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Abstract

In many distributed telecommunications applications, the Quality of Service is largely
determined by the performance and reliability of the distributed storage system. In this
thesis, a reference model for distributed storage architectures is presented. This reference
model is specified in conformity to the Reference Model of Open Distributed Processing
(RM-ODP), the ISO/ITU-T standard. The reference model for distributed storage archi-
tectures is based on the basic architectural alternatives: fragmentation and employment
of redundancy. These architectural alternatives basically control the performance and re-
liability, i.e., performability, of a distributed storage architecture. The reference model for
distributed storage architectures can be used for an integrated analysis of performability,
and validation of performability models through implementations in an open distributed
environment like TINA-DPE or ANSAware.
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Summary

In this thesis OSI's Reference Model of Open Distributed Processing is used to present
a specification of a Distributed Storage System in an open distributed environment. The
result is a reference modelfor different implementations of dktributed storage architectures
using the basic architectural alternatives: fragmentation and employment of redundancy.
This model can be used for an integrated analysis of performance and reliability, i.e.,
jxrforrnability, using performability models. These performability models can be validated
through implementations in an open distributed environment, for instance TINA-DPE or
ANSAware.
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Chapter 1

Introduction

Broadband communications networks and switching systems as well as low-cost, high
performance personal computers and workstations enable the growth of distributed appli-
cations in a wide range of areas. These developments are of great interests for telecommu-
nications service providers, public network operators, and users of the telecommunications
services, because the Quality of Service (QoS) of infrastructures for sharing and distribut-
ing information is improved while the costs of communication hardware go down.

Almost all distributed applications include in one way or the other a distributed database
or storage system. In many of these applications, the performance and reliability of this
storage system determines to a large extend the QoS experienced by the service end-users.

The QoS of such applications consists of requirements for the performance, the reliability
and the consistency of an application. For each application, different QoS requirements can
be made. Thus, the demands made upon the performance and reliability of the distributed
storage system used by these applications can be very diverse.

An example of an application using a distributed storage system is a Video On Demand
(VOD) Service. This application makes very high demands upon the performance of
the underlying storage system. Many streams of video information are simultaneously
transmitted at a constant, high speed. The storage system should be able to deliver large
amounts of data at a high speed. Less high demands are made upon the reliability of
VOD server, because occasional bit errors causing little noise or flicker are acceptable.
The transactions requested from a VOD service mostly consist of read operations. Read
operations executed in parallel cannot violate the consistency of stored data. Therefor, a
VOD service only requires weak consistency, i.e. locking of data items is not required and
the results of a write operation are not required to be measurable immediately after this
operation has completed.

Another example of an application using a distributed storage system is a Banking Service.
The users of this application can make orders to transfer money from their accounts to
other accounts or request their account status. In this case, the storage system should be
very reliable. Errors in stored data are inacceptable. However, the performance require-
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ments are less strict compared to the previous example. Information does not have to be
transmitted at a constant speed and small delays while executing orders are acceptable.
The transactions requested from a banking service consist of a mixture of read and write
operations. Transactions with write operations can violate the consistency of data items
when executed in parallel with other transactions.

The distributed storage system for a banking service should satisfy strong consistency
requirements. Hence, certain invariants on multiple data items need to be maintained at
all points of time and data stored during a write operation must be accessable through
read operations executed immediately after this write operation.

These examples will be discussed with more detail in Chapter 2 and demonstrate that
the requirements for the distributed storage system in distributed applications differ with
respect to performance, reliability and consistency.

1.1 Objectives

The main objective of this thesis is to develop a reference model for distributed storage
architectures. This reference model should provide the basis for an integrated analysis of
performance and reliability, i.e., the performability, of distributed storage architectures in
conformity to the reference model.

Many research activities focus on the design and specification of distributed systems. These
research activities resulted in the definition of an International Standard for a Reference
Model of Open Distributed Processing (RM-ODP) [9, 10, 11, 12]. The RM-ODP is a
standardised framework, providing rules and concepts for the specification of distributed
systems at different levels of abstraction. The reference model for distributed storage
architectures must be specified in conformity to the RM-ODP.

1.2 Problem definition

The above mentioned Video On Demand and Banking Service examples show that dis-
tributed storage architectures differ with respect to performance and reliability, i.e., per-
formability. Generally, a distributed database architecture will be based on data frag-
mentation and data replication to achieve various levels of end-user Quality of Service
(QoS), e.g., performance and availability. The reference model for distributed storage ar-
chitectures should be sufficiently generic to support architectures based on various degrees
of data fragmentation and data replication, that supports various distributed storage ar-
chitectures for a range of application areas. The objective is to derive a parameterised
performability model from the reference model, where the parameters relate to characteris-
tics of the architecture and the implementation technologies. The architecture parameters
are based on the degree of fragmentation or replication. The technology parameters re-
late to, for example, the speed of processors or disk access times. The performability
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Chapter 1 - Introduction

model must be capable of predicting the end-user QoS for a variety of architectures and
implementations.

In order to achieve the above mentioned goals the following questions need to be answered:

• What are the basic architectures and implementations for distributed storage archi-
tectu res?

• How can these architectures and implementations be modelled using the RM-ODP?

• How can a performability model be derived?

1.3 Scope & Approach

The scope of this thesis is a delimited area within the united problem spaces of Open
Distributed Processing (ODP), Performability Modelling (PM) and Distributed Storage
Architectures (DSA) (see Figure 1.1).

Figure 1.1: Scope of this thesis

The following approach is used to answer the three questions of this thesis's problem
definition. To answer the first question, we need to explore different distributed storage
architectures in order to find the common (i.e. basic) architectural alternatives for these
architectures.

To answer the second question, a profound study of the RM-ODP is required. We need
answers to the secondary questions "how are systems modelled in the RM-ODP?", and
"what modelling concepts are available in the RM-ODP?".

To answer the last question of the problem definition, a profound study of Performability
Modelling is required. The secondary questions that need to be answered here are "how

KPN Research 3
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can performability be modelled?", and "how can performability models be obtained from
existing implementations of systems?".

1.4 Thesis structure

This thesis can be roughly divided into three parts: a general part, a specification part,
and a final part.

The general part begins in Chapter 2. In this chapter, different distributed storage ar-
chitectures are explored in order to find the basic architectural alternatives that have to
be modelled in the reference model for distributed storage architectures. Next, Chapter 3
introduces OSI's Reference Model of Open Distributed Processing (RM-ODP), and finaly,
Chapter 4 introduces a suitable design methodology, derived from the RM-ODP, for the
design of Open Distributed Systems.

In the specification part, the basic architectural alternatives found in Chapter 2, are
specified using the modelling concepts available in the RM-ODP. The result of this is a
reference model for distributed storage architectures specified in conformity to the RM-
ODP. First, an introduction to the specification languages used in this part is given in
Chapter 5. In the next three chapters, i.e., Chapter 6, 7, and 8, the requirements, the
computational model, and the engineering model of the reference model for distributed
storage architectures are specified. Finaly, in Chapter 9, the engineering model, as specified
in Chapter 8, is specified in more detail using ITU-T's Specification and Description
Language (SDL).

The final part of this thesis includes directions for future research. In Chapter 10, a brief
introduction to Performability Modelling is given in order to give some drctions for an
answer on the third question of the problem definition of this thesis (see Section 1.2).
Finaly, in Chapter 11, the conclusions of this thesis and indications for future research are
presented.
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Chapter 2

Distributed Storage Architectures

In this chapter, different distributed storage architectures, and applications of distributed
storage architectures are explored in order to find the basic architectural alternatives for
distributed storage architectures.

The first two sections of this chapter discuss the architectural techniques of Disk Array
architectures and Distributed Databases. Finally, this chapter presents the basic archi-
tectural alternatives for distributed storage architectures, and the "architecture space" in
which distributed storage architectures can be classified.

2.1 Disk Arrays

Disk arrays were proposed in the 1980s as a way to use parallelism between multiple disks to
improve aggregate I/O performance. The driving forces that have popularised disk arrays
are performance and reliability. Many architectures for disk arrays have been proposed
(e.g., RAID). In each architecture a trade-off has to be made between performance and
reliability.

Disk arrays organise multiple, independent disks, which usually reside within the same
case and are connected by some I/O bus, into a large, high-performance logical disk.
Disk arrays distribute data fragments across multiple disks and access them in parallel
to achieve both higher data transfer rates (throughput) on large data accesses and higher
I/O rates (efficient low level disk access) on small data accesses. Fragmentation results
in uniform load balancing across all of the disks, eliminating hot spots that otherwise
saturate a small number of disks while the majority of the disks sits idle.

However, large disk arrays, i.e., disk arrays with many disks, are highly vulnerable to disk
failures. A disk array with 100 disks is 100 times more likely to fail than a single-disk
array. An MTTF (Mean Time To Failure) of 200,000 hours, or approximately 23 years,
for a single disk implies an MTTF of 2000 hours, or approximately three months, for a
disk array with 100 disks. The obvious solution is to employ redundancy in the form of
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error-correcting codes to tolerate disk failures. This allows a redundant disk array to avoid
losing data for much longer than an unprotected single disk. However, redundancy has
negative consequences. Since all write operations must update the redundant information,
the performance of write operations in redundant disk arrays can be significantly worse
than the performance of write operations in non-redundant disk arrays. Also, keeping
the redundant information consistent in the face of concurrent I/O operations and system
crashes can be difficult.

For disk arrays we assume that all of its disks are capable of indicating their own failures.
This assumption implies that a disk either gives correct results or no result at all. Ac-
cording to [15] this assumption is based on the omission failure model. Within this failure
model it is assumed that faulty components omit results. So, results from components are
always correct.

The majority of redundant disk array architectures can be distinguished based on two
features:

• the granularity of data fragmentation, and

• the method and pattern in which the redundant data is computed and distributed
across the disk array.

Data fragmentation can be characterised as either fine grained or coarse grained. Fine
grained disk arrays conceptually fragment data in relatively small units so that all I/O
requests, regardless of their size, access all of the disks in the disk array. This results
in very high data transfer rates for all I/O requests but has the disadvantages that only
one logical I/O request can be in service at any given time and all disks must waste time
positioning for every request.

Coarse grained disk arrays fragment data in relatively large units so that small I/O requests
need access only a small number of disks while larger requests can access all of the disks in
the disk array. This allows multiple small requests to be serviced simultaneously while still
allowing large requests to see the higher transfer rates afforded by using multiple disks.

The incorporation of redundancy in disk arrays brings up two somewhat orthogonal prob-
lems. The first problem is to select the method for computing the redundant information.
The trade-off we have to make here is between minimal update times for redundant in-
formation on the one hand, and a minimal data loss probability on the other hand. Most
redundant disk arrays use a simple (low cost) parity code, though some use the more
expensive Hamming or Reed-Solomon codes.

The second problem is the selection of a method for distributing the redundant informa-
tion across the disk array. These methods can be classified into two different distribution
schemes: those that concentrate redundant information on a small number of disks and
those that distribute redundant information uniformly across all of the disks. Schemes
that uniformly distribute redundant information are generally more desirable because
they avoid hot spots and other load-balancing problems suffered by schemes that do not

6 University of Groningen
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distribute redundant information uniformly. Although the basic concepts of fragmentation
and redundancy are conceptually simple, selecting between the many possible fragmenta-
tion and redundancy schemes involves complex trade-offs between reliability, performance
and cost.

2.1.1 RAID architectures

The RAID (Redundant Arrays of Inexpensive Disks) organisations classify disk arrays
into five levels where each subsequent level defines a finer fragmentation granularity, a
less costly redundancy scheme or a more uniform distribution of redundant data ([17]).
We have assumed that disks are capable of indicating their own failures. The RAID
architectures benefit from this property when failures occur. In the case of a disk failure
the disk array is able to reconstruct the missing data from the redundant data only if it
knows exactly which disk has failed. Figure 2.1 illustrates the five different RAID levels.
The levels are numbered from 1 to 5 and are described below.

In RAID level 1 disk arrays, the traditional solution, called mirroring, is employed. A
RAID 1 disk array uses twice as many disks as a non-redundant disk array. If a disk fails,
the other copy is used to service requests.

RAID level 2 disk arrays employ Hamming codes which contain parity for distinct over-
lapping sets of data. Data is stored in m + n partitions. m data blocks and n parity blocks,
and is distributed over m + n disks, in data disks and n parity disks. If one of the disks
fails, the original data can be computed using the remaining disks and the parity disks.
The number of redundant disks is proportional to the log of the total number of disks in
the system, storage efficiency increases as the number of data disks increases.

In RAID level 3 disk arrays, data is distributed over m data disks and 1 parity disk in
stripes of a single bit or byte. The parity drive contains the Exclusive OR (XOR) of the
data disks. If one of the data disks fails, the original data can be reconstructed from the
remaining disks by taking the XOR of the data on the remaining data disks and the parity
disk.

RAID level 4 disk arrays attempt to enhance on a RAID 3 organisation by striping the
data in stripes of large blocks. This arrangement allows simultaneous multiple access to
the same data volume. Each data disk contains a stripe of large data blocks, e.g., 4KB
blocks. However, it also introduces a significant write penalty. Since a write request needs
to rewrite parity information, it requires to read the old data, old parity and then write
the new data and the new parity.. Thus slowing down the write requests considerably.
Additionally, since there is only one parity drive, only one write request can be active at
any time. Therefore, the parity disk becomes a bottleneck to the subsystems performance.
The reliability of RAID 4 is equal to that of RAID 3 systems.

To eliminate the parity bottleneck of the RAID 4 configuration, the parity information
is rotated across the disks in RAID 5 systems. This solves the parity bottleneck but the
write penalty still remains.

KPN Research 7
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RAID level 1

RAID level 2

RAID level 3

RAID level 4

RAID level 5

I Data

lfI Parity

Figure 2.1: RAID levels 1 through 5. All RAID levels are illustrated at a user capacity of
four disks. Disks with multiple platters indicate block-level striping while disks without
platters indicate bit-level striping.
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2.2 Distributed Database Systems

According to [14], a distributed database system (DDBS) can be defined as a collection
of multiple, logically interrelated databases distributed over a computer network. There
are two basic alternatives for placing data: fragmented and replicated. In the fragment-
ed scheme the database is divided into a number of disjoint partitions each of which is
placed at a different site. Replicated designs can be either fully replicated where the entire
database is stored at each site, or partially replicated where each partition of the database
is stored on more than one site, but not on all the sites.

Fragmentation can improve the performance of the database accesses, given the parallelism
inherent in distributed systems, and because the frequently used data is proximate to the
users. Data retrieved by a transaction may be stored at a number of sites, making it
possible to execute the transaction in parallel. Also, since each site handles only a portion
of the database, contention for CPU and I/O services is not as severe as for centralised
databases.

Replication can improve the reliability and availability of a DDBS. If data is replicated, a
crash of one of the sites, or a failure of a communication link making some of these sites
inaccessible, does not necessarily make the data impossible to reach. Furthermore, system
crashes or link failures do not cause total system inoperability. Even though some of the
data may be inaccessible, the DDBS can still provide limited service.

The research done in this area mostly involve mathematical programming in order to
minimised the combined cost of storing the database, processing transactions against it,
and communication. The general problem is NP-hard. Therefore, the proposed solutions
are based on heuristics.

2.2.1 Case: Video on Demand

An application of a distributed database is a Video on Demand Service (VOD) and is
illustrated in Figure 2.2. Users request this application to play a selected movie or docu-
mentary through their home equipment.

Suppose the VOD can serve maximally 350 users at the same time. Assume that a single
video requires a transmission speed of 300 kilobytes per second. A video server would then
require a performance of approximately 100 megabytes per second.

A video consists of frames that have to be displayed with a constant speed, high enough to
experience smooth motion. So, VOD users make very high demands upon the performance
and the availability of the system but less high demands upon the reliability of the system
(occasional bit errors causing little noise are acceptable).

As illustrated by Figure 2.2, the video database is distributed over multiple sites and each
site contains a complete version of the database. Each location serves a local group of
users and consists of a server that is powerful enough for real-time VOD. These servers

KPN Research
9



A Reference Model for Open Distributed Storage Architectures

I——
D..b.

Figure 2.2: The Video on Demand System.

have direct (read-only) access to the replicated database situated at the server's site. The
transactions of the VOD service executed at its database consist merely of read operations
which are all executed at a single site. Write operations occur only at administrators level
and do not necessarily require high performance.

2.2.2 Case: Banking

Another application of a distributed database is a Banking Service (BS). Users of this
application can get their account status or draw money from their account. The BS is
illustrated in Figure 2.3

Suppose there are 5,000,000 users of this application over an entire country and the average
user makes five transactions per day with an average transaction size of 64 bytes. Then the
average total size of the data flow through the system is approximately 1220 megabytes
per day and the required system performance would then be approximately 15 kilobytes
per second. Also knowing that BS users are generally very patient, you can conclude

10 University of Groningen
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that the application's demands made upon the system's performance are relatively low.
The demands upon the system's reliability, however, are very high. Commonly, BS users
don't appreciate money loss caused by system failures. Therefore, the probability of data
corruption or data loss should be nil.

A BS consists of a large number of "automatic teller machines" which are connected to
a central database. As illustrated in Figure 2.3, this database is distributed over three
sites. Comparable to the VOD service, each site contains a replicate of the database.
However, the transactions to the database consist of read operations as well as write
operations. Each read or write operation should be executed at all sites and the results
should be compared by means of a voting mechanism in order to maintain the consistency
and integrity of the data.

KPN Research 11
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Figure 2.4: The architecture space

2.3 Implementation Strategies

In the previous sections, the architectural alternatives for Disk Arrays and Distributed
Databases were explored. Apparently, two architectural alternatives can be identified to
satisfy the requirements for distributed storage architecutres used by a distributed appli-
cation. The first architectural alternative is fragmentation, i.e., the database is subdivided
into a number of parts that are located at distinct physical locations. The QoS experi-
enced by the user improves if the application can benefit from the parallel execution of
multiple transactions at different locations.

The second architectural alternative is employment of redundancy, i.e., additional data
is stored to obtain fault tolerance. An example is replication, i.e., copies of the origi-
nal database are stored at distinct physical locations. Another example is to add error
correcting codes to reconstruct the original data if parts of the data are lost. The QoS
experienced by the user improves if the service is properly provided when the database
without redundancy would have failed.

In practice, combinations of both architectural alternatives can be used, e.g. an increase
of performance is achieved if replicas are accessed in parallel for simultaneous read-only
transactions.

Basically, fragmentation and employment of redundancy result in different distributed
database architectures. Figure 2.4 shows a two-dimensional architecture space, with vari-
ous levels of fragmentation and redundancy. The level of fragmentation is defined as the
number of logical database partitions stored at distinct physical locations. Redundancy
is based on adding information r to the original information d. The level of redundan-
cy is defined as . An architecture based on Triple Modular Redundancy (TMR) and

12 University of Groningen
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the RAID architectures as described in [17] are drawn in the architecture space shown in
Figure 2.4.

KPN Research
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Chapter 3

The Reference Model of Open
Distributed Processing

This chapter gives an introduction to the Reference Model of Open Distributed Processing
(RM-ODP) and an overview of its structure, its modelling concepts and functions. The
main objective of this chapter is providing answers to the questions "how are systems
modelled in the RM-ODP?", and "what modelling concepts are available in the RM-
ODP?".

3.1 Introduction

The OSI Reference Model provides a standard for the interconnection of systems. Until
1987 it was restricted to communication standards and did not go into the matter of
distribution problems. This is why in 1987 the workitem Open Distributed Processing
(ODP) is approved on. The Reference Model ODP (RM-ODP) provides a standardisation
framework for distributed systems.

The RM-ODP provides general definitions of concepts and terms for distributed processing
and a generalised model of distributed processing using these concepts and terms. The
main objective of ODP is to enable the interworking between heterogeneous distributed
systems and applications. The RM-ODP defines the basis for ODP standards. At the
most generaJ level, it defines a framework for distributed processing independent of the
area of application.

The reference model consists of four parts:

• Part 1 [9]: "Overview"

This part contains a motivational overview of ODP giving scope, justification and
explanation of key concepts, and an outline of the ODP architecture. It contains

15
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explanatory material on how RM-ODP is intended to be understood and applied
by its users, who can include standards writers and architects of open distributed
systems.

• Part 2 [10]: "Foundations"

This part contains the definition of the concepts and analytical framework and no-
tation for normalised description of (arbitrary) distributed processing systems. This
is only to a level of detail to support the prescriptive model (part 3) and to establish
requirements for new specification techniques.

• Part 3 [11]: "Architecture"

This part contains the specification of the required characteristics that qualify dis-
tributed processing as open. These are constraints to which ODP standards must
conform. It uses the descriptive techniques from part 2.

• Part 4 [12]: "Architectural semantics"

This part contains a formalisation of the ODP modelling concepts defined in the de-
scriptive model (part 2). The formalisation is achieved by interpreting each concept
in terms of the construct of the different standardised formal description techniques
(such as SDL, LOTOS, Z).

3.2 Structure of the RM-ODP

In ODP, a system is viewed from different viewpoints, each highlighting different aspects
of the system. For each viewpoint, rules for specifying a system from this viewpoint are
defined in viewpoint languages.

3.2.1 Viewpoints

ODP aims, among other things, at modelling open distributed systems. As illustrated by
figure 3.1, distributed systems are viewed from five different viewpoints, each representing
a different view on the distributed system. The viewpoints are:

• The Enterprise viewpoint

• The Information viewpoint

• The Computational viewpoint

• The Engineering viewpoint

• The Technology viewpoint
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Enterprise

Figure 3.1: The ODP viewpoints

The purpose of the enterprise viewpoint is to explain and justify the objectives of an ODP
system used by one or more organisations. Such a enterprise specification describes the
overall objectives of a system in terms of roles, actors, goals and policies. The system is
regarded as one object in a community. With each object in this community, role(s) and
policies are associated. An enterprise specification dictates the requirements of the ODP
system.

The purpose of the information viewpoint is to identify and locate information within the
ODP system, and to describe the flows of information in the system. The syntax and
semantics of the information within the system are the main concern.

The purpose of the computational viewpoint is to provide a functional decomposition of
an ODP system. Application components are described as computational objects. A
computaticnal object provides a set of capabilities that can be used by other computational
objects. So, computational objects interact with each other. A computational specification
of a distributed application specifies the structures by which these interactions occur and
specifies the semantics of these interactions.

By providing a functional decomposition of the ODP system, a distribution of application
components becomes possible. However, the details of mechanisms required for interac-
tion between application components are invisible in the computational specification of a
distributed application. This process of hiding the effects of a geographical distribution is
known as distribution transparency.
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ODP distinguishes a number of distribution transparencies, such as location, access, con-
currency, replication, failure and migration transparency. A computational specification
must indicate which of these transparencies are assumed to be present.

The engineering viewpoint is concerned with the provision of mechanisms to enable dis-.
tribution of computational objects in the computational specification of a system. An
engineering specification must describe the infrastructure required to support distribu-
tion of an ODP system. It shows how objects from the computational viewpoint can
be distributed geographically. Mechanisms for the distribution of computational object-
s and for the provision of the selected transparencies in the computational specification
are described in the engineering specification. An engineering specification consist of a
description of functionality and interaction between engineering objects.

The purpose of the technology viewpoint is to describe the physical components, both
hardware and software, required for realising an ODP system. A technology specification
is given in terms of technology objects. These technology objects must be names of imple-
mentable standards. Technology objects can be such components as operating systems,
peripheral devices, or communication hardware.

3.2.2 Viewpoint languages

In order to specify an ODP system from a particular viewpoint it is necessary to define a
structured set of concepts in terms of which that representation (or specification) can be
expressed. This set of concepts provides a language for writing specifications of systems
from that viewpoint, and such a specification constitutes a model of a system in terms of
concepts.

Thus, for each viewpoint a language is defined for writing specifications of ODP systems.
The terms of each viewpoint language, and the rules applying to the use of those terms,
are defined using object modelling techniques and each language has sufficient expressive
power to specify an ODP function, application or policy from the corresponding view-
point. The purpose of a viewpoint language is to specify the set of concepts in terms
of which specifications from that viewpoint must be structured in order to enable coor-
dination and consistency with specifications from other viewpoints. Hence, any existing
specification language can, in principle, be used for specifying a system from a particu-
lar viewpoint provided that those specifications can be interpreted in terms of relevant
viewpoint concepts.

Enterprise language

The enterprise language contains concepts to represent an ODP system in terms of inter-
acting agents, working with a set of resources to achieve business objectives subject to the
policies of controlling objects.

Objects with a relation to a common controlling object can be grouped together in domains
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which form federations with each other in order to accomplish shared objectives. Any such
union mutually contracted to accomplish a common purpose is called a community.

Policies set down rules on which actions of which objects are permitted or prohibited, and
also which actions objects are obliged to carry out. Actions that change policy (in that
they alter the obligations, prohibitions and permissions of objects) are called perforrnative
actions. For example, giving a user system's administrator privileges or the creation of
an object can be performative actions. Objects that are able to initiate actions have an
agent role, whereas those that only respond to such initiatives have artefact roles.

Some elements visible from the enterprise viewpoint will be visible from the information
viewpoint and vice-versa. For example, an activity seen from the enterprise viewpoint
may appear in the information viewpoint as the specification of some processing which
causes a state transition of an information entity.

Information language

An ODP system can be represented in terms of information objects and their relationships,
where information objects are abstractions of entities that occur in the real world, in the
ODP system, or in other viewpoints.

The information language contains concepts to enable the specification of the meaning of
information manipulated by and stored within an ODP system. Basic information objects
are represented by atomic information objects. More complex information is represented
as composite information objects expressing relationships over a set of constituent infor-
mation objects.

An information specification defines the classes of basic and composite information objects,
and the activities that these objects can perform. Information objects are specified using
three kinds of schema:

• static schema's,

• invariant schema's, and

• dynamic schema's.

A static schema describes the state and structure of an information object at some partic-
ular interesting situation. A static schema might be used to specify the initial state of an
object, or for the state of an object at a certain moment in time. For instance, the initial
state of a bank account consists of an account balance of $0 and the amount withdrawn
on that day which is also $0.

An invariant schema describes some property which must always apply to the information
object throughout its lifetime. For example, an invariant schema for a bank account
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might specify that the balance must always be non-negative as the bank does not offer an
overd raft facility.

A dynamic schema describes the way in which an information object can modify its state
and structure. A bank account would require a dynamic schema for depositing money,
withdrawing money, paying interest, and charging account fees. A dynamic schema might
be applicable only in certain circumstances (which could be specified by the use of a static
schema). For example, the dynamic schema for withdrawing SN might specify that the
account balance is decremented by SN provided that the total amount withdrawn that
day does not exceed $500. No dynamic schema can specify a resultant that violates the
invariant constraint, i.e., only money in the account can be withdrawn.

In addition to describing state changes, dynamic schema's can also create and delete
component objects. This allows an entire information specification of an ODP system to
be modelled as a single (composite) information object.

Schema's for composite information objects can be composed from schema's of their com-
ponent objects. RM-ODP does not require information objects to be encapsulated, i.e.,
schema's for composite information objects can reference the internals of their compo-
nent objects. This permits the specification of such complex noun phrases as "the phone
numbers of the customers with accounts that withdrew over $400 today".

Computational language

The computational language provides a small, complete set of concepts and rules that can
be used to structure distributed applications. The computational language is designed to
transparently cater for interactions between open distributed systems components that
are remote for each other.

The computational language hides the actual degree of distribution of an application
from the specifier, thereby ensuring that applications contain no assumptions about the
location of their components. An application specified in the computational language is
hardware independent. It might as well be implemented in a centralised environment, i.e.,
without distribution, as in a distributed environment. Also, the configuration and degree
of distribution of the hardware on which ODP applications are run can easily be altered
without having a major impact om application software.

A computational specification defines the functional decomposition of an ODP system into
objects which interact at interfaces. These objects interact according to the client/server-
model. A client object requests services from server objects. A server object provides
services which are accessible through interfaces. A server object can support multiple
interfaces which allows grouping of related services. If a client object wants certain services
from a server it requires the interfaces at which these services are offered by the server
object. In the client/server-model objects can be both client and server, allowing servers
to request services from other services.
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In the computational language, three types of interfaces are defined:

• the signal interface,

• the operational interface, and

• the stream interface.

All interactions at a signal interface are signals, i.e., one-way communication from client
objects to server objects. Signals cause a server object to perform some internal action
(which might cause a change of its state) without notification to the client who sent the
signal.

All interactions at an operational interface are operations. An operation can either be
an announcement or an interrogation. An announcement is an interaction between a
client and a server, where the client requests a function to be performed by the server. An
announcement can be compared to a procedure-call (without the use of output parameters)
in, for example, the PASCAL programming language. The client initiates an invocation
resulting in the conveyance of data (the procedure arguments) from the client to the server.
The server performs some actions using the received data and does not return a result.

An interrogation consists of two interactions in different directions, one from client to
server, the invocation, and one from server to client, the termination. An interrogation
can be compared to a function-call in traditional imperative programming languages. The
client initiates the invocation, resulting in the conveyance of data (the function arguments)
from the client to the server. In response to the invocation, the server performs some
actions using the received data and initiates a termination, resulting in the conveyance of
data from the server to the client, returning the results of the actions.

All interactions at a stream interface are continuous flows of data from a producer object
to a consumer object. Flows may be used for continuous sequences of data transmissions
between clients and servers.

Engineering language

The engineering language contains concepts for describing the infrastructure required to
support selective distribution transparent interactions between objects. The language
contains rules for structuring communication channels between objects, using the concepts
of stub, binder, protocol objects and interceptors, and rules for structuring systems for
the purposes of resource management, using the concepts of node, nucleus, cluster and
capsule.

These concepts are sufficient to enable specification of internal interfaces within the infras-
tructure, enabling the definition of distinct conformance points for different transparencies,
and the possibility of standardisation of a generic infrastructure into which standardised
transparency modules can be placed.
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Figure 3.2: An engineering node
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Figure 3.2 shows how engineering objects are structured. A node is an engineering ab-
straction of a (physical) computing system. A node is defined as a configuration of objects
forming a single unit for the purpose of location in space, and which embodies a set of
processing, storage and communication functions.

A nucleus is the engineering abstraction of an operating system. A nucleus is defined
as an object which coordinates processing, storage and communication functions used by
other engineering objects within the same node. The RM-ODP prescribes that all basic
engineering objects (BEO) are bound to a nucleus.

A capsule is defined as a configuration of objects forming a single unit for the purpose
of encapsulation of processing and storage. A capsule is a subset of the resources of a
node. Engineering objects within a capsule are protected from engineering objects in
other capsules, i.e., they have their own address space. If a capsule fails, only the objects
inside the capsule are affected and the objects outside the capsule remain unaffected.

A cluster is a configuration of basic engineering objects forming a single unit of deactiva-
tion, checkpointing, recovery and migration. The mechanisms of deactivation, checkpoint—
ing, recovery and migration are outside the scope of this thesis. It is assumed that these
mechanisms are supported by the environment in which the Distributed Storage System
is embedded.

A Basic Engineering Object (BEO) is an engineering object that requires the support
of a distributed infrastructure. BEO's are grouped together in a cluster and have an
engineering interface which is either bound to another engineering object within the same
cluster or to a channel. BEO's are always bound to the nucleus. In this thesis, BEO's are
used to model functionality that is not modelled by other engineering objects defined in
the engineering language.

The concept of channel, also shown in figure 3.2, still remains unexplained. It is illustrated
with more detail in figure 3.3. Apparently a channel can be bound to cluster managers,
capsule managers and basic engineering objects. A channel can cross the boundary of a
cluster, a capsule and even a node. A channel is defined as a configuration of stub, binder,
protocol and interceptor objects, and provides a binding between a set of engineering
objects, through which interaction can occur. The purpose of a channel is to support
distribution transparent interaction of basic engineering objects. In this thesis, channels
are used only for operational interaction, i.e., interaction of basic engineering objects at
their operational interfaces.

A stub is an object which provides conversion functions for data, exchanged between two or
more BEO's. A stub objects provides wrapping and coding functions for the para-neters
of an operation. This means that the parameters of an operation are presented to the
binder object as a sequence of bytes. With an operation termination, the binder presents
this sequence of bytes to the stub, that will unwrap the results. Wrapping and coding is
also referred to as marshalling [11].

A binder is an object which maintains a binding among interacting engineering objects.
A binder object manages the end-to-end integrity of a channel. It ensures that data
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Figure 3.3: An engineering channel

presented by a stub object is transported to the correct target stub object. A binder
object also manages the Quality of Service of a channel. For example, a binder object
can control jitter in a continuous stream by setting a local buffer space. By means of
a control interface, a binder object can interact with objects outside the channel. This
control interface can be used to obtain location data of other engineering objects or to
change the configuration of the channel. A channel can be changed if, for instance, the
Quality of Service of the channel needs to be adjusted.

An interceptor is an object at a boundary between domains. Interceptors play a role if
interacting protocol objects are in different domains. It can be used to enforce security
policies.

A protocol object communicates with other protocol objects to achieve interaction between
engineering objects. The RM-ODP identifies protocol objects capable of interworking to
be in the same communication domain. Protocol object based on TCP/IP, for instance,
belong to the same communication domain, but do not belong to the communication
domain of protocol objects based on ATM. The communication between protocol objects
takes place at their communication interface.

In this thesis, a derivate of the protocol object is also used: the group protocol object.
This object is not defined in the RM-ODP, but is defined and implemented in ANSAware.
ANSAware is an open distributed environment which is in accordance with the RM-ODP.
Besides the normal functionality provided by a general protocol object, the group protocol
object supports mechanisms for the coordination of the interaction of grouped engineering
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objects. This includes, for instance, a voting mechanism for results from replicated server
objects.

Technology language

The technology specification describes the implementation of the ODP system in terms
of a configuration of objects representing the hardware and software components of the
implementation. It is constrained by cost and availability of technology objects (hard-
ware and software products) that would satisfy the specification. These may conform to
implementable standards which are effectively templates for technology objects. The RM-
ODP has very few rules applicable to technology specifications. Additional rules would be
implementor defined and would be very much implementation dependent.

3.2.3 Consistency rules

A set of specifications of an ODP system written in different viewpoint languages should
not make mutually contradictory statements, i.e., they should be mutually consistent.
Thus, a complete specification of a system includes statements of correspondences between
terms and language constructs relating one viewpoint specification to another viewpoint
specification, showing that the consistency requirement is met. The RM-ODP does not
declare generic correspondences between every pair of viewpoint languages, it is restricted
to the specification of correspondences between a computational specification and the
information specification, and between a computational specification and an engineering
specification.

Consistency between the computational and information specification

The RMODP does not prescribe exact correspondences between information objects and
computational objects. In particular, not all states of a (composite) computational object
need to correspond to states of the corresponding information object. Multiple subsequent
transitional states of a (composite) computational object may be abstracted as one atomic
transactional state of the corresponding information object.

Where an information object corresponds to a set of computational objects, static and
invariant schemas of the information object correspond to possible states of the compu-
tational objects. A change in the state of an information object corresponds either to
interactions between computational objects or to an internal action of a computational
object. The invariant and dynamic schemas respectively correspond to the contract of the
computational objects with their environment and to the behaviour of the computational
objects.
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Consistency between the computational and engineering specification

The RM-ODP prescribes very strict rules for the correspondences between computational
and engineering objects. There should exist a one-to-one relationship between the com-
putational objects and the engineering objects. Each computational object should have
an engineering image, whether this is a single engineering object, a group of interact-
ing engineering objects, or a group of replicated engineering objects. The same rule is
applied for the computational interfaces and the computational bindings. Each compu-
tational binding corresponds to an engineering interface and each computational binding
either corresponds to an engineering local binding (i.e., within the same cluster) or to an
engineering channel.

3.3 Modelling Concepts

In the RM-ODP, the primitive modelling concept is an object. Objects are entities con-
taining information and offering services. Every ODP system specification should be based
on the concept of objects. A system is composed of interacting objects. An object is char-
acterised by its identity which makes it distinct from other objects and by encapsulation,
abstraction and behaviour. From the point of view of any object, the ODP system consists
of itself and its environment (i.e. all the other objects).

The object model is essential for describing, specifying and designing ODP systems. Ab-
straction is crucial to deal with heterogeneity, permitting different services to be imple-
mented in different ways, using different mechanisms and technologies, enabling portability
and interop&rability. Object abstraction also builds a strong separation between objects,
enabling them to be replaced or modified without changing their environment, provided
they continue to support the services their environment expects. This approach to extend-
ability is essential in large, heterogeneous, distributed environments, which by their nature
are continuously evolving. The object model provides modularity and compositionality
which are very useful for building flexible systems. The model is fairly general and makes
a minimum number of assumptions. For instance:

• objects can be of any granularity, they can be as large as an entire telephone network
and as small as an integer,

• objects can exhibit arbitrary behaviours and any arbitrary level of internal paral-
lelism,

• interactions between objects are not constrained, interactions may as well be asyn-
chronous as multi-way synchronous.
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3.3.1 Encapsulation and abstraction

Encapsulation is the property that the information in an object can be accessed only
through interactions at the interfaces supported by the object. Abstraction implies that
the internal details of an object are hidden from other objects. Because objectsare encap-
sulated there are no hidden effects of interactions. An interaction with one object cannot
change the state of another object without some secondary interaction taking place. Thus,
any change in the state of an object can only occur as a result of an internal action or as
a result of an interaction with its environment. An object defines a set of services that
can be offered to clients of the objects. The description of a service abstracts from the
internal representation for that service. This supports system independency, the same
object may be implemented in a number of ways on different systems, but each implemen-
tation supports the same service. A service may therefore be supported by many different
technologies.

3.3.2 Behaviour versus state

The behaviour of an object is defined as the set of all potential actions an object may take
part in. The object model does not constrain the form or nature of object behaviour. State
and behaviour are interrelated concepts. State characterises the situation of an object at
a given instant. The behaviour of an object describes all the object's potential state
changes. The current state of an object is determined by its past behaviour. Conversely,
potential actions an object may undertake in the future are determined by its present state.
Of course, the actions the object will actually undertake are not entirely determined by
its present state, they will also depend on which actions the environment is prepared to
participate in.

For behavioural analysis, a system comprised by individual, interdependent and interacting
objects can best be modelled as a finite state machine. Formal description languages, such
as SDL or LOTOS, actually model system behaviour using interacting and interdependent
processes which comprise (extended) finite state machines.

3.3.3 Interfaces

The only means to access an object are interfaces. An interface can be seen as a gate
at which a particular subset of the object's behaviour can be observed. An ODP object
can have many interfaces. This is a useful property since it can divide the interactions
supported by the object into categories.

In order to use interfaces, it is necessary to have some means of uniquely identifying them
within the context of the ODP system. Interface identifiers provide such means. Interface
identifiers may be passed between objects. Once an interface is identified, particular
interactions can be identified within the context of that interface.
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3.4 ODP functions

The ODP functions are assumed to be supported, at the engineering level, by the environ-
ment in which the specified system is to be implemented. The ODP functions support the
construction of ODP systems, and are assumed to be provided by standard engineering
objects in the direct environment of basic engineering objects.

The ODP functions can be divided into four categories:

1. management functions,

2. coordination functions,

3. repository functions, and

4. security functions.

The management functions support the managing (i.e., creation, controlling, and termi-
nation) of objects, clusters and capsules. These functions can be used, for example, for
instantiating a new capsule or a new cluster within a capsule.

The coordination functions support the distribution transparent coordination of the inter-
action between engineering objects. For example, objects participating in a multi-party
binding are controlled by an object providing the group function, and replicated objects
are controlled by an object supporting the replication function.

The repository functions support the storage of various types of data. These include
functions for the storage of application specific data, but also for the storage of object
related data, such as location and supported functions. The latter can be used to obtain
the location of a server object by a client object in order to achieve an (implicit) binding
between these objects. The location and the functions supported by server objects are
usually recorded by a Trader. Client objects consult the Tra.der if they want some function
to be performed by some server object.

The storage of application specific data is usually supported by data repositories. For
these objects you could think of database managers, supporting the creation, access, and
deletion of data records.

The security functions support the setting of constraints on activities of objects. For
example, the access control function prevents unauthorised interactions with an object.
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Chapter 4

Design of Open Distributed
Systems

In this chapter, a design methodology for designing systems in conformity to the RM-ODP
is introduced. The design methodology is derived from the five ODP viewpoints and is
also used and presented in [8, 19].

4.1 Definitions

In Webster's dictionary, a system is a regularly interacting or interdependent group of
items forming a unified whole. According to this definition, a system consist of parts. A
system is functionally distributed over these parts.

A system can be viewed from two perspectives: the integrated perspective and the dis-
tributed perspective. From the integrated perspective the system is viewed as a whole.
The system is represented as a black box providing a function F (see figure 4.1).

x F(x)

Figure 4.1: A system viewed from the integrated perspective

From the distributed view separate parts of the system are identified. The system is
represented as an interacting or interdependent group of items. Each item provides a

29



A Reference Model for Open Distributed Storage Architectures

function F,. Interconnected, the items provide the function F, which is the composite
function of the separate F,'s (see figure 4.2).

Figure 4.2: A system viewed from the distributed perspective

Usually, a system consists of a communication infrastructure. This implies a geographical
distribution of the system parts. In this thesis, system parts are assumed to be geograph-
ically distributed. Therefore, the following definition of a distributed system is applied:

A distributed system is a system consisting of at least two system parts connected by some
kind of transport network.

4.2 Design Methodology

Distributed systems are complex, they consist of parts that might be further substructured.
The design process used in this thesis is also used in [8] and is presented and defined in
[19].

4.2.1 Design phases

The ODP viewpoints can be used in the development of a distributed system. In this
approach the viewpoints are layered and constitute a top down design process of stepwise
refinement. The intermediate steps in this process are called design steps. The result
of a design step is a symbolic representation of (parts of) the system. In the top down
approach each subsequent design step is a refinement of the previous one. The design
process can be structured into the following design phases:

1. The requirements capturing phase.

2. The architectural phase.

3. The implementation phase.

4. The realisation phase.
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Table 4.1 summarises the ODP viewpoints and shows to which viewpoints the design
phases can be assigned. Figure 4.3 shows how these phases are related.

Viewpoint j Visible
)

Design phase
Enterprise viewpoint Requirements of the system Requirements
Information viewpoint Information flows in the system

Processing functions,

capturing phase

Architectural
Computational viewpoint synchronisation,

communication and data types

phase

Engineering viewpoint Distribution mechanisms
Technology viewpoint Technical realisation

phase
Realisation

Table 4.1: Assignment of the ODP Viewpoints to subsequent design phases

In the requirements capturing phase, the requirements of the system are determined.
The objectives and activities of the enterprise with interest in the system direct these
requirements. The requirements are visible from the enterprise view.

In the architectural phase, the system is viewed from the computational viewpoint. From
this viewpoint you can only see what the system does. The result is a computational
specification describing the relevant properties that the system should possess. The com-
putational specification is realisation-independent, i.e. it doesn't describe how the required
properties can be achieved.

In the implementation phase the computational specification is further refined. This re-
sults in an engineering specification. The engineering specification describes how the re-
quired properties of the system can be achieved using physical or logical components. The
engineering specification is no longer realisation-independent, using physical or logical
components implies taking the constraints imposed by these components into account.

In the last phase, the realisation phase, the implementation is actually mapped onto
physical and logical elements that form the real system. The hardware and software
components that make up the real system are described in a technology specification.

4.2.2 design of a general model for distributed storage systems

In this thesis a general model for distributed storage systems is designed. In this design the
following design phases from the design methodology discussed previously are followed:

• the requirements capturing phase (Chapter 6),

• the architectural phase (Chapter 7), and

• the implementation phase (Chapter 8).
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Figure 4.3: The top down design process constituted by the OD? viewpoints

32 University of Groningen



Chapter 5

Specification Languages

It is widely accepted that the key to successfully developing a system is to produce a thor-
ough system specification and design. This task requires a suitable specification language,
satisfying the following needs [3, 5]:

• A well-defined set of concepts.

• Unambiguous, clear, precise, and concise specifications.

• A basis for analysing specifications for completeness and correctness.

• A basis for determining whether or not an implementation conforms to specifications.

• A basis for determining the consistency of specifications relative to each other.

This chapter discusses the specification languages used in this thesis: OMG-IDL and SDL.

5.1 OMG-IDL

In ODP, a computational specification comprises a configuration of objects and their inter-
faces. The Object Management Group (0MG) defined the Interface Definition Language
(IDL) for the specification and description of the interfaces at which these objects interact
[16]. The objects and interfaces are instantiated from templates. OMG-IDL provides a
syntax to describe object templates and interface templates.

Interface templates define the operations that an instance of its template supports. The
general structure of an interface template is:

<interface_template_name>
[<inheritance_specification>]
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<supporting_definitions>
<operation_s ignature_specifi cation>
<informal_behaviour_specification>

The interface_template_name clause specifies a unique name for the interface template.
The supporting_definitions clause contains type definitions that are used in the signa-
tures for the operations. The inheritance_specif ication clause, which might be empty,
specifies which existing interface templates are specialised by this interface template. The
operation_signature_specification clause specifies the operations that an instance of
the template supports. For every operation, its name, arguments and results are specified.
Arguments are preceded by the keyword in to indicate an input value and arguments
are preceded by the keyword out to indicate an output value. The informal_behaviour
clause is a textual explanation of what an instance of the template is used for and how it
behaves.

An object template defines how instances of the template are initialised, which interfaces
are supported and which interfaces are required by an instance of the template. An object
template generally has the following structure:

<object_template_name>
[<inheritance_specification>)
<support ing_defmit ions>
<initialisation_specification>

<supported_interfaces>

<required_interfaces>

<informal_behaviour_description>

The object_template_name clause specifies a unique name for the object template. The
supporting_definitions clause contains type definitions that are used in the signatures
for the operations. The inheritance_specification clause, which might be empty,
specifies which existing object templates are specialised by this object template. The
initialisation_specification clause specifies the actions that occur when the objec-
t is instantiated. These actions are specified as an operation that is implicitly invoked
when the object is instantiated. This operation accepts arguments from and returns re-
sults to he creator object. The supported_interfaces clause specifies which interfaces
an instance of the template supports. Supported interfaces are interfaces whose func-
tionality is supported on request by the environment. An object can support stream
interfaces and operational interfaces. The ODP signal interfaces can be modelled using
operational interfaces where the operations have no arguments and return no results. The
required_interfaces clause specifies which interfaces an object, instantiated from the
template, uses. Required interfaces are interfaces that an object expects from its environ-
ment. The informal_behaviour_description clause specifies in an informal way, how
an instance of the template behaves.
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5.2 SDL

The Specification and Description Language (SDL) is a standard language, developed
and standardised by ITU-T, for specifying and describing systems. Its purpose is to
provide a language for unambiguous specification and description of the behaviour of
telecommunications systems. SDL is descibed in in the CCITT recommendation Z.100 [3,
4]. Since 1988, ITU-T (the former CCITT) recommends the formal specification language
SDL-88 as a standard language for specifying (mostly telecommunications) systems. Since
1992, ITU-T recommends SDL-92 (also known as OSDL or Object-Oriented SDL), an
extension of SDL-88 with object oriented concepts. SDL-92 uses the same concepts as
SDL-88, but with an object oriented approach, i.e., inheritance is applied.

In SDL the terms specification and description are used with the following meaning:

1. a specification of a system is the description of its required behaviour, and

2. a description of a system is the description of its actual behaviour.

But, since there is no distinction between use of SDL for specification and its use for de-
scription, the term specification is used for both required behaviour and actual behaviour.

In SDL, systems are viewed from overview to detail. At each level of abstraction, SDL
provides structural and behavioural information about the described system. The type of
system described by SDL can be real-time, interactive, distributed or any combination of
these types. Applications of SDL include:

• call processing in switching systems (e.g. call handling, telephony signalling, meter-
ing)

• maintenance and fault treatements in general telecommunications systems (e.g. alarm
s, automatic fault clearance, routine tests),

• system control (e.g. overload control, modification and expansion procedures),

• operation and maintenance functions, network management,

• data communication protocols.

SDL can be used for both high level informal specifications, semi-formal specifications
and detailed specifications. The user must choose the appropriate parts of SDL for the
intended level of communications and the environment in which the language is being used.
Depending on the environment in which a specification is used, many aspects may be left
to the common understanding between the source and the destination of the specification.
Thus SDL may be used for producing system specifications at any level of abstraction.
This makes SDL a very suitable language for specifying ODP systems. In ODP, a system
is viewed from different viewpoints (see Chapter 4). Each viewpoint abstracts from certain
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aspects of the system. SDL may be used to describe the system aspects visible from any
of these viewpoints.

In this thesis, SDL is used to describe the designed system from ODP's engineering view-
point.

An SDL specification defines a systems behaviour in a stimulus/response fashion, assuming
that both stimuli and responses are discrete and carry information. In particular, a system
specification is seen as the sequence of responses to any given sequence of stimuli. The
system specification model is based on the concept of communicating extended finite state
machines. Our believe is that finite state machines can be converted to Markov models
which can be used for performability evaluation.

SDL gives a choice of two different syntactic forms to use when representing a system:

1. a Graphical Representation (SDL/GR), and

2. a textual Phrase Representation (SDL/PR).

Both forms are semantically equivalent, as they are concrete representations of the same
SDL semantics. In particular they are both equivalent to an abstract grammar for the
corresponding concepts. Each of the concrete grammers has a definition of its own syntax
and its relationship to the abstract grammar (i.e. how to transform into the abstract syn-
tax). The semantics of SDL are defined in the abstract grammar. The concrete grammars
inherit these semantics via their relations to the abstract grammar. This approach ensures
that SDL/GR and SDL/PR are equivalent.

In this thesis, the Graphical Representation of SDL is used.

5.2.1 Modelling concepts

The basic concept in SDL is the process type. The process type defines the internal data,
as well as the behaviour. Based on the process type, process instances can be created.
Process instances communicate by means of signals, which are asynchronous, and remote
procedure calls which are synchronous.

The behaviour of a process instance is described by means of a process graph, which consists
of states and transitions between states. A transition is triggered by the reception of a
signal or remote procedure call, and describes the actions which are carried out when the
trigger is received. Parts of the process graph may be enclosed in procedures, and if such a
procedure is marked as being exported it is a remote procedure and may be invoked from
other process instances.

In SDL-92, process types can inherit from other process types while specialising their
behaviour and communication interface, e.g. new states and transitions can be added,
and new signals and exported procedures can be introduced.
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Process instances can be created and stopped dynamically, and a specific process instance
can be identified by its process identifier, i.e. signals and remote procedure calls can be
addressed to a specific process instance by means of its process identifier. Process instances
may be grouped into blocks; this advocates a well-structured specification.

5.2.2 Specifying ODP systems using SDL

Jensen, Jørgensen and Nørbk [7] presented guidelines for the use of SDL for ODP-
compliant services and a mapping from SDL specifications of a system to specifications
of a system which can be interpreted in an ODP environment (ANSAware, TINA-DPE,
etc.). This mapping preserves the SDL semantics while utilising the features for distributed
computing offered by an ODP environment. In [2], SDL is used to specify a Virtual Private
Network system in accordance with ODP. According to [2], SDL is useful for specifying
the dynamic behaviour of ODP systems but a disadvantage of SDL is that it does not
support the dynamic binding concept of ODP. SDL describes the behaviour of individual
objects in the system. Hence, for complex systems, the global behaviour of the system is
not always clear. Furthermore, graphical SDL specifications of such systems easily become
large and unclear.
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Chapter 6

Requirements

This section describes the first phase in the design process of the Distributed Storage
System (DSS). Here, the requirements of the DSS are captured. The DSS s part of a
distributed system. There are many applications for the DSS. The applications direct the
requirements of the DSS. The enterprise viewpoint of ODP will be used for the specification
of the user requirements of the DSS.

6.1 Problem Domain

The requirements for the Distributed Storage System (DSS) can be found in the following
areas:

• Disk Arrays (RAID)

• Distributed Databases

• Telecommunications applications

In Chapter 2, these areas were explored in order to find the basic architectural alter-
natives of Distributed Storage Architectures. These basic architectural alternatives are
fragmentation and employment of redundancy.

6.2 User Requirements

Commonly, users of a distributed application do not have direct access to the distributed
storage system used by this application. Therefore, users cannot directly determine the
requirements for the distributed storage system. They only determine the requirements for
the application that uses the distributed storage system. The application's requirements
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Figure 6.1: Actors and contracts

made upon the performance and reliability of the distributed storage system must be
translated into values for the level of fragmentation and the employed redundancy factor,
and into policies for the read and write operations on the data stored by the distributed
storage system. These policies include locking mechanisms, and voting mechanisms.

As mentioned earlier, the general problem of finding the ideal values for the level of
fragmentation and the level of redundancy, is NP-hard. One could, for example, make
use of some predefined table which specifies commonly applied values for the levels of
fragmentation and redundancy, or use heuristic search algorithms to find optimal values
(the Al approach to NP-hard problems).

6.3 Enterprise Specification

The enterprise specification describes the objectives of the Distributed Storage System
(DSS) in terms of roles, actors, goals and policies. In this section, some directions for an
enterprise specification of a distributed application (for example, a Video On Demand or
Banking service) are given.

Actors and roles:

• Service Provider (SP): an organisation providing services as the Video on Demand
service or the Bank Transaction Service.

• User: a person or group of persons using the service offered by a service provider.

• Network Provider (NP): an organisation offering the required transport facilities.

For each role the requirements and policies must be stated. These rules form the contract
between the involved parties. The roles distinguished in a DSS, and the contracts between
the involved parties are illustrated by Figure 6.1.

The User and the SP have an agreement upon the Quality of Service to be provided by
the SP. The SP must be able to store data at multiple locations. It uses several resources
(nodes, communication links, disks) to do this. These resources are made available by the
NP. The contract between the SF and the NP consists of the resources to be used and the
accounting and security policies for these resources.
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Architecture

A system from the computational point of view consists of a configuration of computational
objects. A computational specification defines the functional decomposition into these
objects, which interact at interfaces[11]. The objective is to abstract from aspects of
distribution, i.e., the specification is based on distribution transparency.

7.1 Objectives

The computational specification of the distributed storage system does not cover the im-
plementation strategies discussed in the previous chapter. It is presumed that such dis-
tribution transparencies as fragmentation and replication are supported by an underlying
engineering mechanism (which will be discussed in Chapter 8).

7.2 Computational model

Figure 7.1 shows the functional decomposition of the Distributed Storage System into
three computational objects and their interfaces. These objects interact according to the
Client/Server-model [1]. The computational objects are Application, Storage Manager andStorage Unit.

The Application and Storage Mana er interact at interface tD. The Storage Manager isa server which supports interface 1 At this interface functions to create Storage Units
are provided to clients. The Application is a client and requires (1) to request storagecapacity from the Storage Manager. The Storage Manager creates a Storage Unit and
provides the Application with a reference to the created Storage Unit. The Storage Unitscreated by the Storage Manager are servers which support interface c.2. This interfaceenables clients to access the data stored by a Storage Unit. The Application requires (2)and interacts at this interface with the Storage Unit to access data stored by the Storage
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Unit.

Figure 7.1: Computational Model of the Distributed Storage System

The request of the Application to create a new Storage Unit comprises the following
information requirements:

. QoS level

. storage capacity

. type of consistency

The Storage Manager needs the QoS requirements from the Application to create a Storage
Unit with a performance and reliability matching these requirements. The required storage
capacity is needed to create a Storage Unit with sufficient storage capacity. The type of
consistency, i.e., weak or strong consistency, is needed to apply the right type of algorithms
during transactions related to the Storage Unit.

7.3 Objects and Interfaces specified in IDL

We have used OMG's Interface Definition Language [16] to specify the computational
objects and interfaces comprising the computational model. First we define the interface
templates which the computational objects require to create their interfaces. Next, we
define the object templates from which the computational objects can be instantiated. In
the templates, the data types are left open, since they are trivial.

In Table 7.1, the computational interface templates are specified. From these templates
the computational interfaces can be instantiated. Table 7.2 specifies the object templates
from which the computational objects can be instantiated.
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Inte,-fice template StorageManageriF

Typed.? ... TPerformability
Typed.? ... TStorageUnitRef

Operation.
create.container(in TPerformability P, out TStorageUnitRef SU)

Behaviour
An Instance of thi, interface template enable. clients to create cuatomi,ed storage unit.
where the desired performability properties can be specified.

Interface template StorageUnitlF

Typed.? ... TData

Operation.
read (out TData D)
write(in TData D)
em pty()
delete()

Behaviour
An instance of this template enables clients to store, modify and clear date. Clients can
dispose of the Storage Unit by making a delete request at this interface.

Table 7.1: Computational interface templates

Object template StorageManager

Typedef TinterfaceRef

Initialization
lnit(out TlnterfaceRef StorageMenagerRef)

Supported interfaeea
StorageManagerlF

Behaviour
An Instance of this template iaa Storage Manager object which can create storage unit..
Via the StorageManagerlF clients can request the StorageManager to create a storage
unit with specified performability properties.

Object template StorageUnit

Typed.? ... TlnterfaceRef

Initialization
Init(out TlnterfaceRef StorageUnitlF)

Supported interface.
StorageUnitiF

Behaviour
An instance of this template I. a StorageUnit object which is initially empty. It sup.
ports the StorageUnit interface through which client, can access the data stored by the
StorageUnit.

Table 7.2: Computational object templates
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Chapter 8

Implementation

A system from the engineering point of view consists of a configuration of engineering
objects. An engineering specification defines the mechanisms and functions required to
support the distributed interaction between objects[11J.

In ODP, the engineering specification describes how the functionality of the computational
objects is distributed and what infrastructure is available to support this distribution.

The engineering specification of the Distributed Storage System describes how the func-
tionality of the Storage Unit computational object is distributed using the various fragmen-
tation and redundancy strategies, as discussed in Section 2. The engineering specification
is not concerned with the physical components, hence, it abstracts from specific compo-
nents such as operating systems, data base management systems, and peripheral devices.

8.1 Objectives

The objective is to define a generic engineering model for distributed storage architectures,
i.e., the engineering model should apply for various architectures obtained using different
fragmentation and redundancy levels. For the Distributed Storage System, we need a
general, hardware independent storage function and a way to coordinate a
configuration of multiple objects implementing this storage function.

8.2 Engineering model

In ODP, a number of functions are defined that are either fundamental or widely applicable
to the construction of ODP systems[11]. These functions are grouped as follows:

• management functions
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• coordination functions

• repository functions

• security functions

In our engineering model we use the Storage Fttnction from the repository functions group
and the Group Function from the coordination functions group.

The Storage Function stores data. The used concepts are Data Repository and Container
Interface. A Data Repository is an object providing the storage function and the Container
Interface is an interface of a Data Repository allowing access to data. The Storage Function
rules state that a Data Repository stores sets of data. Each set of data is associated with a
Container Interface created when data are stored. A Container Interface provides functions
to modify, retrieve and delete the associated data.

The Group Function provides the necessary mechanisms to coordinate the interactions of
objects in multi-party bindings. The concept of the Group Function, which is a subset
of the objects participating in a binding managed by the group function. The rules for
the Group Function state that for each Interaction Group the group function manages the
interaction, collation, ordering and membership.

Part of the engineering model of the Distributed Storage System is shown in Figure 8.1. We
compose the engineering model using the concepts of Data Repository, Container Interface
and Interaction Group. The objects representing these concepts also interact according to
the Client/Server-model [1]. The Interaction Group is modelled by the channel connecting
the Data Repositories and the Storage Unit Manager.

Figure 8.1 shows that the functionality of the Storage Unit computational object is dis-
tributed over multiple Data Repositories and a Storage Unit Manager. The Storage Man-
ager engineering object interacts with the Data Repositories at interface . The Storage
Manager requires this interface to request a Data Repository to create a Container In-
terface. The Data Repositories interact with each other at Container Interfaces ® in
a multi-party binding. This binding consists of a channel instantiated by the Storage
Manager and is controlled by a Storage Unit Manager object created by the Storage Man-
ager. The Application interacts with the Storage Unit Manager at interface which
resembles a Container Interface. The Application uses (2) to access the data stored by
the group. Hence, the internal fragmentation and replication strategies are masked from
the application. The Data Repositories are explicitly drawn in separate nodes. This is
essential, because it enables the Storage Manager to create storage at multiple, physically
different locations.

The purpose of a channel is to support distribution transparent interaction between en-
gineering objects and consists of a configuration of stubs, binders, protocol objects and
interceptors [11]. The stubs perform the necessary translations between data formats on
the distinct nodes and the binders ensure that data presented by the stubs is transported
to the stubs in the correct nodes. A protocol object communicates with the other protocol
objects to achieve interaction between the connected engineering objects.
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Figure 8.1: Mapping of the Computational Model onto the Engineering Model of the
Distributed Storage System

The Group Protocol (GP) objects implement ODP's group function. The desired frag-
mentation and redundancy strategies are specified as an interaction schema to be used by
the Group Protocol objects.

8.3 Consistency with the Computational Model

Figure 8.1 shows how the Computational Model of the Distributed Storage System can be
mapped onto the Engineering Model. Each computational object has an corresponding
set of one or more engineering objects and each computational interface corresponds to achannel.
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8.4 Objects and Interfaces specified in IDL

Interface template DataRepesitorylF

Typed.? ... TDataTyp.
Typed.?.. TContainerRef

Operation.
c,eate(in TDataType DT, out TContainerRef CR)

BehavIour
An in.tance of thi, interface template enable, client, to create a .ingle container of the
.pecified data type.

Interface template ContaineriF

Typed.? ... TData

Operation.
read (out TData D)
write(ln TData D)
empty()
delete()

Behaviour
An in,tance of thi, template enable. client, to .tore, modify and clear data. A client can
dispose of the stored data by making a delete request at thi, interface.

Table 8.1: Engineering interface templates

We have used OMG's Interface Definition Language [16] to specify the engineering objects
and interfaces comprising the engineering model. First we define the interface templates
which the engineering objects require to create their interfaces. Next, we define the object
templates from which the engineering objects can be instantiated.

The interface templates from which the engineering interfaces can be instantiated are spec-
ified in Table 8.1. These are new templates to be added to the computational templates
defined in Section 3. The engineering Container Interface resembles the computation-
al Storage Unit Interface. Hence, the ContaineriF Lemplate replaces the StorageUnitlF
template.

Table 8.2 specifies the object templates from which the engineering objects can be instan-
tiated. The templates from which the engineering objects can be instantiated are either
new templates to be added to the computational templates, or extended templates to
replace computational templates.

The StorageManager object template is an extended computational template. At the
engineering level it also has to support the DataRepositorylF to be able to create new
Con tainerlF's.

8.5 SDL specification

As mentioned in Chapter 5, IDL includes an informal description of the behaviour of the
objects and interfaces. In this thesis, SDL is used for a formal description of the behaviour
of these objects and interfaces.
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Object template StorageManager (extended)

Typedef ... TinterfaceRef

Initialization
Init(out TinterfaceRef StorageManagerRef)

Supported interface.
StorageManageriF

Required Interface.
DataRepositorylF

Behaviour
An instance of thi, template is a Storage Manager object which can creste Storage Unit..
Via its StorageManagerlF clients can request the StorageManager to create a StorageUnit with specified performability properties.

Object template DatiFtepository

Typedef ... TinterfaceRef

Initial eat ion
Init(out TinterfaceRef DataRepositoryiF)

Supported interface.
DataRepositorylF
ContainerlF

Behaviour
An Instance of this template is a Data Repository object. Data Repositories are factories
for container interface,.

Object template StorageUnitManager

Typed.f ... TinterfaceRet

Initialisation
Init(out Tinterfacekef ContainerlF)

Supported interface.
ContainerlF

Required interface.
ContainerlF

Behaviour
An instance of this template manages a group of container interfaces, and enable, clients
to access the data stored by the group.

Table 8.2: Engineering object templates
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The SDL specification of the Distributed Storage System is discussed in Chapter 9. In
SDL, the Distributed Storage System is specified as a set of interacting processes, pro-
viding services to the environment and to each other. These processes correspond to the
engineering objects: Storage Manager, Storage Unit Manager, and Data Repository. An
overview of these processes and services can be found in Figure 9.15.

For objects two types of behaviour can be distinguished: internal behaviour and external
behaviour. The internal behaviour of an object is invisible to its environment (other
objects). In SDL, the internal behaviour is specified in process diagrams. A process
diagram processes input signals which can cause changes to the internal state of the
process, and which can cause the process to initiate interactions with other objects.

The external behaviour of an object is defined as the set of all potential interactions with
other objects in its environment. In SDL, these potential interactions are specified as sets
of signals which can occur at channels between processes. The union of all signal sets of
channels from or to a process comprises the external behaviour of this process.

For example, the external behaviour of a Data Repository is defined by the set
{Create_ContainerlF, ContainerlF_Created, Read, Write, Empty, Delete, Data,
Submit) (see Figure 9.2). This set contains all potential interactions a Data Repository
may take part in.

Of course, the set of potential interactions does not constitute the external behaviour
of an object (process) by itself. You also want to know which interactions occur in what
situations. The channels at which (subsets of) the interactions occur, indicate the direction
for these interactions. Interactions at an input channel of an object indicate messages to
the object. As a response to these messages, the object performs certain internal actions
and may send messages to other objects via output channels. These internal actions are
p;Art of the object's internal behaviour and are masked from the other objects, but cannot
be ignored in behavioural analysis of systems.

A Data Repository, for example, creates a new ContainerlF, as a response to the mes-
sage "Create_ContainerlF", and sends the message "ContainerlF.Created" together with
a reference to the newly created ContainerlF to the sender of the input message.

In SDL, both internal and external behaviour of objects can be specified in detail. The
external behaviour of objects is controlled by their internal behaviour which process input
signals and initiate new interactions. For the analysis of the performance and reliability
of existing systems, detailed information about both types of behaviour is required. For
systems, fully specified in SDL, we can use the behaviour specification for performance
and reliability analysis of implementations of the system.
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SDL Specification

In this chapter, the engineering model, as specified in the previous chapter, is specified
using ITU-T's Specification and Description Language (SDL). In the SDL specification,
the formal behaviour of the engineering objects: Storage Manager, Storage Unit Manager,
and Data Repository is specified. The SDL symbols used in this specification are listed in
Appendix A.

Figure 9.1: Global specification of a distributed application using the Distributed Storage
System.

In Figure 9.1, a global view of a distributed application using the Distributed Storage
System is given. The application can request the Distributed Storage System to create a
Storage Unit which it can use to store its data. With this request, the application can
make certain requirements upon the Quality of Service (QoS) of the Storage Unit. The
application directly communicates with the Storage Unit in order to store and retrieve
data (using the Read, Write, Empty, and Delete messages).
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Figure 9.2 shows the internal processes of the Distributed Storage System. There exists
exactly one Storage Manager, multiple Data Repositories (at least one), and multiple
Storage Unit Managers (initially zero) which are created by the Storage Manager.

Figure 9.3 shows the services offered by the Storage Manager. The StorageUnit_Factory
service responds to the application's request to create a new Storage Unit, i.e., the Cre-
ateStorage_Unit message. It uses the Container_Factory service and Container_Binder
service to respectively create a number of containers and to bind these containers to a
newly created Storage_U nit Manager process.

The process graph of the Storage_Unit_Factory service is specified in Figure 9.4. It re-
ceives the message CreateStorageUnit with the required properties (QoS) for the Storage
Unit. As a response, it determines suitable values for the level of fragmentation and the
redundacy factor to be used for the Storage Unit. This procedure is not furtherly spec-
ified in this thesis. As mentioned in Chapter 2, finding optimal values for fragmentation
and redundancy is an NP-hard problem which can be approached with Al methods or
predifmned tables.

After the values for fragmentation and redundancy are determined, a request to create a
suitable number of containers (Create_Containers) is sent to the Container_Factory pro-
cess, and waits until it receives the Containers_Created message. When this message
is received, the StorageUnit_Factory requests the Container_Binder service to bind the
containers to a new Storage_Unit_Manager process, and waits until it receives the Bind-
ingCreated message. Finaly, when this message, containing the reference to the Storage
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Figure 9.3: The services of the Storage Manager.

Figure 9.4: The Storage_UnitYactory service of the Storage Manager.
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Figure 9.5: The ContainerYactory service of the Storage Manager.

Unit (Binding_Ref), is also received, the application is informed that the Storage Unit is
created and retrieves the reference to the created Storage Unit.

The process graph of the ContainerYactory service is specified in Figure 9.5. It responds
to the CreateContainers message sent by the Storage_Unitfactory service. It creates
multiple containers by requesting multiple Data_Repositories to create new container in-
terfaces using the Create_ContainerlF message. When the requested number of container
interfaces is created the message Containers_Create with the references to the created
container interfaces is sent back to the Storage_UnitYactory.

The process graph of the Container_Binder service is specified in Figure 9.6. In responds
to the Bind Containers message sent by the StorageUnitYactory service it instantiates
a new Storage...UnitJvlanager process and binds the containers created by the Contain-
er_Factory service to the newly created Storage_Unit_Manager by sending the message
BindToStorageUniL' tanager to the newly created Storage..UniLManager. Finaly, the
message BindingCreated including a reference to this binding (OFFSPRING), is sent
back to the StorageUnitYactory.

In Figure 9.7, the services offered by a Data_Repository process are specified. The Con-
tainerlF_Factory service can create new container interfaces, and the Container_Interface
service provides a way to access these container interfaces.

The process graph of the ContainerlFJ'actory is specified in Figure 9.8. It responds to
the Create_ContainerlF message by creating the container interface and returning the
reference to this container.
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Figure 9.6: The Container...Binder service of the Storage Manager.

Figure 9.7: The services of a Data Repository.
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Figure 9.8: The ContainerJnterfaceYactory service of a Data Repository.

The process graph of the Container.Jnterface service is specified in Figure 9.9. This graph
is straight forward, it responds to the messages Read, Write, Empty and Delete by per-
forming the corresponding operation and returning the requested data in the case of a
Read operation and returning a Submit message in the case of a Write, Empty, or Delete
operation.

In Figure 9.10, the services offered by a Storage_UniLManager process are specified. A
Storage_Unit_Manager has four services: the Read service, the Write service, the Empty
service, and the Delete service. Each of these services performs the corresponding oper-
ation on the group of container interfaces the Storage Unit Manager is bound to. The
process graphs of these four services are specified in the Figures 9.11 through 9.14. How,
for example, data is written to the container interfaces, depends on the policy used for this
operation. Such a policy specifies how the orriginal data should be fragmented, how redun-
dant information should be computed, and how the resulting data should be distributed
across the container interfaces.

Figure 9.15 gives an overview of the distributed application, showing how the functionality
of the Distributed Storage System is distributed over multiple interconnected processes,
and how the functionality of these processes is distributed over multiple interconnected
services.
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Figure 9.9: The Containerinterface service of a Data Repository.
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Figure 9.10: The services of a Storage Unit Manager.
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Figure 9.11: The Read service of the Storage Unit Manager.
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Figure 9.12: The write service of the container manager.
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Figure 9.13: The Empty service of the Storage Unit Manager.

Figure 9.14: The Delete service of the Storage Unit Manager.
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Figure 9.15: Overview of the Distributed Application.
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Chapter 10

Performability

This chapter provides an answer to the third question of the problem definition: "how can
performability be modelled?". This answer contributes to the solution of the problem of
validating the Quality of Service (QoS) of the Storage Units created by the Distributed
Storage System as specified in Chapter 7, 8 and 9. The QoS is the performance perceived
by the user. Performability is a good measure for QoS, because it obtains performance
measures also considering reliability events [20]. It is a more meaningfull representation
than strict performance. To be able to verify if Storage Units created by the Storage
Manager have the required performability properties, a general method for modelling
performability, is required. Furthermore, a general method to obtain a performability
model from an existing implementation of a system is needed. In this chapter, only a
suggestion for such a method is given.

10.1 Performability Modelling

A performability model of a (distributed) system shows the relation between certain prop-
erties of system components and the architecture in which they are embedded on the one
hand, and the performability of the system on the other hand. It is used to model systems
with degradable performance, fault tolerance and availability [6, 20]. A Performability
Model shows all possible states of the system and for each state it shows the performance
of the system when it is in that state and the probabilities that it will switch to one of
the other states. A state switch is caused by failures of system components or repairs of
failed system components. A state switch causes the system's performance to decrease in
case of a failure or to increase in case of a repair.

For performability modelling the question "How much work will be done or lost in a given
interval including the effects of failure, repairments and contention?" is asked [6]. More
precise is the question "What is the expected amount of work that is done or lost by
the system in a given interval including the effects of failure, repairs and contention?".
Answering these questions results in the systems performability. The questions can be
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answered if, for each state of the system, the expected probability of residing in that state
during the interval, is known.

A performability model should be evaluated in order to draw conclusions from it. Three
basic types of evaluation techniques can be distinguished [6, 20, 18, 13]: analytical e-
valuation techniques, numerical evaluation techniques, and evaluation techniques based
on simulation. Of course, combinations of these techniques also exist. The results of
analytical techniques are exact, but many restrictions are imposed on the models to be
evaluated. The models which can be evaluated by numerical techniques are much less
restricted, but the results are less accurate than the results of analytical techniques. The
models evaluated by simulation techniques virtually have no restrictions, but the results
are only statistical estimates. The models used for these evaluation techniques can be
based on, for example, Petri Nets, or Queueing Networks.

Another distinction that can be made between various evaluation techniques is based on
whether the technique is based on behavioural decomposition or an integrated approach
[6]. Behavioural decomposition is based on difference in time-scale between types of events
[6]. Performance events, e.g., arrival of jobs, take place far more often then dependability
events, e.g., failures or repairs of components. Performance events can change the systems
operational state, e.g., arrivals of jobs may cause the system to change from idle state to a
processing state. Dependability events can change the ;y3tems structure stat, the overall
performance of the system degrades in the case of a failure, or increases in the case of a
repair. Looking at the length of the time interval between two successive dependability
events, and the large amount of performance events in that interval, it seems reasonable
to assume that the performance of the system between these successive structure state
changes is in steady state most of the time. Thus the percentage of time the system is not
in steady state is assumed to be negligible. Of course, this assumption is approximate.
First of all, the transient phase between successive operational states is omitted, i.e., it is
assumed that the system swik;es instantaneously from one state to another. Secondly, it
is assumed that the system always reaches a steady state between two successive structure
state changes. This does not have to be true. It is possible for a system to operate for
some time in an instable way. Both assumptions have their impact on the usability of
behavioural decomposition. The integrated approach does not suffer these drawbacks, but
the model becomes more complex.

This chapter discusses an evaluation technique which is based on behavioural decompo-
sition. Behavioural decomposition leads to a model consisting of two parts: a stochastic
process {X(t), t � 0) describing the structure state changes of the system, and a reward
function r defined on the state space M of {X(t), t � 0). In the case that the stochastic
process is Markovian, a Markov Reward Model is obtained.

As mentioned above, for performance evaluation, queueing network models are widely
used and results from queueing theory and simulations of queueing networks are generally
applied. However for models that do not satisfy product form requirements nor have some
other closed form solution, the most general approach is still to built and numerically
solve a Markov performance model. However, simulation is also used [20]. The next
section presents a short overview of stochastic processes and the special case of a stochastic
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process: the Markov process.

10.2 Markov models

A stochastic process can be described as a collection of random variables {X(t)
I
t E T}

defined on some probability space, and indexed by the parameter t which can take values
in some set T. The values that X(t) assumes are called states. The set of all possible states
is called the state space and is often denoted by I. This state space can be continuous
or discrete. Therefore, stochastic processes can be divided into continuous stochastic
processes and discrete stochastic processes. A continuous process has a continuous state
space, and a discrete stochastic process has a discrete state space and is also called a chain.
Also for the index set T, the set can be of the positive integers N+, in which case we have
a discrete time stochastic process, or the indexed set T can be continuous Z+, in which
case we have a continuous time stochastic process.

A special case of these stochastic processes are the Markov processes. A stochastic process
{X(t) It E T} is called a Markov process if for any to < ... < t, < < t the distribution
of X(t), given the values X(to) < ... < X(t,) < X(s) only depends on X(s). That is,
P[X(t) � z X(to) = xo < ... < X(t) = x,X(s) = x,} = P[X(t) � z X(s) = x,].
This is generally denoted as the Markov property. This means that the next state of the
process only depends on the current state. Hence the Markov property is also called the
rneraoryless property. A Markov process is called homogeneous if the process is invariant
to time shifts, i.e., it satisfies

P[X(t) � x X(s) = x,] = P[X(t — s) � x X(O) =

Because of the memoryless property the state residence times are in the discrete time case
geometrically distributed and in the continuous time case exponentially distributed.

In this thesis, only Markov chains are considered. The interest is in finding the state
probabilities

= P[X(t) =

where ir(t) is the probability that the system is in state j at time t. In the case of
homogeneous Markov processes, these would depend on their initial distribution P[X(O) =
i], which is assumed to be given.

Besides the state probabilities we have the transition probabilities

p,3(u,t) = P[X(t) = j I X(u) = i].
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Figure 10.1: The one-step
Markov chain

transition probability matrices in time for the discrete time

This is the probability that the system is in state j at time t, given that it was in state i
at time u. We can then write

which can be rewritten as

ir3(t) =

[1(t) = H(u)P(u,t).

In this notation 11(t) denotes the row vector (iro(t),r1(t),...) and P(u,t) denotes the
matrix

po,o(u, t) Po,i (u, t) . . . po,z(u, t)
pi,o(u,t) pi,j(u,t) ... p1,,(u,t)

pk,O(1L,t) Pk,1(U,t) ... Pkj(U,t)

For a discrete time Markov chain (DTMC), it is fruitful to think of the process as making
transitions at times t = 0, 1,2,.... At t = 0 a discrete time Markov chain starts in an
initial state i, X(0) 1, and makes a state transition at the next step, i.e., at t = 1, so
that X(1) = j, etcetera.

In the case of a DTMC, let u = n and t = n + 1. This results in the following equation:

H(n+1)= 11(n)P(n),
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where P(n) denotes the matrix

po,o(n,n+1) po,i(n,n+l) ... po,j(n,n+1)
pi,o(n,n+ 1) pi,i(n,n+ 1) ... pi,,(n,n+ 1)

Pk,O(fl,fl+ 1) Pk,1(fl,fl+ 1) ... pk,I(n,n+ 1)

where p13(n, n + 1) is the probability of going from state i to state j at the next time
instant after n. We call p*j(fl) a one step transition probability.

A discrete time Markov chain is called homogeneous if all p,,3(n)'s are independent of the
time parameter n. We shall further consider only homogeneous chains, which simplifies to
H(n + 1) = H(n)P. A discrete time Markov chain is said to have a stationary probability
distribution H = (iro, ir1,. . .), where each r � 0 and E€1 = 1, if the matrix equation
H = HP is satisfied. A stationary probability distribution is called stationary since the
probabilities r)(n) do not change within time, i.e., when ir2(U) = n, � 0), for such a
distribution, then ir3(n) = ir for all n and j. A Markov chain is said to have a limiting
probability distribution H (iro, in,...) if

lim. ir(n) lim P[X(n) = j] = ir,j = 0, 1

This property is also known as ergodicity. A Markov chain with this property is called
an ergodic Markov chain. Ergodic Markov chains satisfy H = HP, hence they have a
stationary probability distribution.

Figure 10.1 shows the one-step transition probability matrices in time for the discrete
time Markov chain. In the case of an Ergodic Markov chain, these matrices will have no
differences for t —* 00.

For continuous state Markov processes we have a transition rate between different states.
The transition rate matrix of the continuous time Markov chain is represented by

qo,o qo,i ... qo,z

Q
— qi,o qi,i ...

qk,o qk,i ... qkj

where q; represents the transition rate from state i to state j. Define qi as
The diagonal elements of Q, qj,j = —qi. Let ir1(t) be the unconditional probability of the
continuous time Markov chain (CTMC) being in state i at time t, then the row vector
fl(t) represents the transient state probability vector of the CTMC. The behaviour of the
CTMC can be described by the following Kolmogorov differential equation:
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Figure 10.2: The one-step transition probability matrices in time for the continuous time
Markov chain

fl'(t) = H(t)Q.

For the limiting probability distribution it follows that lim_, flQ = E2€, jqj =
0, because the system is in steady state.

Figure 10.2 shows the one-step transition probability matrices in time for the continuous
time Markov chain. In the case of a Markov chain with a limiting probability distribution,
ll'(t) will be equal to 0 for t —+ 00.

10.3 Markov Reward Models

Markov chains are extended by assigning rewards to the states or to the transitions. In
the former case we speak of rate based Markov Reward Models (MRM), in the latter we
speak of impulse-based Markov Reward Models. Combinations of both types are of course
also possible.

The reward function defined on the states is represented by:

r:I—R.

For every state i E I the reward r(i) signifies the gain received or the reward that will
be obtained per unit of time of a system X. Note that we deal here with the rate-based
MRM.

The rewards based on the transitions are represented by:

I x I —+ R,
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where r'(i,j) signifies the instantaneous reward accrued whenever a transition from state
i to state j, where i,j E I, occurs of a system X. Extensions to cases where the reward
functions are time-dependent are possible.

Four types of measures that can be obtained from an MRM can be distinguished:

• Steady state measures

— E[X] = >iEI ir1r(i), the expected reward rate in steady state

• Transient measures

— E[X(t)] = EEI ir,(t)r(i), the expected reward rate at time t (instantaneous
reward)

• Cumulative measures

- Y(t)=fr(X(r))dr
— E[Y(t)} = f(EIEIirj(r)r(i))dr , expected cumulative measures

• Distributions of cumulative measures

— F(t,y) = P[Y(t) <y]
The quantity 1 — F(t, y) expresses the probability that the system has done
better then y over the specified interval [0, t].

Performability is the amount of work a system can do, including the effects of failures,
repairs, and contention. A Performability Model has rewards for each state of the system.
For each state this reward indicates the amount of work the system can do when it resides
in that state. During a certain period of operation, the system switches from state to
state. The average reward of the states in which the system resided in this period, is the
amount of work the system has done in this period. The above mentioned measures are
predictive measures. The steady state measures, for example, provide information of the
expected reward, i.e., amount of work that can be done by the system, when the system
is in steady state.

As an example of steady state measures we look at the following simple system. Suppose
we have a system with two structure states: up (state 1), and down (state 0). This system
is described by the process {X(i) I i E {0, 1}}, where r(O) = 0, and r(1) = 1. Failures
cause the system to switch from state 1 to state 0, and system repairs cause the system to
switch from state 1 to state 0. The system's failure rate is denoted by , and the repair
rate is denoted by . The system's initial distribution is given by flo = {1 — q,q}. The
one step transition probability matrix P of this system is given by

[1—/A /4

.X 1—A
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The expected reward rate at time t, E[r(X(t))] = lri(t). Since we deal with a homoge-
neous process, ri(t) = iro(O)P01 + irj(O)P11 = (1 — q)p + q(1 — ). The expected reward
rate in steady state, E[X], equals l1, where H is the system's steady-state probability
distribution. Intuitively, we can see that our system spends ) of its time in state 0, and
z of its time in state 1. Thus, intuitively, the steady-state probability distribution, H, is
I-i- --

10.4 Obtaining Performability Models

In this thesis, a reference model for distributed storage architectures is specified in con-
formity to the RM-ODP. The result is a Distributed Storage System which is capable
of creating Distributed Storage Architectures that reflect the performability required by
the requesting distributed applications. The Distributed Storage System is specified using
ITU-T's Specification and Description Language (SDL). The interest is in finding a general
method to translate an SDL specification into a Markov Reward Model. In SDL, systems
are modelled as communicating finite state machines. This means that the state of one
of these finite state machines, at a certain moment, can depend on states of other finite
state machines at that moment. It will be difficult to find the one step probability matrix
for these syste:n,, since SDL systems can become very compiex. Also, an SDL system is
a model of a real system. To be able to evaluate the real system's performability, we need
more knowledge of the components that will be used in the real system. This means that
the final step of the design process used in this thesis (see Chapter 4) also has to be taken.
The parameters of the system's components that affect the system's performability have
to be known in order to get realistic performability values. Although the general method
to translate an SDL specification into a Markov Reward model will be difficult to find, it
is an n1t"ting item for future research.
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Conclusions and Future Research

11.1 Conclusions

In this thesis OSI's Reference Model of Open Distributed Processing ([9, 10, 11, 12]) is
used to present a specification of a Distributed Storage System in an open distributed
environment. The resulting model provides a frame work for different implementations of
distributed storage architectures using various strategies for fragmentation and employ-
ment of redundancy. This model can be used for an integrated analysis of performance and
reliability, i.e., performability[6, 20], and validation of the performability models through
implementations in an open distributed environment, e.g., TINA-DPE or ANSAware.

11.2 Future Research

Finding optimal values for fragmentation and redundancy for a distributed storage system
is an NP-hard problem [14]. This problem is generally approached by using predefined
tables or heuristic search algorithms. Both approaches require research. Predefined tables
record commonly applied values for fragmentation and redundancy in known cases. These
cases need to be examined. Heuristic search algorithms require research in the field of
Al-based algorithms.

In this thesis ITU-T's Specification and Description Language (SDL) is used to specify
the Distributed Storage System from ODP's Engineering Viewpoint. A general way to
convert an SDL specification to a Performability Model would ease the construction of
performability models of systems specified using SDL. Basically, this requires a general
way to convert a Finite State Machine to a Markov Reward Model [6, 20]. How this can
be done is an open issue and requires research in the fields of theory of computer science
and performability modelling.

To validate the specified Distributed Storage System it needs to be realised. This requires
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the implementation of the objects comprising the Distributed Storage System in an open
distributed environment like TINA-DPE or ANSAware. This requires a distributed en-
vironment with multiple storage media (e.g., disks, or DBMS's), the realisation of the
Storage Manager, and the design and realisation of a distributed demo application, e.g.
Video on Demand, to validate the distributed storage system.
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Appendix A

SDL Symbols

The next table shows the SDL symbols used in the SDL specification of the distributed
storage system in Chapter 9. The names and descriptions of the symbols are borrowed
from [4]. The last four columns indicate at which abstraction levels the symbols are used
in the specification of the distributed storage system.

I
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