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Abstract

Goal-oriented requirement language (GRL) models focus on to-be-determined
requirements and are widely applied to initial requirement modeling of business
systems, where the correctness of these models affects the development quality
of business systems. Given that the formalization of business goal models can
verify model correctness, this paper proposes a method for formalizing GRL
models using category theory. First, based on the GRL meta-model structure,
the morphism mechanism in category theory is applied to formally describe the
relationships between nodes in GRL models, such as goal-to-goal, goal-to-task,
and task-to-task relationships. Then, by adding initial and terminal objects
to the category model, adjacent sequences are designed to represent the causal
relationships among the implementation of multiple goals and tasks. Finally,
the structural properties of correctness for business goal model systems are
designed. Experiments applying the Web Payment system demonstrate that the
formalized business category model can verify the correctness of GRL models
and improve the quality of goal modeling.
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Abstract: The Goal-Oriented Requirement Language (GRL) focuses on captur-
ing tentative requirements and has been widely applied to initial requirements
modeling for business systems. The correctness of GRL models significantly im-
pacts the development quality of these systems. Since formalizing business goal
models can verify their correctness, this paper proposes a method for formaliz-
ing GRL models using category theory. First, based on the GRL meta-model
structure, we apply the morphism mechanism from category theory to formally
describe relationships between goal nodes, between goal and task nodes, and be-
tween task nodes. Then, by adding initial and terminal objects to the category
model, we design neighborhood sequences to represent the causal relationships
among multiple goals and task implementations. Finally, we design structural
properties for verifying the correctness of business goal model systems. A case
study using the Web Payment system demonstrates that the formalized business
category model can verify GRL model correctness and improve the quality of
goal modeling.

Keywords: GRL model; category theory; model formalization; model correct-
ness verification

0 Introduction

Capturing clear and explicit business goals is crucial for business systems. Conse-
quently, the appropriateness, completeness, clarity, and consistency of business
goal models significantly influence software quality [1]. Goal-Oriented Require-
ments Engineering (GORE) views business systems and their environments as
collections of active components that can constrain their behavior to ensure
mandatory task enforcement [2,3]. The Goal-Oriented Requirement Language
(GRL), developed by the Osis team, is a language that supports goal-oriented
modeling [4,5]. Tt focuses on tentative requirements analysis for capturing busi-
ness system goals, developing alternative solutions, and determining goal contri-
bution values [2,7]. GRL models can effectively define initial system problems
and have been widely applied to initial requirements modeling for business sys-
tems [1,6,8].

GRL allows business analysts and developers to describe system goals, tasks,
softgoals, and other information using graphical notations. However, these nota-
tional descriptions [4] do not include complete goal model semantics [9], making
GRL model correctness difficult to verify [10]. Since goal models’ constraint rela-
tionships can handle interdependencies between business goals, Popova et al. [11]
proposed a comprehensive formal framework for goal-oriented approaches that
uses predicate language to formalize hard goals, soft goals, goal constraints, goal
decomposition, and goal refinement. Giachetti et al. [12] applied model-driven
methods to design specific Object Constraint Language (OCL) rules for verifying
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goal requirements models. Mendonga et al. [13] proposed a context-based for-
mal method for a goal-oriented dependency analysis framework to help experts
evaluate design-time and runtime dependability in different contexts. Diaman-
tini et al. [14] designed an ontology-based goal modeling method. While these
formal methods can effectively formalize goal model elements and verify cor-
rectness, they are somewhat inadequate in characterizing relationships between
goal nodes.

Category theory uses abstract methods to describe mathematical structures and
represent relationships between structures [15]. It formalizes specific categories
using “objects” and “morphisms” and can be used to discover and verify con-
nections between structures in different domains [16]. In software engineering,
researchers have used category theory to formally analyze software architec-
tures [17~19]. Therefore, this paper leverages category theory’ s advantages in
describing structures to formalize business goal models, using “morphisms” to
characterize relationships between business goal nodes and thereby verify the
correctness of goal models.

1 GRL Model

GRL can identify stakeholders (actors) and their intentions (goals, tasks, and
softgoals), as well as graphically distinguish functional requirements (goals,
tasks) from non-functional requirements (softgoals) [20]. Its meta-model struc-
ture is shown in [Figure 1: see original paper]. GRL’ s focus lies in extracting
initial business goals—identifying each participant’ s business goals from the per-
spectives of different end-users and business collaborators, then analyzing the
relationships among these business goals [21].

The basic modeling elements of GRL are shown in [Figure 2: see original paper].
GRL consists of three categories: intentional elements, intentional relationships,
and actors. Intentional elements include goals, tasks, softgoals, and resources.
Intentional relationships include decomposition, contribution, correlation, and
dependency. These elements and relationships enable models that can answer
questions such as: Why are specific behaviors, information, and structures se-
lected to describe system requirements? What alternatives should be consid-
ered? What criteria should be used to evaluate alternatives? And what reasons
justify selecting one alternative? Therefore, a GRL model can be considered as
comprising actors, the set of goals or tasks that actors need to accomplish, and
linking elements.

2 Formalization of Business Goal Models

Since any goal model system must have initial and terminal goal objects, the
key theoretical contribution of this paper lies in identifying initial and terminal
objects within the category model. The formal description is as follows: Suppose
an initial object I exists in category C, where every object in C except I must
be the codomain of some specific morphism, while [ is only the domain of some
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morphism. That is, there exists an object X in C such that there is a unique
morphism from I to X. Therefore, object I can be considered the initial goal
object of category C.

Suppose a terminal object T exists in category C, where every object in C except
T must be the domain of some specific morphism, while T is only the codomain
of some morphism. That is, there exists an object X in C such that there is
a unique morphism from X to T. Therefore, object T can be considered the
terminal goal object of category **C*. Identifying initial and terminal objects
facilitates complete formal description of business goal models.

Definition 1. Based on category theory, a system’ s business goal graph can
be defined as a function where: F is the set of edges, V is the set of nodes. Let
, where represents the source node of e, and represents the target node of e as
an ordered pair, i.e., . Let denote the set of arrow characters (arrow set), and
denote the set of node characters (object set). Then a business goal graph can
be defined as a system [22], i.e., , where:

o A represents actors, i.e., participant objects in the goal system, correspond-
ing to business participants in the business system.

o represents the set of morphisms, where represents morphism type “Decom-
position,” indicating decomposition of a business goal node into several
business task nodes; represents morphism type “Contribution,” indicating
that a task node contributes to other task nodes or goal nodes; repre-
sents morphism type “Dependency,” indicating that a task node has a
dependency relationship with other task nodes or goal nodes.

o represents the set of nodes, corresponding to business services or business
activities in the business system, where represents the node name and rep-
resents the node type. indicates node type “goal,” representing functional
goals in the business system, corresponding to business service concepts;
indicates node type “task,” corresponding to business task concepts; indi-
cates node type “softgoal,” describing non-functional requirements in the
business system; indicates node type “resource,” representing resources
needed to achieve business goals. These nodes typically belong to a par-
ticipant component, so each actor corresponds to a node set.

e represents the source mapping.

e represents the target mapping.

e represents the mapping of arrow character sets.

o represents the mapping of node character sets.

Therefore, a goal model system can be represented as . Several clarifications:

a) If and are both empty sets, then G is called an empty discrete goal model
system.

b) If is an empty set, then G is called an empty goal model system.
¢) If and are both finite sets, then G is called a finite goal model system.
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d) If exists as an ordered pair and the ordered pair is a finite set, then G is
called a local goal model system.

e) If exists as a unique ordered pair, then G is called a simple goal model
system.

f) For any morphism , the source node of morphism is , and the target node
of morphism is .

Based on the above clarifications:

Theorem 1. Let be a goal model system, and .
Proof. If morphism exists--

Definition 2. For any goal model system G, if morphism exists, and G also
contains morphism , then morphisms and are identical with respect to .

Definition 3. For any goal model system , if the following conditions hold: ,
then is called a sub-goal model system of , denoted as . If , then is called a
proper sub-goal model system of . If , then is called a wide sub-goal model
system of . If for all , then is called a complete sub-goal model system of .

Thus, a sub-goal model system shares the same semantics as its parent goal
model system and represents a goal node within the parent system. This sub-
goal model system is independent and reusable.

Definition 4. For any goal model system , if nodes and satisfy the following
conditions: , then a temporary morphism must be added between nodes and ,
indicating that nodes and have a bi-morphism property. This represents that
nodes connected by dependency relationships in the goal model system belong
to different actors, and the execution results of target node tasks must return
to source node tasks.

This definition is illustrated in [Figure 3: see original paper], showing that
nodes A, B, and C belong to different actors. Since dependency relationship
exists between node A and node B, node B’ s execution results must return to
node A. Similarly, dependency relationship exists between node C and node B,
so node C’ s execution results must return to node B. According to Theorem 1,
nodes A and C also have a dependency relationship, thus morphism exists, and
node C’ s execution results must ultimately return to node A.

Definition 5. For any goal model system , if node satisfies the following condi-
tions: , then is called the initial object of goal model system G. If node satisfies:
, then is called the terminal object of goal model system G.

Definition 6. For any goal model system , if the following conditions are
satisfied: , then there exists a goal neighborhood sequence representing an action
sequence of a task in the goal model system. Simultaneously, there exists a
neighborhood sequence set representing the set of all nodes in this sequence.
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3 Structural Properties of GRL Model Correctness

Popova et al. [11] define goal model correctness as verifying whether conflicts
exist between business goals. Giachetti et al. [12] consider goal model correct-
ness as verifying whether business goals and resources are associated with actors
and whether business tasks are associated with entities or resources. This pa-
per defines goal model correctness as formally verifying that: no isolated goal
nodes exist in the model, no closed-loop goal neighborhood sequences exist, and
intentional relationships connect business goals.

Definition 6. For any goal model system , the following conditions must hold:
[The definition appears to be repeated here in the original text; we maintain
the structure.]

Theorem 2. A correct goal model system is connected.

Proof. First, we prove that no nodes in the goal model system are isolated. Then
we prove that any node can be reached from the start object and can reach the
terminal object. This proves the model is connected.

a) If for every , then is the initial object of goal model system G.
b) If for every , then is the terminal object of goal model system G.
c¢) If is both an initial and terminal object, then is a zero object.

Theorem 3. A correct goal model system has no cycles.

Proof. For any goal model system , applying Definition 4, G has initial and
terminal objects. Applying Definition 6, all nodes in G are in the neighborhood
sequence set and satisfy Theorem 2. Therefore, G is cycle-free, meaning each
neighborhood sequence represents a system function. Otherwise, the system
would lack a clear start or terminal object, indicating a closed-loop situation
where at least one infinitely looping neighborhood sequence exists, which indi-
cates problems in the business system’ s goal model.

Theorem 4. A correct goal model system satisfies the “goal-assignment” rela-
tionship.

Proof. For any goal model system , where represents a business goal in the sys-
tem, this goal is decomposed into three sub-goals . In the goal system, represents
the global goal, while represent local tasks. Morphism exists:

Business goal models capture initial requirements of business systems by divid-
ing functional modules into a series of task steps. Decomposed goals represent
global goals. During goal decomposition, sub-goals must not conflict—implemen-
tation of one sub-goal cannot cause failure of another (i.e., sub-goals must not
have dependencies that invalidate each other’ s preconditions or postconditions).
Additionally, sub-goals must not conflict with global goals: global goal realiza-
tion requires all sub-goal realizations, and if any sub-goal fails, the global goal
cannot be achieved. Therefore, node elements in the goal model system satisfy
the “goal-assignment” relationship.
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Theorem 5. A correct sub-goal model system should share the same seman-
tics as its parent goal model system, not exceed the parent’ s resource usage
boundaries, and have common softgoals.

Proof. For any goal model system , if , then is a sub-goal model system of G
sharing the same semantics. Let represent all resource node sets and softgoal
node sets in goal model system G. If | then the sub-goal model system ngl’
s resources do not exceed the parent system’ s boundaries and share common
softgoals.

4 Case Study: Web Payment System
4.1 Modeling Environment

The running example in this paper comes from the Web Payment business sys-
tem in the W3C standard document [23]. The scenario is described as follows:
First, a customer browses products on an online shopping site. The customer
then selects products and adds them to the shopping cart. Once the customer
places an order, they must log into their account and provide their bank account
or other payment information (Alipay, Google Wallet, Apple Pay, etc.) to the
online shopping site, which also requests verification codes. The online shopping
site submits the user’ s payment information to the financial company, and both
the customer and online shopping site receive payment credentials from the fi-
nancial company. Finally, the online shopping site sends a digital receipt to the
customer, and its shipping department delivers the product to the customer.

4.2 Business Goal Modeling

Business goal modeling is completed through the following activities: (a) Extract
and analyze nouns and verbs from natural language descriptions of business
requirements to identify actors and functional intentional elements; (b) Classify
related intentional elements under actors, showing that each element is enacted
by a specific actor; (c) Establish intentional relationships between elements.
Through scenario analysis of Web Payment and application of these three GRL
modeling activities, the initial goal model of the Web Payment system is shown
in [Figure 4: see original paper]. The intentional relationships indicate that
whether customers receive good online shopping services depends entirely on
services provided by the online shopping site system. For example, a dependency
relationship exists between the goal “gain goods options” and the task “provide
goods options.”Interaction between the customer and financial company depends
on services provided by the online shopping site.

4.3 Formalization of Business Goal Models

Based on Definition 1, the formalized GRL model for the Web Payment system
has node information listed in . Therefore, the Web Payment business system’
s goal model can be defined as a graph category:
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where represents arrows for decomposition relationships, represents arrows for
dependency relationships, and represents arrows for contribution relationships.

The node character set is:

where the actor set A is:

The source mapping s and target mapping ¢ are:
The arrow character set is:

Based on these definitions, [Figure 5: see original paper] shows the formalized
graph category model of the Web Payment system’ s GRL model.

4.4 GRL Model Correctness Verification

[Figure 5: see original paper] clearly shows that causal relationships in functional
aspects can be characterized through intentional relationships. According to
Definition 6, node ng! is the initial object of the Web Payment system goal
model, while nodes nt1, nt2, nt3, nt4, ntd, nt6, nt8, nt9, nt10, and ntll are
terminal objects. Multiple morphism sets exist, one of which is:

The entire formalized goal model contains multiple neighborhood sequences,
including:

These neighborhood sequences describe the implementation processes of busi-
ness goals such as product searching, ordering, and payment. Therefore, we
must use the formalized model to verify: whether isolated nodes exist, whether
any neighborhood sequences contain cycles, and whether the “assignment” re-
lationship holds between global goals and subtasks.

We verify the correctness structural properties defined in Section 3:

a) Isolated node verification: The above neighborhood sequences cover
all nodes in the model. The model’ s neighborhood set is:

This shows that all nodes in the model are non-isolated, meaning the goal model
system is connected.

b) Cycle verification in neighborhood sequences: Applying Theorem
3, the goal model system contains no infinitely looping neighborhood se-
quences, indicating the system is cycle-free.

¢) Global goal and subtask assignment verification: Applying Theo-
rem 4, the system contains four global goals: “gain goods options,” “online
payment,” “provide goods options,” and “offer payment service.” Each
global goal is decomposed into several subtasks without dependencies be-
tween them. Only when all subtasks are completed can the global goal
be achieved. For example, the goal “offer payment service” requires com-
pletion of five subtasks: “offer payment instrument,” “initiate payment
authorization,” “authorize transfer,” “complete transfer,” and “send dig-

ital receipt.” If any subtask fails, the goal “offer payment service” is not

” o«
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achieved, indicating an exception in payment service. Therefore, the goal
model satisfies the “goal-assignment” relationship.

Based on these three correctness structural properties, we can verify that the
goal model shown in [Figure 4: see original paper] is correct.

From a semantic perspective, neighborhood sequence Neighbor-S1 (shown with
thick arrows in [Figure 5: see original paper|) represents a complete online
shopping business process on the Web Payment system. Due to the defined bi-
morphism property between goal-type nodes, neighborhood sequence Neighbor-
S4 represents the function where users re-query products when dissatisfied with
search results from the online shopping site. Neighbor-S5 indicates exceptions
during payment or user-initiated payment abandonment. While other causal
sequences like Neighbor-S2 and Neighbor-S3 exist, domain experts and business
analysts can use their expertise to analyze their semantics and determine these
sequences are incorrect. Therefore, all correct neighborhood sequences in [Figure
5: see original paper| can cover all functional features of the Web Payment
business system.

5 Conclusion

This paper addresses GRL goal model correctness verification by extending tra-
ditional category theory and designing a graph category approach to formalize
GRL models. We define structural properties for verifying goal model correct-
ness. This method formalizes GRL model syntax and semantics, designs formal
structures for business goal systems, defines bi-morphism properties and goal
system neighborhood sequences, and designs structural properties including con-
nectivity, cycle-freedom, and “goal-assignment” relationships for verifying GRL
model correctness.

The Web Payment case study demonstrates that the designed morphism sets
can comprehensively describe relationships between nodes in goal models. By
formally defining initial and terminal objects of goal systems, the designed neigh-
borhood sequences can completely describe business functions in goal models.
Compared with Popova et al.” s predicate method [11] and Diamantini et al.” s
ontology-based goal model [14], our formalization method offers advantages in
characterizing relationships between goal model nodes.

However, the current formalization is manually generated. To ensure every node
in the goal model system can be traversed, the neighborhood sequences contain
numerous invalid sequences. Therefore, future work must address automatic
execution of formalization and further filtering of effective system sequences to
improve formalization efficiency.
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