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PREFACE

Dear reader,
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ence, Aerospace Engineering at the Technical University of Delft. The main body of work is reported on in the
Thesis Paper that is included in this document. The remainder of chapters serve as addition to the paper and
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Regarding this MSc project, I would like to thank Dr. Alexei Sharpanskykh and Dr.ir. Wim Verhagen for their
supervisory roles in this project that combines two fields of research: Agent-based Modelling and Aircraft
Maintenance. Thank you for your availability, constructive feedback and views on the project. I would like to
thank Corina Enache, Anna Aris and Roos Scholten, who formed the team of anthropologists at KLM. They
have shown interest in the research and provided me with great ideas and views on the project and the con-
tribution to practice.

I would like to thank my parents, sister and all other family members for their never-ending support and
interest. A special thanks to my girlfriend Robyn who has spend the most time with me throughout the TU
Delft journey and has supported me at every step along the way. Her endless support, belief and love has
motivated me at times where I needed it.
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Multi-agent Automated Negotiation Approach to Aircraft Maintenance:
Non-routine Materiel Procurement

A.J. Buijze1

Delft University of Technology, Kluyverweg 1, 2629HS Delft, The Netherlands

Abstract

In aircraft maintenance, performance of routine maintenance tasks is prone to generate additional non-routine tasks. These non-
routine tasks relate to solving an unexpected issue and have specific requirements in terms of materiel, tools and manpower. In
existing research regarding optimization of aircraft maintenance environments and schedules, these requirements are assumed to
be in place or not considered at all. In real-life, the required resources may not be in place and retrieving them is subject to human
interactions and decision-making, potentially resulting in delays in the maintenance schedule. This research proposes a novel
methodology to address this problem by developing a multi-agent automated negotiation model capable of simulating negotiations
related to the procurement of required aircraft materials in order to perform non-routine tasks. The proposed model explores
its applicability by incorporating several negotiation strategies, adaptive parameters and negotiation circumstances, e.g. urgency.
The main research question is: In the context of non-routine aircraft maintenance materiel availability, to what extent can multi-
agent automated negotiation be applied to explore effective agent strategies for various negotiation circumstances regarding the
procurement of aircraft components and expendables? The proposed methodology has shown to be very suitable for modelling
negotiation circumstances as evaluation of the model’s performance has resulted in understanding and recommendations to policy
makers concerning what strategy to apply in which circumstance. Variations of circumstances have lead to expected findings,
e.g. increasing urgency results in a sooner delivery of materials, whereas in other situations the model’s KPIs are unaffected by
parameter variations, unexpectedly.

Keywords: Agent-based Modelling, Resource Availability, Multi-attribute Extended Contract Net Protocol

1. Introduction

1.1. Context and Problem
Aircraft maintenance accounts for 10% to 20% of an airline’s
operational costs, depending on the size, age and utilization of
the aircraft fleet [1]. Long-term scheduling of maintenance
activities may result in cost savings while unexpected main-
tenance events disrupt this planning, resulting in an increase
of cost levels [2]. Managing such disruptions involves hu-
man decision-making and interactions [3]. According to Sama-
ranayake and Kiridena [4], 50% of hangar maintenance work
involves performing non-routine tasks that emerge from perfor-
mance of routine inspections or tasks. The requirements for
non-routine task performance in terms of parts, supplies and
time may vary depending on the event, potentially resulting in
costly delays if not directly available [1, 5]. According to inter-
views conducted with aircraft maintenance technicians [6], the
lack of tooling and part availability prevent them from perform-
ing maintenance tasks.

In existing research regarding optimization of maintenance
environments, availability of materials required for non-routine
tasks and human involvement related to retrieving the required
materials are not considered. These gaps are considered in

1Corresponding author. Email: a.j.buijze@student.tudelft.nl

this research by applying Agent-based Modelling (ABM) tech-
niques to the problem. Three main advantages of ABM over
traditional modelling techniques, e.g. top-down, non-linear dy-
namic systems described by differential equations, are that the
ABM approach captures emergent phenomena, provides a nat-
ural environment for researching certain systems and is flexible
[7]. Whereas traditional methods require assuming average be-
haviour of individuals, ABM’s bottom-up approach allows for
local phenomena to be understood and measured on a global
level. ABM is a suitable tool for modelling human and individ-
ual behaviour on a local level represented by agents and agent
reasoning. ABM is effective in simulating agent interactions,
e.g. negotiations, while agents autonomously make decisions.
ABM techniques are used in this research to propose a novel
methodology to simulate negotiations associated with the pro-
curement of aircraft maintenance materials required to perform
non-routine tasks.

As this research addresses availability of non-routine mate-
rials and human interactions involved in the procurement of
these materials, which has not been considered before in air-
craft maintenance research, a specific case study is used to de-
scribe the operational context and the negotiations in the hangar
maintenance environment and procurement process. Elements
from the case are used in the proposed methodology in order to
resemble the real-life procurement process.
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1.2. Case Study
This case study, provided by a major European Maintenance,
Repair and Overhaul (MRO) provider, is comprised from multi-
ple historic events related to unavailability of materials required
to perform non-routine tasks. The case concerns the finding
of damaged seat covers during a scheduled inspection that re-
quire replacement. After consulting multiple sources of infor-
mation, the mechanic finds a central material inventory location
that has the material in stock. The mechanic alarms the hangar
manager that the central inventory must be contacted in order
to retrieve the material. The hangar manager uses its personal
knowledge and experience to assess alternative material suppli-
ers, but eventually initiates negotiations with the central inven-
tory in order to retrieve the material before the end of the day.
By calling the inventory representative, the hangar manager ne-
gotiates over the required material. Eventually, the hangar man-
ager retrieves the required materials and has them delivered at
an agreed moment in time.

1.3. State of the Art and Beyond
Taking the influence of aircraft maintenance operations on air-
line cost levels into consideration, several studies have at-
tempted to minimize cost levels by: optimizing maintenance
schedules [4, 8, 9, 10, 11, 12], including maintenance events
in aircraft routing problems [13], predicting operational fac-
tors that may cause unscheduled maintenance [14] or optimiz-
ing decision-making in case of unscheduled events [1, 15, 16].
Maintenance optimization problems are considered as math-
ematical models and the focus is primarily on mathematical
analysis and techniques [17]. In all studies discussed above,
resources, e.g. spare parts, related to non-routine events are not
included.

Spare part models are normally excluded from maintenance
optimization models, because these focus on inventory control,
according to Dekker [17]. Research concerning inventory con-
trol mainly focuses on forecasting spare part demand and con-
sequently on developing inventory control mechanisms to ful-
fill the demand [18]. Inventory control research does include
spare part demand for unplanned maintenance activities, but
usually resorts to safety stock, i.e. buffers, for covering this
demand [19, 20]. It fails to cover the situation in which mate-
rials or parts are required that are not included in the inventory.
Moreover, according to Sahay [20], there is never a day or hour
that mechanics demand a certain part that is unavailable in the
warehouse. As described by the case study, this statement does
not resemble real operational maintenance. This research con-
tributes to the field of aircraft maintenance by:

• Addressing an operational aircraft maintenance problem
that emerges in real operational maintenance activities,
namely resource unavailability and consequently retriev-
ing these resources.

• Addressing a gap between inventory control and aircraft
maintenance scheduling activities, by dealing with materi-
als required for non-routine maintenance activities.

• Including human interactions and decision-making in the
process of procurement of aircraft maintenance materials.

Automated negotiation within the context of multi-agent sys-
tems is a fast growing field of research [21]. Several studies
have been performed on single-issue, multi-issue, bilateral and
multilateral negotiations with complete or incomplete informa-
tion. Fields of applications include supply chain management
and business processes. One study [22] has introduced a bar-
gaining protocol for automated multilateral buyer-seller nego-
tiations for supply chain management between one buyer and
multiple sellers, which uses effective valuation and utility func-
tions. Other work has addressed multilateral negotiations us-
ing alternating offer protocols [23]. In developing novel proto-
cols for multilateral multi-issue automated negotiations, studies
normally attempt to reach Pareto optimal or Nash equilibrium
solutions [24, 25, 26, 27, 28, 29]. Reaching such solutions is
considered computationally expensive and hard to achieve in
trade-off situations [21].

ABM has been applied to deal with aircraft maintenance
problems before. Most approaches are concerned with mainte-
nance scheduling problems that are solved by using multi-agent
negotiation techniques to request rescheduling of repair slots or
maintenance personnel [12, 30]. This research contributes to
the field of ABM and automated negotiation by:

• Developing a methodology for supply chain buyer-seller
negotiations that resembles real-life negotiations.

• Introducing an approach that explores the applicability
and effectiveness of multilateral multi-attribute negotia-
tions leading to understanding and recommendations to
practice, rather than attempting to reach optimal solutions.

• Extending automated negotiation applications to aircraft
maintenance material procurement.

1.4. Objective and Structure
Considering the contributions discussed above, the objective of
this research is to apply ABM techniques to explore its effec-
tiveness of simulating the aircraft maintenance domain with re-
spect to the specific problem of acquiring materials required
to perform non-routine maintenance tasks. To achieve this,
the following main question is formulated for this research: In
the context of non-routine aircraft maintenance materiel avail-
ability, to what extent can multi-agent automated negotiation
be applied to explore effective agent strategies for various ne-
gotiation circumstances regarding the procurement of aircraft
components and expendables? The main objective is to as-
certain relationships between local agent negotiation strategies
and global performance of the system in different negotiation
circumstances, e.g. level of urgency, by proposing a novel
methodology to simulate negotiations in aircraft maintenance
environments.

This paper is organized as follows. An overview of ABM and
automated negotiation methodology and its building blocks are
provided in Section 2. The proposed methodology is discussed
in Section 3. A description of the experiments and methods
used for assessing results is discussed in Section 4. The results
are discussed in Section 5. A discussion on the interpretation
of results, proposed methodology and recommendations is pro-
vided in Section 6. Conclusions are given in Section 7.

2



2. Methodology Approach: Overview

Figure 1 shows the methodological steps that are required in
order to fully specify the model that will be used to answer
the main research question. The methodological steps are di-
vided into ABM specification (2.1) and negotiation specifica-
tion (2.2).

Figure 1: Overview of methodological steps for specification of multi-agent
automated negotiation model

2.1. Agent-based Modelling

Specifying an agent-based model comprised of multiple agents,
i.e. multi-agent system, requires three elements. The model en-
vironment is the virtual world in which agents act, which is an
aircraft maintenance hangar. Whereas the physical surround-
ings of the hangar are not modelled, elements of the hangar
related to the negotiations, e.g. materials from inventories, can
be observed by agents and influence their behaviour.

A specification of agents and their local properties describe
the type of actors within the environment and local behaviour
they exhibit. The case describes one hangar manager and one
supplier involved in the negotiation over aircraft material pro-
curement. In order to resemble a real-life aircraft maintenance
environment, the hangar manager will be represented as a buyer
agent of materials as well as negotiation manager. The seller is
represented by one supplier in the case, but this is extended to
five different types of suppliers. The model is adoptable to sim-
ulate negotiations with less, more or other suppliers.

Interactions between agents and between agents and their en-
vironment specify how interactions take place in terms of com-
munication, coordination or negotiation. The hangar manager
should be able to interact simultaneously with multiple suppli-
ers as this would also be possible in real-life. Personal reserva-
tion values, negotiation strategies and proposals are not openly
available and suppliers are not allowed to communicate with
other suppliers. The interactions, i.e. negotiation in this case,
are specified by the negotiation setting.

2.2. Negotiation Setting

Agents in a multi-agent system may be able to negotiate over
certain predefined topics. The purpose of negotiation is to
reach an agreement when facing conflicting goals and prefer-
ences among participants [21]. The negotiation setting should
comprise three main elements: the negotiation set, protocol and
strategies used by participants (Figure 1). The negotiation set
describes all possible deals an agent can make, which may com-
prise multiple attributes.

In this research, the negotiation set is described by the sce-
nario that is simulated. Two scenarios for aircraft material pro-
curement are considered, namely procurement of aircraft com-
ponents and expendables. The negotiation attributes differ be-
tween the scenarios in order to simulate the difference between
the procurement of the two types of aircraft material. Negoti-
ations involving multiple attributes, i.e. multi-attribute, lead to
an exponential growth of possible deals. In multi-attribute ne-
gotiations, three common methods of negotiating over issues
are the package-deal, sequential or simultaneous procedures
[21]. With simultaneous procedures, agents negotiate on all
attributes simultaneously. Sequential negotiations imply that
each attribute is handled sequentially and their handling order
is covered by the negotiation agenda. The package-deal proce-
dure implies that a proposal from an agent assigns a value to
each attribute and the proposal is accepted or rejected for the
package of attributes, negotiation over individual attributes is
not allowed. The package-deal procedure is adopted in this re-
search because this resembles the case the closest as a supplier
would propose a deal for material comprising multiple negoti-
ation issues. Whereas it would be possible for the hangar man-
ager to appeal the value of an issue in real-life, it is assumed
that the manager is not allowed to in this research.

The negotiation protocol describes how the negotiation will
proceed, it defines the proposals or bids agents are allowed to
make. The protocol also defines rules of negotiation, such as a
rule that prevents a certain deal may not be proposed more than
once. Also, the protocol entails when an agreement has been
reached or has failed. Several protocols have been developed
over the years to simulate real-life many-to-one negotiations.
For multilateral negotiations, the most common developed pro-
tocols are: alternating offer protocols [31], auction protocols
[32], contract net protocols (CNP) [33] and bargaining proto-
cols [34]. Recently, Aydoğan et al. [23] defined two alternat-
ing offer protocols, namely Stacked Alternating Offers Proto-
col (SAOP) and Alternating Multiple Offers Protocol (AMOP)
to simulate multilateral turn-taking negotiations. A multi-agent
bargaining protocol based on an extended CNP called ECNPro
was introduced in Wong and Fang [22] to simulate supply chain
negotiations between one buyer and multiple sellers which are
modelled as multiple simultaneous bilateral negotiations.

The way the real-life negotiation is performed is considered
as the main motivation for the selection of a protocol here. The
methodology that is proposed in the following sections uses
a buyer-seller representation but introduces a CNP extension
to simulate aircraft maintenance material retrieval negotiations,
as discussed by the case. The classic CNP [33] is extended

3



to allow for multi-attribute many-to-one simultaneous negotia-
tion between one manager, i.e. the hangar manager, and multi-
ple material suppliers. The proposed protocol adopts elements
from Wong and Fang [22], e.g. proposal scoring functions and
supplier performance elements. However, as Wong and Fang
[22] treat multilateral bargaining as multiple simultaneous bi-
lateral negotiations, this research allows the manager to simul-
taneously negotiate with multiple suppliers, excluding bargain-
ing elements. Other mechanisms such as auctions or bargaining
could also be applied but are not used in this case. In further re-
search, these mechanisms can be applied in the model to assess
their effectiveness and results.

Agents’ negotiation strategies define what proposals will be
made over time. The chosen strategy by an agent and knowl-
edge of behaviour of other agents are not visible for other par-
ticipants. The negotiation strategies are usually formed by the
goal to maximize agent utility. In this research, the manager can
apply one of three different strategies, chosen at the start of the
negotiation. The different strategies are designed to represent
three different types of managers: greedy, patient and balanced
managers. The proposals made by suppliers are evaluated based
on functions adopted from Wong and Fang [22]. Because the
purpose of this research is not to find optimal solutions, the
suppliers apply a bidding heuristic that is resource-dependent.
Their offer strategy is dependent on the level of urgency, an
estimated required number of rounds that is needed to reach
an agreement, the number of elapsed rounds and an estimated
number of suppliers in negotiation.

Besides the elements mentioned above, the proposed
methodology also exhibits four adaptive elements to adapt
agent strategies and resemble adaptive human behaviour. In
the following sections, it is elaborated how the methodological
steps are applied to specify the model.

3. Proposed Methodology

In this section the application of ABM (3.1) and automated ne-
gotiation methodological steps, i.e. negotiation setting (3.2),
protocol (3.3) and strategies (3.4), are discussed consecutively.
Adaptive elements of the model are also explained (3.5).

3.1. Environment, Agents and Interactions

As mentioned in the previous section, the model’s environment
is an aircraft maintenance hangar. The level of urgency, com-
petition, inventory storage places and materials themselves are
modelled as environment. Agents may observe their environ-
ment, but the global environment is not observable for agents.

The five suppliers that are available for the procurement of
materials, assuming that these are present in the proximity of
the hangar, are defined as representative agents of:

1. Inventory Hangar X: represents an agent representative
for the warehouse inventory of the hangar where the rou-
tine inspection or task is performed that results in the non-
routine task.

2. Inventory Hangar Y: represents an agent representative
of the warehouse inventory of the hangar that is located
near Hangar X, assuming multiple hangars are located
close to each other.

3. Central Inventory: represents an agent representative of
the inventory of materiel that can be accessed by multiple
buyers, e.g. a spare part pool.

4. Third Party Supplier: represents an agent representative
of an external supplier that provides certified material but
is not directly controlled by the OEM of the material.

5. Official Supplier: represents an agent representative of
the official supplier, usually the OEM of the material.

3.2. Negotiation Set

3.2.1. Scenarios
The case is extended to explore effective agent strategies for
the procurement of two types of aircraft materials. The first
type, scenario 1 (SC1), is representative of the procurement of
aircraft components. The procurement of aircraft components,
i.e. rotables and repairables, is normally associated with rel-
atively high costs and thus requires careful order placement.
To simulate the procurement of these components, negotiation
comprises three attributes: unit price, delivery time and deliv-
ery service. These attributes are negotiable with the suppliers
because usually different unit prices, delivery times and service
is associated with other (types of) suppliers. It is assumed that
these are the primary negotiation attributes used in a real-life
case. The methodology proposed in this research does have
potential for extension to more or other attributes to increase
complexity. When an agreement is reached between the hangar
manager and supplier, the manager may place an order at the
supplier for any amount of components at the cost of the agreed
attributes, as long as the order quantity does not exceed the sup-
plier’s stock level. The manager has this choice because in the
pursuance of materials, the manager might require just a few
materials to reach the required amount. The space of possible
outcomes is extensive as any outcome that does not exceed any
reservation value or material stock level of the suppliers is pos-
sible.

The second scenario (SC2) simulates the procurement of air-
craft expendables. These aircraft materials are usually associ-
ated with relatively low procurement costs as repairing these
parts is more expensive than replacement, e.g. seat covers.
Procurement is usually done periodically and in larger batches
than aircraft components. To simulate the procurement of these
parts, the quantity of material associated with an order becomes
one of the attributes to explore its effect on the outcomes of ne-
gotiation. Because aircraft expendables are usually ordered in
larger batches, suppliers may be willing to discount other at-
tributes when procuring larger volumes. To increase ability to
compare the two scenarios, it is assumed that discounts on any
attributes are not applicable here. The model does allow for ex-
tension to include volume discounts. For comparison reasons,
the reservation values for the unit price, delivery times and de-
livery service attributes remain the same as in SC1, even though
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aircraft expendables are usually associated with lower procure-
ment costs. As with SC1, the space of possible outcomes is
bounded by supplier stock levels and agent reservation values.

The unit price, delivery time and material quantity attributes
can take any value in the set of natural numbers N and the de-
livery service attribute is a binary value, where 0 represents ma-
terial pick-up and 1 represents material delivery performed by
the supplier. Within both scenarios, elements of level of ur-
gency and competition are included to simulate variations of
negotiation circumstances.

3.2.2. Urgency
Urgency (ur) is introduced in the simulations to resemble time
critical requests for aircraft materials from the hangar manager
towards the suppliers. It is assumed that the level of urgency is
determined by the hangar manager’s environment, but it is ob-
served and transmitted by the hangar manager. A high urgency
(ur = 1) represents a time-critical situation in which materi-
als are required as soon as possible, e.g. Aircraft on Ground
(AOG) or safety critical material. Medium urgency (ur = 2) is
related to a less time-critical situation and the low urgency level
(ur = 3) represents the situation that materials are not required
within a particular time frame, e.g. periodically ordering. Ne-
gotiation strategies from supplier agents are adjusted depend-
ing on the level of urgency of the material request. It should
be noted that the outcome space is not subject to the level of
urgency that is simulated.

3.2.3. Competition
To include and simulate the element of competition (CO), the
supplier stock levels changes over time. In this respect, it is sim-
ulated that the materials are provided to other buyers. This is as-
sumed to be a representation of how competition between buy-
ers results in a drop in stock levels. The model does allow for
further extension of more sophisticated ways of including com-
petitive elements such as introducing multiple buying agents or
including preferences of suppliers to provide materials to spe-
cific buyers. In this research the five suppliers’ initial stock
levels Qs(0) are fixed and equal to 50, 100, 150, 200 and 200,
respectively. It should be noted that the initial stock level val-
ues are assumed based on the characteristics of the supplier
agents. The proposed methodology does allow for more exten-
sive and realistic stock level constructions, e.g. backordering,
but this is not included in this research. When further research-
ing the influence of competition on the procurement of materi-
als, prioritizing preference of suppliers to provide materials to
certain buyers would yield interesting insights, but this is ex-
cluded here. Three levels of competition are considered:

• CO 0: no competition involved, supplier stock levels are
constant over time and equal to the initial stock level
Qs(0).

• CO 5: the stock level available at each supplier decreases
with 5% per simulated half hour (Figure 2).

• CO 10: the stock level available at each supplier decreases
with 10% per simulated half hour.

Figure 2: Supplier stock levels with competition 5

The space of possible outcomes is subject to the level of com-
petition as re-stock of materials is not included in the model. As
stock levels decrease over time, the space of possible outcomes
shrinks while being subject to the same boundaries as before,
i.e. without competition.

3.3. Automated Negotiation Protocol
In the CNP extension proposed in this section, proposals from
suppliers to the manager may be rejected or accepted. In the
protocol used in this research (Figure 3), negotiation is initiated
by the manager by requesting information from available sup-
pliers concerning the stock level of a particular material. Based
on a probability py

x related to the supplier’s performance Ps(t),
i.e. a measure to indicate the manager’s trust in the supplier, the
supplier responds by either informing the manager that the re-
quest is not understood, refused or understood. If the request is
not understood, probability pm determines whether if the sup-
plier receives a new request for quantity, or is excluded from
further negotiation. When understood, the supplier communi-
cates its stock level to the manager, who will request the partic-
ular supplier to propose a deal. With probability p2, the supplier
will either refuse or accept the request to propose a package-
deal. The manager will reject the proposal if the supplier has
exceeded the maximum allowed number of bidding rounds, i.e.
deadline, if the proposal exceeds a manager reservation value
on either of the attributes or if the utility gained by the manager
fails to exceed its reservation utility threshold. If either of the
latter two is true and the maximum allowed number of rounds
has not been exceeded, then the proposal is refused but the sup-
plier is requested to propose a new bid. In cases other than the
ones described above, the proposal is accepted by the manager.

A probability related to supplier performance determines
whether if the agreed deal is read back or cancelled by the sup-
plier. In the first case, the manager may place an order at the
supplier. Order placement is dependent on the scenario and ac-
ceptance strategy, i.e. manager type, that is selected at the start
of the negotiation.
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Figure 3: Extended CNP with probabilities for responses

3.4. Negotiation Strategies
3.4.1. Manager Agent
Three separate acceptance strategies (AS) are used to represent
three different types of hangar managers:

1. Greedy: a greedy manager will accept any proposal that is
considered acceptable and will place an order immediately
after an agreement is reached with any supplier.

2. Patient: a patient manager will postpone proposal accep-
tance and order placement until all suppliers have submit-
ted a proposal or agreed to a deal. In ascending order, the
hangar manager will place orders at suppliers that result in
the highest utility.

3. Balanced: a balanced manager represents a combination
of greedy and patient behaviour. The balanced manager
will accept any deal that is considered acceptable, but will
postpone order placement or agreement confirmation until
an agreement is reached or failed with every supplier. In
ascending order, the hangar manager will place orders at
suppliers that result in the highest utility.

Proposals from suppliers are evaluated by the manager using
the valuation function below (Equation 1, [22]). Because of
the different ranges used for negotiation attributes, e.g. dis-
crete variable price and binary variable of delivery service, the
package-deal proposal must be generalized according to the
manager’s reservation values in order to assess the value of the
proposal and consequently the utility gained from the proposal.
In other words, each attribute value must be valued in a range
Vm(Ii

s(t)) ∈ [0.1, 1.0].

Vm(Ii
s(t)) =


V i

min + (1 − V i
min)

( Ii
s(t)−mini

m

maxi
m−mini

m

)

V i
min + (1 − V i

min)
( maxi

m−Ii
s(t)

maxi
m−mini

m

) (1)

Vm(Ii
s(t)) represents the valuation for the manager based on a

proposal of supplier s concerning issue i at time point t, V i
min

equals the minimum valuation of negotiation issue i, Ii
s(t) rep-

resents the current offer of supplier s concerning negotiation
issue i and maxi

m and mini
m are the maximum and minimum ac-

ceptable values for the manager concerning negotiation issue i.
The reservation values associated with any of the negotiation
attributes is assumed to give a representation of actual reserva-
tion values performed by the hangar manager. The top function
in Equation 1 is applied to issues where a increasing value rep-
resents a benefit to the manager, i.e. delivery service and ma-
terial quantity. The latter function is applied to issues where a
decreasing value represents a benefit to the manager, i.e. unit
price and delivery time. When the valuation of a proposal is
evaluated for all negotiation issues using Equation 1, the utility
gained from the particular proposal by the manager is evaluated
using Equation 2 [22].

Um
s (t) = Ps(t)

( X∑

i=1

wi
m × Vm(Ii

s(t))
)

(2)

Where Um
s (t) represents the manager utility gained when ac-

cepting the proposal from supplier s, Ps(t) represents the per-
formance related to supplier s, wi

m ∈ [0, 1] is the weight of
negotiation issue i for the manager and Vm(Ii

s(t)) is obtained
from Equation 1. Equation 2 uses the valuation from each of
the attributes and multiplies it with the weight representing the
importance of each attribute to the manager. The weights are as-
sumed in order to resemble actual prioritization of importance
of attributes to the manager. Adjusting the weights will most
likely lead to different results, but this is subject for further re-
search. The calculation from Equation 2 yields the true util-
ity gained by the manager regarding the proposal made by the
supplier. Supplier performance is used to depreciate the util-
ity related to the trust from the manager in the supplier. At the
start of the first negotiation the performance of each supplier is
equal, but this parameter is adaptive as will be discussed in Sec-
tion 3.5.4. The initial reservation utility is equal for all manager
AS, meaning that any proposal that fails to exceed the reserva-
tion utility value will be rejected by the manager. Based on the
accepted proposals, the manager will place orders or confirm
agreements for SC1 and SC2, respectively. The overall man-
ager utility is evaluated after order placement using Equations
3 [22] and 4.

Scenario 1: Um(t) =

∑S
s=1 Um

s (t) × Qos(t)∑S
s=1 Qos(t)

(3)

Scenario 2: Um(t) =

∑S
s=1 Um

s (t)
∑S

s=1 sos(t)
(4)

Where Um(t) is the overall manager utility gained from the col-
lection of orders for materials, Um

s (t) equals the utility gained
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from the supplier’s proposal, Qos(t) represents the quantity of
materials ordered at supplier s and

∑S
s=1 sos(t) represents the

sum of suppliers that have received an order. For SC1 the over-
all manager utility is calculated as a weighted average utility
per quantity of material by multiplying utility gained from a
proposal by a supplier with the order quantity associated with
the supplier. This is divided by the total utility from all suppli-
ers whom have received an order by the total quantity that has
been ordered, to get to a value of overall manager utility as a
measure of successful negotiation. With SC2, a similar formula
is used to calculate overall manager utility, however as material
quantity that is ordered is part of the proposal and thus part of
Um

s (t), Um(t) is calculated by summing the utility gained from
each supplier by the manager and consequently dividing this
by the amount of suppliers whom have received an order. The
manager’s AS determines what proposal is accepted and how
it is evaluated, in the following section the way a proposal is
formed is explained.

3.4.2. Supplier Agents
The offer of supplier s at time point t follows a resource-
dependent offer strategy deduced from classic bidding heuris-
tics [21] and is determined by Equations 5 and 6.

αi
s(t) =κi

s + (1 − κi
s) exp−

(
τs × NA

(Ls)2

)
(5)

with κi
s =

Ii
s(0) − mini

s

maxi
s − mini

s
(6)

Where κi
s is the generalized initial offer from supplier s concern-

ing issue i, Ii
s(0) is the initial offer from supplier s concerning

issue i, maxi
s and mini

s are the maximum and minimum accept-
able values of issue i for supplier s.

In Equation 5, αi
s(t) is the generalized offer for negotiation

issue i of supplier s at time point t, τs is the estimated required
number of negotiation rounds needed to reach an agreement,
NA is the number of supplier agents in negotiation and Ls is the
number of rounds elapsed in the current negotiation for supplier
s. With this resource-dependent offer strategy, time and number
of agents in negotiation influence the value of the offer for each
attribute. The supplier assumes the value of NA because actual
information concerning the involved number of suppliers is not
available to them. An interesting extension to the current model
would be to allow suppliers to obtain actual information from
negotiations such as NA, but this is excluded here. The values
of the parameters in Equation 5 are assumed based on the level
of urgency and are presented in Table 1. The influence of these
parameters on the offer αi

s(t) is depicted in Figure 4. Alterations
concerning the parameter values would yield other proposals
and thus results. This resource-dependent offer strategy results
in less pressure to approach reservation values if more suppliers
are participating in negotiations. On the other hand, pressure
increases if the number of rounds that have elapsed increase.

The value of αi
s(t) determines the value of each negotiation

attribute i for the proposal using Equation 7. The notation in
Equation 7 matches Equations 5 and 6 and Ii

s(t) is also repre-
sented in Equation 1. The top function in Equation 7 is applied

urgency level τs NA
High (ur = 1) 1 1

Medium (ur = 2) 3 2
Low (ur = 3) 5 3

Table 1: urgency levels and related offer parameters

Figure 4: α offer strategy related to urgency ur and initial offer κi
s

to negotiation issues where the value increases when the pres-
sure increases, i.e. delivery service and material quantity, the
latter function is applied to negotiation issues where the value
decreases when the pressure increases, i.e. unit price and de-
livery time. The value of each attribute Ii

s(t) is proposed to the
manager and to calculate the supplier’s valuation and utility.
The supplier valuation and utility is determined in the same way
as the manager’s (Equation 1), only the supplier performance is
not applied in the supplier utility function. The top function in
Equation 1 is applied to negotiation issues where an increased
value is associated with benefit for the supplier, i.e. unit price,
delivery time and quantity, and the latter function is applied to
negotiation issues where an increased value is associated with
cost for the supplier, i.e. delivery service. When no order is
placed at a particular supplier, then the utility gained by that
supplier equals zero. In an attempt to increase personal utili-
ties of the self-interested agents and resemble adaptive human
behaviour, adaptability techniques are applied to manager and
supplier strategies.

Ii
s(t) =


mini

s + αi
s(t)(maxi

s − mini
s)

mini
s + (1 − αi

s(t))(maxi
s − mini

s)
(7)

3.5. Adaptability

The four adaptive elements related to agent strategies are dis-
cussed in this section. These are: adaptive reservation utility
(3.5.1), adaptive τ (3.5.2), initial offer (3.5.3) and supplier per-
formance (3.5.4).
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3.5.1. Adaptive Manager Reservation Utility ru
The manager’s reservation utility ru is a threshold that a par-
ticular proposal must exceed in order to be considered as ac-
ceptable. At the start of a negotiation, ru(0) is equal for all
AS, but as suppliers are withdrawn or excluded from further
negotiations, the manager lowers its ru(t) in order to increase
chances of reaching an agreement with any of the remaining
suppliers, following Equation 8. This adaptability is included
in the model to resemble behaviour from the hangar manager to
lower demands in order to reach an agreement, as in this case,
a worse deal, i.e. resulting in a lower utility, is more preferable
than no deal.

ru(t) = ru(0) − (η(0) − η(t))
ω

(8)

Where ru(t) equals the reservation utility at time point t, η(0)
equals the amount of suppliers in negotiation at t=0, η(t) equals
the amount of suppliers that are still participating in the ne-
gotiation at time point t and ω represents the manager’s will-
ingness to lower its reservation utility. The variable ω is used
to represent willingness and flexibility of the manager, which
may resemble a certain type hangar manager. The model al-
lows for more complex representations of adaptive reservation
utility, e.g. non-linear, but that is subject for future studies.

3.5.2. Adaptive τs Related to Urgency ur
As described in section 3.4.2, the estimated required number of
negotiations rounds τs is dependent on the urgency ur of the
material request. The value of τs influences the value of αi

s(t).
The parameter used in a current negotiation τs

urn
is adapted for

the next negotiation instance τs
urn+1

based on Moving Averages
(Equation 9).

τs
urn+1

=
1
m

m−1∑

k=0

Ls
urn−k

(9)

Where τs
urn+1

, rounded to the nearest integer, equals the esti-
mated number of required negotiation rounds for supplier s for
the next negotiation, m represents the amount of historic time
series that are considered for forecasting of τs

urn+1
and Ls

urn−k
rep-

resents the number of rounds that have elapsed in negotiation
n − k between supplier s and the manager.

The value of m determines how reactive the value of τ is. In
this research it is related to the level or urgency ur. The value of
m equals 1, 3 or 5 for ur = 1, 2 or 3, respectively. In the case of
ur = 1 and m = 1, high urgency causes each supplier to create
a belief that the amount of negotiation rounds elapsed in last
negotiation with ur = 1 is needed again to reach an agreement
in the current negotiation. For example, in negotiation n with
ur = 1, only 1 bidding round has elapsed to reach an agreement,
then for the next negotiation n + 1 with ur = 1, the supplier be-
lieves that only 1 round is needed, which influences its bidding
strategy (Figure 4). For m = 1, τ is very reactive, i.e. takes the
last value of τ, and for m = 5, τ is less reactive because five
historic negotiations are used to forecast the required number
of negotiations rounds for the next negotiation with urgency ur.

The Moving Average method is a relatively simple way of in-
cluding adaptive τ in the model, but it is not the main topic of
this research. In further research, extensions or more sophisti-
cated methods can yield interesting results regarding relations
between supplier adaptability to time critical situations and the
reached agreements with the manager.

3.5.3. Adaptive Initial Offer Ii
s(0)

In an attempt to increase the utility of the self-interested sup-
pliers, the initial offer Ii

s(0) is adaptive. If a supplier s receives
an order in negotiation n, then for the next negotiation n + 1
it adapts its initial offer for all issues in an attempt to reach a
more beneficial deal, i.e. greater utility. If an agreement with a
supplier is not reached, then for the next negotiation the initial
offer is decreased with respect to the supplier’s utility in an at-
tempt to be more appealing to the manager, hoping to reach an
agreement in the next negotiation. The initial offer is adapted
based on a fixed percentage ∆I(0) (Equation 10 and 11). This
method of including adaptive initial offers is assumed to resem-
ble a way of increasing utilities of self-interested agents. More
extensive research would be required to establish precisely how
suppliers in the aircraft maintenance industry adopt their initial
offers, but as this type of information is not available to this
research, this relatively simple method is applied.

Reached agreement in n: Ii
sn+1

= Ii
sn

(0) × (1 + ∆I(0)) (10)

Failed agreement in n: Ii
sn+1

= Ii
sn

(0) × (1 − ∆I(0)) (11)

3.5.4. Adaptive Supplier Performance Ps(t)
As explained before, supplier performance is representative of
the trust the manager has in a particular supplier and is capa-
ble of negatively influencing the utility gained from a proposal
of supplier s by the manager (recall Equation 2). If an agree-
ment is reached with supplier s during negotiation n, then the
performance of the supplier Ps(t) is increased with ∆P percent
(Equation 12) resulting in an increased or maintained trust, i.e.
Ps(t) = 1.0. If an agreement has failed then Ps(t) decreases
with ∆P percent (Equation 13) resulting in decreased trust in
supplier s for the next negotiation. Ps(t) ranges from 0 to 1, be-
cause overvaluation of supplier offers is not applied here, thus
Ps(t) can only be used to devalue the utility gained by the man-
ager. Also, the values of Ps(t) are used to determine probabili-
ties of responses for suppliers in the negotiation protocol, thus
range from 0 to 1 to use in the probabilities as well (Recall Fig-
ure 3). This is one way of representing manager trust in the
model and it is assumed to resemble real-life trust adaptation,
however the model allows for more elaborate methods to be
used to, for example, include supplier specific methods as trust
in a particular supplier may exhibit adaptive behaviour different
than other suppliers. Along with the above mentioned adaptive
parameters, the supplier stock levels are also adaptive in order
to capture the element of competition (Recall Section 3.2.3).

Reached agreement in n: Psn+1 (t) = Psn (0) × (1 + ∆P) (12)
Failed agreement in n: Psn+1 (t) = Psn (0) × (1 − ∆P) (13)
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4. Experiments

This section explains how the experiments are carried out and
evaluated in order to assess the effectiveness of agent strategies
in various negotiation circumstances and the methodology’s ap-
plicability to the aircraft maintenance problem. Section 4.1 de-
scribes the various simulations that are performed. The KPIs
are described in Section 4.2. A few initial values and methods
of statistical evaluation are discussed in Section 4.3.

4.1. Simulation Sets
4.1.1. Simulation Set A
In simulation set A the model is simulated with variations ap-
plied to the simulated scenario (SC), manager acceptance strat-
egy (AS), urgency level (ur) and competition (CO) (Table 2).
Three different simulation sets are performed and their results
are compared to the relevant baseline produced by another set.
In simulation set A1, SC and AS is varied to assess how the
model reacts to changes in acceptance strategies and scenarios
while maintaining one level of urgency (ur = 2) and compe-
tition (CO=0). The results from simulation set A1 operate as
baseline for simulation set A2 and A3 in which variations to ur
and CO are made.

Sim SC AS ur CO ω ∆I ∆P
A1 1/2 1/2/3 2 0 15 5 5
A2 1/2 1/2/3 1/3 0 15 5 5
A3 1/2 1 1 5/10 15 5 5

Table 2: Simulation set A

For simulation set A2, the greedy AS has been subject to an in-
crease in urgency from 2 to 1, to simulate a more urgent request
for materials. Patient and balanced AS would be more logical
to apply to less urgent situations, thus the urgency has been de-
creased from 2 to 3 to simulate situations where the materials
are not required as soon as possible. The results from simu-
lation set A2 are compared to results from simulation set A1,
with the same AS but an urgency level of 2.

In simulation set A3, the effect of competition is evaluated
by introducing it to specific combinations of SC and AS. When
competition is present, a greedy AS and high urgency level
would be a logical strategy to apply instead of patient or bal-
anced AS, thus in this simulation only the greedy AS is consid-
ered with urgency level 1 and a variation of CO levels 5 and 10.
Results from these simulations are compared to the results from
simulation A2 with greedy AS, urgency level 1 and CO=0.

4.1.2. Simulation Set B
For simulation set B only one combination of SC, AS, ur and
CO is selected to assess the effects of ω, ∆I and ∆P on the out-
comes of negotiation (Table 9). The combination of SC-AS-ur-
CO: 2-1-1-10 has been selected because this situation resembles
the case study materials with the most pressure: a request for
aircraft expendables with high urgency. The competition level
of 10 is used because this is the most pressing situation that
is modelled. In this particular situation the adaptability of the
model has been varied to assess its effect on performance.

Sim SC AS ur CO ω ∆I ∆P
B1 2 1 1 10 10/20 5 5
B2 2 1 1 10 15 10/15 5
B3 2 1 1 10 15 5 10/15

Table 3: Simulation set B

In simulation B1, the manager willingness ω has been varied
from 10 to 20 to simulate the situations in which a manager
would be less or more willing to lower its reservation utility as
suppliers are withdrawn or excluded from negotiations (Figure
5). In simulation B2 and B3, the percentage related to initial of-
fer and supplier performance adaptation has been varied to 10
and 15 percent to assess their effect on the outcomes of negoti-
ation. The results obtained from simulations B1, B2 and B3 are
compared to the results from simulation A3’s SC-AS-ur-CO-
ω-∆I-∆P: 2-1-1-10-10-5-5 simulation.

Figure 5: Manager’s reservation utility as a function of ω with η(0) = 5

4.2. Performance Indicators
Adaptations in local properties and strategies are measured on
a global level using performance indicators. The results from
all simulations are evaluated by the same five KPIs:

• Utilitarian Social Welfare (USW): measure to indicate
the benefit for all agents regarding the outcome of the ne-
gotiation by summing the individual utilities of all agents
at the end of negotiation.

• Time to Final Delivery (TFD): measure to indicate the
time that elapses from the start of negotiation until all or-
dered materials have arrived at the hangar. Relevant be-
cause a manager would like to receive the materials as
soon as possible during an urgent request.

• Average Unit Price (AUP): measure to indicate the aver-
age unit price for the materials that are retrieved. A rel-
evant measure because a hangar manager would prefer to
minimize costs while a supplier would like to maximize
revenue.

• Total Quantity Retrieved (TQR): measure to indicate the
amount of materials retrieved during negotiations. In this
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research the hangar manager requires to retrieve 200 units
of material.

• Quantity Check (QC): verification measure whether if
the required amount of materials are retrieved, i.e. 1 if
yes, 0 if no.

Whereas more performance indicators are included in the
model, e.g. total costs of procurement, together with a few
verification measures to make sure that no orders are placed
at suppliers whom are out of negotiation, only these five KPIs
are considered here.

4.3. Simulation Plan

The method from Ross [35] was adopted to determine how
many results should be generated in order to make statements
on statistical significance. For each KPI an acceptable stan-
dard deviation has been assumed, equalling 0.06, 20, 5, 10 and
0.06, respectively for the five KPIs. For each simulation, twenty
simulations with five runs each are performed in order to in-
corporate the adaptive elements throughout the runs, leading to
100 results per simulation. The sample standard deviation S
from each of the KPIs when divided by the square root of the
number of runs has not exceeded the chosen acceptable stan-
dard deviation, which makes the sample mean an estimate of
the population mean. Besides, a sample was drawn from the
simulations to assess the stability of the coefficient of variation
for the KPIs in relation to the performed number of runs. Only
for two of the fifteen sample combinations of simulation and
KPI, the coefficient of variation has not yet stabilized with the
performed number of runs.

In Table 4, the manager reservation values for the negotia-
tion attributes are presented along with the weights assigned to
each attribute. These values are constant through the simula-
tions and are assumed to represent case-related real-life values
a hangar manager would maintain. Changing the initial values
of the manager would very likely yield different results but a
sensitivity analysis on these values is not included in this re-
search. A similar representation of the supplier reservation val-
ues, together with values for their initial offers are omitted here,
but these are subject to the same assumption. Heterogeneity of
suppliers is guaranteed by applying different values for mate-
rial stock levels as well as different reservation values for ne-
gotiation issues. The deadline for proposing a deal is set at the
maximum of ten bidding rounds for each individual supplier.

Attribute maxi
m mini

m wi
m (SC1) wi

m (SC2)
Unit Price (UP) 400 0 0.45 0.3

Delivery Time (DT) 500 10 0.45 0.3
Delivery Service (DS) 1 0 0.1 0.1

Material Quantity (MQ) 200 10 n/a 0.3

Table 4: Manager reservation values and weights for negotiation attributes

At the start of negotiation the supplier performance Ps(0) equals
0.95 for all suppliers, but this is subject to adaptability as dis-
cussed before. This assumed value is equal for all suppliers in
order to prevent bias from the start of negotiation in terms of

trust in suppliers. For comparison reasons, the initial reserva-
tion utility ru(0) for the manager equals 0.7 for all manager AS.

In the next section the results from the simulations conducted
in simulation sets A and B are evaluated using the sample mean
X̄, sample standard deviation S , i.e. an estimate of standard
deviation σ, and X̄ ±∆X, a 95% confidence interval estimate of
the population mean θ [35]. For each of the simulation sets, a
null hypothesis H0 is formulated. The specific null hypothesis
is rejected for a KPI in every simulation at the 0.05 significance
level, otherwise the null hypothesis is retained [36]:

A1: The tested KPI is unaffected by a variation of AS within
simulated SC.

A2: The tested KPI is unaffected by a variation of the level of
urgency ur, when maintaining AS within simulated SC.

A3: The tested KPI is unaffected by a variation of the level of
competition CO, when maintaining AS and urgency levels
within simulated SC.

B1: The tested KPI is unaffected by a variation of manager’s
willingness ω, when maintaining SC, AS, ur, CO, ∆I and
∆P.

B2: The tested KPI is unaffected by a variation of adaptability
of initial offer ∆I, when maintaining SC, AS, ur, CO, ω
and ∆P.

B3: The tested KPI is unaffected by a variation of adaptability
of supplier performance ∆P, when maintaining SC, AS,
ur, CO, ω and ∆I.

A null hypothesis is rejected if statistical significance is found,
meaning that their exists a relation between the local be-
haviour or circumstance and global performance. Normality
of the results for all simulations has been evaluated using the
Kolmogorov-Smirnov test and it has shown that all results do
not match a normal distribution. Statistical evaluation has been
performed using the Mann-Whitney U test, i.e. Wilcoxon rank
test, for all KPIs, except the Quantity Check. This binary vari-
able has been evaluated using the Chi-Squared test when the
observed count of 0 and 1 exceeded ten, otherwise the Fisher-
exact Test was applied.

5. Results

The sections below present and briefly discuss results obtained
from experiments discussed in the previous sections. Results of
simulations A1 (5.1), A2 (5.2), A3 (5.3) and B (5.4) are pre-
sented consecutively. Section 5.5 discusses trade-offs between
KPIs as a result of applied strategies and negotiation circum-
stances.

5.1. Simulation A1

The results from simulation set A1 operate as baseline results
for comparison to the results from the other simulations, but
also give insights concerning application of the various man-
ager AS (Table 5). A box plot of the simulation results for A1
is included to visually represent the spread of results (Figure 6),
QC is not included because of its binary nature.
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1-1-2-0 1-2-2-0 1-3-2-0 2-1-2-0 2-2-2-0 2-3-2-0

USW
X̄ 1.496 1.453 1.536 1.570 1.434 1.505
S 0.146 0.167 0.097 0.200 0.126 0.181

∆X 0.029 0.033 0.019 0.039 0.025 0.035

TFD
X̄ 383.7 555.3 489.1 366.9 550.1 471.0
S 118.0 154.7 146.3 54.4 114.9 112.9

∆X 23.1 30.3 28.7 10.7 22.5 22.1

AUP
X̄ 54.03 48.74 48.94 110.78 121.99 123.04
S 20.54 26.00 15.17 25.76 19.83 19.11

∆X 4.03 5.10 2.97 5.05 3.89 3.75

TQR
X̄ 196.0 189.5 195.0 233.7 269.6 253.5
S 13.63 23.88 15.08 47.95 65.60 42.09

∆X 2.67 4.68 2.96 9.40 12.86 8.25

QC
X̄ 0.920 0.810 0.900 0.830 0.938 0.970
S 0.273 0.394 0.302 0.378 0.243 0.171

∆X 0.053 0.077 0.059 0.074 0.048 0.034

Table 5: Statistical results from simulation A1

Figure 6: Box plots of results from simulation A1

Statistical tests have been performed on the TFD, AUP and
TQR KPIs for this simulation set to assess if statistically signif-
icant results are obtained in varying manager AS. The results of
the statistical test are presented in Table 6. The null hypothesis

is rejected in comparisons highlighted green. The TFD shows
statistically significant differences across all simulations. With
AUP and TQR when comparing the greedy AS with balanced
AS, the null hypothesis is retained, meaning that the change in
AS does not statistically significant affect these KPIs for SC1.
For SC1, the null hypothesis is retained for the TQR when com-
paring patient AS and balanced AS. The change from patient to
balanced AS for SC2 does not lead to statistically significant
results for AUP and TQR, thus H0 is retained here. The results
obtained from this set as presented in Table 5 are compared to
results from set A2.

TFD AUP TQR
Compared results p H0 p H0 p H0

1-1-2-0 vs 1-2-2-0 0.000 rejected 0.000 rejected 0.022 rejected
1-1-2-0 vs 1-3-2-0 0.000 rejected 0.317 retained 0.624 retained
1-2-2-0 vs 1-3-2-0 0.005 rejected 0.006 rejected 0.069 retained
2-1-2-0 vs 2-2-2-0 0.000 rejected 0.007 rejected 0.013 rejected
2-1-2-0 vs 2-3-2-0 0.000 rejected 0.002 rejected 0.003 rejected
2-2-2-0 vs 2-3-2-0 0.000 rejected 0.424 retained 0.781 retained

Table 6: Hypothesis test results from A1

5.2. Simulation A2

In simulation set A2 a variation in the level of urgency is intro-
duced to explore the effects on results relating to specific AS.
For the greedy AS the ur has been increased, i.e. ur = 1, and for
patient and balanced strategy has been lowered, i.e. ur = 3. The
results of each variation is compared to the results from simu-
lation A1 with the same SC and AS. The results are presented
in Table 7. The cells highlighted green relate to statistically
significant differences based on applicable statistical tests.

1-1-1-0 1-2-3-0 1-3-3-0 2-1-1-0 2-2-3-0 2-3-3-0
X̄ 1.453 1.487 1.543 1.489 1.445 1.524
S 0.169 0.131 0.149 0.165 0.177 0.209

∆X 0.033 0.026 0.029 0.032 0.035 0.041USW

p 0.003 0.058 0.005 0.031 0.449 0.674
X̄ 373.4 524.3 507.6 322.0 599.5 489.4
S 74.9 165.0 156.4 31.2 141.9 114.3

∆X 14.7 32.4 30.6 6.1 27.8 22.4TFD

p 0.190 0.227 0.387 0.000 0.000 0.070
X̄ 59.20 47.13 52.73 112.61 111.96 118.39
S 25.11 17.34 19.85 21.75 28.96 21.56

∆X 4.92 3.40 3.89 4.26 5.68 4.23AUP

p 0.390 0.654 0.264 0.779 0.076 0.129
X̄ 199.5 192.0 196.0 254.9 226.3 239.2
S 5.00 22.16 13.63 47.28 62.27 44.65

∆X 0.98 4.34 2.67 9.27 12.21 8.75TQR

p 0.017 0.348 0.624 0.005 0.000 0.008
X̄ 0.990 0.860 0.920 0.960 0.750 0.850
S 0.100 0.349 0.273 0.197 0.435 0.359

∆X 0.020 0.068 0.053 0.039 0.085 0.070QC

p 0.035 0.203 0.806 0.005 0.000 0.000

Table 7: Statistical results from simulation A2

For both SC increasing the level or urgency from 2 to 1 re-
sults in statistically significant decreased values of USW. The
TFD and AUP drop when urgency is increased but only statis-
tically significant for the TFD in the 2-1-1-0 simulation. Both
simulations with ur = 1 show statistically significant increases
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compared to their baseline from A1 when considering TQR
and QC. This means that in both simulations increasing the ur-
gency leads to an increase of retrieved materials, which would
be preferable in a high urgent situation.

Whereas decreasing the urgency level for the patient AS in
SC1 has not resulted in statistically significant results, perform-
ing the same variation to SC2 has resulted in statistically sig-
nificant results. The TFD increases, TQR decreases and QC
decreases statistically significant when the urgency level is de-
creased.

Decreasing the urgency level for the balanced AS shows an
increase of all KPIs sample means when comparing them to the
baseline from 1-3-2-0 (Table 5). However, only for the USW
the null hypothesis is rejected. Considering SC2, the TQR and
QC statistically significantly decrease. As with the patient AS,
this is probably caused by creating more opportunities for sup-
pliers to refuse to bid as more bidding rounds elapse (Recall
Figure 3).

5.3. Simulation A3

In simulation A3 competition is introduced to relevant scenar-
ios. CO levels 5 and 10 are applied to the greedy AS for SC1
and SC2. The results from these simulations are compared to
the results from A2 with the greedy AS and ur = 1 where no
competition was included, i.e. CO = 0. Results are presented
in Table 8. The null hypothesis is rejected for particular KPIs
and simulations in cases where cells are highlighted green. In-
creasing CO results in a decrease in TFD, statistically signifi-
cant in case of CO level 10 for SC1. The AUP decreases statis-
tically significantly when the CO level equals 5, but increases
statistically significant when CO level equals 10. Interestingly,
increasing the level of CO for SC1 with the greedy AS does
not result in a statistically significant decrease of TQR and QC,
whereas one would expect a decrease due to the method of in-
cluding competition in the model. Here H0 is retained meaning
that the introduction of competition does not affect the TQR and
QC for greedy AS in SC1.

The introduction of competition to SC2 shows different re-
sults compared to the competition level introduction in SC1.
Compared to the 2-1-1-0 simulation results (Table 7), the 2-1-
1-5 and 2-1-1-10 scenarios both show a statistically significant
increase in USW. The AUP statistically significantly decreases
when the competition level is increased to 10, just as the TQR
and QC. Striking is the difference in TQR and QC between
competition levels 5 and 10. Whereas with 95% confidence
the TQR’s population mean is between 247 and 264, the mean
for CO level 10 is between 175 and 204.

5.4. Simulation B

This simulation set assesses if the negotiation results are af-
fected by variations to adaptive parameters: ω, ∆I and ∆P. The
baseline for the results of simulation set B are the results from
simulation 2-1-1-10 (Table 8) and are also displayed in Table
9 highlighted in grey. Decreasing the manager’s willingness ω
from 15 to 20 in simulation B1 does not result in statistically

1-1-1-5 1-1-1-10 2-1-1-5 2-1-1-10
X̄ 1.505 1.478 1.584 1.588
S 0.090 0.113 0.234 0.541

∆X 0.018 0.022 0.046 0.106USW

p 0.580 0.917 0.017 0.015
X̄ 367.7 358.8 321.4 315.2
S 64.9 81.3 37.6 105.7

∆X 12.7 15.9 7.4 20.7TFD

p 0.467 0.017 0.767 0.537
X̄ 57.24 67.97 116.19 88.16
S 12.35 18.01 20.49 42.46

∆X 2.42 3.53 4.02 8.32AUP

p 0.004 0.000 0.186 0.000
X̄ 200.0 198.9 255.9 189.5
S 0.00 8.43 43.73 74.16

∆X 0.00 1.65 8.57 14.54TQR

p 0.322 0.180 0.862 0.000
X̄ 1.000 0.960 0.970 0.600
S 0.000 0.197 0.171 0.492

∆X 0.000 0.039 0.034 0.097QC

p 0.315 0.369 0.610 0.000

Table 8: Statistical results from simulation A3

significant differences, thus H0 is retained. However, increas-
ing ω to 10 (Figure 5) does show a statistically significant in-
crease in USW, TFD, TQR and QC. These KPIs are affected by
a increase in the willingness of the hangar manager, thus H0 is
rejected for these KPIs in simulation B1.

Increasing the percentage of initial offer adaptation in simu-
lation B2 shows that when ∆I is increased to 10% the USW and
TFD statistically significantly decrease, thus the null hypothe-
sis is rejected for these KPIs. Interestingly, the same results are
not obtained when ∆I is increased to 15%. QC also decreases
statistically significant when ∆I equals 10. When increasing ∆I
to 15% the TQR increases statistically significant. It is worth
noting that the 15-10-5 simulation results in a decrease of all
KPI’s sample mean and the increment of ∆I to 15% results in
an increase of the sample mean of all KPIs.

B1 B2 B3
15-5-5 20-5-5 10-5-5 15-10-5 15-15-5 15-5-10 15-5-15

X̄ 1.588 1.472 1.775 1.447 1.569 1.655 1.536
S 0.541 0.327 0.566 0.349 0.403 0.423 0.287

∆X 0.106 0.064 0.111 0.068 0.079 0.083 0.056USW

p 0.157 0.003 0.027 0.369 0.114 0.651
X̄ 315.2 293.8 366.5 284.3 327.2 298.9 287.7
S 105.7 89.3 95.5 107.7 69.5 93.2 98.6

∆X 20.7 17.5 18.7 21.1 13.6 18.3 19.3TFD

p 0.584 0.000 0.046 0.077 0.978 0.082
X̄ 88.16 80.20 100.68 77.40 92.34 76.16 78.20
S 42.46 43.47 33.43 47.80 34.62 42.43 43.27

∆X 8.32 8.52 6.55 9.37 6.79 8.32 8.48AUP

p 0.123 0.099 0.100 0.835 0.028 0.058
X̄ 189.5 180.1 223.7 177.8 217.5 183.7 176.1
S 74.16 81.34 66.06 83.72 66.17 77.47 74.37

∆X 14.54 15.94 12.95 16.41 12.97 15.19 14.58TQR

p 0.176 0.003 0.417 0.016 0.460 0.088
X̄ 0.600 0.510 0.700 0.460 0.670 0.520 0.450
S 0.492 0.502 0.461 0.501 0.473 0.502 0.500

∆X 0.097 0.098 0.090 0.098 0.093 0.098 0.098QC

p 0.066 0.041 0.004 0.153 0.103 0.002

Table 9: Statistical results from simulation set B

When considering the results from simulation B3 in which the
supplier performance adaptability has been increased, it can be
observed that for the USW, TFD and TQR KPIs the null hypoth-
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esis is retained. The AUP does show a statistically significant
decrease for the simulation in which ∆P equals 10. The AUP
also decreases when ∆P equals 15 compared to the baseline
from 15-5-5 but as p = 0.088, H0 is retained. From the results
in Table 9 it can be observed that the TQR and QC decrease
when the adaptability of supplier performance is increased, i.e.
QC decreases statistically significantly when ∆P = 15. Figure
7 shows box plots for the simulation results from simulation set
B.

Figure 7: Box plots of results from simulation B

5.5. Trade-offs and Relative Results

In Figures 8 and 9 below, two trade-offs are displayed by the
sample means of four KPIs from all performed simulations.
One can observe the results from the trade-off that is made be-
tween TFD and AUP when simulating a specific scenario that is
subject to the chosen AS, level of ur and CO. Figure 9 displays
a similar trade-off, but then between TQR and QC.

When considering Figure 8, four interesting clusters can be
identified in terms of results from the simulations for TFD and

Figure 8: Tradeoff between TFD and AUP

Figure 9: Tradeoff between TQR and QC

AUP KPIs. The cluster represented by the red frame are simu-
lations that result in relatively high AUP and low TFD. These
simulations are only SC2 simulations with high urgency and
competition. The blue frame is a cluster of simulations that lead
to relatively low AUP and low TFD, ideal for high to medium
urgency request while attempting to minimize costs. The or-
ange framed cluster are simulations with balanced and patient
AS for SC2 with relatively high AUP and high TFD. The com-
bination between high AUP and high TFD is not very desir-
able for the hangar manager in any situation. Lastly, the green
frame represents a cluster of SC1 simulations with patient and
balanced AS with relatively low AUP and high TFD. These sit-
uations could be desirable when facing low urgency while at-
tempting to minimize costs.

Figure 9 shows the relative results from the simulations in
terms of TQR and QC. The red framed cluster shows simu-
lations that result in relatively low TQR and low QC. These
simulations are all SC2 simulations with the greedy AS while
facing competition. The blue frame clusters the results from
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SC1 simulations with various AS, ur and CO levels. None of
these simulations exceeds the required number of 200 materi-
als, but is associated with a high QC. The orange framed cluster
shows results from simulations that result in an mean TQR just
over 200 and a QC of around 0.7. Interestingly, the 10-5-5 and
15-5-5 simulations are located in this cluster while variations to
these simulations are all located in the red cluster. Lastly, the
green cluster represent SC2 simulations that on average exceed
the required 200 materials by at least 30, while also achieving a
relatively high value of QC. When policy makers attempt to re-
trieve more materials than required, e.g. safety stock, adopting
the strategies from these simulations would be effective, assum-
ing the circumstances are similar and assumptions are valid.

6. Discussion

This discussion starts with an interpretation of the results pre-
sented in the previous section (6.1). A reflection on the pro-
posed methodology is given in Section 6.2. Recommendations
are presented in Section 6.3. Lastly, opportunities for future
work are discussed (6.4).

6.1. Interpretation of Results
The results presented in the previous sections show that the
presented methodology and model can simulate different cir-
cumstances of negotiation that lead to statistically significant
results. When concerning the procurement of aircraft compo-
nents under the circumstances simulated by simulation set A1,
the results can be interpreted as a guideline to determine which
AS is effective when pursuing a certain goal. For instance, if
a manager has the goal to achieve the quickest delivery time of
aircraft components, it should adopt the greedy AS because it
is statistically significant shorter than with another AS. On the
other hand, if the manager aims to minimize AUP, it would be
the most effective to adopt a patient AS as its results are sta-
tistically significant lower than with the greedy and balanced
AS. If a hangar manager wants to achieve the highest TQR or
QC, it should adopt the greedy AS. Unexpectedly, the greedy
AS results in the highest values of these KPIs where one would
expect a patient or balanced AS to result in higher TQR and
QC.

When interpreting the results from SC2 in simulation A1,
procurement of aircraft expendables, similar statements can be
made. Again the greedy AS shows to be the most effective when
attempting to retrieve the required materials as quickly as possi-
ble. In contrast to SC1, applying the greedy AS will also result
in the lowest AUP, unexpectedly. However, if a manager wants
to retrieve the highest QC or TQR, it would be best to adopt
a patient or balanced AS. To synthesize, simulation set A1 has
shown that adopting a particular AS, while under the same cir-
cumstances in terms of urgency and competition, can lead to
improved or deteriorated results when attempting to achieve a
certain goal.

Simulation set A2 has been performed to assess the model’s
sensitivity to the introduction of urgency to certain AS. For both
SCs, it is shown that increasing the level of urgency while main-
taining a greedy AS will result in increased values of TQR and

QC. For the aircraft expendables scenario, i.e. SC2, it is shown
that this increase in urgency will result in a quicker delivery of
the required materials, which is very desirable in a time criti-
cal situation. SC1 has shown to be less reactive to a decrease
in urgency as only the USW of the balanced AS has shown a
statistically significant increase, meaning that on average the
summed utilities of all agents has increased.

For aircraft expendables, a decrease in the level of urgency
when applying the patient or balanced AS has resulted in a sta-
tistically significant decrease of TQR and QC. Thus in the case
that no time critical situation is present, it would be best to act
as if urgency is higher in order to retrieve more materials when
adopting one of these AS.

Simulation set A3 showed the model’s reactivity in terms of
the KPIs when incorporating competition to the procurement of
aircraft components and expendables. The results have shown
that the introduction to CO level 5 does not really affect re-
sults when simulating the greedy AS with high urgency. For
both SC1 and SC2, only one KPI has shown statistically sig-
nificant changes, AUP and USW respectively. This means that
the other KPIs are unaffected by CO level 5, i.e. H0 is retained,
which is unexpected and positive for the manager. When CO is
increased to 10, the TFD and AUP show statistically significant
changes for SC1, resulting in a shorter TFD and higher AUP.
Concerning the TQR and QC in this respect, H0 is retained,
meaning that the KPIs are not affected by this level of compe-
tition. This is worth noting because competition levels affect
supplier stock levels, meaning that the model may be consid-
ered as robust when concerning TQR and QC for SC1 with CO
level 10.

CO level 10 has shown statistically significant differences for
four out of five KPIs, only for TFD the null hypothesis is re-
tained. The increase in USW, decreases in AUP, TQR and QC
mean that for all agents the final solution is better and the av-
erage unit price has dropped for the manager. However, in an
average of only 60% of the simulations the required material
quantity was retrieved. This means, in contrary to the results
concerning SC1, the TQR and QC are statistically significantly
affected in SC2 because of the decrease of supplier stock levels.

Simulation set B has been performed to assess the sensitivity
of a few negotiation parameters. In B1, variations to the man-
ager willingness ω has shown interesting results. A less willing
manager, i.e. ω = 20, has not shown statistically significant re-
sults, whereas a more willing manager has lead to the rejection
of the null hypothesis. A more willing manager has lead to an
increase in USW, TFD, TQR and QC. At the cost of a longer
TFD, the manager thus retrieves more materials and exceeds
the required number of materials more often. This could be
an effective manager strategy when attempting to retrieve more
materials when urgency is not the most important theme, but
further studies concerning this expectation are not performed
here.

Simulation B2 has shown that the increase of initial offer
adaptation to 10% leads to statistically significant decreases of
USW, TFD and QC. Interestingly, this means that if the offer
adaptation is increased, this leads to a quicker delivery of ma-
terials but the required quantity is less often retrieved by the
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manager. This can be considered as a trade-off in time critical
situations. Increasing ∆I to 15% has not show the same reac-
tivity as 10% as this change only leads to a statistically signifi-
cant increase in TQR. This would be beneficial to the manager
because more materials are retrieved while other KPIs remain
unaffected.

Simulation B3 has assessed the influence of ∆P on KPI re-
sults. In both variations, the increase of ∆P has only lead to one
statistically significant difference when compared to the base-
line in which ∆P = 5. This means that the model is quite robust
as the KPIs remain relatively unaffected while also consider-
ing that the value of Ps affects the probability that suppliers
will refuse to share their material quantity, propose a deal or
de-commit an agreement (Figure 3).

6.2. Reflection on Proposed Methodology
The proposed ABM and automated negotiation methodology
has shown to be capable of simulating human elements and in-
teractions in the process of procurement of aircraft materials. In
this respect, an advantage of the methodology is that it allows
for further inclusion of human behaviour and reasoning. Cur-
rently included human elements are adaptive features and agent
strategies that represent human behaviour, along with the possi-
bility to refuse bidding or end negotiation with a supplier. The
methodology allows for more complex human reasoning con-
cerning what action to take in the negotiation by allowing ob-
servation of other suppliers and their proposals, but this would
require a substantial elaboration of the current model. Another
strong point is that the methodology allows for extension that
may resemble real-life events. Urgency and competition are al-
ready included, but the model could be adjusted specifically to
simulate a particular real-life situation. The automated negoti-
ation protocol that is proposed is believed to be very suitable
to represent the buyer-seller environment for aircraft mainte-
nance, however it would be interesting how the model behaves
if other protocols are applied. The used protocol has shown to
be reactive to particular simulations, where it has also shown
robustness for other situations subject to competition as dis-
cussed in the previous section. Overall, the proposed methodol-
ogy has shown that it is capable of simulating the procurement
of aircraft components and expendables with the inclusion of
urgency and competition elements.

The proposed methodology also exhibits some disadvan-
tages, for instance that most initial values and strategies are
based on assumptions related to the case study. The model
and methodology requires validation to real-life data in order
to judge if it is capable to simulate real-life events. Also,
the model is, as established, reactive in most negotiation sit-
uations, meaning that changing the value of one or more pa-
rameters could alter the results completely. In other words,
in a future attempt to maximize negotiation solutions for any
agent, extensive parameter tuning would be required. Another
possibility would be to apply game-theoretic methods for ex-
ploring dominant and best strategies for agents, in attempts to
find optimal outcomes which could allow to predict future out-
comes. Another weak point is the relatively simple represen-
tation of urgency and competition in the model. The relatively

simple methods have shown to affect results, but do not neces-
sarily represent real-life urgency or competition events. More
sophisticated ways of including urgency or competition in the
model would allow further exploration of the model’s capabil-
ities. This is also valid for the methods applied in the adapt-
ability of the model, these could be more complex, e.g. relating
specific adaptations to individual agents. In this research, adap-
tive parameters are equal to all agents.

6.3. Recommendations

Considering the interpretations of results, it is possible to rec-
ommend policy makers to explore the effects of negotiation
strategies in real-life. Table 10 below suggests the recom-
mended negotiation strategies for particular negotiation circum-
stances.

Material ur Goal Recommended AS

Components

1 Max TQR Greedy
2 Min TFD Greedy
2 Min AUP Patient
2 Max TQR Greedy / Balanced
3 Min AUP Patient
3 Max TQR Balanced

Expendables

1 Min TFD, Max TQR Greedy
2 Min TFD, Min AUP Greedy
2 Max TQR Patient / Balanced
3 Min AUP Patient
3 Max TQR Balanced

Table 10: Recommended AS for specific situations, all for CO= 0

The strategies in Table 10 are recommended in particular situ-
ations of urgency when pursuing a specific goal. For situations
subject to competition, it would be recommended to apply the
greedy AS, as this is the only AS simulated in these situations.
It is recommended to policy makers to recognize particular sit-
uations and then apply the strategies associated with their goal
and situation.

It is also recommended to further evolve the methodology
proposed in this research to simulate other (aircraft mainte-
nance) applications. The methodology can also be applied to
the procurement of aircraft maintenance equipment and be used
to simulate other negotiations that take place in the aircraft
maintenance domain, e.g. scheduling problems and resource
allocations. Outside the aircraft maintenance domain, the pro-
posed methodology can be adopted to simulate other instances
of buyer-seller negotiations with one buyer and multiple sup-
pliers. It is recommended to apply the methodology to these
problems and assess its capabilities there.

6.4. Opportunities for future work

Concerning further work, it is recommended to validate the
proposed model to a real-life data set showing historic agree-
ments between suppliers and a hangar manager. Extension of
the methodology would yield possibilities to study cases of re-
stock of materials at suppliers while facing competition. As
mentioned, the methodology allows for extensions with more
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(homogeneous) or other suppliers and even multiple buyers. It
is recommended to apply required extensions to simulate par-
ticular cases from inside and outside the aircraft maintenance
domain.

Future work can also be performed within the existing model,
such as finding the optimal manager strategy and value of ω to
achieve the desired performance from the manager’s perspec-
tive. Within the current methodology other methods may be
applied to alter supplier responses in interactions with the man-
ager. In the current model, the probabilities are equally calcu-
lated for each supplier, but this may be adapted in order to better
resemble specific suppliers.

Applying the proposed methodology to other existing fields
of supply chain optimization would hopefully yield novel in-
sights in negotiations involved in these processes.

7. Conclusion

This research is novel in applying multi-agent automated nego-
tiation methodology to an aircraft maintenance problem regard-
ing non-routine material availability. Recall the main research
question: In the context of non-routine aircraft maintenance
materiel availability, to what extent can multi-agent automated
negotiation be applied to explore effective agent strategies for
various negotiation circumstances regarding the procurement
of aircraft components and expendables?

As established in the previous section, the research has been
successful in establishing relations between local agent nego-
tiation strategies and global performance, resulting in recom-
mendations to practice to apply certain strategies when facing
certain circumstances. It is therefore concluded that the auto-
mated negotiation method proposed in this research is very suit-
able to simulate non-routine material procurement negotiations
and has shown its applicability when exploring particular nego-
tiation strategies for the aircraft maintenance environment.

The methodology has potential to be adapted to include other
or more suppliers, other or more advanced negotiation strate-
gies and more parameters to enhance complex negotiations or
increase realism. This research has shown that the effectiveness
of aircraft maintenance procurement negotiations is subject to
circumstances of the negotiation, e.g. competition and urgency,
and the negotiation strategies chosen by involved parties, e.g.
manager type.
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LIST OF MODEL ASSUMPTIONS

• Competition
The method of representation of competition is assumed to resemble the effect competition has on
supplier stock levels.

• Complete Information
Suppliers do not possess or are able to retrieve information regarding other suppliers. Information
concerning reservation values are private and communication between supplier is not possible.

• Manager Types
The manager types are reflected by different proposal acceptance strategies and are assumed to reflect
three different types of human behaviour a manager can have when negotiating over aircraft materials.
The three types of managers that are used in this research are assumed to be the three main types of
managers, while other types may also exist in real life.

• Model Adaptability
The adaptive elements included in the model are assumed to represent real adaptive measures taken
by the agents to increase their own utility.

• Negotiation Attributes
The negotiation attributes that are modelled in the negotiations are assumed to be the most relevant in
the context of aircraft maintenance materiel procurement.

• Negotiation Protocol
The extended contract net protocol that is proposed in this research is assumed to resemble the way
negotiations take place in real aircraft maintenance material procurement negotiations.

• Package-deal Procedure
The package-deal procedure is assumed to represent bidding procedures that take place in the real
negotiations.

• Parameter Values
The parameter values are assumed to represent manager and supplier characteristics.

• Performance Indicators
The performance indicators and KPIs considered in this research are assumed to be adequate for as-
sessing the performance of the system.

• Stock Levels
With competition, stock levels may only decrease. Re-stock and backordering are assumed to be un-
available in this research.

• Supplier Characteristics
The characteristics of suppliers are based on personal experiences and experiences shared by KLM
E&M. Changing the supplier characteristics may lead to different outcomes of negotiations.

• Supplier Presence
The five supplier are assumed to be present and accessible by the hangar manager for the material that
is required.

• Supplier Types
The identification of the five suppliers is based on personal experience and experiences shared by KLM
E&M. Specific situations may arise in which one of more of the suppliers characteristics does not meet
the characteristics used in the model.

• Urgency
The method of representation of urgency of a material request is assumed to resemble a real life situa-
tion.

• Volume Discount
In this research it is assumed that volume discounts are not applied when ordering larger amounts of
material.
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INTRODUCTION

The following chapters in this document are considered as addition to the Thesis Paper regarding Multi-agent
Automated Negotiation Approach to Aircraft Maintenance: Non-routine Materiel Procurement. In the follow-
ing chapters, aspects of the research are highlighted, elaborated, or introduced because they are not (fully)
discussed in the paper.

This document consists of nine chapters.

The first chapter elaborates on the case study that formed the basis of the methodology and model, which
was briefly introduced in the paper (1). Chapter 2 elaborates on the extensions to the case that were used
for modelling reasons. The methodology that is proposed is discussed in the paper, but an elaboration and
motivation of certain aspects are described in Chapter 3. The manager’s reservation values concerning ne-
gotiation attributes are presented in the paper, but the supplier parameter values are presented in Chapter 4.
The agent specification based on LEADSTO relations is presented in Chapter 5. Chapter 6 elaborates on the
matlab structure that was used to implement the model. The model’s performance indicators and system
requirements are elaborated on in Chapter 7. Chapter 8 presents results concerning the model’s efficiency
and verification results. Chapter 9 elaborates on opportunities for future research. 1

1Cover Image: Grokhovskaya, V. (2018, September 24). 5 MRO Supply Chain Challenges Aviation Companies Need To Prepare For.
Retrieved November 9, 2018, from https://supplychainbeyond.com/5-mro-supply-chain-challenges-in-aviation/
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1
KLM CASE DESCRIPTION

In cooperation with KLM Royal Dutch Airlines’ Engineering and Maintenance (E&M) department a repre-
sentation of a real life situations has been created to serve as a case for modelling purposes. A team of an-
thropologist has spend several months inside of KLM’s E&M hangar environments to research their ability to
deal with changes in technology. The team has spend time working with people from different departments
within various hangar organizations. The case that forms the context of the model is not a specific case that
has occurred, but it is composed from several similar events and is described below.

Mechanic H. is part of the cabin team and is assigned to perform a cabin inspection. As part of the cabin
inspection, H. marks seats that have been damaged. From memory, H. is aware that a modification is per-
formed on chair covers to improve fire resistance. H. marks the damaged chair covers and also takes the ones
with smaller rips. After finishing inspecting all chair covers and marking the damaged ones on a cabin map,
H. proceeds towards the desktop computer located in the hangar.

At the desktop, H. uses Maintenix, i.e. a support tool that contains information on tasks, tools and mate-
rials among others, in an attempt to order new chair covers to replace the damaged ones. After consulting the
manual in Maintenix, H. obtains the correct material codes associated with the chair covers. When H. tries
to order the material, Maintenix informs H. that the material is blocked. The meaning of this message is not
clear. Either it can mean that the code of the material is outdated or that the material is new and a connection
between Maintenix and SAP concerning the material has not been made yet. SAP is another software support
tool that displays availability of material inside and just outside the hangar.

In a new attempt to order the material, H. enters the codes directly into SAP to assess the availability.
Again, the system displays that the materials are blocked. It appears that the chair covers are not in stock
anymore due to the modification that is carried out. After a thorough search, H. finds that there are still some
chair covers in stock at the material center Schiphol, i.e. a centralized location that serves as spare part pool
for MROs). If H. wants to obtain the covers quickly, i.e. before the end of the shift, someone should take one
of the vans and pick the covers up themselves. This must be checked first, because maybe material center
needs the materials themselves. First, permission has to be granted to pick up or let it be delivered to the
hangar. A runner is responsible for delivering goods from material center to the hangar. Their schedule is
not transparent and therefore H. is not entirely sure when the materials will arrive if they are brought to the
hangar.

H. moves to the office in the hangar to locate the cabin team lead and Duty Manager Base (DMB) in order
to discuss other options of retrieving the seat covers. The DMB serves as support staff in the hangar and relies
on extensive personal knowledge and network. Together, H., the cabin team lead and DMB narrow down
options to retrieve material. The material is not available in other hangars as they do not service the same type
of aircraft there. There are indeed some chair covers with the correct material code at the material center. The
DMB and cabin team lead now really come into action. They need to contact the material center and figure
out if, how and when the materials can be obtained by the hangar where the inspection was carried out. The
removed chair covers are not disposed yet, so if the materials cannot be obtained, they could place back the
best ones and use older copies to replace the really damaged ones. The replacement is then postponed.

The DMB performs a phone call with material center. After negotiation with the DMB, the material center
agrees to deliver the covers the same afternoon. It becomes apparent that only if the right combination of
understanding of the information systems, KLM system understanding and authority understanding could
solve the problem. Much information and knowledge on what to do is based on personal experience. A
possible solution has been reached and it is now out of their hands until the materials arrive.

Other problems occur as the situation proceeds, but these are not relevant for this research and are not
used in the model or case extension. The following chapter elaborates on the specific problem from the case
that is modelled.
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2
CASE EXTENSION

The case that was formulated by the team of anthropologists has shown many opportunities to apply ABM
techniques. The choice was made to focus on the negotiations that are performed in order to retrieve the
required materials. This choice was made based on personal preference, but also because multi-agent nego-
tiation is a rapidly growing field of research [2].

In order to produce a contribution to the ABM as well as the aircraft maintenance field of research, the
negotiation that take place in the case are extended. The DMB is represented as the hangar manager, who is
responsible for the retrieval of the required materials. Basically, the hangar manager can be seen as a buyer
and the material center can be seen as supplier. The purpose of negotiations from the manager perspective
is to retrieve the required number of materials as soon as possible for minimum costs.

Besides the material center, four other possible material suppliers have been identified based on personal
experiences and talks with the anthropologists. Please note that the characteristics and types of suppliers are
based on personal experiences and experiences from KLM E&M. The model assumes that the five suppliers
described below are present in the hangar’s environment and representatives of the suppliers are modelled
as agents:

1. Inventory Hangar X (IHX): represents the inventory of the hangar where the non-routine emerges, i.e.
hangar manager is manager of the hangar that contains inventory X. Hangar X Inventory characteristics
are a relatively small inventory of components, usually cooperative in finding a solution for problems
appearing in the same hangar and charges relatively low prices and short delivery times.

2. Inventory Hangar Y (IHY): represents the inventory of a neighbouring hangar. This inventory is as-
sumed to have a greater stock level than Hangar X, but smaller than other suppliers. Unit prices are
higher and delivery times are longer than from Hangar X.

3. Central Inventory (CI): represents the material center that serves as spare part pool for MROs. The
central inventory contains a large inventory with moderate prices of material, but higher delivery times.
Also, this supplier usually provides materials to other buyers, thus competition for materials between
buyers is likely to be present.

4. Third Party Supplier (TPS): representative of a company that produces materials for aircraft, e.g. af-
termarket parts, which are very present in the aircraft maintenance market. This supplier is associated
with higher prices and longer delivery times than the suppliers discussed above. The service provided
by third party suppliers is usually lower than from official OEM suppliers, e.g. shorter guarantees.

5. Official Supplier (OS): represents the OEM of the maintenance material. Provides spare components
or expendables at high prices, high delivery times and high service.

2



3
ELABORATION ON METHODOLOGY

As mentioned in the Thesis Paper, automated negotiations are specified by three elements: the negotiation
set, protocol and strategies. These building blocks are described and their interpretation to this research
is explained consecutively in this chapter. Starting with an more elaborate explanation of the negotiation
set in Section 3.1. Section 3.2 describes how the negotiations proceed. The negotiation strategies used by
the manager and supplier agents are explained in Section 3.3. Lastly, the model incorporates four adaptive
features in order to represent human behaviour. These features are elaborated on in the paper already, thus
omitted here.

3.1. NEGOTIATION SET
The negotiation set comprises a specification of all possible deals the agents are allowed to make. For this
research, two scenarios are drawn up to simulate procurement of two types of aircraft materials (3.1.1). Two
aspects of real-life aircraft maintenance material requests are also taken into account in the methodology
presented to simulate the negotiations: urgency (3.1.2) and competition (3.1.3).

3.1.1. SCENARIOS

AIRCRAFT COMPONENTS

The first scenario (SC1) is representative of the procurement of aircraft components, either rotables or re-
pairables. These parts are relatively high valued parts. Usually orders for these parts are placed carefully to
minimize inventory stock levels, i.e. minimize costs. To simulate the procurement of these parts, the negoti-
ation attributes comprise of unit price (UP), delivery time (DT) and delivery service (DS). Delivery service is a
binary value, meaning either material pick-up, i.e. 0, or material delivery, i.e. 1. The other two attributes can
take any value in the domain of natural numbers N. If an agreement has been reached with a supplier, the
manager may choose what quantity of material to procure from the supplier for the agreed unit values. The
space of possible outcomes is extensive and bounded by the manager’s reservation utility and values and the
supplier’s stock levels and reservation values.

This scenario of aircraft components is selected for modelling because it allows the manager to precisely
order the number of materials that is desired. The order quantity is bounded by the number of materials the
specific supplier has in stock at that time, but imagine the following case. The manager requires 100 units
of material and order 50 of them at one supplier because it is the total stock level of that supplier. Another
supplier has 100 units in stock but the manager needs only 50 to retrieve the required number of materials.
This is now possible because the manager may order 50 of the 100 materials at the costs of the unit attributes.

AIRCRAFT EXPENDABLES

The second scenario (SC2) is representative of the procurement of aircraft expendables, i.e. consumables.
The unit price of these parts is relatively low compared to aircraft components. Usually it is more expensive
to repair an expendable than to replace it. Procurement of expendables is usually done periodically and in
greater volumes than components. To simulate the non-routine procurement of these aircraft parts, a fourth
attribute is introduced alongside the three attributes from the aircraft components scenario: the material
quantity (MQ). The value of the material quantity negotiation attribute can take any value in the set of natural
numbers. Again, the space of possible outcomes is extensive and bounded by the manager’s reservation utility
and values and the supplier’s stock levels and reservation values.

This second scenario has been selected for modelling to assess the differences in results compared to SC1.
Whereas the manager in SC1 can choose the amount of materials it wants to procure from a certain supplier,
in SC2 this is comprised by the agreed negotiation attributes. Also, this scenario is representative for the case
study as the chair covers are also aircraft expendables. However, aircraft expendables are usually associated
with lower unit prices and are subject to discounts when purchasing larger volumes, but these aspects are
omitted here for comparison reasons.

3



3.2. NEGOTIATION PROTOCOL 4

The methodology that is used in this research and presented in the paper can be adopted to simulate other
types of aircraft materials, e.g. equipment. Also, elements usually associated with specific materials, e.g.
volume discounts, could be incorporated to assess simulation capabilities and represent real aircraft mainte-
nance material procurement.

3.1.2. URGENCY
As described in the paper, researches attempt to optimize maintenance schedule in attempts to minimize
costs. Disruptions of the maintenance schedule will negatively influence the schedule and thus increase cost
levels. One can imagine that when such a disruption occurs, efforts are made to solve it as quickly as possible.
To resemble this type of situations, the element of urgency of a request for materials is incorporated in the
model. Three levels of urgency are introduced to resemble three types of situations:

• High urgency ur = 1: situations in which not replacing the faulty material directly will lead to an Air-
craft on Ground (AOG) situation, e.g. safety critical material or line maintenance operations.

• Medium urgency ur = 2: situations with reduced urgency, where materials will be required relatively
soon as the aircraft spends time in the hanger for longer, e.g. C-check.

• Low urgency ur = 3: situations associated with periodically ordering, no rush to retrieve materials, but
they should be retrieved at that time, delivery time is not the main priority in this situation.

The urgency level is communicated from the manager to the suppliers in order to stress the time pressure
that is involved in the situation. In the model, the offer strategy of the suppliers is subject to this level of ur-
gency, assuming that the suppliers are willing to cooperate in urgent situations. This method of incorporating
urgency levels in the model is assumed to represent three different real-life situations. The methodology and
model allows for further extensions on this topic by designing more complex ways of representing urgency
of material requests. It should be noted that the level of urgency does not affect the size of the negotiation
outcome space.

3.1.3. COMPETITION
Competition is included in the model to assess if elements of competition could be included in the model and
how competition would affect the negotiation outcome. Also, as competition is an element that is present in
operational maintenance, it would be realistic to incorporate some method of competition.

Competition is included in the model by decreasing the supplier stock levels every simulated 30 minutes.
The level of competition (CO) determines how quickly the stock levels decrease. Whereas the initial stock
levels of suppliers differ, the rate of decrease does not. In the model the decrease rate of stock levels has been
varied from 0 to 5 and 10 percent. The behaviour of the stock level in case of CO=5 is presented in the paper.
This method is chosen because of its relatively simple way of implementation and still a simulated way of
representing competition. Also, the purpose of research is not to explore the most realistic or sophisticated
way to include competition in the model.

3.2. NEGOTIATION PROTOCOL
The negotiation protocol applied in the research is an extension of the classic CNP [4] to allow for automated
multi-attribute package-deal negotiations. In a package-deal procedure a proposal from a contractor com-
prises of a bid for all issues. The manager may accept or reject the proposal based on the proposed package
of attribute values. Other methods of multi-attribute bidding are discussed briefly in the paper. The package-
deal procedure is considered as the one that best resembles the real-life negotiations. The protocol that is
applied in this research is adopted from [5], which uses a multi-attribute bargaining protocol for buyer-seller
negotiations. A figure of the protocol is presented in the paper and is not repeated here, but a more elaborate
explanation is presented below. The protocol consists of four main stages:

1. Pre-negotiation Phase
2. Bidding Phase
3. Proposal Evaluation Phase
4. Order Awarding Phase
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In the Pre-negotiation Phase the manager requests all five suppliers to share their stock level of the material
that is required. The request includes the urgency of the request from the manager. The request from the
manager can result in three different replies from any supplier. Firstly, the supplier may reply to the manager
that the request is not understood for any particular reason. The probability associated with this action is
related to the performance of the supplier Ps (t ): p1

1 = 1.0−Ps (t ). If the manager receives this reply from the
supplier, it creates a belief with probability p2

m that the supplier is not willing to cooperate, then the supplier
will be excluded from further negotiation. With probability p1

m = Ps (t ), the manager will send a new request
for quantity to the specific supplier.

A supplier may also respond to the request by refusing the request to share its stock level. The motivation
may be that the supplier is not interested to supply the materials or not willing to share information about its
stock. The probability that this reply is chosen by the supplier equals p2

1 == 1.0−Ps (t ). If this reply is received
by the manager, the supplier is automatically excluded from the negotiation.

The third possible reply is performed with a probability of p3
1 = 2Ps (t )− 1.0 and results in the supplier

informing the manager with the stock level that is available for purchase. The reply is followed by a call for
proposal by the manager, requesting the supplier to propose a deal.

The Bidding Phase follows from the call for proposal from the manager. In the extended CNP the bidding is
performed by the suppliers only. A bid may be accepted or rejected by the manager, but cannot be adjusted.
Furthermore, a rejected bid cannot be accepted at a later point in time. Because a package-deal procedure is
used, a proposal from any supplier comprises of a value of each of the attributes. After receiving the manager’s
call for proposal the supplier can either refuse to propose a bid. The motivation may be that another buyer is
also interested in the same material, or the supplier’s lack of interest in selling the material. The probability
associated with this reply equals p1

2 = 1.0−Ps (t ).
Otherwise, the supplier proposes a deal to the manager. The probability of this response equals p2

2 = Ps (t ).
The bidding strategy is elaborated on in section 3.3.2.

In the Proposal Evaluation Phase the manager evaluates the proposal made by the suppliers. The manager
can respond in three different ways. The proposal is rejected if at least one of the proposed values for any
attributes exceeds the minimum or maximum reservation values of the manager regarding each of the at-
tributes. The proposal is also rejected if the utility gained by the manager regarding the proposal does not
exceed its reservation utility. If the supplier has proposed in the final negotiation round that is allowed, then
the proposal is rejected and the supplier is excluded from further negotiation.

If the proposal should be rejected because of above mentioned criteria but the supplier has not yet reached
the final bidding round, then the proposal is rejected but the supplier is requested to propose again as part of
the next round. This message from the manager places the supplier back to the Bidding Phase.

If the proposal meets the managers acceptance values and reservation utility and the maximum allowed
bidding rounds is not exceeded, then the proposal is accepted by the manager. The specific acceptance strat-
egy is varied and elaborated on below (3.3.1).

The Order Awarding Phase is dependent on the scenario and manager acceptance strategy. Therefore, the
rules associated with this phase are discussed below (3.3.1). However, in each scenario and acceptance strat-
egy, the supplier has the opportunity to cancel the agreement, i.e. de-commit. After the supplier has been
informed that the proposal is accepted, the supplier will cancel the deal with a probability of p1

3 = 1.0−Ps (t ).
With probability p2

3 = Ps (t ), the agreement is read-back to the manager and the order is placed. If all orders
are placed by the manager, then negotiation ends.

3.3. NEGOTIATION STRATEGIES
This section elaborates on the manager acceptance strategies that are used in the model (3.3.1). A brief elab-
oration and motivation for the supplier strategy is given in Section 3.3.2.

3.3.1. MANAGER ACCEPTANCE STRATEGY
Three different manager acceptance strategies, or manager types, are created in order to assess their effect
on negotiation results. The manager types attempt to represent three different ways a hangar manager can
accept and reject proposals. The manager types and the ways they accept proposals is discussed below.

The first manager type is the greedy manager. This manager type represent a human being who is looking
to close a deal as quickly as possible, taking time pressure into account. This manager accepts any proposal
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that is regarded as acceptable following the requirements discussed in section 3.2. For scenario 1, this means
that a supplier is immediately informed when a proposal is accepted. If it is read back by the supplier, the
manager will directly place an order at the supplier, regardless the state of negotiation with the other suppli-
ers. For scenario 2, where the order placement is associated with the acceptance of an order, the proposal is
accepted directly and the supplier is informed accordingly.

Another type of manager is a patient manager. This manager represents a human being who is willing
to take time in finding a beneficial deal by evaluating multiple deals, regardless of the time pressure. For
scenario 1, the patient manager waits until an acceptable proposal has been made by every supplier, as long
as they are not out of negotiation, before accepting one of them. The manager informs the supplier that
has made the best proposal, i.e. highest utility, that the proposal is accepted. The other suppliers are in-
formed that their proposal is rejected and are send to the next round, if the maximum number of rounds is
not exceeded. This process continues until the manager has accepted a deal from all suppliers who are still in
negotiation. The manager postpones order placement until this state has been reached. Then, in ascending
order, the manager places an order for the total stock level of the supplier that results in the highest utility.
When the required number of materials has been ordered, the agreements with the remaining suppliers are
cancelled.

For scenario 2, when all suppliers have proposed an acceptable deal, the manager selects the proposal
that results in the highest utility. The supplier associated with this proposal is not informed, the other sup-
pliers are informed that their proposal is rejected and are entering the next round. This process is repeated
until all suppliers have been selected as most beneficial in respective rounds. Then, in ascending order, the
suppliers that provide the highest utility to the manager receive an acceptance of their proposal. When the
required amount of quantity has been ordered as part of the deals, the agreements with other suppliers are
cancelled.

The third manager type is the balanced manager which uses a combined strategy from greedy and patient
manager types. As the greedy manager, the balanced manager accepts any acceptable proposal and does not
compare proposals between suppliers. A more patient strategy is used to determine which suppliers receive
an order. The balanced manager postpones order placement until all suppliers have proposed an acceptable
deal.

These three manager types are modelled to represent three ways of manager behaviour. Other manager
behaviour could also be simulated by designing other proposal acceptance strategies in order to simulate
particular cases. The model and methodology allows for almost any acceptance strategy. The three chosen
for this research are believed to represent main acceptance strategies.

3.3.2. SUPPLIER BIDDING HEURISTICS
As mentioned, proposals are made by the suppliers in the negotiation protocol. For the proposal, a heuristic
approach is used because the research does not attempt to maximize the outcome, but rather explores its
applicability. Different methods of heuristics are known and have been researched [2]. For this research,
the classic time and resource-dependent strategies have been adopted to make them more applicable for this
situation. For example, because the maximum allowed number of bidding rounds equals ten for all suppliers,
they would require to increase their offer more quickly then with more classic approaches. The behaviour of
the offer strategy is discussed in the paper. It should be noted that other offer strategies could also be applied
to simulate other supplier bidding strategies, for instance to model other cases. The methodology allows for
implementation of any supplier bidding strategy.



4
SUPPLIER NEGOTIATION PARAMETER VALUES

In the paper, the manager’s negotiation values and reservation utility are presented thus these are omitted
here. However, the supplier negotiation values are not discussed in the paper and therefore are included
below (Table 4.1).

Supplier Attribute mi ni
s I i

s (0) maxi
s w i

s (SC1) w i
s (SC2)

1. IHX

UP 0 20 25 0.1 0.1
DT 30 120 120 0.8 0.4
DS 0 0 1 0.1 0.1
MQ 0 25 Q1(t ) n/a 0.4

2. IHY

UP 25 85 100 0.3 0.2
DT 60 180 180 0.4 0.3
DS 0 0 1 0.3 0.1
MQ 0 30 Q2(t ) n/a 0.4

3. CI

UP 100 200 250 0.5 0.3
DT 200 450 480 0.4 0.3
DS 0 0 1 0.3 0.1
MQ 50 50 Q3(t ) n/a 0.3

4. TPS

UP 100 300 400 0.8 0.5
DT 200 600 720 0.1 0.1
DS 0 0 1 0.1 0.1
MQ 100 100 Q4(t ) n/a 0.3

5. OS

UP 150 450 500 0.8 0.5
DT 200 660 720 0.1 0.1
DS 0 0 1 0.1 0.1
MQ 150 150 Q5(t ) n/a 0.3

Table 4.1: Reservation values, initial offers and weights for suppliers regarding negotiation attributes

Attribute Unit Range
UP [€] N

DT [min] N

DS [-] N

MQ [-] binary

Table 4.2: Negotiation attributes unit and range

Supplier Qs (0) Ps (t )
Inventory Hangar X 50 0.95
Inventory Hangar Y 100 0.95
Central Inventory 150 0.95

Third Party Supplier 200 0.95
Official Supplier 200 0.95

Table 4.3: Supplier initial material stock level Qs (0) and supplier
performance Ps (t )

It should be noted that, just as with the reservation values and weights used by the manager, the values of the
supplier are all based on estimations and assumptions. The reason for these assumptions is that no real data
was available that could be used to represent real reservation values. The assumed values are estimated to
represent the type of supplier (Chapter 2). Table 4.2 shows the unit of the negotiation attributes that are used.

The first supplier, IHX, is assumed to be cooperative with the manager from the same hangar. Also, be-
cause the inventory of hangar X is relatively close, the unit price is assumed to be between €0 and €25 and
delivery time between 30 and 120 minutes. The initial offer of DT is put at 120 minutes because from the IHX
perspective, then no rush is needed to have the materials ready in time. This inventory is assumed to be close
to the place where the materials are needed, but still the supplier would prefer pick-up of the materials in

7
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favour of delivery to that place, these values are assumed to apply to all suppliers. Considering MQ, supplier
1 is assumed to offer 25 units of materials initially. The weights are assumed with the following motivation,
for an inventory that is cooperative with the manager, the delivery time is the most important because this
gives the supplier time to get the materials ready. UP and DS have been given a lower priority. For SC2 the
weights of DT and MQ are equal to 0.4 because it is assumed that these two are of equal importance to the
supplier.

Supplier 2, IHY, is assumed to be less cooperative than supplier 1. The neighbouring hangar can be helpful
in solving material issues in other hangars, but the materials can also be required to perform maintenance
work in hangar Y. Therefore, the reservation values for the negotiation issues are slightly less favourable to
the hangar manager. This is a trend when considering the other suppliers, the suppliers’ reservation values
become less favourable to the manager. The assumptions that are mentioned concerning suppliers 1 and 2
also apply to the other ones. Considering the weights of the negotiation attributes, the prioritization on the
unit price becomes higher as the scale of supplier increases, with less attention for delivery time and service.
Table 4.3 recalls the initial stock levels of materials of all suppliers. As mentioned in the paper, the manager is
required to retrieve at least 200 units of material in this research. Again, it is assumed that all values discussed
in this chapter represent real suppliers in the aircraft maintenance material industry.



5
LEADSTO AGENT SPECIFICATION

In this chapter the formal specification is presented using LEADSTO graphical specification. First, this method
of specification is introduced in Section 5.1. Then the agents are specified using the presented notation in
Section 5.2.

5.1. LEADSTO: INTRODUCTION AND NOTATION
For specification of the dynamics of the negotiation, LEADSTO methodology has been used [1]. Dynamics of
a system are considered as the evolution of states of the system over time. The LEADSTO language is able to
present direct dependencies between to successive states using the following notation: α→e, f ,g ,h β (Figure
5.1a,[1]), meaning [1]: "If state property α holds for a certain time interval with duration g, then after some
delay (between e and f) state property β will hold for a certain time interval of length h"

(a) LEADSTO notation [1] (b) Example of LEADSTO graphical representation [1]

Figure 5.1: LEADSTO notation and graphical representation [1]

LEADSTO state transitions can be specified formally in a graphic representation, as depicted in Figure 5.1b
[1]. State properties are presented as circles and LEADSTO relationships by arrows. Arcs connecting two ar-
rows indicate conjunctions between state properties. In the graphical specification created for this research,
a single arc denotes an and relationship, and a double arc represents an or relationship. Agents are depicted
as rectangular dotted boxes. State properties, i.e. circles, depicted inside the box represent internal state
properties. Circles located on the left border represent input state properties, mostly observation states in
this case. On the right, the circles correspond to output state properties. Circles depicted outside the box
are environmental states and can be observed by other agents. In the specification that follows, the timing
factors are presented along with the arrows to give a more detailed specification.

5.2. LEADSTO SPECIFICATION
This section shows three graphical LEADSTO specifications of:

• Specification of the manager agent in SC1 (Section 5.2.1)

• Specification of the manager agent in SC2 (Section 5.2.2)

• Specification of the supplier agents (Section 5.2.3)

5.2.1. MANAGER SPECIFICATION (SC1)
In the figure below (Figure 5.2), the graphical LEADSTO specification of the manager is shown in SC1. The
red arrows only apply when the greedy acceptance strategy is active and the blue arrows represent patient
acceptance strategy. Because the balanced acceptance strategy uses a combination of both strategies, this is
mentioned alongside the arrows. All black coloured arrows are applicable to all acceptance strategies. The
following abbreviations are used in the figures considering the manager agent: Global State (GS), Manager
Observation State (MOS), Manager Belief State (MBS) and Manager Action State (MAS).

9
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Figure 5.2: Graphical LEADSTO specification of manager for SC1

5.2.2. MANAGER SPECIFICATION (SC2)
Figure 5.3 shows the graphic LEADSTO specification for the manager when simulating SC2. Because accep-
tance of an agreement is corresponding to the order placement, this requires a different agent lay-out. The
coloured arrows and abbreviations are similar to Figure 5.2.
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Figure 5.3: Graphical LEADSTO specification of manager for SC2

5.2.3. SUPPLIER SPECIFICATION
Regardless of the simulated scenario and manager acceptance strategy, the same supplier agent applies. The
specification is presented in Figure 5.4. The figure uses the following abbreviations: Supplier s Observation
State (SsOS), Supplier s Belief State (SsBS) and Supplier s Action State (SsAS).
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Figure 5.4: Graphical LEADSTO specification of suppliers



6
DESCRIPTION OF matlab FILES

Whereas software is available to relatively simple implement a LEADSTO specification [1], the software is only
supported by Windows operating systems and does not allow for implementation of complex negotiation
functions. This is the main reason why matlab was chosen for the implementation of the model. Luckily,
VU University in Amsterdam, the Netherlands has developed an extension for matlab to make it relatively
easy to implement LEADSTO specifications [3]. This extension is called l2-matlab and is freely available for
download. An extensive manual is available on how to use the extension, it simply requires to have l2-matlab
functions in the same directory as the model. In Figure 6.1, a overview of the model structure in matlab is
presented. Below, a short description of each element from the Figure above is given.

Figure 6.1: Overview of matlab structure

main.m the main file in which the simulation is initiated by specifying the scenario, acceptance strategy,
urgency and competition level that is simulated. This scripts calls the initialize functions and l2 model
functions to run the simulation and afterwards calls calculation functions and adaptability for the next
run.

initialize_matrices.m function that is used to initialize the simulation by defining matrices con-
taining e.g. reservation values for negotiation attributes. This function is called at the start of
simulations, not with every new run.

initialize_run.m function that is executed at the start of each run, with purpose of clearing or re-
setting matrices containing information from the previous run.

l2.m script that executes the l2-matlab extension. Mainly four files from this extension are altered and
mentioned here, for more information on the extension, please refer to the manual [3].

13
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sorts.l2 l2 file that define instances that are used in the model. In this model sorts.l2 defines
the agents, observation states, belief states and action states.

scenarios.l2 l2 file that defines the initial state of the model in order to start execution. In this
model, scenarios.l2 defines a few belief states that initize the simulation.

predicates.l2 this l2 file defines the relation between the sorts, in other words, defines the
ontology.

rules.m this function is called by the l2 extension and describes the dynamics from the
LEADSTO specification. The rules are implemented as matlab functions and called once
every time-step.

calculate_bid.m this function calculates the proposal that is made by a supplier and
is called in the rules function when a supplier has belief: belief(Agent,set_bid).

calculate_performance.m this function is executed once the run has been completed, and calcu-
lates values for the performance indicators and assesses verification measures.

process_adaptability.m this function processes the adaptive features of the model based on the
results, and renews values to be used in the next run.



7
PERFORMANCE INDICATORS AND SYSTEM

REQUIREMENTS

The following sections describe included performance indicators (7.1) and system requirements (7.2) in the
current matlab implementation.

7.1. PERFORMANCE INDICATORS
Below, a description of the performance indicators is given that are implemented in the matlab model. When
running the model, the performance indicators are automatically exported to an Excel worksheet that also
saves information concerning the simulated scenario, acceptance strategy, urgency level and competition.

Average delivery service: determines the average value of delivery service that is computed by multiplying
the delivery service agreed by one supplier with the order quantity at this supplier and then dividing it
by the total quantity that is ordered.

Average delivery time: measure to determine the average delivery time that is agreed between the manager
and suppliers. Basically, it is the mean of the agreed delivery times and is calculated similarly the aver-
age delivery service.

Average unit price of material (AUP): measure that is used as KPI and is explained in the paper.

Computational costs (ccomp ): measure of efficiency of the model that is calculated as the number of times
the utility of any agents is calculated.

Number of messages send between manager and suppliers (ctot ): measure that keeps track of the number
of messages that are send from the manager to suppliers and vice versa. The value of this measure is
increased each time a transition is made from the output state of any agent to the global state.

Number of rounds required to finish negotiations (ntot ): measure to indicate how many proposal rounds
have elapsed before the negotiations are finished. Please note that only the rounds that have elapsed
for the suppliers that have received an order are considered in this measure.

Overall utility of manager (Um ): measure explained in the paper, that gives the utility gained by the measure
considering the outcome of negotiations.

Time elapsed before final materials are delivered (TFD): measure that is used as KPI and is explained in the
paper.

Time elapsed before final order placement (t f i nalo ): measure to indicate how much simulated time has elapsed
before the last order is placed.

Time elapsed before first materials are delivered (t f i r std ): measure similar to TFD that keeps track of the
soonest moment in time that materials are delivered.

Time elapsed before first order placement (t f i r sto ): measure similar to t f i nalo , that keeps track of the time
elapsed before the first order is placed by the manager.

Time elapsed in simulation to complete run (tsi m ): measure that gives an indication of effiency of the im-
plementation, at the start of each run, a timer is initiated and at the end of the run the timer is termi-
nated.

Total costs of material: measure that indicates the total costs of the procured material.

Total quantity of material retrieved (TQR): measure that is used as KPI and is explained in the paper.

Utilitarian Social Welfare (USW): measure that is used as KPI and is explained in the paper.
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7.2. SYSTEM REQUIREMENTS
Five system requirements were defined to verify whether if the implemented model would represent the
model specification and on the other hand be representative of the real life negotiations. These are explained
below. Results concerning these verification measures are presented in the following chapter.

• Quantity Check (QC): this system requirement is used as KPI in the paper. It is used as a requirement
for the retrieved number of materials. If the required amount of materials are retrieved by the manager,
i.e. 200, then QC equals 1, otherwise 0.

• Timely First Order (TFO): the time elapsed from the start of negotiation till first order placement
(t f i r sto) must be less or equal to two hours of simulated time. It is assumed that in the real negotia-
tions, a first order will be placed within two hours. This requirement assesses if this is achieved. TFO
equals 1 if it is achieved, 0 otherwise.

• Timely Delivery (TD): similar requirement as TFO, only the delivery time is considered. TD considers
the time that has elapsed from the start of negotiation till the point in time where all materials are
delivered. In order to resemble real negotiations, this measure equals 1 if all materials are delivered
within five hours of simulated time, 0 otherwise.

• Supplier Out (SO): requirement that states that no order must be placed at a supplier that is out of
negotiations. SO equals 1 if an order is placed at a supplier that is no longer participating in the current
negotiation, 0 otherwise.

• Exceeded Rounds (ER): requirement that states that no supplier may exceed the maximum allowed
number of proposal rounds, i.e. 10. If a supplier has exceeded this maximum, ER equals 1, 0 otherwise.



8
MODEL EFFICIENCY AND VERIFICATION

The sections below present results from the performed simulations in terms of model efficiency (8.1) and
verification based on the system requirements discussed in the previous chapter (8.2).

8.1. EFFICIENCY RESULTS
Table 8.1 below shows results of four performance indicators that relate to the model efficiency, i.e. ctot , tsi m ,
ccomp and ntot for all performed simulations. For each of the simulations the minimum, maximum and mean
value of the performance indicators is given.

The values in the table below give insight in the efficiency of the model and shows some interesting results
related to particular strategies. No statistical evaluation of these results are performed so no statistical signif-
icant relations can be established. However, one can observe for instance the differences in elapsed time tsi m

between the patient strategy in 1-2-2-0 and balanced strategy in 1-3-2-0.

Simulation ctot [-] tsi m [sec] ccomp [-] ntot [-]
SC-AS-UR-CO min mean max min mean max min mean max min mean max

1-1-2-0 19 44.2 88 14.00 45.12 221.55 12 66.3 192 2 11.1 32
1-2-2-0 18 49.8 86 19.20 69.46 135.30 18 95.5 198 3 15.9 33
1-3-2-0 16 44.8 86 10.09 50.49 109.13 18 79.3 192 3 13.2 32
2-1-2-0 18 40.1 64 13.84 34.30 93.95 16 86.1 176 2 10.8 22
2-2-2-0 18 44.0 78 15.31 58.52 121.89 24 120.9 256 3 15.1 32
2-3-2-0 16 38.1 72 12.03 43.43 98.12 24 100.2 224 3 12.5 28
1-1-1-0 22 41.2 88 13.86 34.92 98.25 18 57.1 192 3 9.5 32
1-2-3-0 18 45.5 84 10.16 62.42 126.89 12 81.8 198 2 13.6 33
1-3-3-0 16 44.9 84 9.06 54.10 110.47 18 80.0 192 3 13.3 32
2-1-1-0 15 35.2 52 8.31 29.23 80.09 16 64.5 120 2 8.1 15
2-2-3-0 20 50.9 94 20.53 68.11 156.19 24 147.2 312 3 18.4 39
2-3-3-0 14 44.5 82 10.96 45.67 94.76 16 124.9 280 2 15.6 35
1-1-1-5 24 41.0 75 14.93 34.37 80.04 18 55.4 150 3 9.2 25

1-1-1-10 22 39.8 72 16.59 34.87 99.64 18 52.3 150 3 8.7 25
2-1-1-5 15 34.9 56 9.88 28.54 50.89 16 64.2 136 2 8.0 17

2-1-1-10 16 43.6 98 12.56 44.18 111.29 16 99.3 312 2 12.4 39

Table 8.1: Model efficiency results

8.2. VERIFICATION RESULTS
Table 8.2 below shows the results for the simulations concerning the system requirements. One may observe
that in the 2-2-2-0 simulations the totals add up to 96 instead of 100, this is the result of 4 runs in this simula-
tion in which no agreement was reached between the manager and any supplier. For the other requirements,
it is interesting to see the differences between the urgency levels 1, 2 and 3. Especially for the TFO, in which
the requirement has been achieved a lot more for 1-1-1-0, 1-1-1-5 and 1-1-1-10 simulations than for 1-2-3-0
or 1-3-3-0 simulations. In all simulations the SO and ER requirements have been verified.
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Simulation QC TFO TD SO ER
SC-AS-UR-CO #0 #1 #0 #1 #0 #1 #0 #1 #0 #1

1-1-2-0 8 92 0 100 76 24 100 0 100 0
1-2-2-0 19 81 98 2 98 2 100 0 100 0
1-3-2-0 10 90 87 13 89 11 100 0 100 0
2-1-2-0 17 83 42 58 83 17 100 0 100 0
2-2-2-0 6 90 93 3 96 0 96 0 96 0
2-3-2-0 3 97 94 6 98 2 100 0 100 0
1-1-1-0 1 99 0 100 89 11 100 0 100 0
1-2-3-0 14 86 86 14 91 9 100 0 100 0
1-3-3-0 8 92 84 16 84 16 100 0 100 0
2-1-1-0 4 96 3 97 80 20 100 0 100 0
2-2-3-0 25 75 99 1 98 2 100 0 100 0
2-3-3-0 15 85 87 13 95 5 100 0 100 0
1-1-1-5 0 100 0 100 87 13 100 0 100 0

1-1-1-10 4 96 0 100 76 24 100 0 100 0
2-1-1-5 3 97 1 99 74 26 100 0 100 0

2-1-1-10 40 60 4 96 69 31 100 0 100 0

Table 8.2: Model verification results
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OPPORTUNITIES FOR FUTURE WORK

This chapter elaborates on possible future work in terms of model extensions (9.1) and case studies (9.2).

9.1. MODEL EXTENSIONS
The list below presents possible model extensions. The extensions allow for further or specific studies regard-
ing aircraft maintenance procurement negotiations.

• Adopting Other Protocols
Possible extensions are present in terms of application of different negotiation protocols. Other pro-
tocols that allow many-to-one negotiations, e.g. auctions, would be interesting to apply to assess their
applicability and results compared to the extended CNP that was applied in this research.

• Attribute Bidding
The package-deal procedure used for proposing deals to the manager in this research was applied be-
cause it resembled the case study as closely as possible. However, other ways of multi-attribute bidding
exist, e.g. simultaneous or consecutive bidding over attributes. It would be interesting to assess the
model’s results when one or both of these other methods would be applied.

• Complete Information
In this research information was considered incomplete, meaning that reservation values and utilities
were private and suppliers were unable to observe other suppliers or proposals. A great number of
extensions is possible here, e.g. proposals could be openly observable by suppliers, number of suppliers
could be openly observable, manager reservation values could be observable, among many others. The
extension would most probably also require an adaptation of negotiation strategies to deal with the
information obtained by agents.

• Complex Adaptability
In this research, four adaptive elements were used to resemble individual behaviour of agents. How-
ever, the method of adapting parameters was equal for all agents. Extensions are possible in introduc-
ing diversity in adaptability for specific agent types. This would also increase realism because it is likely
that different supplier types would apply various adaptive strategies.

• Complex Competition
In this research, competition is simulated by decreasing supplier stock levels over time. The same de-
crease rate was applied to all suppliers. In real-life the stock level decrease does not have to be equal to
all suppliers. Besides, more complex ways of representing competition would be possible, e.g. supplier
preference or multiple buyers.

• Complex Urgency
Urgency of a request was used in this model to adapt supplier bidding behaviour over time. More
complex ways of representing urgency could be applied, e.g. changing supplier preference for specific
buyers or changing probabilities for agent decisions. The model allows for introduction of other ways
to represent urgency.

• More and/or Other Suppliers
Changing the characteristics of the supplier would be an interesting extension because it would be
possible to model specific types of suppliers that are common in the aircraft maintenance industry.
Adding suppliers or introducing multiple suppliers with the same characteristics would be possible to
assess its effect on the system.
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• Multiple Buyers
Introducing multiple buyers would be an extension related to competition, as it would be possible to
simulate multiple buyers negotiating with the same suppliers over the available materials. Extending
supplier bidding strategies would be interesting in attempts to maximize revenue.

• Supplier Preference
When introducing multiple buyers, it would be interesting to not only use supplier performance to
express trust from managers in suppliers, but also introduce supplier preference of managers over other
buyers. Further extensions would be possible when considering complete or incomplete information
for managers concerning multiple buyers and supplier preferences.

• Supplier-Supplier Communication
In the current model, suppliers are not allowed or capable to communicate with other suppliers. How-
ever, in real-life negotiations this would be possible. Extending the model to allow this would also allow
for further extensions, e.g. coalition formation of suppliers.

9.2. CASE STUDIES
The list below discussed future work opportunities within the proposed methodology in terms of possible
case studies.

• Agent Options for Decisions
In the current model, supplier response decisions are determined by probability. It would be interest-
ing to use other decision rules, which could relate to specific negotiation circumstances or supplier
characteristics.

• Material Restock
Introducing material restock would be an interesting study in the context of competition, taking the
current implemented method of competition into account. Including backordering would also show
potential for a case study.

• Remove Adaptability
The current simulations all consider adaptive elements. It would be interesting to perform simulations
without the adaptive elements to simulate less adaptive agent behaviour.

• Non-linear Reservation Utility Adaptability
In the current model, the reservation utility is related linearly to the number of suppliers that are in
negotiation. It would be interesting to assess other relationships, e.g. non-linear.

• Optimize Negotiation Outcome
In current research, strategies are applied to explore the model’s applicability to aircraft maintenance
material procurement. A specific study would be required to find optimal circumstances or strategies
to achieve optimal results.

• Sensitivity Analysis on Reservation Values
Sensitivity analysis has been performed on negotiation parameters such as ω, but no parameter varia-
tion has been applied to supplier or manager reservation values. It would be interesting to assess their
sensitivity and effects on results.

• Validation Scenario
The current model and parameters are based on a case study, but not on a real data set. Model valida-
tion is required to assess its realism and capability to simulate real-life negotiations.
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