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Abstract

Dealing with electronic goods requires electronic contracting. Successful electronic con-
tracting which satisfies all involved parties is a challenging issue. A participating party’s
contracting decision process is sophisticated and driven by various kinds of parameters.
The liquidity of electronic markets depends on the speed and accuracy of getting agree-
ments between partners. The Cloud is a reliable commodity to provide business value.
Negotiation and Re-Negotiation are the prerequisites for each successful contracting pro-
cess between two or more partners. One of the negotiation process’ key elements is the
way of how decisions are done. In case of human partners, the decisions are done based on
their experience and personal preferences. To automate these processes without human
interaction is a challenging task.

In this thesis we propose a novel negotiation and re-negotiation framework for au-
tonomous web service contracting. The framework can handle bi-directional negotiating as
well as auctioning. We show which components are necessary and crucial for this purpose.
We developed a new cloud cost model that enables making more accurate decisions for
consumers and providers. We improved the accuracy of common cost models by consider-
ing variable cost in addition to fixed cost. A new developed business rule ontology enables
the framework storing all kinds of business related knowledge to make company-specific
decisions during negotiation. Furthermore we developed a novel negotiation approach, the
so-called ”bazaar-style” negotiation in contrast to the present ”super-market” negotiation
style which is a simple ”take it or leave it” approach. That means that a provider offers his
services with fixed service parameters and the consumer accepts or rejects his offer. We
extend this approach by allowing ranges for each service parameter. This gives consumers
as well as providers the ability to adapt offers and counter-offers during negotiation. For
the ”bazaar-style” negotiation we developed an analytical model which allows to predict
the probability of service level agreement matching.

Finally, we created several implementations that justified our approach and validated our
results. For forecasting service level agreement matching we developed our own simulation.
In order to implement and simulate the framework which we developed within this thesis,
we used already known and common simulation environments such as CloudSim. In this
simulation environment we executed and analyzed typical scenarios.
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Zusammenfassung

Der Handel mit elektronischen Gütern erfordert elektronische Verträge. Erfolgreiches
elektronisches Vertragswesen das alle beteiligten Parteien zufriedenstellt, ist eine Her-
ausforderung. Der Entscheidungsprozess für die Beteiligten ist anspruchsvoll und durch
verschiedenste Parameter getrieben. Die Liquidität von elektronischen Märkten hängt von
der Geschwindigkeit und Genauigkeit ab mit der es zu einer Einigung zwischen Partnern
kommt.

Die Cloud ist ein zuverlässiges Handelsgut, um damit Geschäftserfolge zu erzielen. Ver-
handeln und Gegen-Verhandeln sind die Voraussetzungen für jeden erfolgreichen Verhand-
lungsprozess zwischen zwei oder mehreren Partnern. Eine der Schlüsselelemente des Ver-
handlungsprozesses ist die Art und Weise, wie Entscheidungen gefällt werden. Im Falle
von Menschen als Partner werden die Entscheidungen anhand ihrer Erfahrungen und ihrer
Vorzüge durchgeführt. Diesen Prozess zu automatisieren, ohne jegliche menschliche Inter-
aktion, ist eine große Herausforderung.

In dieser These stellen wir ein neuartiges Verhandlungsframework für autonomes Ver-
handeln von Web-Services vor. Das Framework beherrscht bi-direktionales Verhandeln
sowie das Verhandeln in Auktionen. Wir zeigten, welche Komponenten für diesen Zweck
kritisch und notwendig sind. Wir entwickelten auch ein neues Kostenmodell für Cloudsys-
teme, das Konsumenten und Anbieter gleichermaßen ermöglicht präzisere Entscheidungen
zu treffen. Wir verbesserten die Genauigkeit von herkömmlichen Kostenmodellen durch
die Berücksichtigung von variablen Kosten in Ergänzung zu den sonst nur verwendeten
fixen Kosten. Eine neu entwickelte Systematik für Unternehmensregeln ermöglicht es, jede
Art von geschäftsrelevantes Wissen im Framework zu speichern, um unternehmensspezi-
fische Entscheidungen während der Verhandlungen zu treffen.

Darüber hinaus entwickelten wir einen neuartigen Verhandlungsansatz, die sogenannte
”Bazaar-ähnliche” Verhandlung. Im Gegensatz dazu ist der derzeit übliche ”Super-Markt”
Ansatz ein ”Nimm oder Lass es” Prinzip. Das heißt, dass ein Anbieter seine Services mit
fixen Parametern anbietet und der Konsument das Angebot annimmt oder ablehnt. Wir
erweiterten den bisherigen Ansatz, indem wir eine Bandbreite für jedes Service zulassen.
Das ermöglicht den Konsumenten sowie den Anbietern ihre Angebote und Gegenangebote
während der Verhandlung anzupassen. Für diese ”Bazaar-ähnlichen” Verhandlungsmeth-
ode entwickelten wir auch ein analytisches Modell zur Vorhersage der Wahrscheinlichkeit
mit der es zu einer Einigung kommt.

Abschließend überprüften wir unsere Ergebnisse anhand verschiedener Implementatio-
nen. Für das Vorhersagemodell wurde eine gesonderte Simulation entwickelt. Um das
gesamte Framework, welche wir in dieser Arbeit entwickelt haben, zu simulieren, haben
wir vorhandene und bekannte Simulationsumgebungen wie CloudSim verwendet. In dieser
Simulationsumgebung haben wir im Anschluss typische Szenarien analysiert.
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1 Introduction

1.1 Motivation

An important characteristic of Cloud markets is the liquidity of the traded good. A
sufficient number of market participants is necessary for the proper function of the market.
Only if following conditions are fulfilled, providers and consumers are willing to join:

• Resource consumers, if they are able to find what they need quickly.

• Resource providers, if they can be fairly certain that their resources will be sold.

Electronic contracts have become very important due to the increasing popularity of web
services and Cloud resources as a reliable commodity to provide business value. Negoti-
ation is the prerequisite for a successful contract between two ore more partners. These
contracts are usually based on SLA’s (Service level agreements). As described in [1], service
providers can make use of SLA technology to advertise and offer their service capabilities
while consumers are able to formalize their service level objectives through SLAs. These
contracts are described in protocols like WS-Agreement [2]. WS-Agreement has become a
standard for providing electronic contracts. The reason for the success of WS-Agreement
is the flexibility and ability for using it in automated service integration in Cloud based
systems. WS-Agreement defines the involved partners, the context of the agreement and
describes the necessary guarantees of the defined service levels.

Visualization enables providers to create a wide range of resource types and allows
consumers to specify their needs precisely. The SLA often differs slightly.

As simulation in previous research shows, large resource variability of both sides results
in a large number of resource definitions. Therefore the probability of matching decreases
rapidly. But to ensure sufficient liquidity in the market the probability should be high.
The matching probability can be used as a measure to determine how attractive a market
would be to providers and consumers.

In recent years, a large number of commercial Cloud providers have entered the utility
computing market, offering a number of different types of services. There are resource
providers who only provide computing resources like amazon.com or Tsunamic Technolo-
gies and SaaS providers who sell their own resources together with their own software
services like Google Apps or Salesforce.com. In the current market, providers only sell
a single type of resources (with the exception of amazon.com). This limited number of
different resource types enables a market creation, since all demand is channeled towards
very few resource types.

To fully exploit the potential of open markets, a large number of providers and consumers
is necessary. A large number of potential traders might inflate the variety of resources
which leads to the problem that the supply and the demand are spread across a wide
range of resources.

To give traders few restrictions, an approach is needed which allows traders to define
their resources (or requirements) freely while facilitating SLA matching. Current adaptive
SLA matching mechanisms are based on semantic ontologies like Web Ontology Language
OWL [3] and OWL-S (former DAML-S) and other semantic technologies. However, none
of these approaches address the issues of the open market and deal with semi-automatic
definition of SLA mappings enabling negotiations between inconsistent SLA templates.
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At present the knowledge base used in Self-Governing ICT (Information and Commu-
nication Technology) Infrastructure Architectures is not further explained. There is no
detailed description showing e.g. how it works and which kind of information are stored
exists. No existing framework for re-negotiation in clouds includes a cost model as knowl-
edge base and none of them considers business rules to give answers to typical business
models. A model which considers both, energy- and cost-efficiency doesn’t exist. The
related work discussion has shown that the existing cloud cost models neglect traditional
economic principles. Cost models that consider variable cost are better suited for our econ-
omy situation today. This distinction is also necessary to derive more accurate business
strategies. The work discussion emphasized the following gaps:

• Lack of economically based frameworks. Currently we only find cloud cost
models with breakdown of cost types. The models, which are not integrated in a
framework, have the main focus on resource and power consumption optimization.

• How can traditional economic fundamentals and methods be used in a ne-
gotiation framework. Existing cost models for clouds consider only fixed cost, they
neglect a distinction between fixed and variable cost which would increase accuracy
and reliability of results. To implement a comprehensive cloud cost model operating
production factors, the production, sales theory and investment and finance have to
be taken into consideration.

• Lacking business models for both cloud-consumer and -provider. Business
models are more investigated for cloud provider than for consumer. This research
proposal aims the goal describing and implementing business models for both.

• Missing re-negotiation mechanisms in frameworks. As service level agree-
ments (SLA) templates have fixed values, no individual offer can be provided. There-
fore only the supermarket approach in negotiation exists. Supermarket approach
means that the consumer can only agree to fixed values of service levels of the provider
or otherwise has to leave it. The idea of this research proposal is to use not only fixed
values of service level parameters but rather ranges of parameter values.

• Service Value Chains. The financial value perspective for cloud services tends to
shift from CAPEX (Capital Expenditures) to OPEX (Operating Expenditures) to a
pay-as-you-go model which influences the cashflow. Sources of revenue and outgo-
ing cash expenditure are on a usage basis based on a unit such as time, volume, or
component. The main goal of the pay-as-you-go model is to reduce the risk of the
business capital by replacing initial investments with e.g leasing fees and maximiz-
ing the leverage of that capital to make additional investments. Consequently, it is
possible to react quicker in response to new technologies [4].

The arising questions are:

• How should the Cloud Cost Model be built to support fundamental economic meth-
ods?

• Which technical and economic parameters are sensitive for the input?

• How can this cost model be used as a knowledge base for negotiation frameworks?

• What framework has to be built for developing and evaluating business strategies for
both consumers and providers?

• Can the model answer typical business model questions for both consumers and
providers ?
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• Can the framework be extended from a static to a dynamic view of business (e.g.
reactions to SLA violation during operation, support online auctions)?

• What distributed architectures can be used for the approach? Must a new one be
built?

We have taken the following steps in our research work to find answers to the previous
questions by:

• Analyzing existing Cloud Cost Models.

• Developing a comprehensive analytical cloud cost model supporting all traditional
economic methods.

• Creating a business rules ontology to be used in knowledge base systems.

• Investigating current SLA matching mechanisms.

• Developing a prediction model for estimating SLA matching probability for both
participants (consumer and provider)

• Studying existing negotiation frameworks in terms of autonomous negotiation and
re-negotiation behaviors.

• Creating a framework for autonomous negotiation and re-negotiation for both, con-
sumer and provider.

• Initial implementation of the framework and studying typical business scenarios of
consumer-provider contracting.

1.2 Overview

This thesis presents a study of all components necessary to build an autonomous nego-
tiation and re-negotiation framework for consumer-provider contracting of web services.
First of all we investigated current cloud cost models. Based on this research we developed
a cloud cost model that supports fixed and variable cost. We have found that current cost
models consider fixed cost only. Therefore it is not possible to calculate the cost accurately
enough for delicate business decisions. As a consequence we developed a completely new
cloud cost model based on traditional economic principles like resources as production
factors and distinguishing between fixed and variable cost.

The second major step of our research was the creation of a business rule ontology. This
ontology is necessary for standardized describing business rules. We also developed an
effective algorithm for the transformation of business rules written in natural language
into a machine readable presentation. Standardized machine readable business rules are
the precondition for using it in a knowledge base.

Next we investigated current SLA matching mechanisms. The commonly used super-
market (”take it or leave it”) approach is not flexible enough for using it in negotiation
and especially in re-negotiation processes. We extended the super-market approach by
using ranges for each SLA parameter. Defining ranges for SLA parameters in SLA tem-
plates are defined in standards like WS-Agreement, but not used in matching mechanisms.
Using ranges instead of fixed values, we were able to predict the possible SLA matching
probability. Based on these findings we developed an analytic prediction model for both,
consumer and provider. This prediction model is an efficient tool for adapting SLA pa-
rameters during the whole negotiation process. Further, it is also useful for estimating
possible results without starting the negotiation process.

11



Based an all these results we were able to define a comprehensive negotiation and re-
negotiation framework. Before choosing this definition we carefully investigated all existing
negotiation frameworks. In the course of this thesis we developed a symmetric framework
that can be used for both participants. A symmetric framework is a framework in which
all components are identical for both, consumers and providers.

The implementation of the developed framework gives the opportunity of investigating
typical business scenarios. Simulations of these scenarios are used for doing extensive
surveying of their behaviour. We are convinced that our framework stimulates the liquidity
of electronic market places.

1.3 Organization of this Thesis

In chapter 1 we describe the motivation for our research endeavour. This chapter encom-
passes the main research questions as well as a short overview. The goal of chapter 2 is
to introduce a rough state of the art analysis of negotiation, auctioning and service level
agreements. In this chapter an introduction of autonomous systems, knowledge bases and
business rules is presented. Traditional economic principles, current cloud cost models
and black board systems are introduced. All these findings are used in our negotiation
and re-negotiation framework.

Chapter 3 describes our developed business rule ontology. As a result of our research
we introduce a comprehensive analytical SLA matching prediction model in chapter 4. A
cloud cost model considering variable cost and based on traditional economic principles
is shown in chapter 5. In chapter 6 the generic negotiation and re-negotiation with their
components is described in detail.

All our research is implemented in a real simulation environment to simulate typical
business scenarios of both service consumer and providers. Chapter 7 is dedicated to show
all the implemented components and present a discussion on the results.

The thesis ends with chapter 9 that contains further research which is followed by a
conclusion of this thesis as well as ten statements of the thesis.

1.4 Working Terms

Before describing our research we want to clarify the terms we use in this thesis.
Terms like Service Level Agreements, Consumer, Provider, Negotiation/Re-Negotiation

and so on are used in the area of computer science, but sometimes conflicting definitions
exist. Thus, it is important to set working definitions in the context of this thesis, in order
to precisely state the way of how the terms are used.

The contracts made within the service negotiation are SLAs. A SLA is detailed with so
called Service Level Objectives (SLOs), which determine the Quality of Service (QoS) [5, 6].
So the quality of the provided services is represented by QoS, parameters. Downtime,
Bandwidth and Response Time are examples for QoS parameters [7]. In this thesis we use
the terms SLO parameters and service parameters synonymously.

SLO are expressed in terms of so-called Service Level Indicators (SLI) [8]. These SLIs
measure a service such as mean time to restore.

A typical negotiation scenario consists of a party offering services, which we call provider
and a party buying services, which we call consumer.

In the course of this thesis we use the term ”Service” for hardware as well as for software
services. A hardware service can be e.g. a cloud storage service whereas a software service
can be e.g. a streaming service.

Each service can be described by its functional as well as its non-functional requirements.
The functional agreements represent the services provided. Non-functional agreements
describe e.g. the quality of these services.
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2 State of the Art : Concepts, Models and Methods

In this chapter we give an overview of current research in the field of consumer-provider ser-
vice contracting. The primary systems, knowledge bases and business rules are explained.
We describe traditional economic principles and current cloud cost models. Additionally,
we provide a short introduction in autonomous systems for ICT systems.

2.1 Service Level Agreements

The importance of electronic contracts is crucial for future e-Business models due to the
increasing importance of Web services and the cloud as a reliable commodity providing
business value [9]. Negotiation is the prerequisite for a successful SLA between two ore
more partners. As described in [1], service providers can make use of SLA technology to
advertise and offer their services capabilities while consumers are able to formalize their
service level objectives through SLAs. A Service Level Agreement is a formal negotiated
agreement and an explicit contract between a provider and a consumer of a service. A
SLA is defined through a negotiation process between consumer and provider [10].

Service consumers subscribe services from service providers. Therefore they conclude a
contract. These contracts can be represented by Service Level Agreements, SLAs. [11]
SLAs are widely accepted for governing IT services [7] [12].

Typically, a SLA contains the names of the service provider and service costumer as
well as the period of validity. Additionally functional and non-functional agreements are
attached to the SLA.

These contracts are described in protocols like (Web Service Agreement) [13]. The WS-
Agreement specification is a standardization effort conducted by the Open Grid Forum
(OGF) in order to facilitate creation and monitoring of SLAs. It is a simple request-
response protocol for agreement creation and monitoring.

WS-Agreement has become a standard for providing electronic contracts. The reason
for the success of WS-Agreement is the flexibility and ability for using it in automated
service integration in cloud based systems. WS-Agreement defines the involved partners,
the context of the agreement and describes the necessary guarantees of the defined service
levels.

The SLA Lifecycle can be split up into six phases [14]:

1. development of service and service templates,

2. discovery and negotiation of a SLA,

3. service provisioning and deployment,

4. execution of the service,

5. assessment and corrective actions during execution (parallel phase to execution of the
service), and

6. termination and decommission of the service.
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2.1.1 WS-Agreement Language and Protocol Specification

The following short overview is derived from the WS Agreement specification Web Services
Agreement Specification (WS-Agreement) [13] and describes a Web Service Protocol for
establishing agreements between two parties (serviced provider and -consumer). The WS
agreement specification uses a extensible XML language for specifying agreements and
agreement templates. The specification has three parts:

• a XML schema

• a set of port types

• operations for creation, expiration and monitoring of agreements

WS-Agreement standardizes the terminology, concepts, structure and types of agreement
terms, agreement template with creation constraints, a set of port types and operations for
creation, expiration and monitoring of agreements. A Web Service Description Language
(WSDL) is also defined to express the message exchanges and resources needed to indicate
the state of the agreement. The WS-Agreement specification defines a XML data structure
that allows applications to be easily read and operate with them.

The objective of WS-Agreement from Open Grid Forum (OGF) is the following: ”The
objective of the WS-Agreement specification is to define a language and a protocol for
advertising the capabilities of service providers and creating agreements based on creational
offers, and for monitoring agreement compliance at runtime.”

”An agreement between a service consumer and a service provider specifies one or more
service level objectives both as expressions of requirements of the service consumer and
assurances by the service provider on the availability of resources and/or on service qual-
ities.” [13]

The WS-Agreement specification addresses the following requirements:

• Creating agreements for services defined by any domain specific service terms. The
service objective description referencing the elements defined in the service descrip-
tion.

• Allowing creation of agreements for existing and new services.

• Using of any condition specification language (any domain specific or standard con-
dition expression language) for defining service level objectives.

• The protocol must provide symmetry for supporting a large number of scenarios and
also for the modeling of user specific scenarios.

• Composable with various negotiation models and negotiation protocols.

• Must be standalone for simple agreement creation independent of any negotiation
model.

• Independence of the agreement document structure and the protocol used.

2.1.1.1 WS-Agreement and WS-Agreement Template Structure

The typical structure of an agreement and an agreement template is depicted in figure
2.1. The tag Agreement covers the entire encapsulated agreement containing an agreement
context and a collection of agreement terms. Name is an optional tag and is not a unique
identifier for the agreement. The required element Agreement Context is not specified
in the terms and describes who the parties are, which kind of service is offered and the
duration period. Each agreement consists of service definition Terms and zero or more
guarantee terms.
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Based on an agreement a client can make an offer to an agreement factory. This so-called
creation offer has the same structure as an agreement. The agreement factory announces
the types of offers it is willing to accept in terms of agreement templates. The optional
Agreement Creation Constraints are designated for providing values for the terms may
take in a concrete agreement.

Figure 2.1: Agreement Structure (left), Agreement Template Structure (right)

2.2 Negotiation and Auctioning

This section represents a short overview about negotiation and auctioning. In this thesis we
distinguish between negotiation and re-negotiation. Negotiation is defined as the process
defining SLAs, re-negotiation is the process altering existing SLAs, e.g. in case of a SLA
violation. Negotiation is a proactive process while re-negotiation is a reactive process.

2.2.1 Negotiation

In current SLA research the negotiation between provider and consumer is only insuffi-
ciently considered. In most cases one-phase negotiations are being used to keep the effort
for the negotiation small. In a one-phase negotiation, service providers offer their services
in form of agreement templates. A template may contain a number of alternative service
descriptions with different service quality. The consumer can choose one of these tem-
plates which fulfills his requirements best. After choosing the offered template consumer
and provider create an agreement. This approach is like buying in a supermarket: the
provider offers a set of products and the consumer chooses one or more of them.

In [13] Negotiation and Re-negotiation are defined as:

Negotiation is a process between an agreement initiator and an agreement respon-
der to reach an acceptable agreement offer from an initial agreement template.
Agreement offer negotiation is a non-binding, bi-lateral process that comprises
exchange of information in order to find a consensus for acceptable agreement
offers.

Re-negotiation is a process between an agreement initiator and an agreement
responder to reach an acceptable agreement offer in order to alter an existing
agreement. Altering an existing agreement is achieved by creating a re-negotiated
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agreement, which supersedes the original agreement. Hence, an existing agree-
ment can only be re-negotiated once, but the process can be repeated with the
new (superseding) agreement. The number of such re-negotiations is not lim-
ited. Re-negotiation of an existing agreement may have direct impact on the
provisioning of active services.

The Open Grid Forum has defined an extension to the WS-Agreement specification
[13], the WS-Agreement Negotiation version 1.0 [15] which allows multi-round negotiation
necessary in many scenarios. However, the WS-Agreement Negotiation protocol does
not explicitly support auctioning and biding. Nevertheless, the protocol can be used
for communication. Auctions and biding are complex negotiation processes [16]. Peter
Wurman et.al. [17] developed an internet-based platform for price-based negotiation - the
Michigan Internet AuctionBot. It was designed to serve as an auction server for humans as
well as software agents. But nevertheless auction protocols are one-to-many negotiations
and are out of scope of the WS-Agreement Negotiation model. Auction protocols require
alternative negotiation approaches.

2.2.2 Auctioning and Bidding

Figure 2.2: A Zoology Categorization of Auctions

Auctions and biding are complex negotiation processes [16]. Peter Wurman et.al. [17]
developed an internet-based platform for price-based negotiation - the Michigan Internet
AuctionBot . It was designed to serve as an auction server for humans as well as software
agents.

Unfortunately, this auction mechanism focuses on one negotiated issue: the price. They
extend their taxonomy to include multi-dimensional auctions in a followup paper [18]. A
comprehensive overview and in-depth description of all kind of auctions are presented by
Simons Parson, Juan A. Rodrguez-Aguilar and Mark Klein . Parson et.al. have extended
the taxonomy of auctions from Yoav Shoham [19] and is depicted in figure 2.2. The
classification of features of auctions are derived from Parson.

• Auctions can be single-dimensional, or multi-dimensional.

• Auctions can be one-sided or two-sided.

• Auctions can be open-cry or sealed-bid.

• Auctions can be first-price or kth-price.

• Auctions can be single-unit or multi-unit.
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• Auctions can be single-item or multi-item (combinatorial).

Auctions considering only one aspect within a bid, such as the price are called single
dimensional auctions.

Contrary to single-dimensional, multi-dimensional auctions consider several aspects like
quality and delivery date within a bid..

In a one-sided auction only one participant submits a bid and the auctioneer has to
decide which one is the winning bid.

During two-sided auctions, buyers as well as sellers submit bids and the auctioneer
matches buyers and sellers.

In a sealed-bid auction only the auctioneer has access to the bids, whereas in a open-cry
auction every bidder has access to the bids.

In a first-price auction, the winning bidder pays the price of the winning bid in a kth-
price auction, the kth ranked bid. The second-price auction is the most familiar because
it eliminates dominant bidders.

Single auctions deal with one good (or a bundle of it) and in multi-unit auctions several
units of a good can be sold.

In a Sealed first-price auction all bidders submit sealed bids.
Participants in an English auction bid against each other by beating the previous bids.
Dutch auctions start with the highest price which is lowered until a buyer submits a

bid. The first bidder is the winning bidder.
In Reverse auctions the roles of the buyer and seller are reversed which means that the

sellers place offers. The buyer selects the offer with the lowest price.
The goal of the Vickrey auction is to find a price which represents the market value. The

bidder who submits the highest bid wins but pays the amount of the highest non-winning
bid and an increment. The disadvantage of this auction is that other bidders who have
no reasonable chance to win can influence the second bid by submitting bits which exceed
their willingness to pay [20].

2.3 Self Governing Infrastructures and Autonomous Systems

In this section we give an introduction to the basic principles of self governing infras-
tructures and autonomous systems. We use these principles for designing an autonomous
negotiation and re-negotiation framework [21] [22]. The main goal of both involved parties
is to create and operate SLAs with a minimum of human interaction, but also to negotiate
and agree upon legally binding electronic contracts. Balancing these objectives is a non
trivial task. Both of the parties, consumer and provider, have their own business rules
and a specific business strategy to make their decisions. Automated service negotiation
is defined as the process of establishing business relations between service providers and
consumers [23, 24, 25, 26, 1, 10].

2.3.1 Concept of an Autonomic Manager

The concept of an autonomic manager for self governing systems depicted in figure 2.3
lists four states:

• Monitor

• Analyze

• Plan

• Execute

17



Figure 2.3: Concept of an Autonomic Manager

The abbreviation of these actions is the so-called MAPE. All actions taken are based on
a knowledge base. Sensors for the managed resource are necessary for monitoring and
actuators are used for changing the managed resources.

2.4 Business Rules

Many authors [27, 28, 29] and [30] cope with business rules. Unfortunately, each of these
authors provides different definitions. Boyer and Mili [31] summarize several definitions
by outlining two characteristics of business rules.

• Business rules are about business.
A company’s business motivation is the driver for creating business rules. For ex-
ample, this motivation can aim at maximizing profit or minimizing risks. Business
rules are formulated to attain these aims [31]. Business rules may not only repre-
sent the organization’s business motivation but also legislation, regulations, external
standards and best practices [29].

• Business rules focus on structure and behavior.
Boyer and Mili [31] distinguish between two types of rules. Structure rules describe
the structure of a business, e.g. ”A sale consists of a buyer, a product and a bill.”.
Behavior rules describe the way how business reacts in response to an event, e.g. ”If
loan is requested then liabilities have to be checked.”

An insurance company will have rules coping with the insurance premium calculation
whereas a bank will have rules for granting loans. A simple rule of an insurance com-
pany may be ”IF a customer has an income less than 1000$, THEN the credit enquiry
is refused”. This example shows that business rules can be described by simple state-
ments building upon ”IF-THEN” structures. Each company has thousands of such simple
business rules. However, they may not be documented explicitly or they are hidden in
software. Witt [29] emphasizes that the rules have to be accessible for all stakeholder who
are influenced by the rules. Furthermore it must be possible to update the rules in an
adequate time. Rules in natural language are easy to understand by the business users.
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However, natural language rules may be ambiguous and the same rules can be formu-
lated in many different ways. For clear natural language rules you have to constrain the
vocabulary as well as the syntax. In order to standardize the format and the business ter-
minology, the Object Management Group published the Semantics of Business Vocabulary
and Business Rules (SBVR) as a standard for defining business rules in natural language.
A SBVR vocabulary consists of terms and facts, whereas the facts represent the relation-
ship between terms. Based on defined terms and facts, rules can be formulated complying
to the SBVR by defined fact models. Fact models are used to standardise vocabulary by
defining the terminology used within rules [29].

Business rules are executed within business processes by both, IT-systems and hu-
mans [31]. Within business processes, business rules represent the decision logic [32].
In order to automate business processes by IT-systems, business rules have to be defined
in a computer readable way. We distinguish between two types of business rules:

• Operative Rules define the actions triggered by an event, e.g.
R1: Each service must specify a start time and an end time.
R2: The service start time specified in each service must be not earlier than the service request time.

• Structural Rules define the way of how various constructs are defined by the orga-
nization, e.g.
R3: A premium customer is defined as a customer whose total revenue is greater than

50000$ 1 in the last 5 years.

R4: A premium discount is by definition exactly 20 percentage of each service price.

Typical tools for handling business rules which origin from the semantic web initiative
are the following:

• Rules Interchange Format. The Rules Interchange Format (RIF) is a standard
published by the W3C. Rules based on the RIF are formulated in XML. The W3C
distinguishes between three Rules Interchange Format dialects: core dialect, basic
logic dialect and production rules dialect. The purpose of the RIF is to act as an
interchange format which allows conversation between different rule languages. RIF
is a sub-language of RuleML [33].

• RuleML. The Rule Markup Language Initiative is an organization aimed at stan-
dardizing the different rule markup languages by providing specifications for XML
based rule languages. RuleML [34] is a rule family which encompasses a rule modeling
language as well as a rule meta logic. RuleML has also contributed to the SWRL.
RuleML itself is a markup language which allows to represent forward and backward
rules in XML. The difference between forward and backward rules will be explained
in another section.

• SWRL. The Semantic Web Rule Language (SWRL) was published by the W3C too.
The SWRLis based on XML and interleaved with OWL.

• SPIN. The SPARQL [35] Inferencing Notation (SPIN) rules were published by the
W3C and are built upon the query language SPARQL. SPARQL rules allow to cal-
culate property values based on other properties, check constraints, perform data
validation and isolate a set of rules to be executed under certain conditions.

• Jena Rules. Jena rules [36] are based on the so-called turtle syntax which can be
used to represent RDF graphs. These rules are used within the Apache Jena API
which supports the W3C standards RDF, RDFS, RDFa, OWL and SPARQL.

1The SBVR convention is to mark quantities, dates and times using a double underline
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Usually these rules are executed and triggered during business processes.

2.4.1 Business Processes

A business process describes a cross departmental series of steps to produce valuable output
for the customer. A process could, for example, describe the handling of a customer order
within a company [37] [38]. In the following sections we provide a description of the
anatomy of a process. As [39] shows, each process has five components:

• Trigger. A trigger kick-starts a process. The trigger of the order process could be a
customer placing an order.

• Input. Inputs are resources needed for executing the process. This could, for exam-
ple, be an order document.

• Enabler. Enablers represent the necessary equipment for the process execution like
a software system for processing an order.

• Guide. A guide points out how to execute a process.

• Output. As processes aim at customer satisfaction the result of a process is some-
thing valuable for the customer.

As already mentioned, business processes are executed by both IT systems and humans.
In order to automatize business processes by IT systems the process has to be transformed
into a workflow, i.e. a workflow describes how to execute a process. Hence, the business
logic, which can be represented by business rules, has to be accessible for IT systems.
Usually this is done by mapping the business logic into software code. Unfortunately,
business users who are responsible for maintaining and creating business rules are not
able to handle business rules stored in software. Thus, they have to communicate with
IT specialists who implement the rules in software code. Not only the creation of new
rules but also the change requests of already existing rules require the skills of an IT
specialist. Typically, the IT specialist may not know details about a rule’s business domain
whereas the business user may not know anything about software development. Hence
misunderstandings can occur and consequently this approach can be considered as being
error prone [40]. Further problems arise when rules are hidden in several code paths
instead of a central repository [40]. Rules stored this way are hard to manage and violate
many principles which rules should comply [27]: Rules should

• . . . be managed directly by the people who have the essential knowledge.

• . . . be put down in writing and published.

• . . . be written in natural language.

• . . . be independent of workflows.

• . . . be based upon facts. The facts should be based on concepts.

• . . . control the behaviour.

• . . . be driven by the important business factors.

• . . . be manageable by authorized people.

• . . . be handled from a single source.

• . . . be administrated.

Rules managed by Business Rules Management Systems are able to comply with these
principles.
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Table 2.1: Simplified decision table

Storage capacity (Tera Byte) Discount (%)

1,3 0

4,7 2

8,10 5

2.4.2 Business Rules Management Systems

The prominent principle published by [27] reinforces, that business users must be able to
formulate the business rules on their own. Generally, there are four ways of how business
users can create business rules [41]:

1. Programming Language. Business user can use the modelling language UML or
programming languages like Java to define business rules. However, usually business
users do not know theses languages.

2. New language. Business users can write their rules in a novel language similar to
a natural language which is readable by both, IT systems and humans.

3. User interfaces. User interfaces can be used to support business people managing
rules.

4. Restrict natural language. The natural language approach could be limited to a
set of vocabularies sufficient to create rules for a special business domain.

All proposed possibilities, besides the first one, require the definition of a vocabulary or
ontology which can be processed and interpreted by both, humans and IT systems. An
exact definition of a vocabulary or ontology prevents ambiguities of terms [41].

Business Rules Management Systems (BRMS) storing the business rules representing
the business logic of a company in a repository and are assisting in the management
of the rules by providing several tools and interfaces. This enables reusability, faster
development, clearer auditability and consistency [41]. Many organisations offer Business
Rules Management Systems [42, 43, 44]. Two very popular BRMSs are Drools and IBM
WebSphere ILOG JRules: First of all, two business rules management systems (BRMS)
and their way of how they capture business rules are described.

• Drools. Drools [45] is a comprehensive open source BRMS framework based on Java
focusing on business logic integration. There are several ways to formulate rules in
Drools. One method is to build decision tables in Microsoft Excel R©. Table 2.1
shows a simplified decision table for the pricing model of a cloud provider. The left
column shows the storage capacity whereas the right column shows the discount. If
a consumers buys, for example, 5 Terabyte, he gets a discount of 2%.

Another way to define rules within the Drools framework is to write rules in the
so-called mvel dialect. The rules formulated in this language look similar to source
code.

• IBM WebSphere ILOG JRules. IBM WebSphere ILOG JRules [31] is a compre-
hensive commercial BRMS platform. This platform allows to create rules in different
ways, too. There is a ”rule studio” assisting the creation of decision tables. But there
is also a mechanism to create rules by a restricted natural language.
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2.4.3 Business Models

Business models have the goal to create values, build new businesses or improve exist-
ing businesses. There exists a broad range of business model definitions, e.g. by Alt
and Zimmermann [46]: ”For the business model discussion [...] we will distinguish six
generic elements of a business model: Mission, Structure, Process, Revenues, Legal Is-
sues, Technology”. Gordijn [47] gives a definition which includes activities for creating
values and covers the whole life cycle of products or services: ”We define e-Business mod-
els as conceptual models that show how a network of actors (a value constellation) creates,
exchanges and consumes objects of value by performing value adding activities.” Oster-
walder et. al. [48] give a more general and comprehensive definition of business models:
”A business model describes the rationale of how an organization creates, delivers, and
captures value. The business model is like a blueprint for a strategy to be implemented
through organizational structures, processes, and systems”.

For the development of our framework we used Osterwalder’s business model. We chose
his definition of business models to show how business rules can be derived from a business
model expressed in natural language. He describes a business model by means of nine basic
building blocks that show the logic of how a company intends to make money. These nine
blocks cover four main areas of a business: customers, offer, infrastructure and financial
viability.

• Customer Segments are the most important parts of each business model. Different
groups of customers should be handled in different ways. Organization and their
processes must consider these groups.

• Value Propositions describe the specific products and services for a specific cus-
tomer segment.

• Channels include the description of how the company communicates to reach the
customer segments. The purpose of the channels is to deliver value proposition and
is the interface to the customer.

• Customer Relationships describe the company’s type of relationship to each cus-
tomer segment, e.g. personal or automated or a mixture of them.

• Revenue Streams hold the representation of all cash streams to each customer
segment. Different pricing mechanisms can be used for each revenue stream. Oster-
walder distinguishes between two types of revenue streams: revenues resulting from
one-time customer payments or from ongoing payments.

• Key Resources create value propositions in each company. The resources can be
physical, financial, intellectual or human depending on the type of business.

• Key Activities should be described to make and keep the business model work, e.g.
for a hardware manufacturer supply chain management is the key activity.

• Key Partnerships represent the description of the network of a company. These
partnerships reach from a buyer-seller partnership to strategic alliances.

• Cost Structure describes the most important cost during operation of the busi-
ness model. That means all cost of creating, generating and maintaining value and
customer relationships. This cost can be derived directly from the previous building
blocks such as key resources, key activities and key partnerships.
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2.5 Traditional Economic Principles

In this section we give a short introduction to traditional economic fundamentals and
methods described in the standard economic literature [49, 50, 51]. This section is mainly
derived from [49] and [50].

Traditional economic science covers the following scopes:

• Operating Production Factors,

• Production,

• Sales Theory and

• Investment and Finance

2.5.1 Operating Production Factors

Producing a good requires to combine production factors. Production factors are e.g.
manpower, machine employment, materials, energy, auxiliary materials and so on. Each
production factor is named R1 . . . Rn.

The theory of production is concerned with the functional dependencies between the
amount of production factors and the amount of produced goods.

These functional dependencies can be described in production functions. The goal is
to find regularities between input and output of the factors under strongly simplified
assumptions [52, 49]. Based on these simplified assumptions, cost theory tries to find the
functional dependencies between the amount of production factors used and the resulted
cost. The amount of output m is a function of the quantity of the input factors r1 · · · rn.
R1 . . . Rn are the production factors and r1 · · · rn are the amount of input.

m = f1(r1, r2 . . . rn) (2.1)

The amount of output units is directly significant for the revenue. Therefore the revenue
E is a function of the production factors too.

E = f2(r1, r2 . . . rn) (2.2)

Depending on the production process complex production functions can exist. The rela-
tionship between the production factors can be reduced to two general cases.

1. The production factors can be substituted by each other (Substitutability).

2. The production factors can only be used in the same proportion (Limitationality).

Substitutability.

Figure 2.4 depicts two production factors r1 and r2 . The area of the rectangle between
r1 and r2 represents all possible combinations of r1 and r2. An amount of revenue E can
be assigned to each point in the area. If we consider the rectangle as plane we can draw
the corresponding revenue E vertically to each point. This leads to a revenue mountain.
For better understanding we introduce the term marginal revenue.

The marginal revenue is the increment of amount of the revenue that can be achieved
with a (theoretically) infinite increase of the usage of a factor. Typical forms of such
revenue mountains exist (see also figures 2.5 and 2.6):

• Constant marginal revenue,

• Increasing marginal revenue,
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Figure 2.4: Substitutability of Production Factors

Figure 2.5: Constant Marginal Revenue (left), decreasing Marginal Revenue (right)

• Decreasing marginal revenue, and

• Increasing and then decreasing marginal revenue

Limitationality.

Limitationality exists if the production process does not allow to substitute one production
factor for another. These factors are also called limited production factors.

If we have production factors that can be substituted for each other until the amount of
one factor is zero, we have the case of alternative substitution. We can use the production
factors alternatively. If we have a combination process of using R1 and R2 with a minimum
amount of one of the factors, we call it limited substitution (see figure 2.7).

2.5.2 Production

Relationship between Production- and Cost-Functions.

Cost are the priced amount of production factors. As defined in equation 2.2 the revenue
is a function of the amount of used production factors. The functional dependence of
overall revenue on factor input is defined by the cost function:

C = f(m) (2.3)
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Figure 2.6: Increasing Marginal Revenue (left), increasing and decreasing Marginal Revenue (right)

Figure 2.7: Limited substitution

From equation 2.2 we can derive the total revenue if we rate all production factors with
money.

Et = f(r1 · pr1, r2 · pr2, · · · , rn · prn) (2.4)

or in term of cost of amount production factors

Et = f(C1, C2, · · ·Cn) (2.5)

Et = f(C) (2.6)

This still remains a production function, but usually we want to know the cost for given
total revenue. Thus, we invert the function

C = f(Et) (2.7)

Basic Cost Concepts.

The total cost within a period of production consist of a variety of types of cost. Consid-
ering the type of cost dependent on the activity rate q (the amount of production output)
we distinguish between fixed cost Cf and variable cost Cv as depicted in figure 2.8.

Fixed cost Cf means that the cost do not react if we change the activity rate q. Such
cost are e.g. depreciation of machines, rent, interests or personal cost of common people.
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Figure 2.8: Fixed and Variable Cost

On the other hand variable cost Cv are cost that react during the change of the activity
rate. Variable cost can be subdivided into proportional, progressive and regressive cost.

Average Cost Function.

Figure 2.9: Average cost per quantity without stepped cost

The function for the average cost is the result of adding the two cost functions for fixed
and variable cost cf = f(m) and cv = f(m). The average cost function is depicted in
figure 2.9. The variable average cost are constant. The asymptotic decreasing fixed cost
per piece are shifted with the amount of the fixed cost resulting in average cost function

Importance of the Decision Period.

To decide which cost are fixed or variable it is necessary to determine their impact on the
amount of the output. For example, there are cost of regressive or progressive behaviour
with variation of the amount of output.

We distinguish between:

• Cost are relevant to the decision

• Cost are irrelevant to the decision

The length of the time period has a strong impact on the decision on fixed and variable
cost. The longer the time period, all types of cost are variable.
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Importance of Subdivision of Production Factors.

Another reason for deciding if cost are fixed or variable is the fact that some production
factors can not be subdivided. The theoretical assumption in this section that all pro-
duction factors can be subdivided to an unlimited degree, does not hold in reality. That
means that variable cost are not continuous, they have steps.

2.5.3 Sales Theory

Sale is the last step in a production process, that means, selling of goods and services. In
newer literature sale is often called marketing.

Market Research as Planning Tool for Sales

Market research is the systematic scientific method for collecting information of the mar-
ket.

It is important to understand the behavior and relationship of all factors in the market
to have all information to determine the right decisions in production. We have to analyze
the demand, the competition and the way of distribution.

2.5.3.1 Price Policy

Price policy is the basis for all decisions to determine prices of all parts of the production
process and sales process. The fundamentals of this policy is the knowledge of the market.
A market is defined as the interaction of demand and supply. Usually, a market can be
divided into the following three structural characteristics.

• Only one seller respective one buyer

• Several sellers respective buyers

• A great number of sellers respective buyers

We can build all combinations of these three basic characteristics. Another way to describe
markets are by their behavior. The theory of the behavior of markets is mainly divided
into two types by E.Schneider [53]:

• Monopolistic behavior: The firm expects that its sale is only affected by the behavior
of the buyers and not by its competitors.

• Competitor bounded: The firm expects that its sale is affected by the behavior of the
buyers and also by its competitors.

Competitor bounded can be subdivided into atomistic and oligopolistic behavior.
Atomistic means that the firm expects that its sale also depends on other sellers but

it does not expect that its price adjustment leads to a changing of the prices of the
competitors.

Oligopolistic behavior assumes that every price adjustment causes a reaction of the
competitors.

2.5.3.2 Price Elasticity of the Demand

Typically, a seller (firm) tries to maximize its profit. Profit is the difference between total
revenue minus total cost. To increase the total revenue it is necessary to decrease the total
cost or to increase the price. But if the price changes the amount of sales (number pieces
sold) is also changed. The typical demand curve is depicted in figure 2.10. The price
elasticity of the demand is defined as the ratio between relative variation of the amount
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Figure 2.10: Demand Curve
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Table 2.2: Cloud Cost Models Overview

to the relative variation of the price alteration. The price elasticity coefficient e is defined
as:

e = −∆m/m

∆p/p
(2.8)

If the coefficient is e < 1 the demand is elastic, if e > 1 the demand is inelastic.

2.6 Cloud Cost Models

In this section we introduce the current state of research regarding cloud cost models.
Current cost models for cloud computing has so far been developed that makes a non

specific distinction between variable and fixed cost [54, 55, 56, 57, 58, 59, 60].

Table 2.2 shows the cost types analyzed in [55][57][59] and [61]. Additionally, the cost
types of the introduced cloud cost model are listed. Non of the reviewed research papers
distinguishes between fixed and variable costs. Moreover, all research lack in a generic
formula representing the cloud’s costs.

The cloud cost calculation from [55] focuses on cloud computing consumers and is based
on Amazon’s pricing model. Amazon offers two different pricing models [55].

1. In the first pricing model, the consumer has to pay for each hour an instance is
running. You can use instances with different memory and computing power.

2. The second pricing model considers the consumed Input/Output transactions as well
as the memory consumption.

Just as [55], [57] neglects the distinction between fixed and variable cost and focuses on
cost optimization for the cloud consumers. Hence both, [55] and [57] disregard the cost
structure of a cloud provider. [56] uses Amazon’s pricing model too. Both, [55] and [56]
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do not cope with the cost structure of a cloud provider. [59] concentrates on cloud data
centers. However, neither fixed nor variable cost are considered.

Cost models like [60] have parameters such as CPU and I/O, but also make no distinction
between fixed and variable cost.

Cost models that consider variable cost are better suited for the economy situation today.
This distinction also allows to implement more accurate business strategies.

Traditional business models are largely based on fixed cost operating models. These
operating models are driven of large capital investments to leverage economies of scale
to produce incremental profit in the case of increasing volume. This results in spreading
operating cost to larger and larger units sold. The prediction of the products‘ sales is stable
enough to allow companies to allocate labor and capital in order to support demand.

Variations of demand can only be compensated for low frequencies. In the past typical
product life cycles were measured in years, therefore this kind of operating models could
be used. However, product life cycles are shortened from years to months. Also rapidly
evolving consumer preferences in global markets require more flexible cost models to give
quick answers to changing demands. There is a specific need for cloud computing today,
where only dynamic, adaptive and precise business decisions allow for economic success of
this new technology trend.

2.7 Quality Measures for Computational Resource and Service Markets

In this section we describe quality measures of service markets. In current research most
of provided definitions are suitable for finance or electronic trading markets [62, 63]. Only
few approaches exist to define performance indicators for service markets [64]. We describe
how quality measures are defined in electronic markets and how these measures can be
adopted to service markets.

2.7.1 Influence Factors

Figure 2.11: Influence Factors on Quality Measures

In finance and electronic trading markets we find two main influence factors [65, 66]:

• External factors

• Internal factors
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These influence factors are depicted in figure 2.11. External factors like technology, regula-
tion and competition directly influence the market quality. Business structure, IT systems
and the market microstructure are considered as important external influence factor. The
business structure is defined by the type of customers and products. The influence of IT
systems is determined through the trading system and the degree of automation. Execu-
tion systems and their transparency define the market micro structure.

The most important market quality measures of financial and electronic markets are:

• Activity

• Liquidity

• Information

Activity can be measured by using the number of trades (Trade Count), the trading
volume (Turnover), or the average trade size (Trade Size) [63, 65]. Activity measures the
trading intensity.

Harris defined liquidity to be a better measure for the attractiveness of a market for
traders than activity. Harris defined liquidity as

”the ability to trade large size quickly, at low cost, when you want to trade” [67]

2.7.2 Speed and Spread Measures

Spread measures are very common in finance business. Spread measures of liquidity are
calculated on a daily basis and use basis points as unit.

In finance literature Quoted Spread, Effective Spreads and Realized Spreads are consid-
ered as the most important spread measures [63].

QuotedSpreadi,t = (Aski,t −Bidi,t)/(2 ·Midi,t) (2.9)

where Aski,t is the ask price for a stock i at time t, Bidi,t the respective bid price, and
Midi,t the mid quote.

The effective spread represents the actual transaction cost when an incoming market
order is executed against a limit order.

EffectiveSpreadi,t = Di,t · ((Pricei,t −Midi,t)/Midi,t) (2.10)

where Pricei,t is the execution price and Di,t the trade direction (-1 for market sell and
+1 for market buy).

An effective spread has two parts. These two parts are the realized spread (liquidity
suppliers revenue) and the price impact.

RealizedSpreadi,t = Di,t · ((Pricei,t −Midi,t+x)/Midi,t) (2.11)

where x is a time interval between 5 and 30 minutes.

Spread measures account for the width of liquidity. Depth on the other hand is the
other dimension of liquidity. Depth measures the quoted volume of limit orders in the
order book at a given price [65]. Depth at the best bid is therefore:

Depthi,t = (V ol ·Bidi,t + V ol ·Aski,t)/2 (2.12)

where V ol ·Bidi,t and V ol ·Aski,t
To approximate the information content of a trade, the price adjustment after a trade

can be used:
PriceImpacti,t = Di,t · ((Midi,t+x −Midi,t)/Midi,t) (2.13)
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2.7.3 Liquidity Measures

In Theissen [62] liquidity is defined as follows:

”A market is considered to be liquid when assets can be bought or sold rapidly
and at a price close to the equilibrium value. This definition incorporates two
dimensions, time and cost.” [62]

The application of quality measures of finance markets to computational resource mar-
kets can not be done directly. A comprehensive definition covering all aspects of markets
is not available. The structure and behavior of service markets differs in several charac-
teristics. One of these differences is the kind of the trading goods. The ad hoc arising
questions are:

• What are the trading goods? The specific service (Processing Power, Disk Space,
Memory, VM,..) or the whole SLA template/ agreement?

• What is the trading volume? The amount of services? Number of SLA’s ? The price
of an SLA?

2.7.4 Pareto Optimality

In Rosenschein [68] definitions and design conventions for automated negotiation among
computers are presented. Rosenschein defines constraints for Pareto Optimality in auto-
mated negotiation within an agent based automated negotiation system.

They define Pareto Optimality

”that no agent could derive more from a different agreement, without some
other agent deriving less from that alternate agreement” [68]

It is also important to define that not a Global Optimality would be achieved by the
agents. That means that not the sum of all involved agents in a system are maximized.
Rosenschein speaks of self-motivated agents that only care about their own utilities, not
the sum of the system utilities. They assume that both agents are utility maximizers.
Decisions made by the two agents are completely independent. The agents pay no attention
to what the other agents are getting.

Rosenschein defines

that a deal δ dominates δ′ if δ is better for at least one agent and not worse for
the other. Neither agent prefers δ′ over δ, and at least one of the agents prefers
δ over δ′.

Definition for pure deals δ and δ′

• We will say that δ dominates δ′, and write δ � δ′, if and only if
(Utility1(δ), Utility2(δ)) � (Utility1(δ

′), Utility2(δ
′))

• We will say that δ weakly dominates δ′, and write δ � δ′, if and only if
(Utility1(δ), Utility2(δ)) � (Utility1(δ

′), Utility2(δ
′))

• We will say that δ is equivalent to δ′, and write δ ≡ δ′, if
∀k(Utilityk(δ) = Utilityk(δ′))

”A deal is pareto optimal if there does not exist another deal that dominates it.
A pareto optimal deal cannot be improved upon for one agent without lowering
the other agent’s utility from the deal.” [68]
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2.7.5 Quality Measurement in Service Negotiation

In this thesis we use

”How close is the result of a negotiation to a Pareto Optimal solution”

as a suitable quality measurement in service negotiation. The reason is that this mea-
surement can be used for bi-lateral and multilateral negotiations. In future research we
want to consider time and trade volume to further improve quality measurements.
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3 A Business Rule Ontology

In this chapter we describe our newly developed generic business model ontology. The
ontology is used for formally describing a specific business. The novelty of our ontology is
the great flexibility to define the characteristics of any kind of businesses. In this ontology a
mapping of business rules expressed in a natural language and its corresponding constraints
is included.

3.1 Generic Business Model Ontology

Figure 3.1 illustrates our generic business model ontology as UML class diagram. Each
business model consists of building blocks similar to Osterwalder’s framework and con-
strain data [48]. Our business model ontology contains 1..n building blocks. That means
the resulting business model is not limited and can easily be extended or shrunk to fit the
participant’s needs.

Figure 3.1: Generic business model ontology

The business rule repository ontology consists of the following elements:

• Business Rule Repository is the root element and has the attribute name and
date-modified. The business rule repository has 1..n building blocks, 1..m business
rules expressed in natural language and 1..p business term definitions.

• Building Block holds the information about the core description and characteristics
of the company’s business. The attribute description is used for defining the building
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block. Each building block has 1..n associated constraint rules. The constraint rules
are derived from the business rules described in natural language.

• Natural Language Rule defines the business rules expressed in natural language.
It is important to have the attribute version and date-modified for supporting the
history management of business rules.

• Business Terms describe each term used in the constrained rules.

• Synonyms are only used for better understanding defined business terms, so that
all participants involved have a clear understanding about the meaning of each term.
Each business term can have one or more synonyms.

• Constrained Rule defines the business rule derived from the natural language rule
and is used in the processes instead of the natural language rule.

• Corresponding Process holds the information in which process a rule is used. Each
rule is used in one or more processes.

By using this generic ontology a company is able to build its own specific business rule
repository. The process for generating a business rule repository is depicted in algorithm 1:

Algorithm 1: Generating Business Rule Repository

Data: Business Rules defined in Natural Language 1..R
Result: Constrained Business Model Repository
build constrains for the business model;
define appropriate building blocks 1..B;
for each business rule R do

for each building block B do
if business rule R is related to building block B then

translate business rule R from natural language to constrained language;
store translated rule in building block B;
fill in meta-data for rule R (status, version, expiration date);
break;

3.2 Realization by Semantic Web Tools

The W3C has published the XML based standards Ontological Web Language and the
Resource Description Framework for defining ontologies.These two standards origin from
the semantic web technology development. These technologies are platform indepen-
dent, exchangeable, comprehensive and widely-accepted. Thus, these technologies can
be used for business applications utilizing rules. For the management of the knowledge
base SPARQL [69] and Jena [70] can be used.

Summing up, RDF and OWL are used for ontologies, whereas SPARQL is used to query
these ontologies, and Jena is used to execute rules from the knowledge base.

3.2.1 Resource Description Framework

The Resource Description Framework is a W3C standard for building ontologies [71].
Ontologies are knowledge bases which contain knowledge of a specific domain. In RDF,
knowledge is represented by so-called resources and their relationship to other resources.
A resource represents an object of the real-world like a car or a book. RDF as well as
OWL are technologies for creating ontologies.
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3.2.2 Ontological Web Language

RDF can not be used to describe complex ontologies. Consequently the Ontological Web
Language (OWL), which extends RDF Schema, was developed to build more complex
ontologies. The W3C published three OWL standards which are called OWL Full, OWL
DL and OWL Lite. OWL Full is the biggest standard which encompasses both, OWL DL
and OWL Lite. OWL Lite is the smallest standard and is part of OWL Full and OWL
DL [3].

3.2.3 SPARQL

RDF and OWL are used to store knowledge. SPARQL Protocol And RDF Query Language
(SPARQL) is a language for querying this knowledge. Just as RDF and OWL, SPARQL
was published as standard by the W3C [69]. SPARQL queries use the turtle data format
and typically consist of three sections.

• PREFIX. The prefix section is used to determine namespaces.

• SELECT. The select sector constraints the result of the SPARQL query. Here you
can state the variables which should be resulted from the query.

• WHERE. The where section consists of several statements which represent triples.
The structure of the statements is identical with the statements in RDF. Additionally,
you can use variables as placeholders in SPARQL within statements. A variable
starts with a question mark and can be used as subject, predicate and object. The
where sector in listing 3.1 contains three different variables. The first line of the
where sector defines that the variable ?loyaltyCard contains everything that has a
belongsTo relationship to a person. From each of these things, the expiration date and
the category are stored into the variables ?date and ?category. As the select section
shows, these two variables are returned. So this simple SPARQL query returns all
categories and expiration dates of all loyalty cards.

Listing 3.1: SPARQL query

PREFIX uv: <ht tp : // un iv i e . ac . at>
SELECT ?date ? category
WHERE {

? loya l tyCard uv:belongsTo uv:Person .
? loya l tyCard uv:val idTo ? date .
? loya l tyCard uv :category ? category .

}

3.2.4 Jena

Apache Jena is a Java based framework for building semantic web applications [70]. The
framework provides an API for processing OWLs as well as RDFs and allows to query
them via SPARQL. Additionally, Jena provides a rule-based inference engine which allows
to execute Jena rules. Listing 3.2 shows a rule in the turtle syntax. This rule is used to
determine premium customers.

Listing 3.2: Jena example rule

@pref ix j . 0 : h t tp : //www. un iv i e . ac . at
[ premium: (? s r d f : t yp e j . 0 :customer )

(? s j . 0 :customer Revenue ? c )
greaterThan (? c , 6 0 )
−>
(? s r d f : t yp e j . 0 :PremiumCustomer )

]

1. First of all, prefix definitions can be declared before the rule is defined. A prefix is
initiated by the @prefix keyword followed by the prefix name and the URI.
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2. The rule itself is defined within squared brackets. The rule may start with the rule
name. In listing 3.2 the rule is called premium.

3. Jena supports the forward, backward and promiscuous rule mode. Forward rules
have the structure T1, T2, Tn ->T0. T stands for triple. The structure of the forward
rule can be interpreted as if T1, T2, Tn are matching, T0 is executed. Backward rules
have a similar structure like T0 <- T1, T2, Tn. T0 is executed is the so-called goal.
Rules are executed ”backward” to see if data is available satisfying the goal. It is also
possible to combine forward and backward rules which requires Jena’s promiscuous
mode. The rule in listing 3.2 is a backward rule as it contains the ->arrow.

4. The rule in listing 3.2 has three triples.
T0: ?s rdf:type j.0:PremiumCustomer
T1: ?s rdf:type j.0:customer
T2: ?s j.0:customer Revenue ?c

Within these triples, variables are used. In T1, a customer is stored in variable ?s. In
T2, the revenue of the customer, which is stored in ?s, is loaded into the variable ?c.
Finally this variable is used in a so-called built-in. A built-in is similar to a procedure
in a programming languages. In listing 3.2 the greater-than built-in is used. This
greater-than checks if the revenue is greater than 60. In this case T0 is executed
which means that a customer becomes a premium customer. Each customer who
complies with this rule becomes a premium customer by getting the type ”premium
customer.”

The resulting business model ontology for building the business rules repository can be
used in an automated negotiation and re-negotiation framework.

36



4 SLA Matching Prediction Model

In this chapter we introduce the results of our research regarding a novel analytical SLA
matching prediction model for forecasting matching results in the phase of SLA match-
ing. With this prediction model we are able to calculate the SLA matching probability
depending on the chosen SLA parameters.

4.1 Introduction to SLA Matching

The so-called supermarket approach is typical for service negotiation today: Consumers
buy resources via SLAs from providers for a fixed price. Neither the price nor SLOs
are negotiated between consumers and providers. Therefore, a consumer with a specific
demand looks for providers offering the demanded SLA. Typically, the consumer subscribes
to the SLA of the cheapest provider. This situation is elaborated by the following example:
In table 4.1 a consumer demands a SLA encompassing three services: 10 units of Service
1, 55 units of Service 2 and 42 units of Service 3.

The providers offer fixed SLAs, which the consumer can take or leave. As shown in the
table, Provider 1 has two offers whereas Provider 2 has one offer. None of theses offers
fulfil the consumers demand exactly. The offers are a result of the providers’ business
strategies or the providers’ capabilities.

Table 4.1: Consumer demand - supermarket approach

Provider 1 Provider 2
Demand Offer 1 Offer 2 Offer 1

Service 1 10 10 30 15

Service 2 55 50 70 49

Service 3 42 35 63 20

In a bazaar style situation, the providers offer service parameters as ranges. Such a
situation is shown in table 4.2 which extends table 4.1: Provider 1 merges Offer 1 and
Offer 2. By merging the two offers, Provider 1 may be able to server consumers which
were not satisfied with the two offers.

Instead of offering fixed prices as shown in table 4.1, providers are able to negotiate the
price with the consumers considering the current workload and demand. Thus, the bazaar
approach enforces flexibility which results in adequate prices.

The consumer has ranges, too: As already described, a service can be described by using
service parameters. It is unlikely that a consumer demands a service with exact values. It
is more likely that a consumer demands e.g. a streaming service which has a streaming rate
between 80 and 96 kbps to comply with the proxy. So instead of fixed demand values, the
consumer sets ranges representing its required lower and upper bound enabling flexibility
and negotiation with the provider. Using the bazaar style as shown in table 4.2, Provider
1 is matching. Provider 2 remains non-matching.

A more detailed description for the bazaar style is provided within this thesis.
Further, a prioritization of service parameters is done by the consumer. Service 1 has

the lowest priority whereas Service 2 has the highest priority. As we explain in section 4.4,
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this prioritization can be used within a simple algorithm to find providers if the original
demand cannot be supplied.

Table 4.2: Consumer demand - bazaar approach

Priority Demand Provider 1 Provider 2

Service 1 3 9-15 10-30 15

Service 2 1 55-59 50-70 49

Service 3 2 41-43 35-63 20

Today the market situation described above is already business reality, as Amazon offers
its cloud services alternatively to the typical supermarket approach.

(i) Instead of buying e.g. computing power for a fixed price, consumers can bid for
computing power using the EC2 Spot Instances model. Based on the bids, Amazon
assigns not-used computing power to the consumers which profit from cheaper prices.
(ii) Using EC2 Spot Reserved Instances consumers can reserve computing power for
instances. Reserved instances can be sold by the consumer using the Reserved Instance
Marketplace.

To start a service negotiation process it is necessary for the consumer to find an appro-
priate provider. Thus, the consumer is interested in answers to the following questions:

• What is the probability of finding a provider offering a SLA matching my request?

• Which service parameters of the SLA, have to be adapted and to what extent, in
order to find at least one matching provider?

• How many providers should I contact in order to be practically sure to find at least
one matching provider?

This section presents answers to these questions by defining an analytical model fore-
casting the probability of finding appropriate providers for a requested SLA. We follow a
twofold approach by defining a theoretical model and proving its applicability by practi-
cal simulation. Further we present an algorithm optimizing a consumer’s SLA in order
to practically ensure to find at least one appropriate provider. To omit redundancy, we
focus our analysis on the consumer’s point of view. However, all answers given can be
applied to the provider as well. The justification of our proposed approach is done within
a simulation framework proving our theoretical findings on practical examples.

The layout of this chapter is as follows. In the next section 4.2 we present the as-
sumptions of our analytical forecast model and identify the distribution function for SLO
interval overlaps by a simulation approach. The analytical forecast model is presented in
section 4.3 followed by the negotiation interval optimization algorithm in section 4.4. To
elaborate practically the analytical method a comprehensive use case and its justification
by simulation is given in section 4.6. Finally, in section 4.7, the simulation prototype
implementing our negotiation model is described.

4.2 Model Assumptions

Our forecast model is based on some assumptions regarding providers and consumers.

• Provider. The SLO parameters offered by the providers are ranges and can conse-
quently be represented as intervals. We call such an interval provider interval. Some
of the intervals may cover the whole market whereas others may be very small. The
size and position of the ranges of the providers are independent of each other.
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• Consumer. The consumer’s requested SLO parameters are ranges and can be rep-
resented as intervals, too. Such an interval is called consumer interval.

Figure 4.1 illustrates a typical situation on the market: A provider offers a SLO pa-
rameter from x1 to x2. The consumer requests this SLO parameter from y1 to y2. The
overlapping range for this SLO parameter reaches from y1 to x2. We call the difference
x2 − y1 negotiating range which will be relevant for the negotiation between provider and
consumer. As shown in figure 4.1, the probability of finding a provider offering a service
parameter which matches the consumer’s request is equal to the probability that these
two intervals are overlapping. For forecasting the probability we need both, the requested

Figure 4.1: Provider and consumer interval

SLO parameters ranges of the consumer and the offered service parameter ranges of the
provider. Unfortunately, the service parameter ranges of the providers can change quickly
and no repository containing all these data in real-time is available in practice. Therefore
we are forced to make assumptions about the provider ranges: In our simulation, which
is described in section 4.2.1, the length as well as the position of the provider intervals
are generated randomly. Thus, the consumer’s SLO parameter ranges are covered by the
providers with the same probability, independently of the ranges’ position and the SLO
type.

Some work on overlapping intervals was done in the past and is condensed at math-
pages.com [72]. On this website a mathematical analysis for the probability calculation
of overlapping, randomly generated, intervals is derived. However, this approach has one
essential constraint: it is assumed that the intervals have exactly the same length. Re-
garding figure 4.1, this constraint would enforce that the consumer’s and the provider’s
range have the same length. Obviously, this constraint violates our assumption that the
provider’s interval length is created randomly and may be different to the consumer’s in-
terval length. Thus, to the best of the authors’ knowledge, an analysis for calculating the
probability of overlapping intervals with different lengths doeas not exist.

One goal of our approach is to keep the forecast model easily adaptable regarding to
changes of interval generation and modifications of interval lengths.

• The forecast should be easily adaptable in response to interval generation changes

• Changes of interval length limits should be considered by our forecast, too

Thus, we decided to build a simulation which generates provider intervals and checks if
they overlap with consumer intervals. Based on the simulation’s result it is possible to
determine the probability distribution of overlapping intervals with different lengths. If
the interval generation changes or the length limits of intervals are modified the simulation
adapts respectively. In turn the modified simulation will be executed several times in order
to determine the new probability distribution and consequently deliver new forecasts. The
calculation details will be explained in the following sections.
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4.2.1 Identification of Probability Function

We applied a simulation approach for identifying the interval overlapping probability func-
tion which is the basis for our analytical model in section 4.3. Goal of the simulation is
to generate intervals and check if providers’ offers matches consumers’ requests. By ex-
ecuting this simulation with a large number of experiments, we calculate the underlying
probability distribution of provider and consumer interval overlaps. Algorithm 2 sketches
execution of the simulation. The algorithm counts the number of providers until a match-
ing provider is found. By executing the algorithm with a large number of experiments, we
get a distribution which shows how many providers are necessary to find a match. Our
results and a more detailed description will be presented in section 4.2.2.

A simplified simulation flow is illustrated in figure 4.2: A consumer with a desired
SLA, which consists of one SLA parameter, looks for a fitting provider in a market with
20 providers. The providers are represented as dark rectangles and their intervals are
generated randomly. The numbers in the rectangles represent the provider number.

The consumer contacts one provider after the other until finds a provider whose interval
is overlapping. In this case, the last provider is matching, as the intervals are overlapping.

Figure 4.2: Simulation flow

A key issue within the simulation is the interval generation representing the provider
range. The consumer interval’s length and position are given. Provider intervals are
generated in two steps.

1. Without loss of generality we make two constraints:

Constraint 1: The whole market of each SLO parameter has a minimum of 0 and a
maximum of 100.

Constraint 2: The length of the provider interval is between 0 and 100.

Each provider and consumer interval lies within this market range. A provider can
offer a service parameter covering the whole market or just 1 unit of the market. The
length of the provider interval is generated based on the uniform distribution consid-
ering the minimum and maximum of Constraint 2. For calculating the distribution
of many small intervals and few long intervals, a further step is necessary.

2. After calculating the temporary uniform distributed length, the position of the in-
tervals has to be generated. Simply randomly selecting a start point between 0 and
100−provider interval length would lead to a unsatisfactory result: A consumer inter-
val placed in the near of the middle will have a higher probability of matching with a
provider than those placed near of margins. The following two examples clarify this
property.
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• A consumer interval, placed leftmost, matches with provider intervals whose
start points are within the consumer interval.

• A consumer interval, placed at the middle, matches with provider intervals
whose start points are within the consumer interval. Further, a provider interval
whose start point is smaller than the consumer interval’s start point but whose
end point is greater than the consumer interval’s start point matches with the
consumer interval.

Algorithm 2: Finding matching providers

Data: SLA from consumer
Result: Number of matching providers
for each experiment do

for each provider on market do
for each service parameter S do

generate random interval representing provider range;
if consumer and provider interval ¬overlapping then

/*provider ¬matches*/
break;

if S is last parameter in SLA then
/*provider matches*/
start next experiment

However, as already mentioned, the position of the consumer interval should be negligi-
ble. To avoid this problem, we determine the position of the interval by defining flexible
boundaries as shown by following equation.

min = 0− length/2 max = 100 + length/2

centerinterval = random(min,max)
(4.1)

With this position generation the consumer interval’s position is irrelevant. The so
generated random intervals are provider intervals. However, this position calculation can
lead to provider intervals adapting the market range as figure 4.3 shows.

Figure 4.3: Provider and consumer interval

As the consumer interval is in the market range, we can simply cut the protruding
interval part. This cut leads to few providers with a big range and a lot of providers with
a small range. The distribution is exemplarily represented in the histogram in figure 4.4.
For our forecast prediction model we assume that the service availability on the market
follows a uniform distribution.
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Figure 4.4: Provider interval length simulation

Table 4.3: Simulation results for interval length 20

provider 1 2 3 4 . . .
first matches 448844 247577 136070 75437 . . .

4.2.2 Simulation Result

The first simulation coped with consumer SLAs which contain one SLO parameter only.
The goal was to count the number of providers needed to find one provider offering the
requested SLO parameter. We executed the simulation with 1 million experiments for each
consumer interval with a length of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100. Table 4.3
shows the results of the simulation for a consumer interval with a length of 20. In 448844
cases the first provider was the first matching provider, in 247577 cases the second provider
was the first matching provider and so on. The total number of experiments was 1000000.
Figure 4.5a visualizes the results of the simulation represented in table 4.3. The abscissa
shows the providers’ number, the ordinate shows the cumulative numbers of first matches,
expressed as percentage. As the simulation shows, about 70% of first matches occur in
the first two providers. The simulation reveals, that in 44.9% of all experiments, the
consumer interval overlaps with the first randomly generated provider interval. Based
on this simulation result, we conclude that the probability of overlapping of a consumer
interval of length 20 and a random provider interval is about 44.9%.

The results shown in table 4.3 are valid for a consumer interval with a length of 20.
Table 4.4 represents the numbers of first matches of the first provider for all the other
consumer interval lengths expressed in percentages. Again, we conclude that these num-
bers represent the probabilities of overlapping with a random generated provider interval.
With an increasing consumer interval length the probability, that the provider matches,
increases. The number of experiments which match with the second, third,. . . provider are
not relevant for our conclusions. In our second simulation we simulated the search for a
provider offering a matching SLA containing more than one service parameter. If a SLA
consists of n service parameters, a matching provider has to offer n service parameters
respectively. Figure 4.6 shows an example of finding a SLA containing two service param-
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(a) Probability of finding matching providers for 1 inter-
val of length 20

(b) Probability of finding matching providers for 2 inter-
vals of length 10 and 20

Figure 4.5: Overlapping probability for arbitrary length

Table 4.4: Simulation results for all interval lengths

interval length 10 20 30 40 50
first matches 38.1% 44.9% 51.7% 58.7% 65.6%

interval length 60 70 80 90 100
first matches 72.4% 79.3% 86.2% 93.2% 100%

eters A,B. The consumer’s service parameter A has the length of 20 whereas parameter B
has a length of 10. Provider 1 offers a matching service parameter A as well as a matching
service parameter B. Consequently, provider 1 offers a matching SLA. Provider 2 offers
a matching service parameter A but service parameter B is not matching. So provider
2 does not offer a matching SLA. The result of the simulation with these two services

Figure 4.6: Intervals of 2 providers and 2 services

A and B is visualized in figure 4.5b. Analogously, to figure 4.5a this diagram represents
the cumulative number of first matches expressed as percentages. The abscissa shows the
providers’ number whereas the ordinate represents the cumulative number of first matches
expressed as percentage. The diagram shows, that about 17% of the first matches occur in
the first provider. Finding a provider offering a matching SLA with more than one service
is more difficult than finding a provider with one matching service parameter.

4.3 Analytical Prediction Model

Based on the simulation results we set up an analytical model forecasting the probability
of finding matching SLAs given (i) the number of consumer intervals representing the
service parameters (ii) and the length of these consumer intervals. First, we examine the
simulation results shown in table 4.4. These numbers represent the overlapping probability
of consumer interval and provider interval. For the forecast calculation, we need a formula
returning the probability of overlaps for a consumer interval of any length. The results
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of table 4.4 are visualized in figure 4.7b. The abscissa represents the consumer interval
length. The ordinate represents the probability that the consumer interval overlaps with
a randomly generated provider interval. This representation reveals a linear correlation
between the consumer interval length and the probability that the consumer interval
overlaps the provider interval. To prove the interval-length/probability correlation we use
linear regression analysis.

(a) Scatter plot - one parameter matching (b) Trend line - one parameter matching

Figure 4.7: Overlapping probability for arbitrary length

4.3.1 Linear Regression Analysis

The simulation returned results for intervals with lengths 10, 20, 30, 40, 50, 60, 70, 80,
90, 100. In order to get probabilities for all interval lengths we follow a regression trend
line approach. Precondition for using regression analysis is the classification of the used
variables into dependent and independent variables [73]. The independent variable is x,
the interval length, and the dependent variable is y, the matching probability. The depend
values are represented as the first matches lines in table 4.4. Interval length are listed in
the interval length lines in table 4.4.

First, the average values of the two variables are calculated.

X̄ =
1

n

n∑
i=1

xi = 55 Ȳ =
1

n

n∑
i=1

yi = 0.6901 = 69.01% (4.2)

The slope of the regression trend line is calculated by

s =

n∑
i=1

((xi − X̄)(yi − Ȳ ))

n∑
i=1

(xi − X̄)2
= 0.00688667 ≈ 0.0069 (4.3)

The slope is about 0.69. The general linear equation is given by

y − Ȳ = s · (x− X̄) (4.4)

We already calculated the variables Ȳ , X̄ and s. Transforming the equation gives the
linear expression shown in (4.6). This trend line (see figure 4.7b) describes the predicted
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probability of overlapping intervals depending on the length of the consumer interval x.

y − 0.6901 = 0.00688667 · (x− 55) (4.5)

y = 0.00688667 · x+ 0.31133315 (4.6)

After calculating the trend line the quality of approximation has to be checked. The
vertical difference between the observed value and the predicted value, based on the trend
line, is the residual R. The sum of all positive and negative residuals has to be 0 [73]. The
sum of all squared differences ”sum of square error (SSE)” measures the quality of the
trend line. Generally, the smaller it is, the better is the approximation by the trend line.

SSE =
n∑

i=1

(yiobserved − yipredicted)2 = 2.9333 · 10−6 (4.7)

The coefficient of determination R2 represents the relation of SSE to SSt. SSt represents
the total sum of the squared differences from the observed values to the average. By
dividing SSE by SSt, the SSE is standardized.

R2 = 1− SSE

SSt
= 1−

n∑
i=1

(yiobserved − yipredicted)2

n∑
i=1

(yiobserved − Ȳi)2

=
σ2ypredicted
σ2yobserved

= 0.99999347

(4.8)

The R2 is a standardized ratio, measuring the goodness of fit with a maximum of 1
and a minimum of 0. A R2 of 1 means 100% of the variance is shared between the
two variables.R2 represents the ratio of the variances which in our calculation below is
nearly 1. This means that the the trend line calculated by equation (4.6) is a very good
approximation, as it shows a linear relationship between the two variables.

4.3.2 Probability Calculation

Equation (4.6) allows to calculate the probability of finding a provider, offering a single
matching service parameter depending on the consumer interval’s length. We call this
probability ”single probability”. In order to get the probability of finding a whole SLA
containing more than one SLO, all its single probabilities Pi have to be combined as shown
in equation (4.9). It is assumed that the single probabilities are independent of each other.

Ptotal =

n∏
i=1

Pi = P1 · P2 . . . Pn (4.9)

To clarify our model we introduce an example.

4.3.2.1 Example 1

Given is a consumer requested SLA consisting of three service parameters A, B and C.
Service A′s length is 20, service B′s length is 30 and service C ′s length is 10. First, we can
calculate the probability of finding a matching provider for each service (equation (4.6))
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by equation (4.10).

P (Serv.A) = 0.0068886 · 20 + 0.311333 = 44.91%

P (Serv.B) = 0.0068886 · 30 + 0.311333 = 51.80%

P (Serv.C) = 0.0068886 · 10 + 0.311333 = 38.02%

(4.10)

The probability of finding a provider, offering a matching SLA, can be calculated by
multiplying the single probabilities:

P (SLA) = P (Serv.A) · P (Serv.B) · P (Serv.C) =

44.91% · 51.80% · 38.02% = 8.84%
(4.11)

Thus, the probability of finding a matching SLA, consisting of the three service parameters
A, B, and C, is 8.84%. However, it is more important for the consumer to know the
probability of finding at least one matching provider by a given number of providers than
to know the probability of finding a provider with a matching SLA. In our case, the
number of experiments represents the number of providers which are contacted. This
factor is limited by the number of providers on market. The number of successes is the
number of matching providers. The probability of success for one experiment depends
on the consumer’s interval length (equation (4.9)). The binomial distribution expects
that the experiments are independent of each other. This means that finding a matching
provider does not influence the result of the other experiments. The general form for
calculating the binomial distribution is given in equation (4.12), where n represents the
number of experiments, k the number of successes, and P (k|p, n) represents the probability
that exactly k successes occur within n experiments. p is the probability that one event
succeeds.

P (k|p, n) =
(n
k

)
· pk · (1− p)n−k (4.12)

However, we do not need the probability that exactly k successes occur by executing n
experiments as shown in equation (4.12). As already mentioned, we need the probability
that at least one success, which represents the finding of one matching provider, occurs.
We need to use the inverse probability. Thus, we subtract the probability of no event
succeeds from 1 in order to get the probability of at least one event succeeds:

P (at least one success) = 1− P (no success) (4.13)

4.3.2.2 Example 2

We extend our example from section 4.3.2.1. The probability of finding a matching SLA
is 8.84%. The consumer is interested in the probability of finding at least one matching
provider. The market, which is consulted by the consumer, has 20 providers. First, we
calculate the probability of no success using equation (4.12).

P (k|p, n) = 1 · 0.08840 · (1− 0.0884)20−0 = 0.1571 (4.14)

The probability of finding exactly zero matching providers, by contacting 20 providers, is
15.71%. Now we have to apply the inverse probability in order to get the probability of
finding at least one matching provider.

1− P (no success) = 1− 0.1571 = 0.8429 (4.15)

The probability of finding at least one provider consulting 20 providers is about 84.29%.
We validate our calculation by comparing the results to the simulation results. Therefore
we execute the simulation with a SLA containing the same services as described in the
example presented in section 4.3.2.1. Figure 4.8a depicts the simulation result. The

46



probability of finding at least one provider offering a matching SLA is about 84% by
consulting 20 providers. So the simulation delivers approximately the same result as the
calculation. This fact is summarized in figure 4.8b which illustrates 5 simulations (grey
lines), whereby each simulation was executed with 100 experiments. The dark line is the
calculated forecast. The calculated line is approximately the average of the simulated
lines. Summing up, the following list recaps the steps for calculating the probability to
find at least one matching provider:

• Calculate the probability of finding a provider for each single service parameter of a
SLA using the trend line equation.

• Combine the single probabilities by multiplication resulting the probability of finding
a provider offering a matching SLA.

• Finally, use the binomial distribution in order to calculate the probability of finding
at least 1 matching provider.

(a) SLA simulation for 20 providers (b) SLA simulation and forecast calculation

Figure 4.8: Overlapping probability for arbitrary length

4.4 Optimization Algorithm

Consumers may face the typical situation that the probability returned by the probability
forecast is too low. In such cases, the consumer may want to know how to set the intervals
in order to make sure to find at least one matching provider for a specific SLA. Therefore
we developed an optimization algorithm within our simulation. Within this thesis we
assume that a probability of greater than 99% means that a match is guaranteed. For this
case we use the term sure. Precondition for the optimization is to assign priorities to the
service parameter of the requested SLA. A high priority means that the service parameter
is very important for the consumer and that the interval should not be adapted in order to
find at least one matching provider. The optimizer starts extending the service parameter
interval with the lowest priority. If this extension is not enough to reach a probability
of 99%, the next service parameter with the second lowest parameter is extended. This
algorithm is depicted in algorithm 3.

In this section we further extend the example from section 4.3.2.2. The probability of
finding at least one matching service was about 84% and consequently lower than the
limit of 99%. The priorities of the SLA are shown in table 4.5. Algorithm 3 calculates the
results shown in the rightmost column of table 4.5. Service C, the service with the lowest
priority, was extended to a length of 84, the other services remained stable. With these
service parameter lengths, the consumer can be sure to find at least one provider offering
a matching SLA by consulting 20 providers.
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Algorithm 3: Interval optimization

Data: Requested SLA service parameters prioritized
Result: Adapted service parameter intervals
sort list of services by priority;
set iterator to service with lowest priority;
while true do

calculate probability of finding at least one provider;
if probability larger than 99% then

break;

if length==100 then
next service;

else
service length++;

Table 4.5: Service priorities

Service Priority Length

Service A 2 20
Service B 1 (highest) 30
Service C 3 (lowest) 84

4.5 Negotiation Range Analysis

Until now we only checked, if the provider intervals overlap with the consumer intervals.
We neglected the depth of overlapping. A deep intersection leads to a big negotiating
range, whereas a small intersection leads to a small negotiating range. To the best of
the authors’ knowledge no mathematical analysis of the negotiating depth is available.
Therefore we executed a simulation in order to identify a distribution. Again, the provider
interval’s length as well as position, are generated randomly. We executed the simulation
with a consumer interval length of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100. For each
consumer length, we executed the simulation 1000000 times and calculated the average
negotiating range. The results of our simulation are shown in table 4.6.

Table 4.6: Overlapping distance

interval length 10 20 30 40 50
negotiation range 8.01 13.56 17.63 20.76 23.22

interval length 60 70 80 90 100
negotiation range 25 26.86 28.23 29.44 30.43

In order to forecast the negotiation range of a SLA, containing any number of services
with any length, we have to approximate the simulation results. The results of table 4.6 are
visualized in figure 4.9a. It can be seen that there is not a linear correlation between the
negotiating range and the consumer interval length. In this case, a linear regression trend
line would lead to inappropriate forecasts. By a logarithmic transformation xnew = ln(x)
of the data we can apply the linear regression trend line as approximation. The simula-
tion after transformation is given in table 4.7 and visualized in figure 4.10a. Concluding
from the scatter plot we apply linear regression to approximate the data analogously to
section 4.3.1.

First of all, the averages of the two variables are calculated. Instead of the x values we
use the ln-transformed x values. X̄ and Ȳ are calculated with the formulas in equation
(4.2). Therefore X̄ = 3.813 and Ȳ = 22.314. The slope s is calculated with the formula
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(a) Negotiating range (b) Probability for at least 1 matching provider

Figure 4.9: Negotiation range

Table 4.7: Overlapping distance transformed

ln(interval length) 2.303 2.996 3.401 3.689 3.912
negotiation range 8.01 13.56 17.63 20.76 23.22

ln(interval length) 4.094 4.248 4.382 4.5 4.605
negotiation range 25 26.86 28.23 29.44 30.43

in equation (4.3) and consequently s = 10.01.
The equation below shows the transformed general linear equation which is illustrated

in equation (4.4).
y = 10.01 · x− 15.85413 (4.16)

After calculation of the trend line, which is visualized in figure 4.10a, we have to check its
quality by calculating its coefficient of determination. For the SEE and consequently the
R2 we used the formulas of the equations (4.7) and (4.8). So the SSE = 1.607 and the
R2 = 0.9967

(a) Scatter Plot (b) Trend Line

Figure 4.10: Negotiation range transformed
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By the coefficient of determination near of 1, the approximation can be considered as
pretty good. Due to the fact that we used a logarithmic transformation, we have to
be careful to make a prediction by the trend line, e.g. if a consumer wants to predict
its negotiating range for one service of length 60, a logarithmic transformation has to be
applied by xnew = ln(60) = 4.094. The new x value can be used in the trend line equation.

ypredicted = 10.01 · 4.094− 15.85413 = 25.127 (4.17)

So the predicted negotiating range of about 25.1 is in line to the simulated value 25, as
shown in table 4.7.

4.6 Model Use Case

In this section we want to provide a comprehensive example using all the approaches we
developed before. We assume that a consumer requests a SLA containing five services as
shown in table 4.8 on the left side. By this example we will answer the following questions:

Table 4.8: SLA services and negotiation range

Service Name Range Priority Neg. Ranges Int. Opt.

Service A 20 1 (highest) 14.14 20
Service B 30 2 18.19 30
Service C 20 3 14.14 84
Service D 70 4 26.67 100
Service E 80 5 (lowest) 28.01 100

• What is the probability of finding at least one matching provider?

• What is the expected negotiating range?

• Which intervals should be adapted to be virtually sure to find at least one matching
provider?

• How many providers have to be consulted in order to be virtually sure to find at least
one matching provider?

First of all, we start calculating the single probability of finding a matching provider for
each service parameter of the SLA by using the trend line equation (4.6):

P (Serv.A) = 44.9% P (Serv.B) = 51.79%

P (Serv.C) = 44.9% P (Serv.D) = 79.34%

P (Serv.E) = 86.22%

(4.18)

Now we combine the single probabilities by multiplying them as shown in equation (4.9).

Ptotal propability = 0.449 · 0.518 · 0.449 · 0.793 · 0.8622 =

0.071423
(4.19)

In order to get the probability of finding at least one matching provider consulting 20
providers, we have to use the binomial distribution as defined in equation (4.12).

P (k|p, n) = 1 · 0.0714230 · (1− 0.071423)20−0 = 0.227 (4.20)

The probability of finding one matching provider is about 22.7%. We get the probability
of finding at least one matching provider by the inverse probability equation (4.13).

1− P (no success) = 1− 0.227 = 0.773 (4.21)
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The probability of finding at least one matching provider is 77.3%. Figure 4.10b illus-
trates the result as 3D plot. The ordinate shows the probability of finding at least one
matching provider. The service combination axis represents all possible service combina-
tions. The left most service combination is the combination containing all five services.
The probability of finding a matching provider for these five services is 77.3% consulting
20 providers. The right most service combinations are the single services A, B, C, D
and E. The number of combinations are given on the ”service combinations” axis in fig-
ure 4.10b.We have to sum up the number of combinations using combinations consisting
of 1, 2, 3, 4 and 5 services. For n = 5 it results in 31 combinations.

5∑
k=1

5!

(5− k)! · k!
= 31 (4.22)

Calculating the negotiating range we do a logarithmical transformation of the consumer
intervals’ lengths (x values) in order to use equation (4.16). Equation (4.16) delivers the
results shown in table 4.8 on the right side. The sum of all negotiating ranges is 101.15.

Finally, we adapt the service parameters in order to find a provider with a probability
of at least > 99%. The priorities of the services are shown in table 4.8. Executing the
optimization algorithm 3 leads to the optimized interval lengths shown in the rightmost
column of table 4.8. Three services have to be adapted in order to find a provider with a
probability greater than 99% consulting 20 providers. If the consumer does not want to
extend his service intervals, he has to increase the number of services consulted. Instead of
consulting 20 providers, the consumer has to consult 63 providers in order to find at least
one matching provider. Table 4.9 shows the probability of finding at least one matching
provider depending on the providers consulted. This number can be calculated by an
iterative approach. The number of providers is increased by one, until the probability of
finding at least one provider exceeds 99%.

Table 4.9: Probability depending on number of providers consulted

Providers Probability Providers Probability

20 77.3% 50 97.6%
25 84.4% 55 98.3%
30 89.2% 60 98.8%
35 92.5% 61 98.989%
40 94.9% 62 98.995%
45 96.5% 63 99.1%

4.7 Simulation Prototype

In this section, we present our prototypes and give an overview of their features.
We developed two prototypes in Java, the ”Simulator” and the ”Cockpit”. The Simula-

tor’s user interface is depicted in figure 4.11. The Simulator reads the consumer’s service
parameter properties such as length and position from a XML file. These properties can
be modified within the GUI. Before starting simulation, the GUI allows to set the ran-
dom provider interval generation. The provider intervals can be generated as described.
Another option would be to generate the provider’s intervals with a random position and
fixed lengths. The Simulator visualizes the simulation experiments by representing the
consumer’s and provider’s ranges as intervals. Further the simulated probability distribu-
tion of finding at least one matching provider for a single service parameter as well as the
probability distribution of finding at least one matching provider for a whole SLA is visu-
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Figure 4.11: Simulator user interface

alized. We used these graphics in figure 4.5a and 4.5b. The goal of the second prototype
Cockpit is to visualize the calculated forecasts. A screen shot of the Cockpit is given in
figure 4.12. This prototype allows to set the number of services, the number of providers
and to modify the consumer interval lengths as well as their priorities. The results are
visualized as already shown in figure 4.8b and 4.10b.

52



Figure 4.12: Cockpit user interface
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5 Cloud Cost Model considering variable Cost

In this section we introduce the results of our research. We have invented an economic
cloud cost model using traditional economic principles, fundamentals and methods. Our
cloud cost model contains a mapping between traditional economic principles and the
cloud environment. Current cloud cost models only consider fixed cost. We show that
using variable cost leads to more precise decisions during the negotiating process.

5.1 Model Fundamentals

In the following we describe the way of how the fundamentals and methods of economy
can be applied on an economic cloud cost model. We introduce the mappings onto the
cloud environments for all fundamental economic methods.

5.1.1 Traditional Economics Mapping

As mentioned in section 2.5, distinguishing between variable cost as well as fixed cost
enables application of traditional methods of economics to the cloud cost model.

Operating Production Factors.

In our model we consider a cloud environment as a traditional production company. This
model has “production” factors defined similarly to a conventional production process.

Production factors used in our model are:

• storage devices

• servers

• network devices

Produced goods in our model are:

• storage capacity

• performance (processing power)

• network bandwidth

We assume to have limited substitution of production factors. That means e.g. for the
production factor “servers” that we can add or remove only whole servers and not parts
of them. In future versions of our model we want to consider full substitutability.

The storage capacity is measured in Terabyte. The performance or processing power is
measured as the throughput in Server Side Java Operations (ssj ops) defined in [74]. The
network bandwidth is measured in Mbit/s.

The further discussion is based on data taken from a SPECpower ssj2008 benchmark
test [75] developed by SPEC (Standard Performance Evaluation Council) which focuses
on performance and power consumption. Typically, the benchmark test consists of ten
target levels. For each level the power consumption is related to the performance. The
most important performance factors are the Java Virtual Machine (the transactions are
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executed by a Java application (ssj = server side java)), multiple ssj instances, affinity
to ssj instances and hardware and operating system settings. Power factors are the
operating system power management, power supplies, BIOS fan speed control and storage
configuration. ssj operations per Watt is the most important indicator of this benchmark
and represents the energy efficiency. It is calculated as the ratio of the sum of all ssj
operations scores for all target loads and the sum of all power consumption averages in
Watts for all target loads.

We carefully chose this benchmark as the energy efficiency in this benchmark is also
measured during these steps. The benchmark lists many servers from different vendors
varying from high efficient to low efficient performance per Watt in terms of energy con-
sumption. Thus, this benchmark enables us to apply variable cost in our model. A general
overview of performance evaluation methods and metrics can be found in [75]. For the
energy consumption/target load relation we use the regression trend line as approxima-
tion describing statistically the relationship between variables e.g. energy consumption
and target load. This method allows to find the trend line with the least total distance to
all observed values [76].

In our example the dependent variable y represents energy consumption, the independent
variable x represents the target load. First of all we start calculating the barycenter of
all values by calculating the average x and y value. The data for the regression trend
analysis are taken from the SPEC benchmark. The values of the variable x are depicted
in figure 5.1 on the x-axis and represent the percentage of the load from active-idle to full
target load. The range of the x values is from 0% to 100%. The y axis shows the values
for the power consumption as percentage of the power consumption at full load relative
to the active idle power consumption. The data taken from the SPEC benchmark are
listed in table 5.1 to calculate the y values. These data are only an excerpt of the entire
benchmark.

Table 5.1: Server power consumption in % of target load [watt]

Server @100% @90% @80% @70% @60% @50% @40% @30% @20% @10% @idle

1 475 430 406 358 323 289 260 234 211 185 101
2 232 210 190 173 158 148 137 126 116 104 64
3 883 822 756 684 613 555 504 460 419 369 216
4 518 488 457 430 400 361 324 290 262 234 142
5 259 242 226 207 190 175 162 150 139 126 85
6 125 117 106 95 83 72 65 58 51 46 35
7 652 616 576 538 500 465 434 404 375 337 267
8 172 162 151 142 131 121 112 104 96 83 56
9 244 228 212 196 180 166 151 137 122 106 74
10 218 206 193 175 160 148 134 122 114 100 67
11 220 204 186 170 153 141 131 121 111 97 65
12 902 814 733 691 650 608 568 533 499 458 360
13 218 206 193 181 165 151 138 124 111 95 80
14 60,9 57 54 51 48 44 41 38 34 30 25
... ... ... ... ... ... ... ... ... ... ... ...

For x = 10% of target load we calculate the y value:

y =
Average watts @100% of target load−Average watts @10% of target load

Average watts @10% of target load−Average watts @active idle
(5.1)
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For x = 20% of target load we calculate the y value:

y =
Average watts @100% of target load−Average watts @20% of target load

Average watts @20% of target load−Average watts @active idle
(5.2)

and so on.

We calculate the average values of X̄:

X̄ =
1

n

n∑
i=1

xi = 50.0 (5.3)

For the data taken from the SPEC benchmark of each server we use all percentages
(10% to 100%) of the target load to calculate the average value Ȳ :

Ȳ =
1

n

n∑
i=1

yi = 53.013 (5.4)

Now we calculate the slope s of the trend line by

s =

n∑
i=1

((xi − X̄)(yi − Ȳ ))

n∑
i=1

(xi − X̄)2
= 0.9631 (5.5)

The generalized linear equation is

y − Ȳ = s · (x− X̄) (5.6)

Due to the fact that we know every variable without x and y we can calculate the linear
equation of the trend line. With this function we get expected energy consumption by a
given target load.

y − 53.013 = 0.9631 · (x− 50.017) (5.7)

y = 0.9631 · x+ 4.8583 (5.8)

Residuals R are the vertical between the predicted value, based on the trend line, and the
observed value. The sum of positive differences is equal to the sum of negative differences
which leads to a total sum of 0.

R =

n∑
i=1

yiobserved − yipredicted = 0 (5.9)

The sum of square error SSE uses squared values representing the sum of squared residu-
als. SSE describes how well the line fits; the smaller SSE the better is the approximation.
SSt represents the total sum of squares (proportional to the sample variance).

SSE =

n∑
i=1

(yiobserved − yipredicted)2 = 89747.024 (5.10)

The coefficient of determination R2 measures the relation of SSE to SSt.

R2 = 1− SSE

SSt
= 1−

n∑
i=1

(yiobserved − yipredicted)2

n∑
i=1

(yiobserved − Ȳi)2
=
σ2ypredicted
σ2yobserved

(5.11)
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The R2 ratio measures the goodness of fit [77]. R2 takes on values between 0 and 1,
whereas 1 means that 100% of the variance are shared between the two variables [78]. The
variance is a measure of dispersion. [79]

To get the coefficient of determination we must calculate the variance of the observed
values as well as of the predicted values. The variances of the observed and predicted
values is calculated using the following formula.

σ2yobserved =

n∑
i=1

(yiobserved − Ȳ )2

numberofvalues
= 959.668 (5.12)

σ2ypredicted =

n∑
i=1

(yipredicted − Ȳ )2

numberofvalues
= 927.562 (5.13)

The coefficient of determination is the ratio of the variances.

R2 =
σ2ypredicted
σ2yobserved

= 0.9665 (5.14)

Figure 5.1: Linear power consumption

Based on this apparatus we analyze the benchmark results to verify the linearity of the
power consumption from active idle, to full load. The results are depicted in figure 5.1.

The server power consumption during processing can be approximated by linear regres-
sion. This is true for all servers. In figure 5.1 all servers with their power consump-
tion/processing power functions are shown.

In our cloud cost model we distinguish between the following fixed production cost:

• depreciation

• occupancy
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• administration

• power consumption during idle time

• network infrastructure

Moreover we distinguish between the following variable cost:

• power consumption

• network bandwidth

The model is based on variable cost as well as fixed cost. Our fixed cost comprise typical
fixed cost as stepped cost such as the administration cost and the broadband cost. These
cost are not increased by each additional unit produced, they are increased by a significant
output change, e.g. the administration cost increase with every hundred servers. We aim
for keeping the model concise, therefore we decided to neglect stepped cost in the whole
model. In further extensions of this model these stepped cost will be added, too.

Figure 5.2: Cost Overview

By selecting the factors of production, the profit can be calculated. Due to the fact that
each additional disc space, processing power and bandwidth increases the output directly,
these functions are linear. Such a linear relationship is depicted in figure 5.3.

5.1.2 Architecture

Our cost model is based on three data stores, one for the servers, one for the hard discs and
one for network bandwidth. The server database stores all the server-relevant information
such as ssj operations per Watt, memory, price and CPU. The architecture of our model
is depicted in figure 5.4. The input and output parameters of the model are listed in table
5.2 and 5.3.

5.1.3 Performance per Energy

The Standard Performance Evaluation Corporation is currently working on a new project
called Server Efficiency Rating Tool (SERT) [80]. SERT’s aim is to provide a first order
of approximation of energy efficiency across broad range for application environments
and to create a rating tool for overall energy efficiency and a measuring tool for power,
performance and inlet-temperature. SERT consists of a test harness, the director, the
workload, the SPEC PTDaemon and the reporter [74].
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Figure 5.3: Production Factor Combination

Figure 5.4: Model Architecture

Due to the fact that the price difference between servers with similar efficiency is negligi-
ble, we decided to subdivide servers into efficiency groups. The hard disk database stores
the capacity, price and the required power in Watt.

5.2 A Variable Cost Based Cloud Cost Model

We divide our model into two sections: one for servers and one for hard discs. Each server
and hard disc stored in the database can be selected. Based on the units and the server
ssj operations per Watt the model calculates the required energy demand in kilowatt-hour
(kWh) (for both idle time and busy time) and the total ssj operations per Watt. The fixed
cost include power consumption during idle time; power consumption during busy time is
part of the variable cost. Furthermore the number of racks and the layout efficiency can
be defined to get the footprint required for the cloud computing environment. Based on
the footprint and the cost per square feet (sqft) the total housing cost are calculated.

The server depreciation cost are based on the total acquisition cost and the economic
life. The administration cost are comprised of system monitoring, project management,
engineering, installation and maintenance cost [81].

Power consumption cost during idle time, administration cost, occupancy cost and de-
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preciation cost are fixed cost. Power consumption cost during busy time are variable
cost.

The cost of networking equipment for cloud computing environments is primarily caused
by switches, routers, and load balancers [59].

Before calculating transaction volume and revenue, the maximum price (the price where
the demand is zero) and the maximum quantity (the quantity which is sold if price is zero)
of the linear price consumption curve have to be identified.

Now we describe the input and output parameters of our model. As mentioned in section
2.5 the total cost are comprised of fixed cost and variable cost.

Ctotal = Cfix + Cvar (5.15)

The abbreviations and their respective descriptions of our model parameters are listed in
table 5.2 and table 5.3.

Model Parameters Overview

Table 5.2: Model input parameters

acronym description

areaHD Required area for hard disc in sqft
areaS Required area for server in sqft
Cops Occupancy cost per sqft
Cppk Power cost per KWh
EL Economic life
kHD gradient of the price consumption curve storage
kS gradient of the price consumption curve computation power
qHD Storage quantity
qS Computation quantity
ppssj Price per ssj ops.
ssj ops ssj operations
TB Terabytes

5.2.1 Fixed Cost

The depreciation cost of servers and hard disks, occupancy cost, administration cost,
power consumption cost during idle time and the cost of network gears like routers and
switches are fixed cost:

Cfix = Cdepr + Cocc + Cadmin + CITS
+ CITHD

+ Cnet (5.16)

The economic life and the server and hard disc acquisition cost determine the monthly
depreciation cost:

Cdepr =
(CacquS ) + (CacquHD)

12 · EL
(5.17)

The occupancy cost consist of the footprint needed for the server racks and the area needed
for the hard disc racks:

Cocc = areaS · Cops + areaHD · Cops (5.18)
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Table 5.3: Model Output

acronym description

Cacqu Total acquisition cost
CacquHD Hard disc acquisition cost
CacquS Server acquisition cost
Cadmin Administration/maintenance cost
CadminHD Administration/maintenance cost for hard discs
CadminS Administration/maintenance cost for servers
Cbroad Broadband cost
Cdepr Depreciation cost
Cfix Fixed cost
CITS Idle time server cost
CITHD Idle time hard disc cost
Cnet Network infrastructure cost
Cocc Total occupancy cost
Ctotal Total cost
Cvar Variable cost
CvarHD Variable cost of hard disc
CvarS Variable cost of server
r revenue
pc profit contribution
pHD Price for storage per unit
pS Price for computation power per unit
powerITHD Power consumption hard disc idle time
powerITS Power consumption server idle time
powerHD Power consumption of hard disc
powerS Power consumption of server
tv transaction volume
Tssj ops Total ssj ops
TTB Total tera byte

The total administration cost are comprised of the hard disc administration cost and the
server administration cost:

Cadmin = CadminHD
+ CadminS

(5.19)

The server power cost consumption during idle time multiplied by the price per KWh
defines server power cost:

CITS
= powerITS

· Cppk (5.20)

The hard disk power cost consumption during idle time multiplied by the price per KWh
defines hard disc power cost:

CITHD
= powerITHD

· Cppk (5.21)

5.2.2 Variable Cost

Server variable cost, hard disc variable cost and the broadcast cost comprise the variable
cost of our model:

Cvar = CvarS + CvarHD + Cbroad (5.22)

The contribution of each variable cost part to the equation above is defined respectively:

CvarS =
(powerS − powerITS

) · Cppk

Tssj ops
· ssj ops (5.23)
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CvarHD =
(powerHD − powerITHD

) · Cppk

TTB
· TB (5.24)

5.2.3 Price-Consumption Curve

The price in a linear price-consumption curve with negative slope is calculated from the
quantity multiplied by the gradient of the price-consumption curve:

kS =
∆p

∆q
(5.25)

and

kHD =
∆p

∆q
(5.26)

pS = qS · kS (5.27)

pHD = qHD · kHD (5.28)

5.2.4 Transaction Volume

The transaction volume comprises the price per server and hard disk multiplied by the
sold ssj ops and Terabyte:

tv = qS · pS + qHD · pHD (5.29)

5.2.5 Revenue

Finally the revenue is comprised of the total transaction volume minus total cost:

r = tv − Ctotal (5.30)

5.3 Application of the Cloud Cost Model

In this section we describe the way of how to use our variable cost based cloud cost model
and present its applications on practical examples.

5.3.1 Linear Optimization Problem

Problem statement: A cloud provider has 30000$ and is going to expand its capacity.
However the provider does not know which server is the most profitable one.

Based on our model, we can provide a solution for this optimization problem. In the
following example we present a simple linear optimizing solution without considering the
effect of compound interest.

The cloud provider can choose between two servers. Server 1 is more efficient but the
acquisition cost are higher than for server 2 (see table 5.4).

Table 5.4: Servers

Server Acquisition cost ssj ops Watt profit contribution

Server 1 7612$ 2843 181 W 72,70$
Server 2 3000$ 1909 385 W 30,49$
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We assume that the price for one ssj ops is 0,03$. The profit contribution is comprised
of the transaction volume minus the variable cost.

tvServer1,2 = ssj opsServer1,2 · ppssj (5.31)

The following calculation shows that the profit contribution of server 1 is higher than the
profit contribution of server 2.

tvServer1 = 2843ssj ops · 0, 03$ = 85, 29 (5.32)

tvServer2 = 1909ssj ops · 0, 03$ = 57, 27 (5.33)

The variable cost are the power consumption cost during busy time (energy consumption
during idle time are part of the fixed cost).

CvarServer1,2 = KWhServer1,2 · Cppk (5.34)

The following calculation shows that the variable cost (power consumption cost) of server
2 are higher than server 1.

CvarServer1 =
181W · 24 · 30

1000
· 0.0966$ = 12.59 (5.35)

CvarServer2 =
385W · 24 · 30

1000
· 0.0966$ = 26.77 (5.36)

The profit contribution is comprised of the transaction volume minus the variable cost.

pcServer1,2 = tvServer1,2 − CvarServer1,2 (5.37)

Server 1 has the highest profit contribution, however the acquisition cost are higher.

pcServer1 = 85.29$− 12, 59$ = 72.7$ (5.38)

pcServer2 = 57.27$− 26, 77$ = 30.50$ (5.39)

The profit contribution function should be a maximum. Nevertheless we must consider
the constraint that the provider is going to spend maximal 30000$ for acquisition.

ProfitContribution : 72.7$ · x+ 30.50$ · y →Max (5.40)

condition : 7612$ · x+ 3000$ · y < 30000$ (5.41)

We can distinguish between two variants: purchase server 1 or purchase server 2. The
number of servers is calculated by the following formula:

NumberOfServer =
max.acquisitioncost

Cserver
(5.42)

Variant 1: If the provider spends all the money for server 1, he is able to buy 3.9 servers.

NumberOfServer1 =
30000$

7612$
= 3.9 (5.43)

This leads to a profit contribution of

ProfitContributionserver1 = 72.7$ · 3.9 = 283.53$ (5.44)

Variant 2: If the provider spends all the money for server 2, he is able to buy 10 servers.

NumberOfServer1 =
30000$

3000$
= 10 (5.45)
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This leads to a profit contribution of

ProfitContributionserver1 = 30.50$ · 10 = 305$ (5.46)

By buying ten servers 2 the provider optimizes the profit, because the profit contribution
of variant 2 is higher.
Now we will make a calculation considering the power consumption cost. The calculation
has a further constraint limiting the power consumption to 800 KWh. Thus, the profit
contribution is:

72, 7$ · x+ 30, 5$ · y →Max (5.47)

condition1 : 7612$ · x+ 3000$ · y < 30000$ (5.48)

condition2 : 130, 32KWh · x+ 277, 2KWh · y < 800KWh (5.49)

The optimal profit is calculated by solving the equation using values of tables 5.5 and 5.6.

30000$− 7612$ · x
3000$

=
800KWh− 130, 32KWh · x

277, 2KWh
(5.50)

277, 2KWh · (30000$− 7612$ · x) =

3000$ · (800KWh− 130, 32$ · x)
(5.51)

The optimal profit contributions is reached with 3.44 servers 1 and 1.268 servers 2. x=3,44
y=1,268 Thus, the profit contribution is:

3, 44 · 72, 70$ + 1, 268 · 30, 50$ = 288, 76$ (5.52)

This server combination reduces energy consumption. However, the profit contribution is
lower than the first one (305$), which is depicted by figure 5.5.

We further extended our example by assuming that the energy price increases by 3%
per year.

Table 5.5: Price per KWh

year price

1 0,0966$
2 0,099498$
3 0,102948$
4 0,1063644$

Table 5.6: Power consumption comparison

Server Variation 1 Variation 2 Power consumption

Server 1 - 3,44 181W
Server 2 10 1,268 385W
Power consumption 2772KWh 799,79KWh

As can be seen in table 5.7 the energy cost difference increases from 192,46$ to 211,84$
(∆ 19,38). Due to the fact that the transaction volume remains constant the profit con-
tribution difference (∆ 16,24) decreases to -3,14. Within a time period of four years the
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Table 5.7: Variant comparison

Variant Year Power con. Price per KWh Total ∆ pc

1 1 2772KWh 0,0966$ 267,78$
2 1 779,79KWh 0,0966$ 75,32$ 192,46$
1 4 2772KWh 0,1063644$ 294,84$
2 4 779,79KWh 0,1063644$ 82,94$ 211,84 $

efficient servers prove to be more profitable than the cheaper inefficient servers. Moreover,
it has to be considered that some power consumption cost are fixed cost which reduce the
payback period.

Figure 5.5: Linear Optimization

5.3.2 Optimal Server Combination

For a cloud provider who plans a new cloud environment it is necessary to define the
number and type of servers to buy to get desired computational power at optimal cost.
As described in section 5.1 we can choose servers with different performance per power
characteristics based on the benchmark results of SPEC Power ssj2008 R©. We can use
servers with higher or lower efficiency. That means more or less Server-Side-Java business
applications performance per power. These results are stored in our model data store and
can be used as input parameter to our model.

The number of combinations having distinct performance per power results for these
servers can be calculated by n!

k!(n−k)! where n is the number of server categories we can

choose from the database (number of classes of performance/power results), and k is the
number of different server types we use in the model. The number of combinations can
increase dramatically, e.g. if the number of categories gets larger than five and the number
of total servers is larger than one hundred, the number of combinations exceeds the billion.

With our model we calculate the fixed cost of server combinations and their behavior
during variation of the combination of different servers with different cost and perfor-
mance/power. As depicted in figure 5.6 the fixed cost are changing from efficient servers
to inefficient servers depending on the combination. The result is normalized in percentage
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Figure 5.6: Fixed cost versus server combinations

to make the difference more evident. The same result can be used without normalization
to choose the appropriate server combination for a specific limit of fixed cost.
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6 An Autonomous Negotiation and Re-Negotiation Framework

In this chapter we introduce our novel generic framework for both, consumer and provider
and describe all necessary components. We have carefully studied important existing
framework models and concepts [82] [83] [84] [85] [86] [87] [88]. The novelty of our approach
is the ability of autonomous negotiation based on our newly developed knowledge base.
With this framework we are able to execute any kind of negotiation processes such as
auctioning. The framework also enables simple and complex negotiation processes.

6.1 Framework Architecture

In this section we give an overview about the principal architecture of our negotiation
framework. As depicted in figure 6.1 the framework is symmetric; each component ex-

Figure 6.1: Framework Overview

ists for both service provider and -consumer. Please note that the framework supports
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also many-to-many associations between consumer and provider. This is necessary for
auctioning and biding.

6.2 Components of the Framework

The Negotiation and Re-Negotiation Engine is one of the main components of our
framework. This engine is responsible for both, negotiation and re-negotiation, that means
for the whole life-cycle of a Service Level Agreement. The negotiation engine is designed
as an autonomic manager. The engine uses the knowledge base for all its decisions during
life cycle of each SLA. To extend bilateral contracting an Auctioning Plug-in is used to
support also auctioning and biding. The plug-in can be easily replaced to support different
types of auction models. The sensors are responsible for monitoring the agreed QoS of the
running services and applications. Actors can alter already running services.

The Knowledge Base consists of three parts, the Business Rules Repository where
the participants (consumer or provider) store their own business rules which implement
the specific business strategy of the participant. The repository uses decision trees and
tables. The second part of the knowledge base is the economic cost model. In this cost
model the cost of each production factor like computational power, disk space and network
bandwidth are stored. The cost model distinguishes between fixed cost and variable cost.
This is necessary to give correct answers for a decision e.g. if a provider has free capacity
of a resource and a customer already running a service is paying the fixed cost and the
provider wants to decide at which price the free resource can be offered. Existing cloud
cost models neglect traditional economic principles. Cost models that consider variable
cost are better suited for our economy situation today. This distinction is also necessary
to implement or derive more accurate business strategies.

The economic cost model as knowledge base in the framework has to support all tra-
ditional economic fundamentals and methods described in the standard economic liter-
ature [89]. Traditional economics covers operating production factors, the production,
sales theory, and investment and finance. These issues are necessary to allow applying
all well known traditional economic methods to the cost model. In [90] we developed a
comprehensive cost model based on variable and fixed cost for common cloud computing
environments applying traditional economic methods. Based on this model we show that
business strategies for both, cloud providers as well as cloud consumers can be derived. On
the one hand this model makes it possible to design new cloud computing environments
and also optimize existing clouds; on the other hand this model can also be used to give
a clear answer for building internal cloud environments to IT Managers.

The third part of the knowledge base is history data. The history data stores past
information. That means the experience each participant has made in contracts and
running services, e.g. how many successful contracts have been made between consumer
and provider, statistical data about the QoS of each provider, etc. This information is
very useful for decisions during negotiation and re-negotiation.

The Service Template Registry is a registry where providers can store their offered
services. The consumers can retrieve this registry for finding the best matching service they
need. The Service Template Registry is used during first time establishing agreements.
That means standard offers from the provider are stored. During Re-Negotiation the
registry is not used.

The Consumer- and Provider Agents are the interfaces between the framework and
an application or a human person. The interface is for initiating and controlling services,
for changing running services, maintaining the knowledge base and for the auctioneer
controlling of and interacting with the auctioning workflows. We use WSDL (Web Service
Description Language) [91] as a protocol for the interface,
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The Auctioneer Agent is controlling and interacting the auctioning workflow stored
in the Auctioning Plug-in.

The Protocols used in the framework adhere to existing standards: WSDL for service
description, WS-Agreement for order and offer description in the service template registry
and WS Agreement Negotiation for the contracting process. The WS-Agreement Nego-
tiation model defines the negotiation as a separate process. During this process service
consumer and provider exchange information dynamically with the goal of creating a valid
agreement offer that subsequently leads to an agreement [92]. Generally negotiation takes
place prior to service execution. Re-negotiation is a reaction of one of the parties to the
actual performance of the service execution.

6.3 Framework Patterns

We have defined framework patterns to classify typical business scenarios which can be
handled by our newly developed framework.

Generally, we distinguish between two framework patterns. A conceptual overview of
these two patterns is shown in figure 6.2 and 6.3.

• Negotiating between Provider and Consumer

Figure 6.2: Framework Scenario n:m Negotiating

• Negotiating between Provider and Consumer with Auctioneers

The first pattern, the n:m Negotiation Pattern, is negotiating and re-negotiating
directly between consumer and provider. Figure 6.4 depicts negotiation in more detail
in which only consumers and providers participate. In this scenario n1 . . . n4 service con-
sumers and m1 . . .m3 service providers are involved. The Service Template Registry is
used by all service providers and consumers to advertise SLA-templates respectively to
retrieve it. Between consumer and provider is an n : m relationship, that means each
consumer can have a relationship to any of the provider.

The second framework pattern (figure 6.5) is the Auctioning Pattern, where one or
more Auctioneers are involved. The negotiating workflow (i.e. the auctioning type) is
stored in the Auctioning Plug-in of the Auctioneer, Consumer and Provider Agent.

It is important to note that the framework supports each kind of mixture of the two
negotiation types.
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Figure 6.3: Framework Scenario n:m Negotiating with Auctioning

Figure 6.4: n:m Negotiation Pattern

Figure 6.6 shows a possible negotiation flow of the first type of negotiating (see figure
6.4). In this negotiation process four roles are involved. The service template registry acts
as a mediator between providers and consumers. It is responsible for finding a matching
provider for the consumer. The provider creates offers and the consumer searches for
them. Both, consumer and provider, use a proprietary knowledge base for analyzing and
creating offers. In figure 6.6 the communication between the knowledge base KP1 and
provider P1 is simplified.

1. Provider P1 advertises his offer on service template registry S.

2. The consumer C1 looks at this registry S for matching providers. The registry sug-
gests provider P1.

3. This provider creates the offers O1 and O2 based on knowledge base KC1 and sends
these offers to the consumer.

4. As the consumers knowledge base advises to reject O1 the consumer sends a reject
message to the provider. For offer O2 the consumer sends a counter-offer.
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Figure 6.5: Auctioning Pattern

5. The provider analyses the counter-offer and sends a new offer based on the consumer’s
counter-offer.

6. The consumer checks this new offer and rejects it which triggers the provider to create
and send a new offer based on the customer’s counter-offer.

7. As the consumer’s knowledge base considers this offer as acceptable the consumer
sends an accept message to the provider who replies with an agreement.

Figure 6.7 depicts the sequence diagram of the second type of negotiating scenario, auc-
tioning (see figure 6.5). In the auctioning based negotiation process four roles are involved.
The auctioneer is responsible for the whole process including defining and controlling the
auctioning rules, collecting all offers and bids, executing clear actions, etc. The provider
creates offers and the consumer searches for them. Both, consumer and provider use a
knowledge base for analyzing and creating offers.

1. Offer Phase: First of all the provider P1 creates an offer using his knowledge base
and sends it to the auctioneer A.

2. Bid Phase: Auctioneer A collects all bids from the consumers C1 and C2. The
consumers create their bids based on their knowledge bases.

3. Quote Phase: The auctioneer A accepts a bid (the quote) applying auction rules
(e.g. Vickrey auction). After a quote is fixed, the provider is informed which creates
a template for the agreement based on the offer.

4. Clearing Phase: The winning consumer C1 receives an accept message from auc-
tioneer A and the agreement template from provider P , consumer C2 receives a reject
message.

WS-Agreement is bundle of protocols used for SLAs and negotiation. WSLA is older
than WS-Agreement and provides an XML-Schema used for describing WSLAs.

Figure 6.8 presents a code snipped of a WSLA document, which describes this situation.
It shows a service level objective for hard disc space which is part of the obligation section.
In the example provider P1 is the obligated party for the time period defined in the validity
block. The expression section contains the content of the obligation. The obligated party
must provide HardDiscSpace from 30 to 90, whereas HardDiscSpace is a SLA parameter
defined with an appropriate metric in a separate section of the document.
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Figure 6.6: This picture shows a running example of a possible negotiation flow.

6.4 Consumer and Provider State Diagram

To show the different states of each participant we present a state diagram of both, provider
and consumer in our framework.

Please note in our framework consumer and provider have the same state diagram. That
means they execute the same states and event triggers. All states and triggers depicted
in figure 6.9 are described as follows:

• Running
In this state normal or idle operation is performed, e.g. running services after suc-
cessful contracting.
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Figure 6.7: The figure illustrates a sequence diagram for negotiation with auctioning

Figure 6.8: The figure illustrates a code snippet of a WSLA document

• SLA match search
The SLA match search is the state where both, provider and consumer try to match
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Figure 6.9: State diagram for consumers and providers

their SLA parameters. This is the initial state before the negotiating state can be
invoked. In our framework this is a rough selection based on predefined matching
rules.

• Negotiating
After the initial state the negotiating state can be reached. The decisions necessary
for negotiating are based on stored business rules and the embedded cost model.

• Initiate services
After successful negotiating the services are initiated or scheduled if start time is
different.

• Re-negotiating
The re-negotiating state is only reached if a SLA violation happens or the consumer
wants to re-negotiate because another provider offers a more attractive service. In this
state both, consumer and provider, have the chance to avoid executing the contracted
SLA penalties. As in the negotiation state the decisions necessary for negotiating are
based on stored business rules and the embedded cost model.

• Execute SLA penalties
This state is reached if the re-negotiating state failed for successful contracting.
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7 Use Case Scenarios

This section describes several simulation scenarios by introducing basic implementation
approaches and overviews.

7.1 Typical Business Scenarios

Services can be seen as virtual goods which are supplied by providers and demanded by
consumers. So the fundamental market mechanisms for consumer goods can be applied
to services, too. Basically, the market controls price and quantity based on the demand
and supply [49]. A typical market model is depicted in figure 7.1. The numbers 1, 2 and
3 represent three different situations to which we will refer in the following paragraph.

Fixed priced services, without considering market mechanisms, lead to situations in
which demand and supply differ as shown in figure 7.1: Setting a high price as shown in sit-
uation 1 leads to a supply exceeding the demand. We call this situation over-provisioning.
A low price, as shown in situation 3, leads to demand exceeding the supply which we
call under-provisioning. Both situations are inefficient as there is a gap between demand
and supply. Thus, there is a need for a service-market in order to find the equilibrium
where the demand matches the supply as shown in situation 2 in figure 7.1. Establishing a
market prevents permanent under-provisioning and over-provisioning. Consequently, the
market can be considered as a mechanism for finding an adequate price depending on cur-
rent demand and supply. In order to establish a service market, virtual platforms where
consumers and providers can publish their demands and supplies are necessary.

Figure 7.1: Basic market mechanism

Market Situations

An instance of a service market is shown in figure 7.2. The providers are enterprises
offering services which are used by consumers or intermediates. Intermediates use the
services in order to resell them or to offer new services composed out of other services.

The market mechanism explained in the previous section works, if several providers and
consumers are attending the market. By considering intermediates as providers we can
distinguish between the following four scenarios.
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Figure 7.2: Market instance

• n:m Scenario

In this scenario n consumers buy services from m potential providers. Neither a
consumer nor a provider has enough power to influence the price-quantity relation-
ship: If a provider increases his price, consumers will buy from other providers and
vice versa. So the equilibrium is the result of the demand-supply relationship on the
market. Such a situation is an example of an oligopoly [49].

• 1:m Scenario

In such a scenario, one consumer can buy a service from m providers. As there is no
other consumer on the market, the consumer has a high influence on the price. This is
because the providers want to maximize their profit. From a provider’s point of view,
the only way to maximize the profit is to serve the consumer. As the consumer can
choose between different providers, the offer will be of low profit for the consumer.
However, not selling the service results in a loss of the provider. This situation
represents a monopole on the consumer side [49].

• n:1 Scenario

Contrary to the 1:m situation, n potential consumers on the market want to buy a
service from 1 seller. Thus, the provider can determine the price as the consumers
have no chance to switch to other providers. The provider will choose a price which
maximizes his profit. This situation represents a monopole on the provider side [49].

• 1:1 Scenario

In a 1:1 situation, the consumer as well as the provider have no other negotiation
partner. As both, the consumer as well as the provider, have a monopole, the price
will be a result of negotiation [49].

As [49] describes, only oligopolies enable the demand-supply driven price mechanism on
markets. Oligopolies represent situations in which consumers can choose between providers
and vice versa. To enable oligopolies, a service market is necessary where the market
participants can communicate with each other. The bazaar style negotiation introduced
in this paper is one way to enable market mechanisms.

7.2 Framework Architecture Implementation

Before we introduce an initial implementation, we want to detail the phases of negotiation.
The implementation in this section is an initial prototype with basic functionality which
should show the basic agent based paradigm. A implementation considering the basic
negotiation paradigm is shown in the next chapter.
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7.2.1 Phases of Negotiation

The framework developed in a previous chapter supports the discovery and negotiation of
SLAs.

We detailed this phase into 5 sub phases depicted in figure 7.3. In the

• Preparation phase, the business rules for the business rules repository are discovered,
formulated and stored. Such rule can e.g. determine which service parameters should
be exceeded in case no provider can be found for a required SLA.

• In the Initiation phase, parameters for the negotiation are set, such as priorities of
SLOs. These priorities can e.g. represent the order in which service parameters are
exceeded.

• The Discovery phase encompasses the querying of repositories for adequate negotia-
tion partners.

• The Negotiation phase itself depends on the negotiation style chosen.

• Finally, the results have to be validated. The process can be restarted at any point
in order to get new results by changing parameters.

Figure 7.3: Phases of discovery and negotiation

Using the framework and its negotiation engine, several negotiation styles can be used
such as the Bazaar style, which we have introduced in a previous section.

7.2.2 Agent based Implementation

Agents are software components which are able to solve problems in an autonomous way.
Platforms in which several agents communicate and negotiate are called multi-agent sys-
tems and are used to solve problems in a distributed way [93]. The communication of
agents has to be based on standardized languages so that interoperability of communica-
tion is ensured [94].

The goal of this thesis is to introduce an initial implementation of the conceptual frame-
work described in 6 which is the basis for a service market place. Two main characteristics
of the framework are the facts (i) that agents are used (ii) and that the agents are com-
municating directly with each other.

Instead of starting implementing the framework from scratch, we made a survey on
already existing frameworks supporting agent based systems.

The most scientific papers describe negotiation frameworks, protocols or systems without
introducing a concrete implementation such as [95] [96] or [97].

To the best of the authors’ knowledge, Jade is the only comprehensive framework sup-
porting agents as well as a complete communication infrastructure for the agents. More-
over, Jade is an implementation based on the FIPA standard which will be explained in
the following subsection [98].

In several papers such as in [99] and [98] the Jade framework was already used for simple
negotiations among agents. However, none of these papers considered service negotiation
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in a bazaar style manner for web services. A knowledge base as described above was
missing, too.

In the following sections we want to introduce the FIPA standard as well as the Jade
framework in order to explain how Jade can be used to implement our conceptual negoti-
ation framework. These sections should just give a rough overview.

7.2.2.1 FIPA Standard

FIPA is a standard maintained by the IEEE. Its goal is to standardize the communication
of heterogeneous agents as well as infrastructures containing agents. In the following
enumeration we want to highlight two critical artefacts of the standard which are important
for our implementation. A detailed description of the standard would exceed the range of
this paper.

• One key part of the FIPA standard is the standardization of the communication
messages between the agents. The so-called ACL (Agent Communication Language)
is a language specified by the standard. Within the ACL, types of messages, called
communicative acts, are defined such as Request, Agree or Propose.

The payload of a message can be delivered in an arbitrary format but FIPA suggests
to use the FIPA-CL (Content Language). Furthermore, the FIPA describes several
communication flows for e.g. English auctions.

• The FIPA standardizes the agent management, too. A reference model was pub-
lished in which components for agent management were described resulting into a
sketch of an agent based system architecture. We will refer to this architecture in the
following section.

[100]

7.2.2.2 Jade

As Jade has implemented the FIPA standard, its core architecture is equal to the FIPA
reference model. Figure 7.4 shows a high level view of base components of the Jade
framework to which we will refer in this paper.

Figure 7.4: Jade hierarchy

• Main container

A Jade platform consists of containers containing agents. One of the containers
is the main container to which all the other containers have to connect. The main
container is, among other things, responsible for managing the message flow between
agents in different containers. Agents can be managed by the main container or by
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simple containers. This is because the main container is a simple container with some
additional components such as a so-called directory facilitator.

All the agents within a platform can communicate with each other, independent of
which container manages the agent.

• Container

Containers can be distributed over the network and provide basic services such as
message transport for its agents.

• Directory facilitator

The Directory facilitator is maintained by the main container. The directory facilita-
tor is a yellow page service where agents can register their services and other agents
can search for these services.

Figure 7.5 shows a possible instance in a Jade base negotiation system. There are
three platforms whereby platform 1 has 3 containers. The agents communicate based on
ACL messages and use the directory facilitator for searching and registering, in our case,
services.

With this figure, we tried to introduce a mapping between the Jade framework and our
conceptual framework described in section 6. We want to highlight which components
of the Jade framework are already provided by the Jade framework and can be used for
implementation. Therefore we coloured the components in 7.5 with the same color used
in figure 6.1.

So the light blue marked consumer and provider agents in figure 6.1 will be implemented
as Jade Agents.

The Jade directory facilitator in figure 7.5 corresponds to the service template registry
in figure 6.1.

Of course, we will use the containers for the agent management and message transport.
The blue marked components in figure 6.1 as well as the knowledge base are not sup-

ported by Jade directly. Therefore we are forced to implement the knowledge base and
the grey marked components by ourself. In the scope of this paper we will focus on an
initial implementation of business rule repository of the knowledge base within the Jade
framework. The other missing components are part of our further research.

The implemented framework has to fulfill the requirements described in section 6.1
which can be seen as high level functional requirements. Especially the non-functional
requirements such as scalability and performance are essential in negotiation systems.

One way to audit these non-functional requirements is to do performance and scalability
tests. Such analysis would exceed the scope of this paper and will be part of our future
research.

Reviewing the Jade framework, it seems like the main container might be the system’s
performance bottleneck as it coordinates the messaging between the other containers.
However, [100] states that Jade uses special cache algorithms and decentralizes platform
operations so that it is well scalable.

Before we presenting an initial implementation, we take a closer look on the ontologies
used for message exchange between agents.

7.2.3 Ontology for Agent Messages

One key issue of agent based systems is the communication between heterogeneous agents.
Therefore, it is obvious, that they need a common language, a way of how agents exchange
messages.

As [100] emphasizes, there are generally three ways of communication in agent based
systems.
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Figure 7.5: Jade framework

• Strings

The most easiest way of communication between agents is to exchange messages based
on strings. Strings are not bound to any programming language or operating systems
which allows communication between heterogeneous systems. However, there are
a couple of problems with strings especially for reading and interpreting the string
correctly. With increasing complexity and size of messages problems become bigger.

• Serialized objects

A more appropriate way of exchanging messages is the usage of serialized objects.
So the receiver simply has to deserialize the content of the message instead of string
parsing. Nevertheless, this mechanism has problems regarding interoperability: If
the sender serializes a Java object, a non-Java based receiver will not be able to de-
serialize the object. Therefore this way of message exchange reduces interoperability.
Addionally, the data sent is not readable by humans.

• Ontologies

An ontology in the scope of Jade allows to define a vocabulary as well as a semantic.
Using ontologies as basis for exchange, we can guarantee that the receiver will inter-
pret the message correctly as the participants knowing the ontology have the same
meaning to the symbols received.

In Jade, the ontology describes the elements of the content of an ACL message.

For the agents in our framework, which form a service market place, we need an ontol-
ogy supporting the negotiation of services. Currently, there are already standards which
support negotiation of services like WSLA (Web Service Level Agreement).
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We tried to create an Jade-ontology inspired by the base concepts of WSLA as it supports
the exchange of service parameter intervals needed in a bazaar style negotiation.

The most important components of our ontology are depicted in figure 7.6. The WSLA
represents an SLA. It contains Service Parameters which have a range.

One so-called predicate (will be explained bellow) is depicted in figure 7.6. The Provide
predicate has a SLA and is used to ask if a provider/consumer offers/requires a certain
SLA.

As you can see, figure 7.6 is divided into two sections grouping elements into concepts
and predicates.

• Concept

In the Jade Ontology, concepts represent things of the real world. This can either be
a car or, like in our case, SLA.

• Predicates

An agent may ask another agent if a certain proposition is true. In our case, Provides
is such a predicate. A buyer agent may ask a seller agent if it is true that he offers a
specific SLA.

• Agent Actions

This section is not shown in figure 7.6. Agent Actions are a form of concepts which
represent actions that can be performed by an agent.

Figure 7.6: Jade ontology for agent messages

In Jade, the ontology elements are realized as Java classes. So we created e.g. a class
named WSLA containing a list of service parameters. An instance of this class can be sent
via ACL to another agent. If the agent knows the ontology, he is able to read the message
content and interpret it correctly.

The ontology shown is used in our initial implementation. Of course, the introduced
ontology is far away form being complete. However, it is comprehensive enough to execute
our scenarios in the following sections.

7.2.4 Market Scenario

As described before, we can use several components of the Jade framwork. However, some
components are not supported by Jade. In this thesis, our initial implementation based
on Jade should achieve the following goals:
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• Jade provides the basic infrastructure for the agents which should be used. We want
to create a buyer agent requiring services and a seller agent, called provider, offering
services using the ontology explained before.

• Both types of agents should have a knowledge base as described in chapter 6. In this
thesis, we will focus on the business rule repository of the knowledge base.

• Jade provides a framework for agents. However, there is a need for an application of
a buyer, also called consumer, starting the agents. Moreover the agents must report
their result to somebody. These requirements are without the scope of the Jade
framework and are highlighted in this section.

To clarify our goals, we developed a market scenario which should be supported by our
initial implementation.

7.2.4.1 Scenario Description

Assume that a consumer has a video or pictures. As shown in figure 7.7, the consumer
wants a workflow which compresses the pictures or videos and stores them on e.g. a cloud.
Therefore the consumer looks for one or two providers offering services of the required
workflow.

Both services have several parameters. For simplicity reasons, we consider one parameter
per service in this paper.

As described in previous sections, agents should be able to find providers and negotiate
SLAs with them without human interaction. Thus, the search for matching providers
for each service of the workflow is done by agents. Regrading the workflow illustrated in
figure 7.7, one agent searches and negotiates with providers for a compressing service and
a second agent looks for a provider offering storage. Both agents store their results into
central repository, the blackboard. All the agents’ results are stored on this blackboard,
which is the decision basis for the consumer. A short introduction of the blackboard is
provided in a following section.

Figure 7.7: Sample workflow

7.2.4.2 Architecture Overview

In the following section, an overview of our implementation architecture, based on the
market scenario, is described. We look at this implementation from a consumer’s point of
view, but the implementation can be used for the provider, too.

Figure 7.8 illustrates the implementation whereas the numbers in the figure correspond
to three steps. Continuing the example described before, a consumer searches for two
services. Therefore he starts an agent for each service and passes the requirements to
them. This is illustrated in figure 7.8 with 1. Agent 1 looks for a provider offering the
compression whereas agent 2 looks for a service offering the storage.

As the figure illustrates, the agent use rules. So some part of the agent’s autonomous
behaviour is implemented in business rules and evaluated by rule systems. We used the
rule based approach for two main reasons [101]:
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• Rule based systems have benefits if decision making is complex. Usually complex
decisions include a lot of conditions determining if a rule is executed or not. Within
rule based systems such condition-event relationships can be defined declarative via
business rules.

• Rule based systems make it possible to add or remove rules from the knowledge base
which increases flexibility.

As figure 7.8 depicts, agent 2 contacts and communicates with the corresponding providers.
This situation is marked with 2.

Before the agent was able to contact the providers, he used Jades directory facilitator for
finding the providers. During negotiation the agents can access and write their results to
the blackboard which we will describe in the following section. In figure 7.8, the blackboard
is the database shown in the cloud. This situation is marked with 3.

As both, the agents as well as the client have to write and read from the blackboard,
its accessibility is critical. Generally, there are several implementation possibilities for the
blackboard.

• Due to the fact that the data retrieved by the agents has to be made persistent, our
initial approach was to create a simple database such as H2. However, this would
force the agents to gather the necessary database drivers for accessing the database.
Moreover, this approach faces the risk that the agents can write data into the database
without validating the data before.

• Therefore, we decided to use a REST (Representational State Transfer) web service
for accessing the database. This solves the problems stated before: The agents just
need to access the web service. So they do not have to care about database drivers.
Additionally, this simplifies the access to the database of heterogeneous agents. Fur-
ther, validation of the data can be done in the web service.

Figure 7.8: Jade based implementation

After all agents have stored the negotiation data into the database, the client has to
access it in order to make a decision. The database is used to implement the blackboard
approach.
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7.2.4.3 Blackboard

The blackboard approach origins from artificial intelligence. It is defined as a process
where different expert knowledge is added to the solution in a stepwise manner. In our
situation, the agents add their negotiation results of services for the desired workflow to
the blackboard.

As proposed in [102], the negotiation results, which will be the offers from the providers,
can be represented as a tree as depicted in figure 7.9. For simplicity reasons, we neglected
the price in this figure. As each service of a workflow has parameters, each service can be
depicted as tree. The tree in figure 7.9 shows a possible result of the compression service.
Obviously, the compression service has two parameters: reliability and speed. Each path
from start to the leaf of the tree is one found service. One such service is marked with a
grey line. This service has a reliability of 30 and a speed of 20. As there are three different
paths in the tree, we can choose between three offers.

Figure 7.9: Decision tree representing negotiation results

Utilizing the tree, we can map the problem of finding and adequate service to finding the
shortest path from root to a leaf. Based on the information given, several graph algorithms
and heuristics like A* or Dijkstra can be used. [103] has introduced several utility and
standardization methods to find a solution with the highest utility based on such trees.

7.2.5 Bazaar Style Negotiation Initiation Types

We have not yet explained how the negotiation itself works in the implemented framework.
This is a non-trivial issue as there are a lot of possible forms of bazaar style negotiation like
e.g. the different forms of auctions. Describing all these forms of bazaar style negotiation
would exceed the range of this paper.

A precondition for negotiation between a consumer and a provider is the definition of
the messages exchanged. In the supermarket approach, the consumer searches for an offer
and sends a purchase order to the service provider if the offer is appropriate for him. In
a bazaar style negotiation, there are much more possibilities. In this section, we focus
on the negotiation initiation phase were we distinguish between two ways which we call
consumer-first approach and provider-first approach. These two types will be explained
below.

A sensible parameter in an offer is the price. Unlike a typical service parameter, the
height of the price is a summary of other service parameters influenced by the providers
business and pricing strategy. The compression service explained above has the parameters
reliability and compression rate. These two parameters are independent which means the
provider can offer a slow compression with a high reliability and vice versa. If the user
wants to reduce the price of his SLA, he will reduce at least one of the parameters.
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In the initial phase, the service parameters are ranges. As the price is influenced by
other service parameters which have not yet determined, it is not useful to use a price
interval within a SLA. However, it might be useful to determine an upper price/lower price
range from a consumer/provider point of view. In the following, two service negotiation
initiation types in a bazaar style market are introduced.

• Consumer-first approach

The message flow in a consumer-first approach is the following. The consumer sends
his desired SLA including ranges for his service parameters to the provider. The
provider executes a matching process by checking the SLA and terminating the nego-
tiation with a refuse message if he cannot supply the SLA. In case of a refuse, at least
one interval of the consumers SLA is not overlapping with corresponding interval of
the provider. The negotiation terminates too, if the price limits are not matching.

If the consumer’s desired SLA can be supplied, the provider sends his SLA consisting
of service parameter ranges offer including his ranges to the consumer. The consumer
looks at the providers SLA and sends a concrete offer to the provider. A concrete
offer contains a SLA containing concrete values for the service parameters and a price
the consumer wants to pay. So in this interaction, the consumer knows the provider’s
ranges and can make a concrete offer. As the consumer makes the first offer, we call
this interaction the consumer-first approach.

• Provider-first approach

Unlike in the consumer-first approach, the provider does not send his ranges to the
provider after the matching process succeeds. Instead, the provider sends a concrete
offer including a price. Therefore we call this approach the provider-first approach.
In this case, the provider does not have to reveal his service ranges as the provider is
generating the offers.

Of course, there will be a lot of different other forms how negotiation can be initiated.
However, these are two basic approaches. In both cases, the negotiation continues with
e.g. a sequence of offers and counter-offers until both parties agree or one of the parties
terminates the negotiation. The negotiation itself can be done in various ways. Several of
them are defined in the FIPA-standard such as English auctions.

7.2.6 Implementation

As an initial implementation, we implemented the scenario illustrated in figure 7.8 in Java.
We used Maven as build tool, Jersey for the web service, H2 as database and the Swing
API for the GUI of the buyer.

7.2.6.1 A First Simulation with the Negotiation Framework

Precondition for starting a negotiation is to find at least one matching provider. Thus,
the consumer is interested in answers to the following questions:

• What is the probability of finding a provider offering a SLA matching my request?

• Which service parameters of the SLA, and to what extent, have to be adapted in
order to find at least one matching provider?

• How many providers should I contact in order to be practically sure to find at least
one matching provider?
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In 4 we presented answers to these questions by defining an analytical model forecasting
the probability of finding appropriate providers for a requested SLA. A twofold approach
by defining a theoretical model and proving its applicability by practical simulation was
followed. Further, an algorithm optimizing a consumer’s SLA in order to practically ensure
finding at least one appropriate provider was presented. To omit redundancy, we focused
our analysis on the consumer’s point of view. However, all answers given can be applied
to the provider as well.

As shown in figure 4.1, the probability of finding a provider offering a service parameter
which matches the consumer’s request is equal to the probability that these two intervals
are overlapping.

As already explained, for forecasting the probability of finding a matching partner (con-
sumer or provider) we need both, the requested SLO parameter ranges of the consumer
and the offered service parameter ranges of the provider. Unfortunately, the service pa-
rameter ranges of the providers can change quickly and no repository containing all this
data in real-time is available in practice. Therefore we were forced to make assumptions
about the provider ranges: In our simulation, which is described in 4, the length as well as
the position of the provider intervals are generated randomly. Thus, the consumer’s SLO
parameter ranges are covered by the providers with the same probability, independently
of the ranges’ position and the SLO parameter type.

The simulation approach described in 4 was simulated in a simple Java program, but
was not simulated in a framework with agents and Jade. Therefore we rebuilt such a
scenario and checked, if the results complied with the results of the forecasting framework
introduced in 4.

7.2.6.2 Simulation Flow

In our simulation, we search for a compression service containing two services of length
20: The reliability should be between 10 and 30, whereas the speed should be between 50
and 70. In both cases, the market minimum is 0 and the market maximum is 100. The
exact units are neglected.

We did the implementation in our Jade based infrastructure in which agents communi-
cate by using the ontology described in a previous section. We developed provider agents,
offering the compression and storage service with random generated service parameters as
described in 4.

We also developed a consumer agent. First of all, the consumer agent searches in the
directory facilitator for providers offering the required service. The directory facilitator
returns the providers who generally offer the service, but it does not check if the intervals
are matching. So the consumer agents contact the providers returned by the directory
facilitator in order to check if the service parameter ranges of the required service are
matching.

In our simulation, the consumer agents contact one provider after the other until a
matching provider is found. This experiment is done 100 times to get results comparable
to those in 4.

Figure 7.10 shows a screenshot of our implementation. In this sequence diagram, the
agent buyer 1 has already contacted the directory facilitator. So the agent buyer 1 contacts
the first provider returned by the directory facilitator. The provider does not offer a SLA
with the required service parameters. Therefore he sends a refuse message which triggers
the buyer to contact the next provider. This provider can provide the SLA and sends an
agree message.

In our simulation, 12% of the first asked providers were matching as table 7.1 shows.
The table consists out of the simulation part and the prediction part. The prediction part
shows the expect results using the prediction model presented in 4. The bold numbers in
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Figure 7.10: Provider contracting

Prediction

1 2 3 4 5 6 7 8 9 10

0.20 0.36 0.49 0.59 0.68 0.74 0.79 0.83 0.86 0.89

11 12 13 14 15 16 17 18 19 20

0.92 0.93 0.95 0.96 0.97 0.97 0.97 0.98 0.99 0.99

Simulation Result

1 2 3 4 5 6 7 8 9 10

0.12 0.29 0.43 0.52 0.61 0.64 0.69 0.78 0.82 0.84

11 12 13 14 15 16 17 18 19 20

0.89 0.93 0.96 0.98 0.98 0.99 0.99 1 1 1

Table 7.1: Predicted results and simulated results

row 1 and 3 like 1, 2 is the number of the provider contacted, the non-bold numbers in
the rows 2 and 4 are the percentages of finding at least one matching provider. Thus, the
data can be read as follows: contacting 1 provider, the probability that this provider is
matching is about 20%. Contacting 2 providers, the probability that at least one of them
is matching is about 36%.

These numbers are based on equation (7.1) which was developed in 4. It returns the
probability that a provider matches (p), given the consumers interval length which is
denoted with x.

For a consumer interval of length 20, the probability of finding a matching provider is
about 0.449. If we search for a SLA consisting of two services like the compression service,
we can simply connect their probabilities as explained in 4. This leads to a probability
of approximately 0.20. The result is depicted in table 7.1 in row 2, column 1. The other
numbers are calculated based on binomial distribution. A detailed explanation of this
probability calculation can be found in section 4.

px = 0.00688667 · x+ 0.31133315

p20 = 0.00688667 · 20 + 0.31133315 ≈ 0.449

p20,20 = 0.449 · 0.449 =≈ 0.20

(7.1)

In figure 7.11, our simulation result is depicted as the lowest one of the grey lines
(simulations), and the prediction is depicted as black line. As you can see, the average of
the simulations seems to be approximately the predicted black curve.
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Figure 7.11: Simulation and prediction of finding matching providers

7.2.6.3 Utilizing Business Rules in Agent

In a further scenario, we extended the agents by using business rules in the agent. There-
fore we used Drools.

Rules can be used for e.g. the following scenario: A consumer requires a service and
contacts all providers returned by the directory facilitator. Unfortunately, non of the
providers offers a matching result. With business rules we could implement a behaviour
to extend the intervals of a SLA in order to find at least one matching provider.

We implemented such a scenario with the above introduced framework as depicted in
algorithm 4.

We explain the implementation augmented with the business rules utilizing the process
depicted in figure 7.3.

• Preparation and Initiation

For an algorithm exceeding intervals there are basically two main questions:

– Which intervals should be exceeded?

– To what extent should the interval(s) be exceed?

Another issue is to determine where to store the parameters answering these questions
like e.g. the size an interval is exceeded. This can either be in a database or in the
business rules.
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Algorithm 4: Extending intervals

Data: Providers returned by the directory facilitator
boolean providerFound=false;
while !providerFound do

for each provider P do
if P matches then

add to blackboard;
if !providerFound then

providerFound=true;

if !providerFound then
executed business rules;

We decided to make the following distinction:

– The rules decide which service parameters intervals should be exceeded because
this can be a complex decision including several conditions making it appropriate
for a rule based solution.

– The size an interval is exceeded is stored in a database as we decided for our
example that this size will be constant for each service parameter.

A code snipped of our rules is shown in listing 7.1. The rule can be read as IF
service parameter Reliability is already exceeded and if service parameter Storage is
not exceeded yet, exceed it. So the business rule triggers the interval excess but it
does not define how much. This is stored in a database.

Listing 7.1: Simple business rules

r u l e ”Exceedation Rule 1”
when

sp : ServiceParameter
( IsExceeded == true &&
ID==ServiceParameterID . R e l i a b l i t y )

sp2 : ServiceParameter
( IsExceeded == f a l s e &&
ID==ServiceParameterID . Storage )

then
sp2 . exceed ( ) ;

end

As the rule implicitly contains the priority, we merged the two phases Preparation
and Initiation.

• Discovery

If the client triggers the negotiation, agents are started for each service of the required
workflow. Each agent contacts the directory facilitator to find matching providers.

• Negotiation and Result

Afterwards, the buyer agents can contact the provider. In our case, they ask provider
agents if they offer a matching service. The provider returns an accept message if he
can offer the required SLA. In all other cases, a refuse notification is returned. The
results are persisted via a web service by the agent.

Figure 7.12 shows a screenshot of our implementation. It shows the client GUI where
the client can set his desired SLA. After the agents have done negotiation, the result is
shown as a tree which we described above. Based on algorithms and heuristics, the most
appropriate service can be found.
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Figure 7.12: Screenshot of client GUI
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8 Simulation and Analysis in CloudSim

Before starting describing the CloudSim scenario, we want to clarify some scenario char-
acteristics. We assume, that all consumers need virtual machines for the exact same time.
So offers for virtual machines differ in price but not in time of use.

The resources of a host are called physical resources whereas the resources of the virtual
machine are called virtual resources.

In this thesis we use the terms bidder and consumer synonymously. A consumer can be
represented by a broker.

8.1 CloudSim Framework

The CloudSim framework introduced in [54] was developed to model clouds. Based on
these models, several allocation mechanisms, which we will explain in the following para-
graph, can be simulated. Figure 8.2 shows some of the basic components used in CloudSim.

In CloudSim you can model so-called datacenters. A datacenter consists of one or more
hosts whereby each host has several resources such as processing power, storage and ram.
In this paper, we will only consider these three resources. The processing power is provided
by processors and measured in millions of instructions per second (MIPS). Ram as well as
storage are measured in mega bytes (MB).

Figure 8.1: Two virtual machines on a host

In this section, one datacenter represents one cloud provider.

Virtual machines run on hosts and are characterised by the same properties as the hosts:
processing power, storage and ram. A host can run several virtual machines as illustrated
in figure 8.1. In this figure a host runs two virtual machines and allocates its physical
resources to them. Of course, a host cannot allocate more virtual resources to virtual
machines as physical resources are available.
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A virtual machine is owned by a consumer. The consumer is represented by a broker
which is responsible for finding adequate virtual machines.

8.1.1 Allocation Mechanism

CloudSim offers several allocation policies which can be extended or replaced. Some of
these allocation mechanisms are explained below. The numbers in figure 8.2 correspond
to the numbers in the following enumeration.

1. The VM Allocation Policiy is responsible for assigning virtual machines to hosts. The
default policy is the First-Come-First-Serve policy [54]. So if a datacenter has to run
a new virtual machine, one of its host after the other is evaluated until a host is found
which has the physical capabilities to run the virtual machine. In all our following
examples we will use this policy.

2. A virtual machine can specify the processing power as well as the number of pro-
cessors. The Processor Allocation Policy is responsible for the mapping physical
processors of the host to the processors in virtual machines. CloudSim offers two
different policies [54].

The space shared policy assigns each physical processor to one virtual processor.
Using this policy, a host with two processors is not able to run a virtual machine with
three or more virtual processors.

Contrary to the space shared policy, CloudSim offers the time shared policy. Using
this policy, each virtual machine gets a time slice of a processor. So one physical
processor can be mapped to several virtual processors. Of course, they have to share
the capacity.

3. The third allocation policy represents the focus of our research: the assignment of
virtual machines to consumers. For this allocation, several economical aspects have
to be considered. Interesting questions regarding this policy are: (i) Q1 : Who gets
the virtual machine if serveral consumers want to buy it? (ii) Q2 : How is the price
determined?

Figure 8.2: Simplified CloudSim structure
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8.1.2 Simulation Flow

CloudSim’s simulation flow is based on events [54]. Events can be considered as messages
which have a well-defined structure. Basically, an event consists of source, destination,
tag and data. Of course there are more fields such as delay. In this thesis, these fields are
neglected.

The source represents the sending entity whereas the destination represents the receiving
entity. Entities is a general term used for all components which are able to send and receive
messages such as datacenters or brokers. Events can be sent to other entities as well as to
the sending entity itself. The tag can be interpreted as the message type which indicates
what action the receiving entity should do. The data field can contain any data which the
receiving entity can use.

The simulation flow is organized in phases. Before simulation starts, each entity can
submit events to the simulation. After all events have been collected, the events are
processed. By processing an event, new events can be created. Figure 8.3 shows such a
scenario. The events which to be processed are stored in a so-called deferred queue. By
processing Event A three new events are created: Event B, Event C and Event D. Theses
events are temporarily stored in the future queue as soon as all events from the deferred
queue have been processed, the events from the future queue are copied to the deferred
queue and processed. If both queues are empty, the simulation is finished. For a detailed
description of the simulation flow, read [54].

Figure 8.3: CloudSim simulation flow

8.2 Virtual Machine Auction

[104] have already implemented a double auction using SimCloud. Our goal is to imple-
ment a bilateral negotiation based on the bazaar style which we described in our previous
research in [105] and compare it with typical auctions. In order to make our bilateral ne-
gotiation comparable with auctions, we have to implement our own auction using similar
decision models.

First, we want to introduce our simple auction using the English auction style.

8.2.1 Roles

Generally, our simple auction consists of three different roles.

• Consumer
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The Consumer wants to buy a virtual machine. The goal of the consumer is to get
the required virtual machine at a low price.

• Datacenter

Datacenters have hosts and want to sell virtual machines to consumers at a high
price. In the following sections, they organize an auction in order to sell their virtual
machines.

• Matchmaker

The matchmakers are responsible for bringing consumers and providers together.
Thus, datacenters which want to sell virtual machines have to register their virtual
machines at the matchmaker. Consumers, who want to buy virtual machines, have
to ask the matchmaker for datacenters.

8.2.2 Auction Procedure

Our simple auction model is similar to a typical English auction. In an English auction,
every attendant can submit a bit which increases the previous bit. Such situation is
illustrated in figure 8.4. Here three bidders want to buy one resource. Bidder A does not
want to spend more than 59$, the other two bidders do not want to spend more than 60$.

Assume that Bidder A has submitted the last bid of 59$. We call this bid the leading
bid. If the other two bidders want to buy the resource, they have to bid 60$, otherwise
Bidder A wins. Both bidders want to increase their bid. However, in real-time auctions,
only the first bidder’s bid is accepted. In our scenario, Bidder B was the first one and has
a leading bid of 60$. The second bidder, Bidder C, does not want to spend more than 60$
so that Bidder B wins the auction.

Our simulation is executed in phases, so there is no real time difference between two
bidders. In each bidding phase, we collect all bids of all attending consumers. This is
shown in the lower part of figure 8.4. Here Bidder A has the leading bid, the other two
bidders submit 60$ as a bid. From the increasing bids of the same value, we choose
randomly one. So both, Bidder B and Bidder C have the chance of getting the leading
bid.

Figure 8.4: English auction and simple auction

Figure 8.5 shows a more detailed description of our implemented auction in CloudSim. In
this example, two consumers, represented by their brokers, a matchmaker and a datacenter
are involved. The grey boxes represent the events which are executed in the same phase
as described in section 8.1.2. The message names are the event tags.

First of all, the datacenter registers its virtual machine it wants to sell. The consumers
ask the matchmaker for datacenters which offer a virtual machine with their required
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characteristics. Both brokers require the same virtual machine which is offered by the
datacenter. Thus, the matchmaker returns to both brokers the address of the datacenter.

Afterwards, both brokers submit bids to the datacenter. These bids have to comply
with a datacenter’s minimum bid. The datacenter evaluates the bids and returns a bid
exceeded message to the broker who does not provide the best bid. The broker whose bid
is the best one gets a leading bid message. If two bids are equal, the leading bid is assigned
randomly to a broker. If a broker receives a bid exceeded notification indicating that his
bid has been exceeded, he has the option to exceed his bid or to leave the auction. The
excess can be governed by an increment. If only one broker is left, the auction is finished
and the broker left creates the virtual machine (not shown in the figure).

Figure 8.5: Simple auction message exchange

As the sequence diagram shows, the matchmaker is not contacted during auction itself.
So the datacenters are responsible for the auction and can implement different evaluation
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algorithms or message sequences.
The bids submitted within the auction are mandatory.
In the following sections we describe an auction scenario.

8.3 A Simple Auction with Homogeneous Virtual Machines

In this section we want to describe a scenario in which datacenters offer virtual machines
to consumers. All the virtual machines have exact the same characteristics so that we talk
about homogeneous virtual machines. The goal of a consumer is to get exactly one virtual
machine as cheap as possible.

For each virtual machine, the datacenter starts a separate auction where any consumer
can attend. Of course, consumers need several parameters governing their behaviour in
an auction.

• Maximum Price

Consumers need to have a maximum price which they want to pay for a virtual ma-
chine. A price exceeding this limit would result in a negative profit for the consumer.
So a consumer prefers not to have a virtual machine before he pays more than the
maximum price. We call this Maximum Price Policy.

• Selection Strategy

The Maximum Price Policy forces the termination of all auctions which have already
exceeded a consumer’s price limit.

However, consumers need a further strategy regarding decision making about con-
tinuing and terminating auctions. These strategies will be explained in the following
subsection.

• Bid Increasing Strategy

This strategy determines the extend to which the consumer increases his bids. In our
simulation, all auctions have a fixed increment so that no bid increasing strategy can
be used.

In the following subsection we will introduce selection strategies.

8.3.1 Selection Strategies

We have already introduced the Maximum Price Policy which all our consumers use.
Selection strategies describe which auctions are quitted and which ones are continued.

From an isolated point of view, such strategies are not necessary: All auctions have to
result in the same price, as all providers offer the same virtual machine. If the consumers
are rational, they bid the same price in all auctions . No one is willing to pay more for
the same virtual machine.

However, if less virtual machines are available than required, consumers have to fear
that they may not get a single virtual machine. Moreover, consumers may have different
price limits which contort the uniformity of prices.

In this section, we want to introduce two selection strategies consumers may use.

• Secure Strategy

To clarify this strategy, consider the following situation as depicted in figure 8.6a.
Three auctions are running whereby the price of the first auction is higher than the
price of the second and third one. In such a situation, the consumer may decide to
submit a bid to all three auctions. Of course, the consumer will not bid for auctions
which have already exceeded the consumer’s price limit. This strategy is called the
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Secure Strategy. Using this strategy, the probability that the consumer does not win
any auction is minimized. However, submitting bids to several auctions may result in
unexpected outcomes as the consumer may win more than one virtual machine and
consequently has to pay more. From the pricing point of view, this strategy increases

(a) Auction prices - start situation (b) Auction prices - possible end situation

Figure 8.6: Auction prices scenarios

the probability that a consumer wins expensive auctions. Again, consider the situ-
ation in figure 8.6a. Assume that this situation is the start situation and that final
situation is analogous (which means the price ordering of virtual machines remains
the same). Assume further, by bidding for all auctions, the consumer has won Auc-
tion 1 as no one else wanted to pay so much for a virtual machine. Winning Auction
1, the bidder terminates all other auctions. As you can see, Auction 1 is the most
expensive one. So the result is suboptimal. The problem is that the consumer does
not know anything about other consumers. The alternative to bidding for Auction
1 is terminating Auction 1 and continuing the other two auctions. However, this
alternative may be suboptimal, too: If there is a hard competition for e.g. Auction 3
as shown in figure 8.6b, Auction 1 is not the most expensive one. In situations such
as shown in figure 8.6b terminating Auction 1 and continuing Auction 3 would be a
bad decision.

If more than one consumer use the secure strategy, a lower price limit is created if all
auctions have the same minimum bid and a fixed increment. Consider two consumers
using this strategy as shown in figure 8.7. Each of the consumers will increase all
bids of all auctions until one of the consumers reaches his price limit. Therefore no
auction will stop until at least two consumers are attending using this strategy. The
minimum price limit will be the second highest maximum price of a consumer using
the secure strategy. A consumer who has less money than this boundary has no
chance to win a virtual machine leading to a bad allocation of virtual machines. In
figure 8.7 the lower price limit is the price limit of consumer A.

If auctions have different minimum bids and a fixed increment, this effect does not
occur. If auctions start with different minimum bids, consumers with a high maximum
price may win an expensive virtual machine and so terminate all other auctions. Such
a situation will be explained in more detail in a following section.

If consumers use the secure strategy and more virtual machines are offered than
needed, the probability that a consumer gets more virtual machines is very high.

• Risky Strategy

If a situation as described in figure 8.6a occurs, a consumer could decide not to bid
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Figure 8.7: Consumers using secure strategy

for Auction 1 any more. If the consumer terminates Auction 1, he can prevent the
situation which occurs using the secure strategy: By bidding and winning the most
expensive auction (Auction 1 ) the consumer may miss an auction which results in a
lower price.

However, as the situation in figure 8.6b shows, bidding for the cheapest auction does
not necessarily result in a cheaper price. Additionally, this strategy reduces the
probability that the consumer gets any virtual machine.

The auction mechanism has several disadvantages. First of all, the consumer’s demand
will differ from the offers made by providers. Moreover, the auction’s assignment strategy
is bad: Even if enough virtual machines are available, there will be consumers who do
not get a single machine or more than one machine. To proof this claim, we executed a
simulation.

8.3.2 Simulation Scenario Using Secure Strategy

In this scenario we have 10 consumers who all require a virtual machine with the char-
acteristics shown in table 8.1. The 17500 MIPS are assumed per processor. This virtual
machine should represent a typical end user machine.

Additionally, we create datacenters which offer 10 of theses virtual machines. All offered
as well as required virtual machines have the same characteristics.

Table 8.1: Homogeneous virtual machine

Ram Storage Processors Processing

4096MB 512000MB 2 17500 MIPS

In our scenario we use 5 datacenters whereby each datacenter has two hosts. Each host
has enough processing capability to run one virtual machine described in table 8.1. This
data is summarized in figure 8.2.

Table 8.2: Scenario setup

Datacenters Hosts Demanded VMs Offered VMs

5 10 10 10
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The setup of consumers and datacenters is the following:

• The datacenters use the auction described above as allocation mechanism.

• The consumers use the secure strategy as selection strategy.

• The bidder’s price limit is a random number between 50− 99.

• The increment for all auctions is 0.5. This means, if a consumer wants to increase a
bid, he has to submit a bid exceeding the previous bid with 0.5.

• The auction’s minimum bid is a random number between 0 and 49.

• A consumer does not know anything about other consumers.

Table 8.3: Assignment Table

Auction Winner Price

Auction 0 Bidder B 67
Auction 1 Bidder D 92.5
Auction 2 Bidder B 66
Auction 3 Bidder E 89
Auction 4 Bidder C 82.5
Auction 5 Bidder H 92
Auction 6 Bidder F 70.5
Auction 7 Bidder A 73
Auction 8 Bidder G 90.5
Auction 9 Bidder B 66

Average Price 78.9

We executed the simulation with these parameters a 1000 times. One result is shown
in table 8.3. Here three virtual machines were assigned to a single bidder (bidder B). All
the other virtual machines were assigned to other bidders. The result looks interesting, as
bidder B got the three cheapest virtual machines.

The prices from table 8.3 are visualized in figure 8.8. The average price is 78.9.

Figure 8.8: Prices of 10 auctions
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In figure 8.9 we see how bidder B has won the three instances. This figure illustrates
a situation at the end of the simulation process. As you can see, only four auctions are
open. In three out of the four auctions, bidder B is the bid leader. Of course, a situation
in which three submitted bids are chosen as leading bids is unlikely to face, however, it can
occur. In Auction6 bidder F is the last remaining bidder. Thus, he wins this auction. As

Figure 8.9: Instance Prices of 10 auctions

bidder F has not any other leading bids, he can terminate all the other auctions. Bidder
J has already reached his limit so he does not submit any further bid. As bidder F and J
terminate the auctions, bidder B is left and gets the last three virtual machines. Bidder
B was lucky, because these last machines are pretty cheap. However, bidder B did not
want to have so many machines.

In all our simulations, the cheapest virtual machine is the last one which is assigned
to consumers. Without knowing anything about other consumers you never know if you
get a single virtual machine. Moreover, it can occur, that you get more than one virtual
machine. Executing this scenario with 10 datacenters and 10 brokers a 1000 times results
in an average price of 74.61. All our results are plotted in figure 8.10. The abscissa shows
the number of different consumers who won an auction. 10 means that all bidders won an
instance, whereas 3 means that the 10 instances were assigned to only 3 consumers. The
ordinate shows the price. We have added a regression trend line to the plot. It indicates
that constellations, in which instances can be assigned to a lot of different consumers,
lower the price.

8.4 Bazaar Style Negotiation

We implemented the basis of the bazaar style negotiation in CloudSim. As already men-
tioned in a previous section, WS-Agreement already proposes a protocol for bilateral
negotiation which can be used for bazaar style negotiation. The negotiation messages in
WS-Agreement are XML-based. Of course, in the event based CloudSim framework we
do not exchange XML-messages. Nevertheless, we represent simplified XML-messages in
CloudSim as events. Additionally, we used the basic ideas of the WS-Agreement Negoti-
ation protocol. Several mechanisms which we used are stated below.

• Template offering

• Offer- Counter-offer sequence
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Figure 8.10: Simulation results with regression trend line

• Value constraints in offers

Figure 8.11 shows a simplified sequence diagram of a bazaar negotiation. As you can see,
three roles are involved in negotiation. The repository acts as a matchmaker like in the
auction scenario. Moreover, it has to provide an advertise mechanism as described within
the negotiation framework description. The consumers are represented by brokers. At the
start, consumers ask the repository for matching providers. The providers returned by the
repository are contacted who send their templates back. As soon as the templates have
been received, the interactions for both, consumer and provider, are identical: Each offer,
which can be the template too, is acknowledged with an accept, reject or counter-offer
message until the two negotiation parties agree to an SLA. It is also possible, that no
matching agreement is found.

8.5 Initial Implementation in CloudSim

In this chapter we want to present an initial implementation of a negotiation in CloudSim.
The used negotiation style is based on the offer and counter-offer mechanism described in
the WS-Agreement Negotiation protocol [15].

In a typical negotiation scenario, two negotiation partners such as provider and consumer
exchange messages in a rotative way. A simple example for the mechanism is provided in
figure 8.12 which is a simplified illustration of a figure published in [15]. In the illustration,
a provider starts a negotiation by sending an offer to the consumer (n = 0). Afterwards
the consumer responds to the offer with two counter-offers (n = 1). The provider responds
to the counter-offers with two new counter-offers (n = 2).

For clarity reasons we use the term proposed offer for offers which are received by a
consumer or a provider. The offers which are sent are named counter-offers. So in n = 1,
the consumer receives a proposed offer and creates two new counter-offers. In n = 2 the
provider receives two proposed offers and creates two counter-offers.
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Figure 8.11: Bazaar style negotiation in Cloud Sim(overview)
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Figure 8.12: Offer- Counter-offer example

Of course, we have not implemented the all WS-Agreement protocols. This is because
WS-Agreement protocols standardize negotiation over the Internet. For example, it stan-
dardizes XML-messages which are exchanged between two remote negotiation partners.
However, CloudSim is a Java based simulation environment where events can be considered
as substitutes for XML-messages. Each event is represented by a Java object.

If a negotiation partner receives a proposed offer, he has to make several decisions in
order to respond to the offer. Precondition for making any decision is to evaluate the offer
in terms of utility. The utility evaluation is described in the following section.

8.5.1 Utility Evaluation

A typical method for evaluating the utility of an item such as an offer for virtual machines
is to use utility functions. In this paper, utility functions represent the utility of an offer for
a provider or a consumer. Therefore, offers with higher utility values are favoured by con-
sumers and providers over offers with lower utility values. Providers as well as consumers
will have different utility functions based on their needs, experiences and resources.

In this thesis we want to give a short introduction about how utility functions can be
used to evaluate a virtual machine. We distinguish between consumer and provider utility
functions.

8.5.1.1 Provider Utility

The main goal of a provider is to maximize profit. This goal can be reached by selling
VMs at high prices.

In our implementation we used the gross margin as utility function for the provider.
The gross margin is the difference between turnover and variable cost. So offers, which
result in a higher gross margin are preferred over offers with a lower gross margin. The
following equitation shows the used provider function:

U(Provider) =



Price−Ram · PriceRam

−Storage · PriceStorage
−Processing · PriceProcessing

−∞, Storage > MaxStorage,

Ram > MaxRam,

P rocessing > MaxProcessing

(8.1)
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The variables PriceRam, PriceStorage, PriceProcessing represent variable cost. So a pro-
posed offer for VM has high utility for the provider if either the price is high or few resources
are required. The provider has limited resources which are represented by MaxStorage,
MaxRam, MaxProcessing. Offers violating these ranges are valued with a −∞ utility indi-
cating that it cannot be supplied.

This utility function is a simplification which we implemented in our simulation. In
our further research, we want to enrich this utility functions with further concepts of the
previous described cloud cost model. Furthermore, the utility can be extended by limiting
the maximum amount of resources delivered to one consumer in order to enforce diversity.

8.5.1.2 Consumer Utility

As already explained in previous chapters, the consumers usually do not require a VM
with fixed values. Instead, they have ranges or minimum values for the characteristics of
the required VM.

In order to calculate the consumer utility, we consider a utility function for each pa-
rameter: storage, Ram, processing and price. In our implementation, the consumer uses a
sqrt-function for storage and a log-function Ram and processing as shown in figure 8.13.
These functions consider saturation: the utility increase decreases with each further MB
for storage and Ram or MIPS for processing power.

This saturation reflects real consumer behaviour. A consumer requiring 8 GB Ram will
get a great utility increment if it gets a further GB Ram. If 100 GB Ram are offered to
the same consumer then the utility increment of a further GB RAM is small.

Figure 8.13: Log and sqrt utility function

The consumer has minimum requirements of VM characteristics which are considered
in the utility function whereby x is a placeholder for storage, Ram and processing power.

U(Consumerx) =

{
log(x), sqrt(x) x ≥Minx

−∞, x < Minx
(8.2)

The utility for the price is calculated by a linear function as shown in the following
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equitation.

U(Consumerx) =

{
Maxprice − price x ≤Maxprice

−∞, x > Maxprice
(8.3)

As you can see in utility function 8.2, the utility value increases with increasing resources
whereby the utility value of the price function in equation 8.3 decreases with an increasing
price.

Using the equations, we can calculate the utility of price, storage, Ram and processing
power. In order to evaluate a virtual machine, we need a final utility value. We summarize
the utilities of storage, Ram, processing power and price to a total utility by standardizing
them and calculating the weighted sum. The weight indicates the importance of the VM
characteristic on the total utility.

After the utility of an offer is determined, a negotiation partner is able to decide how to
respond to the offer. Typically, a response results in an accept message, a reject message
or a counteroffer.

In the following section, we describe the way of how the counteroffer is created.

8.5.2 Counteroffer Creation

If a proposed offer is received which is neither rejected nor accepted, a counteroffer has to
be created. Typical influence factors for counteroffer generation are depicted in figure 8.14.

Figure 8.14: Counteroffer generation influencing factors

• Proposed Offer

A counteroffer should consider the proposed offer. The counteroffer should be similar
to the proposed offer. This is, because the proposed offer is usually an offer which is
acceptable for the negotiation partner.

Ignoring proposed offers leads to an interchange of random offers without perusing
promising offer sequences.

• Consumer Utility/Provider Utility

As already described, utilities are essential for evaluating offers. Counteroffers should
have utility for the sending party as well as for the receiving party. So the counteroffer
generator has to generate offers which increase utilities of both negotiation parties.
Usually, this is a difficult task. However, due to different valuations of virtual machine
characteristics, an improvement for both, consumer and provider, is possible as we
will explain in the next subsection.

In order to assess the utility function of the negotiation partners, models can be
created.
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• History

The history can be used to find out which counteroffers may be successful and which
utility values are reachable.

In our initial implementation we consider the proposed offer as well as the utility of the
sending negotiation partner. The modelling of the other negotiation partners as well as
the history database are parts of our further research.

8.5.3 Counteroffer Generation

A counteroffer should improve the utility of both, consumer and provider. Usually, a
greedy counteroffer generation strategy will not be successful. An example of such a
greedy counteroffer generation strategy is given in the following paragraph:

A consumer receives an offer for a VM. The proposed offer is modified by reducing
the price and sent back as counteroffer. It is obvious, that the counteroffer is of lower
utility for provider than the proposed offer. Counteroffers which are created by simply
reducing price or increasing resource values for Ram, storage or processing power will not
be accepted by the provider.

The goal of a counteroffer is to increase the utility of both, consumer and provider.
As we have described in a previous section, changing exactly one VM characteristic of a
proposed offer will lead to an utility increase of one negotiation partner while the other
negotiation partner will lose utility. Thus, no so called win-win situations will occur.

We created two rules for the counteroffer generation:

R1: Modify exactly two VM characteristics of the proposed offer for creating counteroffers.

R2: One VM characteristic has to be improved, whereas the other characteristic has
to be degraded.

By applying these two rules for counteroffer generation you can create offers which may
be of higher utility for both negotiation partners. However, there is no guarantee for such
a win-win situation which we will explain in the following subsection.

R1 is used in our simulation to ensure, that the counteroffer remains similar to the
proposed offer. This rule is a simplification for the counteroffer generation.

R2 is the basis for finding negotiations results with improvements for both, consumer
and provider. The reason for such a win-win situation is the different valuation of VM
characteristics. To clarify the valuation differences, we provide the following example.

8.5.4 Example

We describe the VM characteristics using a vector like (300GB, 4000MIPS, 5GB, 10$).
The first element represents the storage, the second element the processing power, the
third element the Ram and the last item the price. In the following, we will neglect the
units in the vector.

We consider that the offer (300, 4000, 5, 10) was received by a consumer. The consumer
wishes to have more Ram. So he creates a counteroffer based on the proposed offer:
(300, 4000, 7, 11). As you can see, the consumer increased the Ram but also the price.
Nevertheless, the utility of the new offer is higher for the consumer: the consumer is
willing to pay more than 1$ for 1GB Ram. However, the consumer offers the provider 1$
for 2GB Ram in the counteroffer.

The provider, who evaluates the offer, may have lower costs than 1$ for the two additional
GB Ram. So the new offer is better than the old one for both negotiation parties. This
substitution mechanism works for all VM characteristics. Thus, instead of increasing the
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price, the consumer could try to decrease the processing power in order to get more Ram.
It is also possible to decrease, for example Ram and storage, in order to decrease price.
The process of improving VM characteristics and degrading another VM characteristic is
called substitution process within this paper.

The substitution process which we implemented in our initial implementation is de-
scribed in figure 8.15. The numbers on the abscissa represent the process steps. In the
first step the utility of the proposed offer is calculated. Additionally, the VM character-
istic which should be improved and the VM characteristic which should be degraded are
selected. So we simply improve one parameter by deteriorating another parameter.

In the example depicted in figure 8.15 processing power is the VM characteristic which
we want to improve. Storage will be the VM characteristic which we want to degrade. In
the second step processing power is increased. The processing power is set to a value so
that the utility of the counteroffer reaches the goal utility + ∆. The ∆ represents an offset
which will be used for degrading a VM characteristic in order to reach the goal utility.
In the final step, we reduce the storage until the ∆ is compensated. In our example, we
set storage to a value until the goal utility is reached. The so generated counteroffer has
higher utility for the counteroffer generator than the proposed counteroffer. Additionally,
it may have higher utility for the negotiation partner.

There is a large number of offer modification mechanisms to reach the goal utility. The
mechanism described above, represents a simple one in order to illustrate the principle.

We suggest to keep the ∆ low. This is because we want to keep the counteroffer similar
to the proposed offer. A big ∆ leads to big improvement of processing power while storage
is greatly reduced.

Figure 8.15: Substitution process

Usually, a negotiation partner described does not know anything about the utilities of
the other negotiation partner. This makes counteroffer generation complex as you do not
know which VM characteristics should be improved and which ones should be degraded.
Moreover, you do not know the increment size for improving and degrading. One strategy
is to create counteroffers for all combinations as shown in figure 8.16. This figure shows
an initial offer and its counteroffers. The initial offer may be sent by a provider. The
consumer uses this offer and creates counteroffers by improving as well as degrading all
VM characteristics resulting into 12 different offers all of which have the same utility for
the consumer.

In the first part of the figure, the processing power is reduced, in the second part, Ram
is reduced, in the third part, storage is reduced and in the fourth part, price is increased.
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Figure 8.16: Counteroffer tree

8.5.5 Sample Scenario

In this section, we want to introduce a scenario using the implementation we described
above. The results of the scenario should show, that negotiation results in higher utili-
ties for both, consumer and provider than the supermarket approach. Additionally, the
negotiation result is compared to Pareto optimal solutions.

A Pareto optimum solution is a situation in which neither the provider nor the consumer
can get a higher utility without reducing the utility of the other negotiation partner.

For the scenario we used one provider and one consumer. Both use the corresponding
utility functions described above. The consumer’s minimum virtual machine characteris-
tics are (200,30000,3,100). So if one of these ranges is violated, the VM has no utility for
the consumer. Of course, the prices forms a maximum boundary.

The negotiation is started by the provider who sends one offer. This initial offer is called
template. The provider rejects each counteroffer which has lower utility than the utility
of the template.

In our initial scenario, the negotiation is finished as soon as one of the two negotiation
partners accepts an offer. An offer is accepted by the consumer if it has a utility greater
than 7500. The provider accepts an offer if its utility is greater equal than 13000. These
boundaries don’t mean that an offer has to have at least 7500 consumer utility and 13000
provider utility. Instead, if one of these utility limits is reached, the provider/consumer
tries to make an agreement on that counteroffer. Nevertheless they are also willing to
accept offer of lower utilities, if they get an acceptance request. The minimum agreement
acceptant utilities are separated parameters and are turned off for the scenario. Consider
that the provider and consumer use different utility functions. So their utility values are
not comparable.

Generally, for each offer 12 counteroffers are created. So after 5 iterations, 20736 exist.
So we are not able to depict a complete negotiation tree within this paper.

A pruned negotiation tree is illustrated in figure 8.17. It shows the path from the initial
offer to the accepted offer. Additionally, the tree visualizes the negotiation generation
mechanism: the template is used and the counteroffer modify exactly two parameters
of the counteroffer. For the first counteroffer in n = 1 the template’s price as well as
processing power was modified. The second counteroffer is equal to the template without
the processing power and the storage capacity.

The initial offer with the characteristics (300GB, 4000MIPS, 5GB, 10$) has a consumer
utility of 6299 and a provider utility of 3000. The accepted offer (470GB, 4800MIPS, 5.25GB, 13$)
has a consumer utility of 7531 and a provider utility of 4425. So the consumer get 1232
more utility and the provider gets 1425 more utility.

In a supermarket approach negotiation and consequently improvement does not exit.
Thus, if the provider offers the template in a supermarket based allocation process, the
consumer can take it or leave it.

The results of our scenario are summarized in table 8.4.
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Figure 8.17: Offer tree from template to agreement

Table 8.4: Result

Supermarket Bazaar Pareto

U(consumer) 3000 4425 ≈ 30125

U(provider) 6299 7531 ≈ 8749

The Pareto border representing the Pareto optimum is illustrated in figure 8.18 by the
black line. In this figure, the initial offer as well as the agreement are depicted. We
calculated the Pareto optimum by an iterative approach: we iterated overall possible
service combinations and looked for Pareto optimal points. For this iteration we used
increments for all service characteristics: Ram: 256 MB, Storage: 10 GB, Processing
Power: 5000 Mips and Price: 1. So our results are approximations.

Some datapoints of the Pareto border are shown in table 8.5. As you can see, neither
the supermarket results, nor the negotiation results are Pareto optimal. However, the
negotiation result is nearer to a Pareto optimal solution.

Figure 8.18 has an interesting curve. The first part of the curve seems to be approxi-
mately linear while the second part of the curve seems not to be linear and has a strong
negative slope. We tried to explain this course of the curve by using the characteristic vec-
tors of Pareto efficient points. Using the Pareto optimal vector, we recalculated consumer
utility without considering the price. The resulting points are called resource points. Most
of them have a new consumer utility (y-value). Of course, their x-value remains the same.
The points are shown in figure 8.19. The points do not form a smooth line. As you can
see, some resource points have the same consumer utility. The reason for the non-smooth
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Figure 8.18: Pareto border

course is, that we used an iterative approach based on stepwise modification of the char-
acteristics to get approximated Pareto efficient points as we have already described above.
This increment size leads to non-smoothed courses of curves.

Using figure 8.19, we can conclude that that the offers which form the Pareto border
remain stable for Uprovider <≈ 72000. So the utility considering storage, Ram and process-
ing power, without price is not decreased. However, the consumer utility considering price
is decreasing as figure 8.18 shows. So it is obvious that for all points Uprovider <≈ 72000,
that the utility decrement is resulted by the price. The Pareto optimal data confirms
that the VM characteristics processing power, Ram and storage remain approximately the
same. As described above, the utility function for the price is linear which is the reason
for the linear course of the first part of the curve.

At Uprovider ≈ 72000, the curve in the figure suddenly changes its course. In figure 8.18,
until Uprovider ≈ 72000 the price has simply increased while all the other parameters remain
almost unchanged. At Uprovider ≈ 72000 the price has been increased to the consumers
limit. Thus, if we want to further increase the utility of the provider, we have to change
the other VM characteristics. So Ram, storage and processing power are interchanged and
reduced to get a provider utility of greater than ≈ 72000.

Table 8.5: Selected Pareto optimal points (approximation)

U(consumer) U(provider) VM characteristic

8824 3425 (995,58000,14.5,20)

8749 4425 (995,58000,14.5,21)

8724 5425 (995,58000,14.5,22)

7530 30775 (985,59000,15.75,48)

7531 30125 (990,59000,15,47)

7532 30050 (980,59000,15.25,47)
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Figure 8.19: Consumer utility without price

8.5.6 Interpretation of Results

We have shown in the example before that the negotiation result is better than the nego-
tiation template in terms of utility. This is a general effect of negotiation: the negotiation
gives both, consumer as well as provider the chance to make improved offers.

If we are assuming that in a supermarket based market mechanism the offer is the
equivalent to the template, the chance that this offer is Pareto efficient is small. This is
because the provider doesn’t know the consumers utility function. A negotiation based
approach leads to results which may have a smaller or equal distance to the Pareto border
than the supermarket offer.

A general comparison between negotiation, supermarket and auction is difficult. First
of all, each consumer has different utility functions and each provider may have different
datacenters as well as cost functions. Due to this individuality only simulation based
approach can be used to make comparisons.

Especially comparing the negotiation based approach to auctions is a though task which
we want to make in the future research. This is because auction strategies are individual
and a lot of different types of auctions are existing.

8.5.7 Further research with CloudSim

In our current counteroffer generator we produce a lot of offers which may be redundant or
inappropriate. In our further research we focus on the reduction of messages exchanged.
Moreover, we want to utilize the history database as well as a model of the negotiation
partner to further improve negotiation.

The modelization of the negotiation partner seems to be very challenging. We think
that neural networks may be appropriate to assess the negotiations valuation of offers.
This network gets the characteristics of the virtual machines as input and responds with
a assessed utility value.

The presented simulation scenario can be extended too. We want to assess the behaviour
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in a n:m negotiation. Further providers may buy resources from other providers in order
to server additional consumers. These extension make the scenario more complex and
more close to reality.
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9 Further Research

In this thesis we described the way how autonomous service negotiation and re-negotiation
can be done. We have introduced a generic framework and all relevant components. We
have shown a simulation implementation and investigated typical market scenarios and
business cases.

Our further research will focus on modelling a market by using the negotiation system as
described in this thesis. Based on this market model we can execute scenarios and compare
different strategies leading to optimal satisfaction of consumers and providers. We want
to extend our simulation environment with more complex business rules. Furthermore,
security aspects and their influence on business rules and service composition should be
considered [106], [107].

Market Modelling Interactions on a market will be basically between providers and con-
sumers. However, more complex constellations can occur: Consumers may form a group in
order to reinforce their negotiation power. Providers can sell resources to other providers.
Additionally, new actors such as intermediates may participate in market. All these forms
have to be considered in order to model a realistic market.

Development of Strategies Depending on the market situation, strategies have to be devel-
oped in order to find optimal solutions. So there is for all participants involved a need for
developing a strategy selection process as well as strategies which are suitable in specific
market constellations . Extending service selection rules with utility functions will also be
investigated.
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10 Conclusion

In this thesis we introduced a novel negotiation framework. One part of this framework is
the knowledge based Negotiation/Re-Negotiation engine. The knowledge base is built up
on an economic cost model and a business rule repository as well as on a history database.
Trading decisions require support by a system implementing the business strategy of the
participating business partners by delivering all relevant business information, such as
estimated fixed cost and variable cost. Such a cost model is the necessary requirement
for automatic negotiation and re-negotiation of services. Our novel framework allows to
implement the central business goals for both, service consumer and service providers.
Using the concept of autonomic managers allows the framework to act as self governing
system. To support all possible kinds of auction we designed a changeable auctioning
plug-in as a part of the negotiation engine. For establishing SLA’s a Service Template
Registry is used where consumers retrieve templates and providers store their templates.
For communication between the components we use standard protocols like WS-Agreement
and WS-Agreement Negotiation.

In future research we will investigate the behaviour of different auctioning models. In
further research we will focus on defining business strategies in the knowledge base of
the autonomic system to allow for automatic, adaptive and dynamic negotiation and re-
negotiation processes within an ICT marketplace.

Further, we presented a comprehensive analytical model forecasting the probability of
finding matching providers for web service negotiations based on quality of service param-
eters. We simplified this problem by mapping it to the calculation of the probability that
a given interval (consumer interval) and a randomly generated interval (provider inter-
val) overlap. Using the simulation approach, we are able to forecast the probability of
finding matching providers for any number of services and any consumer interval length.
Moreover, we introduced a simple mechanism adapting the ranges in order to increase
the probability of finding matching providers. Therefore, the consumer has to prioritize
the service parameters. For justification we followed an approach checking our theoretical
findings by simulation of practical examples.

This work is part of a research endeavour which aims at the development of a framework
for automatic, adaptive and dynamic negotiation and re-negotiation processes establishing
an ICT marketplace for web services.
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Statements of Thesis

1. ”Autonomous systems are enabler for shifting CAPEX to OPEX.”

2. ”Bazaar-style negotiation supports liquidity of service market places.”

3. ”Business Rule driven autonomous negotiation systems help to materialize composite
services.”

4. ”Cloud Cost Models distinguishing between variable and fixed cost leads to more flex-
ibility and precision in service negotiation.”

5. ”Defining ranges for QoS parameters is the prerequisite for forecasting the probability
of finding a matching provider.”

6. ”By Forecasting the probability of finding a matching provider, consumers could assess
their chances of finding a provider offering the requested SLA.”

7. ”Bazaar-style service negotiation leads to higher SLA matching probability.”

8. ”You are what you do today, not what you say you will do tomorrow.”

9. ”Constant dripping wears the stone”

10. ”There is no time like the present”
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