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1. INTRODUCTION 

This paper presents an agent-based model to support the formation of 
Virtual Enterprises, where the partners of a Virtual Enterprise are 
represented by software agents. The model describes the main 
concepts: goals, activities, roles, the requirements for the roles, the 
agents' skill and competencies and the relationships among these 
different concepts. We believe that in order to be able to provide the 
necessary support, the model must be able to provide answers to 
questions such as what are the skills required to peiform a particular 
activity, or what goal(s) does a partner contribute 10? We evaluate 
our model by applying such questions derived from literature and a 
series of case studies. 

A Virtual Enterprise (VE) is a scenario where a number of units (or partners), who 
may be human beings, organisations or software agents, collaborate to achieve the 
goals of the VE. In this paper, we consider an agent-based model of a VE, where the 
partners in a VE are represented by software agents (or agents). Our model is based 
on the ideas of Enterprise Modelling where the model describes the main concepts: 
goals, activities, roles, the requirements for the roles, the agents' skill and 
competencies and the relationships among these different concepts. We focus on the 
formation phase of the lifecycle of a VE, where the model supports this process by 
providing information about the roles of the VE, the requirements for the roles and 
the relationships of the agents to the rest of the entities in the model. However, the 
role of models is no longer just that of an information repository; rather models are 
now required to support decision-making and to answer queries about what it 
represents, [6]. 

Although there are a number of ways of modelling an enterprise, (see [14] for an 
overview), there is no clear way to evaluate an enterprise model, [4]. Fox et. al. 
identified the need for the evaluation of models for a number of reasons such as the 
need to identify when the modelling is completed and the model should be made 
operational or to judge the correctness of the representation. The notion of 
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competency questions was introduced, where the competency of a model is its ability 
to answer questions or its deductive capability. We have chosen the idea of 
competency questions to evaluate our agent-based model of a VE. Our aim is to 
design a set of questions to evaluate our model, which can also be used as an 
evaluation framework for agent-based models to support the formation of VEs. 

In this paper, we describe how our model is evaluated using a set of competency 
questions, derived from literature and a series of case studies. The remainder of this 
paper is organised as follows: Section 2 describes the notion of competency 
questions, Section 3 gives an overview of our model, Section 4 gives a brief 
description of the industrial case studies, Section 5 provides the list of competency 
questions, Section 6 describes the evaluation conducted by querying the model, 
Section 7 discusses the results of the evaluation and Section 8 concludes this paper. 

2. COMPETENCY QUESTIONS 

A model's ability to answer a set of questions gives an indication of the competency 
of a model or how well it supports problem solving. Competency questions 
represent a set of tasks that arise in enterprise engineering and the requirements on 
the enterprise model that is required to represent the tasks and their solutions, [6] 
and [7]. These requirements are formulated as a set of questions that the model is 
required to answer. 

One of the advantages in using competency questions is that they can be 
informal questions that can be answered informally or they can be specified formally 
to provide a more precise evaluation of the model. The idea of competency 
questions was applied in [5], where they described a set of questions that were 
answered by an enterprise model described in First Order logic, using deductive 
reasoning. Their model focussed on the operational aspects of an enterprise and 
answered questions with respect to planning and scheduling, temporal projection 
and execution and monitoring of events. 

There are several ways of evaluating models; for example, agent-based systems 
can be evaluated by formal methods such as model checking, (e.g. [16]), where a 
system is verified against its specifications. A framework for evaluating the quality 
of interactive and conceptual models was presented in [9]. In [10], a framework for 
comparing and evalutaing information models was presented. Other approaches for 
evaluation of models include case studies, [17]. Although there are approaches to 
evaluate a conceptual model and agent-based system against their specifications, 
there is no established means of evaluating Enterprise Models. We have used case 
studies to evaluate our approach in general and to strengthen our set of competency 
questions. 

3. MODEL OF A VIRTUAL ENTERPRISE 

An agent-based model for a VE was proposed in [12], where the entities in a VE and 
their relationships were described; see Figure 1. The model consists of the goals of 
the VE, the activities that must be performed to achieve the goals, the roles to 
perform the activities and the requirements for the roles. Agents can be selected to 
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fill the roles, where the capabilities of an agent must meet the requirements for the 
roles. The entities in the model are defined in terms of a set of attributes. The main 
inspiration for our model is TOVE (TOronto Virtual Enterprise), [3], where a formal 
description of an enterprise is given. 

In our model, we use predicate calculus to describe the entities and their 
attributes and the relationships between the entities. A set of rules defines how the 
model can be used and the kinds of operations or queries that can be performed on 
the model. We believe the model must be described in a way that is understandable 
for the users. Our model aims to address the formation of VEs in industry and thus 
our users will be the VE engineers working in industry. While a formal 
representation of a model will provide easy conversion to a computer-based model, 
non-logicians do not always understand it. In this paper, we have adopted a semi
formal approach to describe the contents of our model, where the descriptions of the 
entities and their relationships are specifications for a formal model. 

Figure 1: Model of a Virtual Enterprise 

A description of the complete model is beyond the scope of this paper. However, 
we will describe the model briefly by illustrating a few examples of how the entities 
in the model can be represented. For example, the goal of the VE can be represented 
as a goal structure, where the main goal can be decomposed into sub-goals. 
Similarly, the activities are also a structure of activities and sub-activities. Each goal 
or sub-goal is represented as a set of attributes; the name of the goal, the product 
area that the VE intends to worUn, the delivery date for the product and the total 
amount of money that the VE can spend to achieve the goal. The goal and the goal 
structure are represented (in Prolog clauses) as follows: 

goal (goal_name, product_area, deadline, max_cost). 
is_sub_goal(goall, goa12). 

A similar lepresentation is used to define the activities and its attributes and the 
activities structure of the VE. The relationships between the entities in the model can 
be represented as follows: 
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achieved_by (activity, goal). 
performed_by (role, activity). 
filled_by (agent, role). 
requires (requirements, role). 
assigned_to (activity, agent). 
is_assigned (goal, agent). 
meets (requirements, agent). 

Additional indirect relationships between the entities can be defined by using 
rules; e.g., the relationship between an agent and an activity can be defined using the 
following Prolog-like rule: 

performs (role, activity, agent):
performed_by (role, activity), 
requires (requirements, role), 
meets (requirements, agent). 

4. DESCRIPTION OF THE CASES 

We have tried to cover a variety of application domains in our case studies. We 
primarily looked for situations where a VE was formed with a set of partners that 
could be either individuals or organisations. Details of the case studies are available 
from [11] and [13]. The questions that they would like the model to answer were 
obtained through interviews and discussions. Below is a brief overview of the case 
studies: 

• Company A: Small Consulting Company: An independent private consulting 
company that offers all aspects of business, financial, economic and social 
consulting services. It maintains a database of highly qualified consultants in 
various fields and draws upon these resources to form the teams that work on 
their projects. These consultants are analogous to the partners of the VE. 

• Company B: Student Project Groups: A company that operates in the oil and 
offshore industry, on a global scale. The particular scenario that we analysed 
was the selection of several groups of students who will work together as teams 
during their summer holidays on some projects specified by Company B. Each 
team, in this case can be considered as aVE. 

• Company C: Building Construction Project: Company C is hired by a 
customer to assist them to evaluate bids in the selection of a contractor for large 
scale projects in various domains; e.g. in the construction industry for the 
construction of a hospital. They specialise in the selection of the project team or 
the partners of the VE that will eventually be formed to deliver to the customer. 

5. FORMULATING A SET OF COMPETENCY QUESTIONS 

The main challenge in using competency questions to evaluate the model is the 
design of an appropriate set of questions. For our work, the main purpose of the set 
of competency questions is to check if the model is adequate to support the 
formation of VEs. We consider 2 crucial questions in organisational design, raised 
by Bemus et. aI., [1], : 
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1. How can the task structure of an enterprise be designed to form a 
coordinated whole? 

2. What task allocation to humans (or groups) ensures that the enterprise will 
act to satisfy its objectives? 

We believe that these questions can be used as guidelines in defining a set of 
detailed questions that can be used to evaluate our model. These questions are rather 
highlevel and need to be elaborated and expressed in more detail to be able to use 
them as an evaluation framework for YEs. The notion of "coordination", addressed 
in question 1, can be viewed from different perspectives, e.g. from an organisational 
perspective, to manage the products and resources, [2]. We consider coordination 
from an agent-based perspective, where coordination can be the process in which the 
agents ensure that a community of individual agents acts in a coherent manner, 
through joint intentions and plans or by sharing common goals, [8]. We interpret the 
notion of "objectives", addressed in question 2, as the goals of the VE. Based on 
these ideas, we can formulate the following questions: 

QI: Do all agents contribute to the goals of the VE? 
Q2: Have all goals been assigned agents? 
Q3: How well does the agent meet the requirements for the role? 
Q4: Is the agent working on any other sub-goals of the VE at the same 
time? 

In addition to the above questions, we have also obtained some questions based 
on industrial case studies. 

QS: How can we know when VE formation is completed? 
Q6: What are the skills required to perform a particular activity? 
Q7: Which activities and goals are affected by the lack of a particular skill? 
Q8: Which activities are dependent on each another? 

6. QUERYING THE MODEL 

In this section, we describe how the model can be used to provide answers to the 
competency questions. The model can be queried using a set of prolog-like rules and 
we present the pseudo-code for these rules. 

QI: Do all agents contribute to the goals of the VE? 
This question can be asked to determine if all the agents work towards achieving the 
goals of the VE. If all the agents in the model are assigned a sub-goal of the VE, 
then they contribute towards the goals of the VE. 

if (performs (role, activity, agent) and 
achieved_by (activity, goal)) 

then is_assigned (agent, goal). 

for all agents, 
if (is_assigned (agent, goal)) 
then (all agents contribute to the goals of the VEl. 

The statement is_assigned (agent, goal) can also be used to identify the sub
goal(s) that each agent contributes to. 
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Q2: Have all goals been assigned agents? 
This question is related to Ql and help answer if work is done to achieve all the 
goals in the VE. 

for all goals, 
if (is_assigned (agent, goal» 
then (all goals have been assigned agents). 

Q3: How well does the agent meet the requirements for the role? 
The requirements for a role are matched against the capabilities of an agent and 
agents that meet the requirements are selected. The requirements of a VE or the 
capabilities of an agent are a list of attributes; the capabilities will be structured as 
the requirements (the requirements reflect the invitation to bid). The requirements or 
the capabilities may be described as a flat or nested list of attributes. The general 
rule for matching agents to roles can be described as follows, where the rule 
match (requirements, capabilities) can be defined as required: 

if (has (agent, capabilities) and 
requires (requirements, role) and 
match (requirements , capabilities» 

then meets (requirements, agent). 

The matching process in itself is not a simple process; it can involve matching 
several types of requirements such as skills, availability and price. We consider a 
simple example where some skiIIs are matched, using the following Prolog-like rule: 

match (requirements , capabilities):-
capabilities (skills (List_of_skills), 

Experience (Experience) , 
Performance (Performance) , 
commitment(Commitment», 

requirements (skills (Req4-list_of_skills), 
experience (Req4-experience), 
performance (Reqd-performance), 
commitment(Reqd_commitment», 

list_member (Reqd_Iist_of_skills, List_of_skills), 
Experience >= Reqd_experience, 
Performance >= Reqd-performance, 
Commitment >= Reqd_commitment. 

Q4: Is the agent working on any other sub-goals of the VE at the same time? 
It can be important to identify if an agent is working towards more than one sub
goal for several reasons such as to identify sub-teams within the VB (assuming that 
members of a team share a common goal). It could also help identify if an agent 
performs more than one role simultaneously. In this situation, it might be necessary 
to reconsider an agent's time allocation and assignment of activities. This question 
wiII thus help identify situations that may require negotiation upon an agent's use of 
time. 

For any agent, if the statement is_assigned (agent, goal) is true for more than 
one value of goal, then the agent is assigned to more than one sub-goal of the VE. 
The same line of reasoning can be used to identify agents that work towards the 
same sub-goal of the VB. 
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Q5: How can we know when VE formation is completed? 
Since the fonnation of the VB is one phase in the lifecycle of the VE and the 
operation of the VE is dependent on the fonnation of the VE, this is an important 
question. The VE fonnation process is completed when agents are assigned to all 
roles. (We assume that the model of the VE is complete such that all goals are 
assigned activities and that all activities have roles to perfonn them.) The following 
rule can be used to check if all roles have agents assigned to them: 

for all roles, 
if (performs (role, activity, agent» 
then (VE formation is complete). 

Q6: What are the skills required to perform a particular activity? 
Skills are often the most important requirements for roles, specially for activities 
that require high specialisation of skills, e.g. the design of a hospital in Company C. 

if (performed-py(role, activity) and 
requires (requirements (Skills, availability, 

price), role») 
then (skills required for activity = Skills). 

Q7: Which activities and goals are affected by the lack of a particular skill? 
The lack of a particular skill or competence can have significant consequences for a 
VE, e.g. it can be expressed in tenns of cost or time. For any role where the required 
skill or competence is unavailable, the following rule can be applied to identify the 
activities and goals that will be affected by it. 

if (performs (role, activity) and 
achieved_by (activity, goal» 

then affected_by_lack_of_skill(activity, goal). 

Q8: Which activities are dependent on each another? 
Activities can be dependent on each other due to a number of reasons such as an 
overlap due to their start and completion dates, an output from one activity is an 
input to another and the same agent is performing the activities. The dependencies 
between activity! and activity2 can be defined as follows: 

if (overlaps (activityl, activity2) or 
io_dependency(activityl, activity2) or 
agent_dependency (activityl, activity2» 

then depend(activityl, activity2). 

Then, rules for the different kinds of dependencies, e.g. overlap due to time, can be 
specified as follows: 

if (completion_date (activityl, datel) and 
start_date (activity2 , date2) and 
(datel<date2» 

then overlaps (activityl, activity2). 
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7. DISCUSSION 

In this model, we have focussed on the entities and the relationships between the 
entities. Thus, the questions are focussed on this and they help answer queries 
related to what entity is affected rather than how an entity is affected. For example, 
if we had a question such as "How are the goals affected by the lack of a particular 
skill?", then we would need to enhance the model to be able to provide a complete 
answer to the question. 

The competency questions evaluate the competency of a model. However, for a 
complete evaluation of the model, other characteristics of the model must also be 
evaluated. In [4], Fox et. al. proposed a set of characteristics to evaluate an 
enterprise model. These characteristics are generality, competence, efficiency, 
perspicuity, transformability, extensibility, granularity and scalability. It is 
interesting to view our model in terms of the other evaluation criteria. 

• Generality: although the analysis of the case studies is not discussed in this 
paper, we believe the model can be used for YEs in different application 
areas. 

• Tranjonnability and efficiency: since the model can be described in a formal 
way, it can be easily transformed into a computer-based model that can be 
used for efficient reasoning. 

• Perspicuity: since the model can be described in a semi-formal syntax, the 
users can understand it. 

• Granularity and Scalability: we have focussed on the formation phase of the 
lifecycle of the VE. However, we believe that the model can be enhanced, 
by adding appropriate attributes to the entities, to cover the complete 
lifecycle. We have also identified additional attributes to describe agents' 
capabilities, e.g. an agent's capability to cooperate. 

• Extensibility: the model is designed to cover the generic aspects of aVE, 
such that it can be extended to include other concepts. One such concept 
could be the notion of change, e.g. how do we know when a goal has 
changed? In this paper, we have not addressed issues such as this. However, 
the model can be extended to include rules to detect when a change occurs, 
e.g.: 

if (change_in_goal_attributes(goal) or 
change_in_goal_structure(goal» 

then change_in_goal (goal) . 

8. CONCLUSION 

This paper describes how an agent-based model of a VE can be evaluated using a set 
of competency questions. The set of questions were formulated based on literature 
and some industrial case studies. The aim of this paper is to illustrate that our agent
based model for the formation of a VE can be evaluated using a set of competency 
questions. While the model is able to answer the set of questions adequately, the 
main challenge in this approach is the design of the set of questions themselves. The 
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result of the evaluation of the model is dependent on the relevancy of the questions 
it is asked. 

The set of questions we have used represent the types of questions that a model 
is required to answer. In the future, we plan to enhance this set by extensive review 
of the related literature, for example [15], and case studies in order to present a 
framework for evaluating agent-based models to support YEs. 
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