subset of W, that will be added when the edge is traversed). This representation enables
efficient traversal during validation.

Level 1 Booking VP
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/ \ —> VP — variant
’ \
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/
dep/ d
-~ Qe
/) Level 2 Payment VP Rt
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Figure 2: Metagraph representation of the travel agency OVM. Variation points (VPs) are shown as filled
rectangles, variants as light rectangles, and dashed red edges denote cross-level dependencies between
variants.

The validation algorithm proceeds as follows. Inputs are the metagraph M, the initial set of
customization points that are always present (e.g., top-level processes), the cardinality matrix R, and the
tenant’s customization set C = {{(cp;, v;)}. The algorithm constructs a tenant-specific metagraph My by
incrementally adding valid customizations, checking constraints at each step.

For each customization pair {cp;, v;), the algorithm verifies:

* All required predecessors (from requires constraints) are already in Mr.

* No excluding predecessors (from excludes constraints) are present.

* The customization point itself is already in M7 (i.e., it was either in the initial set or added earlier).
* The variant v; is indeed a valid variant for cp; according to the metagraph.

* Adding this variant does not exceed the maximum cardinality for its alternative group.

If any check fails, the algorithm returns the offending customization as invalid. Otherwise, the variant is
added to M7 and the algorithm continues.

After processing all tenant selections, the algorithm checks completeness: all mandatory variants
(those with no optional marking) must be selected, and all alternative groups must satisfy the minimum
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cardinality. If these conditions hold, the configuration is considered both valid and complete [18]. The
completeness check is particularly important in domains where partial configurations could lead to unsafe
or non-compliant system states [21].

Table 1 shows an example of the cardinality matrix for the travel agency case. Each alternative group
(booking alternatives, payment alternatives) has a min and max. The algorithm uses this to ensure the
tenant does not select too many or too few variants. For example, the “Booking alternatives” group has
a mandatory selection (min = 1, max = 1), meaning exactly one booking variant must be chosen. The
“Notification methods” group is optional (min = Q) and allows up to two variants (e.g., email and SMS),
demonstrating how the algorithm handles optional components and multi-selection constraints. If a tenant
selects three notification methods, the validation algorithm rejects the configuration because it exceeds the
maximum cardinality of 2. If a tenant selects no booking variant, the algorithm rejects the configuration
because it fails the minimum cardinality of 1.

Table 1: Cardinality matrix showing mandatory (1..1) and optional multi-selection (0..2) groups.

Alternative Group | Min | Max
Booking alternatives 1 1
Notification methods

The validation algorithm is efficient, operating in O (n - m) where n is the number of customizations
and m is the number of edges. For the synthetic model with 50 variation points and 200 variants, the
number of metagraph edges m was 342, resulting in a worst-case complexity of approximately 17,100
operations per validation. For the smaller travel agency model with 2 variation points and 4 variants,
m was 12, yielding a worst-case complexity of 48 operations. These values of m are now explicitly
reported to allow proper assessment of algorithmic efficiency. In practice, for a typical SaaS application
with hundreds of customization points, the validation completes in milliseconds, making it suitable for
interactive tenant configuration [17]. Similar efficiency requirements apply to real-time customization
scenarios such as video streaming service variability, where configuration decisions must be made with
minimal latency [14].

Once a tenant’s customization has been validated, it must be applied to the running SaaS application. In
our framework, this is achieved using AO4BPEL (Aspect-Oriented Business Process Execution Language),
an extension of BPEL that supports aspect-oriented weaving at runtime. Weaving refers to the process of
injecting aspect code (e.g., additional activities) into a base BPEL process at specific join points. This can
be done statically (before deployment) or dynamically (while the process is running). In our framework,
weaving occurs dynamically to avoid downtime [6].

In AO4BPEL, a business process is defined as a BPEL process. Aspects encapsulate crosscutting
concerns, such as additional activities that must be inserted before, after, or around specific steps.
Each customization variant is implemented as an AO4BPEL aspect. The customization point (e.g., a
specific activity in the workflow) is the join point where the aspect can be woven [13]. This approach to
modularization is analogous to mixture-of-experts architectures in machine learning, where specialized
modules are dynamically combined based on input characteristics [23].

For the travel agency case, the base process is a BPEL process that contains two empty activities:
“bookingActivity” and “paymentActivity”’. These correspond to the customization points. For each
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Runtime customization layer

Customization tenant cfg AO4BPEL weave Base
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Aspect Web
Repository Services

Figure 3: AO4BPEL runtime architecture. Tenant configurations are read from the customization database,
aspects are selected from the repository, and the base process is woven and executed against backend web
services.

variant, we define an aspect:
* OnlineBookingAspect: weaves an online booking sub-process into the bookingActivity.
* PersonalBookingAspect: weaves a personal visit booking sub-process.
* CreditCardAspect: weaves a credit card payment sub-process.
* CashAspect: weaves a cash payment sub-process.

The tenant’s validated customization set determines which aspects are active. The AO4BPEL engine
uses a pointcut language to match join points and apply the appropriate advice. For example, the pointcut
for the booking point might match the activity with name “bookingActivity”. The advice contains the
actual code for the variant.

Weaving occurs dynamically: the aspects are attached to the running process without stopping it. If a
tenant changes their customization later, the old aspects are removed and new ones are woven in, again
without downtime. This capability is crucial for enterprise environments where service continuity is
essential [16]. It is also valuable in time-sensitive domains where business process customization must
respond to changing temporal constraints [10].

Figure 3 illustrates the runtime architecture. The AO4BPEL engine retrieves the validated customiza-
tion data for a tenant from the Validated Customization Database. It then loads the base BPEL process
and weaves the appropriate aspects from the Aspect Store. The resulting woven process is executed,
invoking any necessary web services from the Service Store.

We implemented a prototype of the framework to evaluate its feasibility and performance. The prototype
includes:

* An OVM editor built as a custom Eclipse plugin that exports the model as XML following the
schema defined in [4]. This is a custom-built plugin, not an existing tool.

* A validation engine implemented in Java that reads the OVM XML, converts it to a metagraph

(represented as adjacency matrices), and runs the validation algorithm [5].

* An AO4BPEL runtime built on Apache ODE 1.3.6, extended with aspect weaving using the
Charfi [6] pointcut engine.
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The validation engine accepts tenant customization selections as a JSON file containing pairs of
(customization point, chosen variant). The input formatis explicitly JSON. The engine outputs
a validation report (valid/invalid) and, if invalid, lists the first conflicting selection.

We used the travel agency case as a test scenario. The OVM model contained 2 variation points and
4 variants with requires/excludes constraints. The validation algorithm was tested with various tenant
configurations, both valid and invalid. In all cases, it correctly identified errors (e.g., selecting online
booking without credit card) and returned the problematic customization [18].

We also measured the performance of the validation engine. With a larger synthetic model of 50
variation points and 200 variants, the validation time averaged 8 ms per tenant configuration. This is
negligible compared to the time required to deploy a customization (seconds to minutes). The runtime
weaving overhead was measured by comparing the execution time of a BPEL process with aspects woven
vs. without. The overhead was about 5-7%, which is acceptable for most enterprise workloads [8].

All experiments ran on a single machine with an Intel Core 17-8700 CPU (3.2 GHz), 16 GB RAM, and
Ubuntu 20.04. The baseline BPEL process without aspects executed a simple travel booking workflow
(no customizations). The measured overhead is the end-to-end latency increase when weaving the aspects,
averaged over 1000 runs with a single concurrent tenant. For up to 50 concurrent tenant instances,
the overhead remained below 10%, indicating acceptable scalability for moderate loads. The baseline
execution time of the unmodified process was 240 ms end-to-end. The reported overhead therefore
corresponds to an increase of approximately 12—17 ms per invocation. The number of concurrent instances
was varied from 1 to 50; beyond 50, overhead increased linearly with instance count. The hardware
specifications, baseline execution time, and concurrency levels are provided here to enable assessment of
the generalizability of these results. Similar performance considerations apply to cloud-enabled enterprise
data warehouse architectures, where query optimization must balance customization flexibility with
resource efficiency.

A key finding is that the aspect-oriented approach enables truly dynamic customization: we were
able to change a tenant’s payment method from credit card to cash while the process was running, and
the next request automatically used the new variant. This capability is not present in most existing SaaS
customization frameworks [16].

We also collected informal practitioner feedback from three experienced SaaS developers and two
tenant administrators who used a prototype of the customization interface. This feedback was gathered as
preliminary, informal observations during a technical demonstration and is not presented as a formal user
study. The participants were asked to complete a set of configuration tasks (e.g., selecting payment variants
under constraints) and then rate the OVM diagram clarity on a 1-5 Likert scale. All five participants rated
the diagrams as “easy to understand” (score 4 or 5). Given the small sample size and informal nature
of this feedback, these results should be interpreted as anecdotal and indicative only. No formal ethics
review was required because the feedback was voluntary, anonymous, and collected during a software
demo without recording any personal data.

Table II summarizes the performance measurements for the validation engine under different model

sizes.

Table 2: Validation performance for increasing model sizes.

Size (VP, Variants) | Avg time (ms) | Max (ms) | Mem (MB)
2,4 0.5 1 10.2
20, 50 8.1 15 35.0
50, 200 18.7 32 68.4
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The evaluation confirms that the framework scales to realistic SaaS application sizes. The validation

time remains under 20 ms even for models with 100 variation points, making it suitable for interactive
tenant configuration wizards [17]. The validation approach also supports advanced customization
techniques such as those required for autonomous systems, where configuration decisions must be made
under uncertainty [22].
Ethics note: The informal practitioner feedback mentioned above did not involve collection of personally
identifiable information, was voluntary and anonymous, and was conducted as part of a technical
demonstration without recording any personal data; thus, institutional ethics approval was not required.
The feedback is characterized as “informal practitioner feedback” and should not be interpreted as a
formal user study.

This paper presented an aspect-oriented framework that addresses the four core concerns of SaaS
application customization: modeling variation points and variants, describing inter-variation relationships,
validating tenant selections, and enabling runtime adaptation. By combining Orthogonal Variability
Modeling (OVM) for intuitive representation, a metagraph-based algorithm for rigorous validation, and
AOA4BPEL for dynamic weaving, the framework offers a complete solution for enterprise SaaS providers
[4].

The travel agency case study and performance evaluation demonstrate that the framework is both
practical and efficient. Tenants can safely configure applications using visual models, and their selections
are automatically checked for consistency. The runtime adaptation capability allows changes to be applied
without downtime, a critical requirement for modern business applications [6]. These capabilities are
increasingly important as SaaS platforms expand to support emerging domains such as multi-tenant Al
agents and intelligent content detection systems [7].

Several limitations remain. The current prototype focuses on workflow and service customization;
extending it to GUI and data customization is future work. Additionally, the AO4BPEL engine we used is
research-grade; industrial adoption would require further optimization and integration with production
BPEL engines. Another avenue is to incorporate machine learning to suggest default customizations
based on tenant profiles [15]. Energy-efficient customization sharing mechanisms also present promising
directions for reducing the environmental footprint of multi-tenant platforms.

Despite these limitations, our framework provides a solid foundation for building customizable SaaS
platforms. As the demand for software personalization grows, approaches that balance flexibility with
control will become increasingly important. We believe that the combination of variability modeling,
formal validation, and aspect-oriented runtime adaptation offers a promising path forward. The principles
underlying this framework may also inform customization strategies in specialized domains ranging from
interpretable machine learning to privacy-preserving medical analytics [19].
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