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Abstract

A distributed system refers to a collection of autonomous processors which com-
municate with each other exclusively by sending messages. In such a system, an
effective management of distributed shared resources such as files and distributed
objects is important. The problem is how to design a preferred method to ac-
complish mutual exclusion for the shared resource by restricting its use to only
one processor at a time. In addition, adding the properties such as correctness,
freedom from deadlock, freedom from starvation, fairness and fault-tolerance to

the solution of distributed systems attracts more attention to this problem.

We have proposed distributed algorithms for single shared resource allocation,
distributed sorting and prefix computation problems. For the allocation of single
shared resource, we use request based token control strategy in which the token is
circulated only if it receives a request for the shared resource. This strategy avoids
an extensively large amount of communication that might be spent to manage a
seldomly used resource in conventional hot-potato based token passing strategies.

In this dissertation, we have investigated single shared resource allocation using
request based token control strategy in various interconnection networks. Through-
out our investigation, we assume the lack of a global clock, lack of shared memory,
lack of the source and destination identities of the processors and an unpredictable

but finite message delay.



Chapter 1 presents the review of literature and a brief summary of the present
research work. In Chapter 2, we have proposed an algorithm D’ for single shared
resource allocation in a bidirectional ring network which does not require an ad-
ditional check tour and another algorithm L1 for single shared resource allocation
in a linear array. In chapter 3, request based token control algorithms with their
extensions for controlling the allocation of single shared resource in ring extension
topologies like touching rings and intersecting rings have been proposed. Chapter
4 addresses the single shared resource allocation problem in interconnected rings,
single side wrap around mesh and 2-dimensional regular meshes. Chapter 5 de-
scribes resource allocation problem in general networks. Here the given undirected
network is converted into token based acyclic network and then the proposed al-
gorithms for allocating the single shared resource is implemented using request
based message passing strategy. Here, we have relaxed the assumption of knowing
the identity of neighbours of Raymond’s work(Raymond, 1989). Then we have
extended the algorithm to the embedded linear array of networks. The proposed
algorithms for single shared resource allocation in various interconnection networks

prevent starvation and the request messages are served within a finite time.

Next we have investigated sorting and prefix computation problems in dis-
tributed contexts. In chapter 6, we have proposed a distributed sorting algorithm
for sorting n elements which are distributed over n processors arranged in a line
network. This algorithm prevents the creation of copies of elements at interme-
diate processors. Then we have proposed algorithms for distributed sorting and
prefix computation in a static ad hoc mobile network. Concluding remarks and

future work are described in chapter 7.

il
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Chapter 1

Introduction

1.1 General

A distributed system consists of a collection of geographically dispersed au-
tonomous processors which are connected by a communication network. In such a
system, an effective management of distributed resources is important, but is com-
plicated by the requirements of reliability and effectiveness. The schemes used to
manage resources can be classified into centralized management and completely dis-
tributed management. In the centralized management scheme, access to the shared
resource is controlled by a single authenticated processor where as in completely
distributed management, access to each shared resource is controlled through the
co-operation among all processors. This co-operation among processors can be
achieved through the design of a distributed mutual exclusion algorithm that pro-
vides a mechanism to secure the integrity of distributed shared resources through
serializing the concurrent accesses to them.

Completely distributed management scheme has many advantages compared

with centralized systems. However, designing distributed algorithms to control



distributed systems is by no means easy because of the following reason: proces-
sors must send / receive messages to other processors to get enough information
to do their tasks. Messages are delivered with unpredictable but finite delay and
therefore, in principle, there is no process which controls the entire distributed
system. Hence processors in a distributed system communicate only by message
passing and there is no shared memory. Also the message passing style of pro-
gramming is widely used in parallel computers. The primitives to send and receive
messages hide low level architectural details and are ideal for programming many
large applications. While message passing systems have been in use for over a
decade, relatively a few results concerning the complexity of message passing pro-
tocols are available due to the lack of theoretical models that appropriately capture

the issues related to communication.

Underneath the message passing strategy, a message passes through several
intermediate processors before reaching the destination. During each phase, the
message buffer goes through the network interface connecting the processor to the
network. After occupying the buffer at the network interface of the destination,
the message is either processed or removed. Whenever a message can not get the
critical resource it needs, it must wait. When messages wait for a long time, the
communication delay can cause processor idling, thereby reducing overall perfor-

mance greatly (Liu et al. 2001).



1.2 An overview of distributed algorithms

An algorithm is said to be distributed if it operates on a physically or logically
distributed computing architecture. The idea of distributed algorithms centers
around messages, synchronizing shared use of scarce resources and casual depen-
dencies of actions for some particular computing architecture. The decisive proper-
ties of each distributed algorithm include aspects of safety and liveness, intuitively
characterized as nothing bad will ever happen and eventually something good will
happen, respectively. Distributed systems often consist of subsystems which share
scarce resources. Such a resource (e.g., a shared variable) is accessible by at most
one component simultaneously (Lynch 1996).

To solve a problem, processors in a distributed computing system must com-
municate among themselves. For both large computer networks and Very Large
Scale Integrated (VLSI) architectures, the inclusion of a shared memory to facili-
tate inter processor communication is usually infeasible (Loui 1984). An effective
algorithm for distributed systems should minimize the message traffic in order
to minimize the computation time. The communication model is assumed to be
asynchronous, requires decentralized control, admits no shared memory and per-
mits data transfers only on a communication network.

Distributed algorithms are designed to run on hardware consisting of many
interconnected processors. Pieces of a distributed algorithm run concurrently and
independently, each with only a limited amount of information. The algorithms are

supposed to work correctly, even if the individual processors and communication



channels operate at different speeds and even if some of the components fail.

In distributed systems, the preferred method to accomplish mutual exclusion
for the shared resource is by restricting its use to only one processor at a time. An
effort to guarantee exclusive access to a shared resource is one of the first problems
encountered in parallel programming. The term Critical Section is used to charac-
terize a structural program abstraction for concurrent access to a shared resource
(Maekawa 1985, Makki 1994-a, Makki et al. 1994-b). Regarding the critical section

and its exclusive access to it, the following conditions must be satisfied:

i) Any request from a process to enter the critical section will be granted in

finite time.
ii) Any process currently in the critical section will exit in finite time.

iii) At any given time, only one process can enter the critical section.

Any distributed algorithm has to satisfy correctness, deadlock - freeness, star-
vation - freeness, fairness and fault tolerance. A Deadlock is defined as a state in
a distributed system where a processor, which desires to enter the critical section,
is not allowed entry into the critical section as it has been held by some other pro-
cessor which in turn waits for some other shared resource. Starvation occurs when
a processor, which is requesting a resource, never receives the resource while other
processors continue to receive the resource and use it. The fairness of the proposed
algorithm can be caused by the order in which requesting processors are served

with the token relative to the order in which the processors actually requested the



token. However due to lack of a global clock, there is no way for a distributed
algorithm to know absolutely the order in which requests are generated. Also a
system which exhibits fairness should receive service for requests in the bounded
time. A fault may occur due to the failure of a processor or a link or both. Since
processors or links are vulnerable to faults, the algorithm designed for the problem
of mutual exclusion should tolerate processor or link failures.

Makki et al. (2000) have stated that the algorithms designed for distributed

systems are characterized by the following properties (Makki et al. 2000):

i) All processors have equal amount of information.

ii) All processors make a decision based solely on local information.

iii) All processors bear equal responsibility for the final decision.

iv) All processors expand equal effort in affecting a final decision.

v) Failure of a processor, in general, does not disturb the performance of the

whole system.

Usually the distributed algorithm designed to achieve greater performance does
not satisfy all of the above properties. However these kind of algorithms are still
regarded as distributed.

In recent years, two types of ad hoc mobile networks, namely static and dy-
namic ad hoc mobile networks, are of special interest in distributed computing
environment. Past work on modifying the existing distributed algorithms for ad
hoc mobile networks includes numerous routing protocols and channel allocation
algorithms. Characteristics that distinguish ad hoc mobile networks from exist-

ing distributed networks include frequent and unpredictable topology changes and



highly variable message delays. These characteristics make ad hoc mobile networks
challenging environments in which to implement distributed algorithms (Walter et
al. 2001).

Problems that arise in distributed environment include telecommunications,
distributed information processing, scientific computing and real time process con-
trol, etc. For example, the real world problems such as today’s telephone systems,
airline reservation systems, banking systems, global information systems, weather
prediction systems and aircraft and nuclear power plant control systems depend
critically on distributed algorithms. So it is important that the distributed algo-
rithms must run correctly and efficiently in these environments.

In a distributed computing environment, the topology of interconnection net-
work plays an important role. Initially, every processor knows only the links that
involve it. Several interconnection topologies, like linear array, bidirectional ring
and its extensions, regular mesh, single side wrap around mesh, general network,
its embedding architectures in distributed systems and ad hoc mobile networks,

are considered in this thesis.

1.3 Distributed systems: single shared resource
allocation, sorting and prefix computation

Distributed systems commonly include exclusive resources such as
distributed objects that must be managed so that no two processes access the
resource at the same time. The scheduling of processors with various resource

requirements in this type of system is generally known as resource allocation. One



of the fundamental problems in the area of distributed algorithms is the problem
of mutual exclusion that is exclusive access to a shared resource. It is appropriate
to mention that the first problem to receive theoretical study is the problem of
mutual exclusion. Essentially, the problem involves in managing access to single,
indivisible resource that can only support one user at a time. In other words,
this can be viewed as the problem of ensuring mutually exclusive access in which
certain portions of the program code are executed with in critical regions, where
no two programs are permitted to be in critical regions at the same time. Also
there exists some uncertainty about which users are going to request access for
the resource. This problem of mutual exclusion arises in both centralized and
distributed operating systems.

An efficient architecture of a distributed system inherits in the exploitation
of parallel or concurrent computation. Concurrence can be achieved by the si-
multaneous execution of many relatively simple operation sequences. In multi-
computer systems, processors memory units are interconnected in a network and
computation-enabling data are passed using a message passing protocol. Although
the interconnection is much simpler, messages may have to pass through a number
of intermediate processors before reaching their destinations. However, request
messages are forwarded towards their destination according to a routing scheme
and the efficiency of a distributed system as a whole is evaluated by the per-
formance of the routing scheme. In these schemes, the identities of source and
destination processors are known. Thus devising such an efficient routing scheme

is very important in distributed network architectures.



To our knowledge, the work on solving the problem of distributed mutual ex-
clusion can be classified into two main categories: Permission based algorithms
and Token based algorithms. We wish to note that the above two categories
adhere to some interesting properties mentioned in the section 1.2 (Ricart and
Agrawala 1981, Suzuki and Kasami 1985, Feuerstein et al. 1998, Makki et al. 2000).

In Permission based algorithms, message traffic is based on well defined sub-
set of processors. This subset of processors forms a basic for the unified frame-
work, developed by Sandlers (Sandlers 1987). In his framework, when a proces-
sor wishes to enter the critical section, it sends a request message to the set of
processors indicated by its information structure. The requesting processor may
enter critical section only after receiving permission in the form of reply mes-
sage for each one of its requests. At the end of critical section, that processor
must send a release message to each processor in the subset, allowing the request-
ing processor to proceed to enter the critical section. However, this technique
permits possible unfair ordering of request messages (Lamport 1978, Ricart and
Agrawala 1981, Lamport 1987, Velazquez 1993).

Non—requesting processors send their permission to requesting ones. Each
processor may grant its permission to only one processor at a time. A priority or
an order of events has to be established between competing processors so only one
of them receives permission from all other processors in the set. Such a processor is
allowed to enter critical section. This enforces the requirement for mutual exclusion
(Lamport 1978, Ricart and Agrawala 1981, Carvalho and Roucairol 1983, Maekawa

1985, Lamport 1987, Raynal 1988, Agrawala and El Abbadi 1991, Singhal 1993).



In Token based algorithms, a unique token will be circulated from one processor
to another processor in the network according to a predefined set of rules under-
stood and adhered by all processors (Dijkstra 1965, LeLann 1977, Lamport 1978,
Andrews and Schulz 1982, Suzuki and Kasami 1985, Raynal 1988, Raymond 1989-
a, Feuerstein et al. 1998, Lodha and Kshemkalyani 2000, Wu and Shu 2002). When-
ever a processor needs to access the shared resource by performing mutual exclusion
algorithm, it should first obtain a free token and then convert it into a busy token
which initiates the execution of critical section. When the shared resource is no
longer needed at a processor, then the busy token is destroyed at that processor
and a new free token is circulated in the network for further allocation. Then
the token is circulated repeatedly even if no processor has requested it. Thus the
number of messages exchanged may be unbounded even for a finite set of requests.

The request message based token control strategy was presented to avoid the
unbounded token movements even for a finite set of requests (Suzuki and Kasami
1985, Feuerstein et al. 1998). In this strategy, the token is allowed to circulate
only if it is informed of a processor asking the resource and avoids an extensively
large amount of communication that might be spent to manage a seldomly used
resource. In the literature, there exists a variety of token based algorithms which
are distinguished by their method for determining how a processor obtains the
token and where the processor sends the token immediately after finishing the
critical section (assuming that there is a pending request).

In this thesis, we have proposed single shared resource allocation algorithms

using request based token passing strategy in various interconnection networks. We
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assume a single shared resource and single token for the token distribution problem.
The requests generated for single shared resource are anonymous. Also we assume
that a processor can ask again the resource only after that the previous request
has been satisfied. Requests are generated in an online fashion: each processor
can generate a request for the resource at any time and neither the origin nor the
destination of the generated request is known in priori. Processors have neither a
shared memory nor a common clock, and their speeds are unrelated. Source and
destination processor identities are not included either with the request message
or the token.

To study the efficiency of shared resource allocation algorithms, we use the
following two distinct measures: the average number of messages per request and
service traffic (Tarjan 1985, Feuerstein et al. 1998, Horowitz et al. 2001). The
first measure is the average number of messages per request necessary to satisfy a
sequence of requests, that is, the worst case ratio between total number of (token
and request) messages and the number of requests in the sequence. Alternatively,
we also use the worst case number message exchanges per request. The second
measure is the service traffic, defined as the worst case number of messages that
are exchanged in the network between the time in which a processor sends a request
message and the time in which the processor receives the token. The service traffic
must be bounded in order to prevent starvation.

Among all computational tasks studied by researchers over the past few decades,
sorting problem appears to have received the most attention and hardly a month

goes by without a new article appearing in a technical journal that provides an-
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other facet of distributed sorting (Akl 1989). The distributed sorting problem
can be stated as follows: At the initial state, each processor P; has an element
S; for sorting. Then, the position of each element is rearranged to satisfy the
condition, S; < S;41 in each processor P;, 1 < i < n, at the final state. There
exists several models and algorithms for distributed sorting (Loui 1984, Rotem et
al. 1985, Zaks 1985, Marberg and Gafni 1987, Akl 1989, Leighton 1992, Gerstel
and Zaks 1997, Leu et al. 2000). We propose distributed sorting algorithms in a
static, reliable line network and general networks that form a basis for all sorting
problems.

Another computational problem we deal with, in this dissertation is the prefix
computation problem which is stated as follows: Given n values {uy,us, -+, u,}
distributed over m processors and an associative binary operation @, we compute
it" prefir sum as u; ®us ® - - Dy, for 1 < i < n. There exists several algorithms
for prefix computation problem (Lin 1996, Wang et al. 1996, Bruck et al. 1997,
Akl 1997, Lin and Yeh 1999). We have proposed a prefix computation algorithm

for token based static ad hoc mobile networks

1.4 Related works

In this section, we describe related algorithms, studied in the literature, pro-
posed for shared resource allocation, distributed sorting and prefix computation in
various interconnection networks. The algorithmic study reported are not exhaus-
tive and as the literature in each area is enormous, only selected few algorithms

are cited.



12

1.4.1 Shared resource allocation

Dijkstra (Dijkstra 1965) introduced mutual exclusion for N process system as
the requirement that at any moment only one of these N cyclic processors is in
critical section. This requirement is still the standard definition of distributed
mutual exclusion (Lamport et al. 2000). Dijkstra (Dijkstra 1971) first modelled
the resource allocation problem as a ring of 5 processors, each accesses the single
shared resource. Then he has presented a mutual exclusion protocol for a ring of
n processors where each processor can read the state of its anticlockwise neighbor
(Dijkstra 1974, Dijkstra 1982). Next Lynch (Lynch 1981) generalized the problem
to an arbitrary conflict graph where a node represents a processor and an edge
represents the sharing of resources between two processors.

Chandy and Misra (Chandy and Misra 1984) presented a dining philosophers
algorithm using an acyclic directed version of the conflict graph. Then Ginat et
al. (Ginat et al. 1989) proposed a drinking philosophers algorithm that solves the
problem directly without using a dining philosophers subroutine. As a result, it
is more message efficient, but it requires unbounded counters. Welch and Lynch
(Welch and Lynch 1993) generalized the modular construction of Chandy and
Misra’s drinking philosophers algorithm to come up with a drinking philosophers
algorithm which uses, as a subroutine, any dining philosophers algorithm.

LeLann (LeLann 1977) has proposed a token based algorithm in which a token
is circulated among processors in a logical ring. Any processor which desires to
enter the critical section simply waits for the token arrival. After completing

the critical section, the token is forwarded along the logical ring. Even though
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this approach is simple, it is easy to notice the inefficiency of this method as it can
unnecessarily utilize network bandwidth in a lightly loaded system by continuously
and needlessly passing the token. This weak condition mandates no upper bound
for the number of message exchanges per critical section. Also a major concern of
token circulation is to guarantee that the control token is never lost and that there
is only one token on the ring.

Ricart and Agrawala (1981) have proposed a mutual exclusion algorithm that
requires 2(/N — 1) message exchanges for each critical section invocation in a com-
puter network whose processors communicate only by messages and do not share
memory. Then Suzuki and Kasami coined the concept of the “PRIVILEGE” that
is used to control the exclusive access of the shared resource (Suzuki and Kasami
1985). This privilege based distributed mutual exclusion algorithm requires at
most /N messages per critical section. Maekawa’s algorithm (Maekawa 1985), for
mutual exclusion in a computer network, further reduces the number of message
exchanges per critical section entry to O(v/N). Then Raymond proposed a tree-
based distributed mutual exclusion algorithm that depends on the precise topology
of the network spanning tree used and the average number of messages required
per critical section is O(logN) (Raymond 1989-a).

Feuerstein et al.(1998) have presented a solution to the token distribution prob-
lem by means of a permission(control) token in a circular unidirectional ring net-
work in which token and requests are allowed in single direction. They have pro-
posed two protocols for single shared resource allocation in rings in which every

request generated will eventually reach the token and push it till the next proces-
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sor with a pending request. This type of circular token based control mechanism
was the primary motivation for the study of the election problem (LeLann 1978),
mutual exclusion problem (Raynal 1988) and hub polling systems (Lynch 1996).

Makki et al. (Makki et al. 2000) have presented a token-based distributed
mutual exclusion algorithm for a fully connected (complete) graph with N pro-
cessors. All connections are assumed to be full duplex connections. Further it is
assumed that the message transmission time among processors is unpredictable
and no global clock exists. Their algorithm offers a higher degree of connectivity
and requires (/N + 1)/2 message exchanges per request in the worst case. This
characteristic is highly desirable as it does not unnecessarily burden the network
with frivolous message traffic.

Recently Lodha and Kshemkalyani(Lodha and Kshemkalyani 2000) presented
a fair distributed mutual exclusion algorithm for distributed systems in which pro-
cessors communicate by asynchronous message passing. The algorithm requires
between (N — 1) and 2(/N — 1) messages per critical section access where N is the
number of processors in the system. It does not introduce any other overheads
over Lamport’s (Lamport 1978) and Ricat-Agrawala’s (Ricart and Agrawala 1981)
algorithms which are the only other decentralized algorithms that allow mutually
exclusive access in the order of time stamps of requests. Examples of resource
allocation using message passing model can be found in many applications includ-
ing distributed database and file systems (Rhee 1988). Dhamdhere and Kulkarni
(Dhamdhere and Kulkarni 1994) presented a token based k—resilent mutual exclu-

sion algorithm that tolerates up to k site/link failures. Fu et al. (Fu et al. 2000)
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1.4.2 Sorting and prefix computation

In the design and analysis of algorithms, sorting problem is one of the most
fundamental problems. It has been extensively investigated in distributed contexts.
Loui (Loui 1984) presented a simple sorting algorithm on rings. Rotem et al.
(Rotem et al. 1985) deal with the sorting problem where each processor contains
a subset of the elements, and static and dynamic versions of the problem are
studied. Zaks (Zaks 1985) presented a sorting algorithm for a tree network, then
extended it to general networks. Then Marberg and Gafni (Marberg and Gafni
1987) developed a sorting method for a multi-channel broadcast network. Then
McMillin and Ni (McMillin and Ni 1992) described the distributed sorting problem
with an unreliable network. Hofstee et al. have designed a time-optimal algorithm
for distributed sorting problem on a line network with restricted local memory
(Hofstee et al. 1990). However each processor has to store at least two elements
and this algorithm fails when each processor has exactly one element. Therefore
Sasaki has designed a time-optimal distributed sorting algorithm with a strict
lower bound of (n—1) rounds on a line network by creating the copies of elements
at intermediate processors (Sasaki 2002). But Sasaki’s algorithm does not ensure
that each processor always has two elements of the same value at the final round.
However, Sasaki’s algorithm requires the lower bound of (n-1) rounds in the worst

case.
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Prefix computation has broad applications and many prefix circuits have been
designed (Lin 1996, Wang et al. 1996, Bruck et al. 1997, Akl 1997, Lin and Yeh
1999). Wang et al. have proposed a strict lower bound for parallel prefix with
resource constratints (Wang et al. 1996). Then Lin and Yeh have proposed parallel
prefix algorithms on multiport message passing systems (Lin 1996). Bruck et
al. have proposed prefix algorithms using all-to-all communications in multiport
message passing systems (Bruck et al. 1997). Recently, Jana et al. have proposed

parallel prefix algorithms on extended multi-mesh network (Jana et al. 2002).

1.5 Present work

In spite of the developments of the algorithmic studies on shared resource al-
location, sorting and prefix computation problems in distributed systems, due to
the importance of shared resource allocation problem and its close association with
mutual exclusion property in real time applications, the token based control strat-
egy for solving single shared resource allocation problem in various distributed
systems attract more attention.

Motivated by the above considerations, in this dissertation, the problem of
controlling the allocation of single shared resource, among a set of processors that
are arranged in various interconnection networks, using request based token passing
strategy, the problem of distributed sorting on line and general networks and the
problem of token based prefix computation on a static ad hoc mobile network are
investigated.

The organization of the dissertation is as follows.
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In chapter 2, we present the token based control strategy for the allocation of
single shared resource among n processors that are arranged in a bidirectional ring
network and linear array. The first proposed algorithm D’ deals with the allocation
of single shared resource in a bidirectional ring network in which token moves in
anticlockwise direction and requests move in clockwise direction. We wish to point
out that the additional check tour is not required in D’ unlike in the algorithm D of
Feuerstein et al.(1998). It satisfies all requirements of processors, requires at most
2(n—1)+1 messages per request and its service traffic is bounded by 3(n—1). The
second proposed algorithm L1 deals with the allocation of single shared resource
for shared resource in a linear array - a ring with a faulty processor. In L1, token
starts serving the processors along one direction by serving all pending requests
until there exists a pending request; otherwise, the token changes its direction if
there is a pending request in the other direction. Thus the algorithm serves all
processors; requires 2(n — 1)+1 messages per request and 3(n — 1) service traffic.

In chapter 3, we consider request based token passing strategy to control single
shared resource allocation in ring extension topologies. First we consider touching
rings network in which two rings that touch at only one common processor through
which the routing of request messages as well as token from one ring to another
takes place either in unidirectional or in bidirectional way. Here the role of the
common processor is significant as it can appropriately switch the token as well as
request messages according to the traversal of the token as well as request messages.
The algorithm for unidirectional touching rings requires at most (n—1) messages

(5n-2)

per request and = service traffic. In bidirectional touching rings, the common
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processor balances the traffic by keeping track of request messages received from
both rings concurrently. The algorithm for bidirectional touching rings requires
2(n—1)+1 messages per request and (3n — 2) service traffic in the worst case.
Also the proposed algorithm can be generalized to multi-touching rings network.
Then we deal with fault-free bidirectional intersecting rings in which processors
are arranged in two rings with different total number of processors that intersect
at any two arbitrary common processors through which the routing of messages
takes place. This algorithm requires n messages per request and 2n service traffic.

In chapter 4, we deal with the single shared resource allocation in two intercon-
nected rings, single side wrap around mesh and regular mesh. In an interconnected
rings network, there are & processors in each ring, where n is the total number of
processors(assumed to be even). Here each processor Fitzy in second ring com-
municates with the processor P; in the first ring. Whenever a request is generated
for the shared resource by the processor in the second ring, it will be forwarded
to the directly connected processor in the first ring and then the processor in the
first ring forwards the received request to its adjacent processor. Token maintains
a counter to recognize the receipt of request messages. The algorithm for intercon-
nected rings requires (n — 1) messages per request and service traffic is bounded
by (3n—2).

In a single side wrap around mesh, n processors are arranged in k£ rings each
with m processors that are connected by a bidirectional channel. We assume
unidirectional movements over the ring edges and bidirectional movements over the

edges connecting processors in the adjacent rings. In this algorithm, token makes



19

a check tour in the base ring to learn and serve all pending requests. The proposed
algorithm requires (n—1) messages per request and service traffic is bounded by
(2n + m—1). Then we consider bidirectional token as well as request movements
in a regular 2—dimensional mesh for single shared resource allocation. In this
network, token moves from base row processor to column processors. After serving
the request in that column, the token is passed to a processor in the adjacent
column. From this column processor, token reaches the base row processor only
after serving all pending requests. In this protocol, we do not need the token
counter. The algorithm for regular mesh needs (n—1) messages per request and
service traffic is (2n + 1), in the worst case.

In chapter 5, we have proposed two algorithms based on token passing strategy
for the single shared resource allocation problem in general networks. We have
first converted the given undirected, fault-free, connected network into a token
oriented acyclic network that may be derived from either a minimal spanning tree
or an ordered tree network. The first algorithm consists of two phases for shared
resource allocation in the acyclic network. This algorithm requires no identities of
adjacent processors. We hardly require Holder variables as in (Raymond 1989-a)
to maintain the token oriented acyclic network. This algorithm works with local
indices assigned by each processor to links connected to it. The first PHASE of
the algorithm deals the allocation of single shared resource in leaf processors. The
second PHASE of the algorithm controls the movements of request and token in
non-leaf processors. This algorithm is volatile to dynamic changes of the network

topology and hence this algorithm outperforms Raymond’s tree based algorithm
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which is a static algorithm (Raymond 1989-a). Also we have proposed another
algorithm based on the embedding of the processors in the token oriented acyclic
network into a linear array of processors in which token and request messages are
permitted to move on both directions. The proposed algorithms may also be useful
for ad hoc networks provided the construction of the token oriented acyclic network
is based on the self stabilizing approach of Huang and Chen (Huang 1993, Huang
and Chen 1993).

In chapter 6, we have proposed a distributed sorting algorithm focused on
median based exchangesto speed up the computational time for sorting n elements
distributed over a set of processors on a line network. The algorithm reduces the
number of elements needed for sorting to exactly n without creating the copies
of elements at intermediate processors. This idea is entirely different from the
approach of odd-even transposition sort and the simulation results show that the
proposed algorithm is faster than the Sasaki’s distributed sorting algorithm (Sasaki
2002). Even though the proposed algorithm takes (n — 1) rounds in the worst case,
it is still robust. Then we have proposed a sorting algorithm on a static ad hoc
network by keeping track of the token with its message at intermediate processors.
Finally we have made an attempt to design an algorithm, for prefix computation
in static ad hoc mobile network that can be extended for dynamic ad hoc mobile
networks.

The final chapter ends up with concluding remarks and future directions.



Chapter 2

Shared resource allocation in
rings and linear arrays

2.1 Introduction

Resource allocation is a fundamental problem in distributed systems consisting
of n processors that have no shared memory in common and can communicate only
by exchanging messages. The communication delay between processors is totally
unpredictable and request messages are not guaranteed to be delivered in the same
order in which they were sent. Our objective here is to design a distributed algo-
rithm that realizes a mutual exclusion requirement. This mutual exclusion problem
has a significant impact in local area networks. The term local area networks was
introduced by Clark et al.(Clark et al. 1978) with ring topology. The processors
are logically arranged in a ring in which each processor can communicate with
the next processor around the ring. A unique privileged bit - token is used for
conflict free channel access as contrasted with random access in the ring network.
Normally each processor simply relays the received bit stream from the previous

processor to the next. The processor having the token is allowed to access the

21



22

channel. Then, the token is passed on to the next processor. Thus conceptually,
we visualize a token as the control for message transmission from one processor to
another. This type of circular token based control was the primary motivation for
the study of mutual exclusion problem. Also the token ring networks(Farker and
NewHall 1969, Farker and Larson 1972) constitute a popular approach to local
area networks. Although token passing protocols, based on IEEE 802.4 and IEEE
802.5 standards, have been designed for both bus and ring topologies (IEEE 1982),
we are particularly interested in token based control algorithms for various popular

interconnection networks.

In distributed systems, processors, interconnected according to the adopted
topology, are normally loosely coupled machines. In such systems, processing,
control and databases are distributed over distinct processors. In token bus based
local area networks, there is no guarantee of how much waiting time is required
to gain the access right. To remove the nondeterministic behavior, an alternative
approach involves in passing a token among the processors in the network. The
owner of the token has the right to access the bus. Upon completion of the trans-
mission, the token is passed to the next device based on some scheduling discipline
(Duato et al. 2003). By restricting the maximum token holding time, the waiting

time of a processor for token can be guaranteed.

The idea of token ring is a natural extension of token bus as the passing of the

token forms a ring structure. IBM token ring supports bandwidths of both 4 and
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16 Mbits/second based on coaxial cable. Fiber Distributed Data Interface (FDDI)
provides a bandwidth of 100 Mbits/second using fiber optics as the transmission
medium (Ross 1986, Bertsekas and Gallager 1992, Zhang et al. 2001, Duato et
al. 2003). Because of the high speed and relatively insensitivity to physical size,
FDDI can be used both as a backbone net for slower local area networks or as a
metropolitan area network. The token based control strategy is used in a wide
variety of communication problems. For example, data transmission in token rings
(Andrews and Schulz 1982, Ross 1986, Stallings 1997) and access to the transmis-
sion medium in bus networks (Hajek 1991, Bertsekas and Gallager 1992) are solved
by arranging the processors in a logical ring. Although an extensive amount of liter-
ature exists on the token based control strategy, little is known about the efficiency
of this mechanism. In fact, with in the context of distributed computing, the re-
search has mostly focused on the detection of token loss and on self stabilization
aspects (Dijkstra 1974, LeLann 1977, Misra 1983, Burns and Pachl 1989, Israeli
and Jalfon 1990, Huang and Chen 1993, Kakugawa and Yamashita 1995).

A bidirectional ring network is formed by permitting requests and the token
to move in opposite directions in a ring network. A linear array is the simplest
model among fixed connection networks to interconnect a set of n processors as
shown in Figure. 2.1 for n=>5 processors. Here, processor P;, t = 2,3,---,n — 1 is
connected to its left neighbor P;_; and its right neighbor P;; through a two-way
communication link. Processor P; is connected to processor P, and processor P,

is connected to P,_1. Processors P, and P, are known as boundary processors and

each has only one neighbor (Akl 1989, Wu 1999, Horowitz et al. 2001). If two



24

boundary processors are connected, then the linear array structure forms a ring

) P PN I N G [

network. Sir—*'-- - "ear array.

Figure 2.1: A linear array of n=>5 processors

The token passing strategy has been widely used for solving the mutual exclu-
sion problem (Maekawa 1985, Suzuki and Kasami 1985, Naimi and Trehel 1987,
Raynal 1988, Raymond 1989-a, Raymond 1989-b, Makki 1994-a, Lynch 1996,
Feuerstein et al. 1998, Reisig 1998, Wu 1999, Lodha and Kshemkalyani 2000,
Sasaki 2001, Wu and Shu 2002), election problem (LeLann 1977, Huang 1993)
and problems in hub polling systems (Bux 1984, Rego and Ni 1988, Bertsekas
and Gallager 1992). All these problems use the same “hot-potato” procedure: an
entity holding token will pass it along the ring as soon as it no longer needs it
(IEEE 1982, Raynal 1988, Halsall 1992). According to this procedure, if a proces-
sor which did not request the token receives it, it will immediately forward it to
the next processor. In this case, the unbounded number of token exchanges implies
a negative consequence that an extensively large amount of communication (mes-
sage exchanges) might be spent to manage a seldomly used resource. To overcome
this negative consequence in which the request based token passing strategy, that
allows the token to move only if it is informed of a processor asking the shared

resource, was proposed (Suzuki and Kasami 1985, Feuerstein et al. 1998).
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Feuerstein et al. (Feuerstein et al. 1998) have proposed two protocols () and
D for single shared resource allocation using request message based token control
strategy in a fault-free unidirectional ring network in which requests and token
move in single direction only. Algorithm () requires n messages per request and
service traffic % Algorithm D requires 2n messages per request and service traf-
fic (3n - 3). These algorithms do not require any piggyback information of the
processors in the network. However message delivery is assumed to be guaranteed
by underlying communication mechanism, but the transit time for messages is un-
predictable. In contrast, when a request message carries routing information about
source-destination identities, there are numerous token passing strategies that
make use of shortest paths on which routing from source to destination processor
could be made (Chalamaiah and Ramamurthy 1998, Chalamaiah 1999, Mukhopad-
hyaya and Sinha 1995).

The analysis of the proposed algorithms uses the two distinct measures namely
average number of messages per request and service traffic described in the section
1.3.

In the next section, we present an algorithm D’ for the allocation of a shared
resource in a bidirectional ring network which is a powerful network structure suit-
able for high speed LANs. The message routing is reliable because of bi-directional
movements over the processors. In this algorithm D’, the additional check tour
is not required as in Feuerstein et al (Feuerstein et al. 1998). Then, in section
2.2, the single shared resource allocation algorithm L1 presented for a linear array,

provides better performance and improved service reliability for the processors to
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access the single shared resource. This algorithm L1 provides a better lower bound
with bi-directional message movements. We ensure that the proposed algorithms
prevent starvation of the token and processors are served with in a maximum delay.

At the end of this chapter, we brief the concluding remarks.

2.2 Allocation of a shared resource in rings

Let us consider n processors Py, P, ---, P, that are arranged in a logically
structured ring in which communications can be in either directions. For ¢ =
2,3,---,n — 1, processor P; is connected to P, and P;;; and processor P, is
connected to P;.

First we present the modified algorithm D’ of Feuerstein et al.’s algorithm D.
Here we assume that the token is allowed to pass through only in anticlockwise di-
rection and requests are allowed to pass through clockwise direction. Also assume
that each processor has a local variable M such that M = 1, if either a request has
passed through the processor P; or P; has a pending request of its own and M =
0, otherwise. Processor P;, willing the token, sends a request that passes through
atmost (n - 1) processors to reach the token. Token may also be moving atmost (n
- 1) processors to serve a request. Initially M value at each processor is assumed
to be zero and the token is placed at any processor P;. The behavior of a processor

P; is formally described as follows:
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Algorithm - D'

/* This algorithm describes the single shared resource allocation in a bi-directional
ring network. In this network, token moves in anticlockwise direction and requests
move in clockwise direction */
int i // 1 <1 < n; the index of processor P;
boolean M // takes value 0 or 1
(1) When P; needs resource then
Begin
If P; has token then it enters critical section;
Otherwise
if M = 0 then it sets M = 1 and sends the request
in clockwise direction to the next processor
else (M = 1) no message is sent

End

(2) When P; receives a request then
Begin
If P, has token then
it sets M = 0 and sends token to the next processor in
anticlockwise direction
If P, does not have token then
if M = 0 then

it sets M = 1 and sends the request in clockwise direction
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else (M = 1) no message is sent
End
(3) When P; receives token then
Begin
If P, has a pending request then it enters critical section in which
it sets M = 0. At the end of critical section, it passes token
to the next processor in anticlockwise direction
If P; has no pending request then
if M =1 then it sets M = 0 and sends token to the next processor
else (M = 0) it stops the token at P;.
End
In the algorithm D of Feuerstein et al (1998), after serving all (n — 1) pending
requests, token makes an additional check tour for honouring the requests gener-
ated later on. This check tour is compulsory even for a single request generation.
But in the proposed algorithm D', token recognizes the requests in the processors
on its way and serves them with one additional request movement. Hence the
proposed algorithm D’ does not require an additional check tour.
Theorem: 2.1
Algorithm D’ satisfies all requirements of processors. It needs atmost 2(n—1)+1
messages per request and its service traffic is 3(n — 1).
Proof:
In algorithm D', request messages and token move in opposite directions.

First, we shall prove that the algorithm D’ satisfies requests of all processors.
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This algorithm consists of 3 steps.

In step (1), a processor, which is in need of shared resource, enters critical
section if it has the token; otherwise, it generates a request message and forwards
the request to the next processor in clockwise direction.

In step (2), as and when a processor receives a request, it checks the availability
of the token. If the processor has token then, the token is sent to the next processor
in anticlockwise direction. If the processor has no token then, the received request
is forwarded to the next processor only if it has not already sent a request in
clockwise direction; otherwise, the received request is stopped.

In step (3), whenever a processor receives token, it checks for a pending request.

If the processor has a pending request then, it enters critical section. At the end
of critical section, token is passed to the next processor in anticlockwise direction.
If the processor has no pending request of its own then token is passed to the next
processor; otherwise token is stopped at that processor.

Therefore step (1) generates request messages; step (2) forwards the request
messages and informs the token and step (3) makes the token to serve the processors
with pending requests. This ensures that the algorithm serves all processors.

To prove that the algorithm D' requires atmost 2(n—1)+1 messages per request,
first consider the number of message exchanges per request:

In step (1), a generated request may advance over the next processor upto next
(n — 1) processors. In step (2), the received request is forwarded only if it has
not already sent a request; otherwise stopped if the processor has already sent a

request.
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Both steps (1) and (2) together require a total of atmost (n—1) request message
exchanges.

In step (3), token makes atmost (n—1) moves to serve all pending requests and
makes one move to come to rest. This requires atmost (n—1)+1 token movements.

Therefore, atmost (n —1) 4+ (n— 1)+ 1 = 2(n — 1) + 1 messages are exchanged
per request.

Now we prove that service traffic is 3(n — 1).

Let token be at processor P;, and P;,; generates the first request. Assume that
all requests are generated only after the request generated by P;;;. Now let us
calculate the total number of messages exchanged before P, gets the token.

In step (1), P.1 generates request and forwards to Ps. In step (2), Piio
receives the request of P, and forwards it to P, 3, if it has no pending request
or stops if it has already sent a request. This implies a total of (n — 1) request
message movements.

In step (3), token, on receiving a request, moves in anticlockwise direction and
serves the processors which have pending requests. After serving, token moves to
the next processor in anticlockwise direction. This implies that there are (n — 1)
token movements. But as soon as the token leaves a processor, it may again
generate a request message which may travel behind the token. This way atmost
(n — 1) additional requests may be generated by the time token reaches P, ;. This
implies a total of (n — 1) + (n — 1) message exchanges.

Thus the overall service traffic amounts to (n—1)+(n—1)+(n—1) =3(n—1)

message exchanges in the worst case. |
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2.3 Token-based control in linear arrays

Consider n processing elements arranged in the form of a linear array, which
might result in from a ring with single faulty processor. Here also we use simi-
lar settings as stated in section 2.2, except that tokens move along one direction
serving all pending requests until there is a pending request in that direction; oth-
erwise, the token changes its direction if there is a pending request in the other
direction. Request messages are sent using M value as above, by keeping track
of the movement of token using a direction bit d. This direction bit d assumes 1,
if token is passed along the right port and 0, if the token is passed along the left
port. Initially, M and d assume 0 at all processors. Token has two flag bits 7} and
T,., which will be modified to record pending requests received from left or right
respectively. The flag bit T} assumes 1, if a request is received from left (right)
port and 0, otherwise. Initially these flag bits T; and T, assume zero. The behavior

of a processor P; that executes algorithm L1 as follows:

Algorithm : L1

/* This algorithm allocates the single shared resource in a linear array - a ring
with a faulty processor or link */
int i // 1 <1 < n; the index of processor P;

boolean M, d, T, T,; // each takes value 0 or 1



(1) When P; needs resource then
Begin
If P, has token then it enters critical section
If P, does not have token then
if M =0 then set M =1 and
if d = 0 then send the request along the left port
else (d = 1) then send the request along the right port
else(M = 1) no message is sent.
End
(2) When P; receives request then
Begin
If P, has token then
If i =1 (or i =n) then set d = 1(0); T,y = 1; M = 0 and
pass token along right (left) port of P (FP,).
If 1 <i < n then
If request is from left port then set 1; = 1; otherwise set T, = 1;
If d = 0 then
if T, = 1 then set d = 1; send token along right port;
else(T, = 0) set M = 0 and pass token along left port of P;.
else (d = 1)
if T) = 1 thenset d =0 (if 7, = 0); M = 0 and
pass token along left port

else set M = 0 and pass token along right port of P;.

31
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else (if P; has no token then)
if M =0 then
if d=1 then
if request is received from right port then ignore the request;
else set M =1 and send request to right port
else(if d=0 then)
if request is received from left port then ignore the request;
else set M =1 and send request to left port
else (if M =1 then)
stop the request at P; itself.
End
(3) When P; receives token then
Begin
If P; has a pending request then it enters critical section;
at the end of critical section, pass token as follows:
if i = 1(or n) then set Tj,y = 0; M = 0 and
if T,q) = 1 then set d = 1(0) and pass token along right(left) port
otherwise token stays at Py(P,).
else(l1 <i < n)
if d = 0 then set d = 1;
if T; = 0 then set M = 0; else set M = 1;
and pass token along right port of P;

else set d = 0;
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if T, = 0 then set M = 0; else set M =1
and pass token along left port of P;.
else (if P; has no pending request then)
if M = 0 then
if d =0 then set T, = 0
if T; = 1 then pass token along left port; else token stays at P;
else (d=1)set T} =0
if T, = 1 then pass token along right port; else token stays at P,
else (M = 1) if d = Ofor 1] then
if Tijor v = 0 then set M = 0; d = 1[or 0] and
send token along right[or left] port

End

Theorem: 2.2

Algorithm L1 serves all requests and requires 2(n — 1) + 1 messages per request
and service traffic is 3(n — 1).
Proof:

First we prove that the algorithm L1 serves all requests.

This algorithm consists of 3 steps.

In step (1), a processor, which is in need of shared resource, enters critical
section if it has token; otherwise, it generates a request and forwards the request

only if it has not already forwarded a request.
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In step (2), as and when a processor receives a request, it checks the availability
of token. If the processor has token then, the token is sent along appropriate port
based on the values of direction bit and token flag bits. If the processor has no
token then the received request is stopped if it has already sent a request; otherwise,
based on the value of the direction bit, the received request is either ignored or
forwarded along the appropriate port.

In step (3), whenever a processor receives token, it checks for a pending request.
If the processor has a pending request then, it enters critical section. At the end
of critical section, token is either passed along appropriate port; otherwise token
stops at that processor. If the processor has no pending request of its own and if
it has a pending request of other processor then token is either forwarded along
left or right port based on the values of direction bit and token flag bits, or token
stops at that processor itself.

Thus, step (1) generates a request; step (2) forwards the request and informs the
token and step (3) passes the token to serve the processors with pending requests.

These three steps ensure that the algorithm L1 serves all requests.

Now we prove that the number of message exchanges per request amounts to
2(n — 1) + 1 in the worst case.

As per step (1), in the absence of token, a message generated for shared resource
may be forwarded over atmost (n — 1) processors before it reaches the token. In
step (2), the received request is either forwarded or stopped as already a request
has been sent.

Both step (1) and (2) takes atmost (n — 1) message exchanges.
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Once the token is informed, the token may travel in its direction or in reverse
direction as per step (3). In any case, the total number of token exchanges for a
request shall be atmost (n — 1) + 1. This is due to the fact that if request message
requires less than (n — 1) exchanges to inform the token, the token may have to
travel in the same direction as long as there is pending request. This may lead to
token reaching the end processor in the worst case and then changing its direction.
This proves that in the worst case, a request requires atmost 2(n — 1) + 1 message
exchanges.

Next we prove that service traffic is 3(n — 1).

Let token be at any one of the end processors. Now by step (1) and step (2),
atmost (n — 1) messages are exchanged. Then token starts serving the processors
with pending request in one direction and stops either at the other end processor
or at the intermediate processor, as there is no request pending in that direction
as well as in the reverse direction. This requires atmost (n — 1) token movements.

In the mean time, serviced processors may again generate request messages.
This implies atmost (n — 1) request movements.

Thus the overall service traffic amounts to (n—1)+(n—1)+(n—1) =3(n—1)

message exchanges per request. ]
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Example:

(n-1) movements

Figure 2.2: Single shared resource allocation in a linear array

To illustrate the performance of the proposed algorithm L1, consider a linear
array of n = 5 processors as shown in Figure 2.2. We assume that the token
resides at processor P; and in the worst case, the processor Ps generates a request
to access the single shared resource. The generated request from the processor P
advances over processors only if M value of that processor is zero; otherwise the
request would be stopped as already a request had been sent. So the generated
request from processor Ps requires (n — 1) = 4 movements to inform the token
in the worst case. Similarly as the token moves from the processor P, to Ps, it
serves all pending requests in its way, if any request is generated in the mean time.
This type of movements require (n —1) = 4 movements. Finally additional (n—1)
message movements are required as processors may generate request messages after
the token had left that processor. Thus, the algorithm serves the request of the
processor Ps and requires 8 message exchanges. Hence, in the worst case, the

service traffic amounts to 12 message exchanges.
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2.3 Conclusion

We have proposed two algorithms, one for a bidirectional ring network and
another for a linear array, using request based token passing strategy. The first
algorithm D’ for single shared resource allocation in a bidirectional ring network
does not require an additional check tour as in the algorithm D of Feuerstein et
al. (Feuerstein et al. 1998). The second algorithm L1 describes the bidirectional
message and token passing strategy for shared resource allocation in the linear
array. A skewed tree (Horowitz et al. 2001), it may be skewed to either left or
right, is similar to a linear array structure and thus the algorithm L1 could be

applicable to a binary tree skewed to either left or right regardless of its degree.



Chapter 3

Shared resource allocation in ring
extension topologies

3.1 Introduction

A simple ring network is highly vulnerable to faults, eventhough it has several
advantages and can easily be applicable for Local Area Networks. There is no
way to bypass the faults unless they have to be removed or additional links across
the processors should be included. Thus variations of ring networks had been
introduced by suitably modifying the connectivity of links across the processors.
In multicomputer systems, regular networks of low degree having small maximum
message path lengths are of interest. Also a processor with two buses or degree 2
limits the regular networks to cycles (Liu 1978).

There are regular graphs of degree 3 in which the graph diameter is less in
comparison to degree 2 case. Chordal rings and distributed loops are examples
of the derivatives of a ring network. The chordal ring network offers increased
reliability and fault tolerance compared to the simple ring network due to its

multiple routing paths. One obvious way of finding a shortest path is simply to
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traverse through the chords whenever necessary. In fact, there is more than one
shortest path for most pairs of processors in a chordal ring network. Arden and Lee
(Arder and Lee 1981) proposed a message passing algorithm with a routing record
which is initially computed at the source processor. This routing record retrieves all
the shortest composite paths between the source and destination processors. Then
several shortest path algorithms with known source and destination identities are
proposed for distributed loops(Mukhopadhyaya and Sinha 1995, Chalamaiah and
Ramamurthy 1998, Chalamaiah 1999).

In this chapter, we consider the allocation problem of a single shared resource
among a set of asynchronous processors that are arranged in the derivatives of
a ring network like touching rings and intersecting ring networks in which one or
more processors are assumed to be of degree more than two. As we assumed earlier,
the identities of the processors are not included to request messages or the token.
We propose algorithms based on request-message-based token passing strategy, as
described in section 1.3, in which token movements are controlled by the requests
generated for the single shared resource.

The analysis of the proposed algorithms uses the two distinct measures namely
average number of messages per request and service traffic described in the section
1.3. In the next section, we present algorithms for the derivatives of a ring network.
Then, in section 3.3, we present an algorithm for fault-free intersecting rings. Then

section 3.4 carries concluding remarks.
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3.2 Allocation in touching rings network

Consider a touching ring network in which n processors are logically structured
in two subrings that touch at a common processor through which routing of the
requests as well as token from one subring to another subring takes place either
in an unidirectional or in a bidirectional way. In this network, the processor next
to the common touching processor is indexed as 1 and the indexing runs over
the remaining processors in clockwise direction; crossing the common touching
processor; then again running over the processors in the next subring in clockwise
direction and finally ends up with the processor before the common processor. The
role of the common processor is significant as it has a special mechanism to switch
the token as well as request messages into the subrings appropriately according to
the receipt of request messages as well as token from the subrings.

We assume the common touching processor in unidirectional touching rings
network as Prz1. Incoming links to the common processor are from Prz1-; and P,
and outgoing links are to Py and Przy41. Each processor P [i=1,2,3,...,n] has a
local variable M, which is used to stop further movements of the following request
messages. M, assumes the value 1 or 0 as defined in section 2.2. Now assume that
the common processor Prz1 has a token locator 7; to trace the token location in
the subrings and a request recorder V, that helps to record the pending requests
of one subring when token has passed through the other subring. The value for T;
is assigned to 0, if token has passed to the processor in the first subring from the

common processor and 1, otherwise.
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V.. is assigned to 1, if a request is received from P, to Pz [similarly from
Prnyy to Prng] when 7) = 0(1) and 0, otherwise. Initially the values of M, and
V,. are assumed to be zero and token is placed at the common processor. It can
be observed that whenever 7} = 0(1) then V, indicates the receipt of a request
message received from second (respectively first) subring. Token maintains a two
cell flag bit structure and sets as and when it recognizes either V,=1 at Przq or the
receipt of a request message. The cells are indexed as 77 and 75 which takes 1, if
a request is received from first and second subrings respectively and 0, otherwise.
The value of the two cell flag bit helps token to move through the processors in
the next subring whose M, might be zero. The token is directed to move from the
common processor according to the value of M, and V,. Initially the the token
is placed at the common processor and M,, V;, T;, T} and T, are assumed to be
zero. Token stops only if the values of M, T1 and 15 are zero. The algorithm is

described below:

Algorithm : UTRN

(a) When P; needs resource then
If P; has token then it enters the critical section.
If P; has no token then
if P; is the common processor then
if 7; =0 (1) then
it M,, =0 then set M, =1 and

send the request message to Py (Prz111)



else(M, = 1) stop the request at P
else (if P; is not the common processor then)
if M,, = 0 then
set M, = 1 and send the request message to the next
processor in the clockwise direction
else no request message is sent.
(bl) When P; receives a request message
If P, has token then
if P; is the common processor then
if the request message is received from Pra1_; (F,) then
set T; = 0(1); set T1(T3) = 1 ; set M, = 0 and
send token to the processor P(Fra141) in the current subring
else(if P; is not the common processor then)
if 1 <i<[%] thenset Ty = 1;else ([5] <i < n)set Tp = 1;
send token to the processor P;;; in clockwise direction.
(b2) When P, receives a request message and has no token then
If P; is the common processor then
if the request message is received from Pra1_; (F,) then
if 7; = 0(1) then set M, = 1;

if V., = 1 then stop the request at F;

else(V, = 0) send request to Py (Pjz141) in the current subring.

else(if 7; = 1(0) then) set V, = 1.

if M,, = 1 then stop the request message at F;
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else (if M, = 0 then)
send request to next processor Przyiq (Py) in the next subring;
else (if P; is not the common processor then)
if M,, = 0 then set M, = 1 and send the request to P;1;
else stop the request at P;.
(c1) When P, receives token then
If P, has a pending request message then
if P; is the common processor then
if V. = 0 then enter critical section; At the end of critical
section, set M, = 0; set Ty(o) = 0; set T; = 0(1);
and send token to P, (Prz111) in the current subring
else(if V. = 1 then)
if token is received from Prny_y (F,) then
enter critical section; At the end of critical section,
reset M, = 0; set Th) = 1; set T; = 1(0); set V;, = 0 and
send token to Prayy (P1) in the next subring
else (if P; is not the common processor then)
enter critical section; reset Mp = 0;
if 1 <4< [%] then set 77 = 0; otherwise set 75 = 0;
at the end of critical section, send token to the next
processor P;y; in the current subring.
(c2) When P, receives token and has no pending request then

if P; is the common processor then
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if V., =1 then
if token is received from Prny_y (F,) then
set 1} = 1(0); reset V,. = 0;
if M, = 1 then set T;=T, = 1; otherwise set T5(73) = 1;
and send token to Prn1yy (P1) the next subring
else (if V;, = 0 then)
If M, = 1 then set M, = 0; and send token
to the next processor in the current subring
else (if M, = 0 then)
if 1 AND T5 = 0 then stop token at P,
else send token to the next processor in the current subring
else (if P; is not the common processor then)

it M,, OR Ty OR T,= 1 then reset M, = 0 and pass token to P,

else stop the token at P; itself.

Theorem : 3.1

The algorithm UTRN serves all the request messages.

Proof:

We assume that token is initially placed at the common processor. Each request
message will eventually reach the token and informs it to access the shared resource.
On receipt of a request message, token moves through the appropriate subring by
setting 7; value at the common processor accordingly. Meantime V, and M, are

maintained at the common processor to record the request messages received from
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another subring and the current subring respectively.

Now let token be at any one of the processors in the subrings. Then the
common processor when it receives a request message checks the values of T, V.
and M, and sets them as in steps (bl) and (b2) and then the request message is
sent to the corresponding subring based on the availability of the token. Whenever
token reaches the common processor, it checks the values of V. and M,,. If there
is a pending request message of the next subring then token is forwarded to the
next subring; otherwise token is forwarded to the next processor in the current
subring. As and when token switches over subrings, V; and M, are maintained
appropriately. Token moves through the processors until 77 AND 7, = 0 and M,
= (. Thus request messages are not lost and token is aware of all request messages.

Thus the algorithm UTRN serves all the request messages. |

Theorem : 3.2
The algorithm UTRN requires atmost (2n—1) messages per request and service

traffic is bounded by (5n — 2)/2

Proof:

Assume that the token is at the common processor. Now suppose that a request
message has been originated at some processor in a subring. In fact, regardless of
n, the total number of processors, atmost (§ —1) movements, for each subring, are
required to inform the token in the worst case. If token has passed through the first
subring then the request coming from second subring moves to the first subring

if M, = 0 at the common processor, else the request message stops. Meantime,
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atmost (n — 1) processors may generate request messages. Thus in addition, token
may have to move over at most n processors. Thus the number of messages per
request amounts (2n — 1) in the worst case.

To prove the second measure, two types of request messages may be sent be-
tween the time in which P; generates a request message and the time in which
it has been served. The first type includes the request messages that require at-

most (n — 1) movements to inform the token. In response to this request, token

n
2

makes atmost § movements for switching it into the next subring; 7 movements
for crossing that subring and § movements for a new request generated later on.
Thus, in total 37" messages are needed for the token to reach the processor with a
pending request. The last § movements guarantee that token is aware of all the
request messages of one subring when token is passing through another subring.
Thus service traffic in the worst case amounts to 5"2—_2 |

Instead of assuming unidirectional movement over the touching ring network,
we can assume opposite directional movement for both the token as well as request
messages. Such a touching ring network is termed as a Bidirectional touching ring
network in which token can move in anticlockwise and request messages flow in
clockwise direction. The algorithm UTRN still holds for a bidirectional touching
ring network, provided if we keep track of the change in the direction of request
messages that are allowed to move only in the clockwise direction. The resulting

algorithm with bidirectional movements, we call it as BTRN, ensures the early

service for the requests even in the worst case.
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An immediate result follows in the sequel.

Theorem : 3.3
Algorithm BTRN for a bidrectional touching ring network serves all the request

messages, requires atmost 2(n — 1) 4+ 1 messages per request and service traffic is

bounded by (3n — 2).

Proof:

As the request messages move in anticlockwise direction and token in clockwise
direction, no request message would be skipped by the token and hence all request
messages are served. Now to prove the first measure, we consider the opposite
movements of the token as well as request messages. Here the worst case number
of message exchanges will be atmost 2(n — 1) + 1 as the processor holding the
token and the processor initiating the request may be adjacent. Now we prove the
second measure. As the token moves in clockwise direction and request messages
in anticlockwise direction, it can easily sensor and serve all pending requests in its
way to the destination. Token stops moving only when it recognizes a processor
with no pending request message. In the mean time, the processors which are
served recently may also generate requests for the shared resource. There could
be atmost (n — 1) such requests in the worst case. Hence, in the worst case, the
service traffic amounts to (3n — 2). n

The algorithm UTRN can also be generalized for n-touching rings network
(n, m[k]) where n is the number of processors in the common ring and mlk] is the

number of subrings each with k processors each and k > 2 [excluding the touching
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processor|. The n-touching rings network is formed in such a way that each subring
with k processors is connected with one processor in the common ring network.
Thus there are totally (n + mk) processors.

We assume a fault-free n-touching ring network with (n+mk) prcoessors. Now
we can extend the proposed algorithm UTRN to the n-touching rings network
by considering each subring with the remaining part of the network and for each
processor in the common ring network. By this way, each processor in the common
ring assumes all the variables as in UTRN and operates in parallel. Still we follow
the basic assumptions that they have neither a shared memory nor a common clock
and their speeds are not related. Thus the generalized algorithm requires (n+mk)
messages per request and (3n+2mk — 1) service traffic in the worst case. It can be
quaranteed that this generalized algorithm works perfectly for variable &k also. But
as n and k grow, the transmission delay for serving the pending requests would be

unavoided.

3.3 Allocation in intersecting rings network

In this section, we consider an intersecting rings network in which N[= (n+m)]
processors are logically arranged in two rings each with n and m processors that
intersect at two common processors through which routing of the request messages
as well as token from one subarc of one ring to another subarc of another ring takes
place. In this network, the processor next to the common processor is indexed
as PZlor P!], then indexing runs over the remaining processors in the clockwise

direction, crossing a common processor; running over the processors in the next
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subarc of the same ring in clockwise direction and finally ends up with the processor
before the next common processor. Similarly the second ring is numbered starting
from the processor next to the common processor which is part of the first ring.
In this scheme, one common processor is counted in the first ring and the other in
the second ring.

We consider two common processors say P} and P? in a fault-free intersecting
rings network. The network is assumed to be bidirectional. The first ring consists
of an arc [; with processors P}, Py, P; ,...,P}fl; the common processor P} and
an arc ly with processors Py, P} o, ..., Py ((f = 1) > (n — f)). Similarly the

second ring consists of an arc r; with processors P?, P§, P, ..., P2 |; the common

processor P? and an arc ro with processors P2, P2, ..., P2 ((s = 1) > (m — s)).
The superscripts 1 and 2 denote the first and second ring respectively. We assume
that the request messages move in the clockwise direction and token moves in the
anticlockwise direction. Each processor F; has a local variable M, as defined in
section 3.2, to record the movements of request messages through it.

Each common processor has a token locator Ly, 4 (L for P} and L, for P?)
which is used to trace the arc through which the token has been sent and request
indicators V1 and V2; [or V1 and V2,] which are used to record the request
messages received from P}_l and P? [or P2, and P,]. The token indicator L o,
is set to 1, if token has been passed through P}_l [or P2 ] and 0, if token has
been passed through P2 [or P!]. V1;(V2;) assumes 1, if a request is received from

P}, (P?) and 0, otherwise. Similarly V1,(V2,) assumes 1, if a request is received

from P? |(P!) and 0, otherwise. Token maintains a four cell flag bit structure, say
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T, Ti,, T,, and T,,. When token arrives at one of the common processors, the

value of T}, (r,) [or Tp )] is set to 1, if there is a pending request received from

n

Pj_y (P%)or P?, (P))] and 0, otherwise. The values of the these flag bit cells
help the token to move through the processors in the subarcs. Initially the values
of My, Lfjor sy V1gior §(V2for 5)) and T () [0r T}, y)] are all assumed to be zero
and token is placed at any one common processor. Token stops moving only if

the values of M, T;,, Ti,, T,, and T,, are zero. The description of the algorithm :

InteRN - B is as follows:

Algorithm : InteRN - B

(a) When P}!lor P?] needs resource then
If P!lor P?] has token then enter the critical section.
If P!lor P?] has no token then
If i = flor s| then
if M, = 0 then set M, = 1 and send the request message
to the processor Pj, [or P2, ] if L. o = 1(0)
else stop the request at P;
else if M,, = 0 then set M, = 1 and send the request to P}, ,[or P2 ]
else (if M, = 1 then) no request message is sent.
(b1) When Pllor P?] receives a request message then
If P!lor P?] has token then
If i = flor s| then

if the request is received from P;_, (P2) [or P? (P, )] then
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set Lyjor s = 1(0); My = 05 Ty, ryp[or Toy1)] = 1
and send token to Pt ,(P7)[or P (P))]
else (if 7 is neither f nor s then)
if Pllor P?] € l1(ry)[or r1(l3)] then
set Tj,(ry) [OF T}, 1)) = 1 and
send token to Pl (P72 )[or P2, (PLy)]
(b2) When P!lor P?] receives a request message then
If Pllor P?] has no token then
if i = flor s| then
if the request is received from P}, (P}) [or PZ(P,)] then
set V1p(V2¢)[or V14(V2,)] = 1,
if M, OR V24(V1y)or V24(V1)] =1 then
stop the request message at Pllor P?]
else (M, AND V2¢(V1y)or V24(V1s)] = 0 then)
send the request message to Pf,[or P2, ]
else (if 7 is neither f nor s then)
if M, = 0 then set M, = 1 and send the request to P},[or P2,]
else (M, = 1) stop the request message at P}[or P?].
(c1) When P![or P?] receives token and has a pending request then
enter the critical section; reset M, = 0;
if i = flor s| then
if token has been received from P? [or P!]| then

set V1sjor V1g] = 0;



if V25[or V2¢] = 1 then set T,,[or T},] = 1; V24for V2¢] = 0;
else (if token has been received from P}, (P2, ;) then)
reset V2¢[orV2,]=0;
if V1g[or V1, = 1 then set Tj,(or r,] = 1; V1f[or V1] = 0;
and send token according to selectPath()
else (if 7 is neither f nor s then)
if P}lor P?] € l1(I2)[or r1(rs)] then reset T}, ¢, [or Ty ()] = 0
and send token to P! [or P?,] in anticlockwise direction.
(c2) When P}![or P?] receives token then
If Pllor P?] has no pending request message then
if i = flor s| then
if token is received from PZ[or P}| then
reset V1gfor V1] = 0;
if V2¢[or V2,] = 1 then reset Tp,ypor 1) = 1; M, = 0;
send token according to selectPath();
else [if V2¢[or V2,] = 0 then]
it T, AND T;, AND T,, AND T}, = 0 then
stop token at P!lor P?]
else send token according to selectPath();
else (if token is received from Pj,[or PZ, ] then)
reset V2¢[or V2] = 0;
if V1¢[or V1] = 1 then reset T}, [or T},] = 1; M, = 0 and

send token according to selectPath();
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else [if V1¢jor V1] = 0 then]
it T, AND T,, AND T,, AND T}, = 0 then
stop token at Pllor P?]

else send token according to selectPath();

else (if ¢ # flor s] then)
if M,, = 1 then reset M, = 0; and send token
to the processor P! [or P?,] in anticlockwise direction.
else (if M, = 0 then)
it ), AND T;, AND T,, AND T,, =0 then
stop the token at Pllor P?] itself

else send the token to the next processor P! [or P?,].

Procedure selectPath();

link alternatively if there is a pending request.*/
if Lfjor s = 0 then
if T}yjor ] = 1 then set Ly = 1 and send token to P} [or P2 ]
else send token to P2[or P}
else (if Lyjor 5 = 1 then)
if Trylor 1) = 1 then set Ly, 5 = 0 and send token to P2[or Py

else if T, for r,) = 1 then send token to P} [or P2 ]

else set Loy s = 0 send token to P2 Jor P,]

o1

/* This procedure selectPath() sends the token through an appropriate outgoing



52

Theorem : 3.4

The algorithm InteRN - B serves all request messages generated for the single
shared resource.
Proof:

Let the token be initially at any one of the common processors [either at P} or at
P?]. Each request message, moving in clockwise direction will eventually reach the
token and informs it to access the single shared resource. After receiving a request
message, token moves in anticlockwise direction through the appropriate outgoing
subarc of any one of the rings by setting the token locator L[or L] value in the
common processor. Meantime V1, V2, V1, V2, and M, values are maintained
at the common processors to record the request messages received from two arcs of
the different rings respectively. This would be achieved by a switching subsystem of
the respective common processor. Whenever token receives a request message at a
common processor or reaches a common processor, it will reset T}, (T, )[or T, (T},)]
according to the values of local variables V1, V2;, V1, V2, and M,. The
switching subsystem records the receipt of request messages from two subarcs and
hence the receipt of request messages are identified.

On the other hand, assume that token is at any one of the processors in any
one of the subarcs of a ring. The common processor, when it receives a request
message, checks the values of Ly, o, V1, V2¢, V1, V2, and M, and sets them
accordingly as in steps (bl) and (b2). Then the switching subsystem of the re-
spective common processor forwards the request message in clockwise direction

to the corresponding subarc based on the direction through which the token has
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already been sent. In contrast, whenever token reaches the common processor in
anticlockwise direction, it immediately checks the values of V15, V2, V1, V2
and M,. After checking these values, procedure selectPath() is performed for se-
lecting an appropriate outgoing link. As and when token switches over the subarcs,
V1, V2, V1, V2, and M, are dynamically maintained. Token moves through
the processors until all cell entries of the flag bit cells and M, are zero. Thus the
request messages generated are not lost and token is aware of all request messages.
Thus the algorithm InteRN - B serves all requests. |
Theorem : 3.5

The algorithm InteRN-B requires atmost N messages per request and service
traffic is bounded by 2/V.

Proof:

To prove the first measure, we look at the opposite movements of the token
as well as request messages. The associated variables are maintained at each
processor. The worst case, in which the token is placed at a processor in the
largest subarc of the first ring and the request message is generated at a processor
in the largest subarc of the second ring, requires atmost (n +m) = N movements
necessary to satisfy a sequence of requests. These N movements include request
messages generated by the rest of the processors. Hence the average number of
messages per request amounts to N in the worst case. Next we prove the second
measure, service traffic. As the token moves in anticlockwise direction and request
messages in clockwise direction, token can easily sensor and serve all pending

requests in its way to the destination. These request movements amount to N. In
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the worst case, token additionally makes (n + m) = N movements. Hence service

traffic amounts to 2NV, which is a tight bound in the worst case. |

3.4 Conclusion

In this chapter, we have considered the problem of controlling the allocation of
single shared resource in ring extension topologies like touching rings network and
intersecting rings network using request based token control strategy. We have first
presented an algorithm UTRN for the allocation of a shared resource in an unidi-
rectional touching ring network in which communication takes place between two
rings only at the common touching processor. This could be extended to a bidirec-
tional touching ring network as well as multiple touching rings network. Finally we
have presented an algorithm InteRN - B for bidirectional intersecting rings network
with two arbitrarily intersecting rings. Also this algorithm could be extended to
the possible architectures of more intersecting rings. But the communication delay
would be higher as the total number of the intersecting rings increases. It would

be quite interesting to look for similar problems in other augmented rings.



Chapter 4

Allocation in interconnected
networks

4.1 Introduction

Many problems involving replicated data, atomic commitment, distributed
shared memory and others require that a resource be allocated to a single pro-
cess at a time in an interconnection network (Agrawala and El Abbadi 1991).
Ring and mesh topologies are commonly used simple interconnection networks. A
mesh structure provides lower message complexity and delay complexity because
of more adjacent communication links in the network.

Chaudhuri and Karatta proposed a distributed mutual exclusion algorithm
among n processors in a three dimensional mesh and the message complexity of
this algorithm is O(n%) per mutual exclusion invocation (Chaudhuri and Karatta
1998). Saxena and Gupta presented a token based mutual exclusion algorithm
for arbitrary topologies (Saxena and Gupta 1999). This algorithm makes use
of the network topology and site information held by each node to achieve an

optimal performance. Also this algorithm reduces the delay in accessing the critical

25
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section by allowing the token to serve the requesting processors which fall-on-
route to its destination. In heavy load systems with n processors, the worst case
scenario occurs when (n — 1) processors are simultaneously requesting access to
the critical section. The selection process, that points the next processor to be
served, should be done in some fair manner if the response time is to be minimized.
Greenwood (Greenwood 1995) showed a selection technique, using counters (Ricart
and Agrawala 1983) and time stamps (Raynal 1986), always hardly achieves equity.
He has also proposed a priority based selection method, in which a higher priority
is given to processors that need frequent access to the critical section.

Aiello et al. have studied three augmentations of ring networks, namely chordal
rings, express rings and multi-rings that are intended to decrease ring’s diameter
significantly while increasing its structural complexity only modestly (Aiello et
al. 2001). A chordal ring is obtained from a ring network by adding non-crossing
“shortcut” edges between a pair of nodes. An express ring is obtained from a
chordal ring by orienting its shortcut chords in either the clockwise or counter
clockwise sense, thereby turning the chords into arcs of the ring. Similarly a
multi-ring is obtained from a ring network by appending subsidiary rings to edges
of the ring and recursively, to the edges of subsidiary subrings. Multi-rings are
a variation on the theme of multi-level ring interconnection networks such as one
finds in the KSR1 multiprocessor (Burkhardt et al. 1992); they are also identical
with the SONET (Synchronous Optical NETwork) multi-rings (Cosares 1992) that

are so important in the realm of communication networks.
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In this chapter, we have proposed single shared resource allocation algorithm
for two interconnected rings network using request based token passing strategy.
Then we have proposed the resource allocation algorithm for single side wrap
around mesh. Then we have proposed single shared resource allocation algorithms
among processors in single side wrap around mesh and regular mesh (Prasath and
Thangavel 2003).

In the next section, we present the topological structure of the interconnection
networks. Then section 4.3 presents the algorithm for shared resource allocation
in interconnected rings. In section 4.4, we present an algorithm for single shared
resource allocation in single side wrap around mesh network. In section 4.5, a
bidirectional token passing algorithm for shared resource allocation in a regular

mesh is presented. Finally, section 4.6 carries concluding remarks.

4.2 The model of communication networks

In this section, we describe the network structure of interconnected rings net-
work, single side wrap around mesh and regular mesh. In an interconnected rings
network, processors are interconnected in such a way that processor P; in the first
subring is connected with processor Pz by a bidirectional link. We assume unidi-
rectional movements for requests and token, over the ring edges and bidirectional
movements over the edges connecting the two subrings. In an interconnected rings
network, each processor in the second subring has a special mechanism to sensor
the direction from which the token has been received so as to send the token from

the processor in the second subring to the processor in the first subring.
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Then we consider a single side wrap around mesh in which n[= mk] proces-
sors are arranged in k rings each with m processors that are interconnected by
a bidirectional channel in such a way that processor PJ (1 = 1,2,3,....,k and

7

j =1,2,3,...,m), of a ring is connected to P! ; and PZ{q apart from P/*! and

P/7! and processor P is connected to P!. We assume unidirectional movements
for token and requests over the ring edges and bidirectional movements for token
over the edges connecting the processors in adjacent rings. Each processor in this
network has a switching subsystem to sensor the direction from which the request
or token has been received. Also we assume that the token has a flag bit to con-
trol its movement over the processors in the adjacent columns of single side wrap
around mesh.

Next we consider the popular interconnection network, regular mesh without
wrap around connections in which n processors are arranged in two dimensions.
A two-dimensional mesh network is obtained by arranging n processors in m X
m array, where m = /n. Processors on the boundary rows and columns have
fewer than four neighbors and hence fewer connections. In this network, token
starts searching pending requests in one direction. When token reaches the end
processor in that direction, then its direction is reversed and serves requests in
other direction. Meantime it also serves all pending requests of column processors.

The analysis of the proposed algorithms uses two distinct measures namely

average number of messages per request and service traffic described in section 1.3.
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4.3 Allocation in interconnected rings

In this section, we describe request based token control mechanism for shared
resource allocation in an interconnected rings network. In this architecture, there
are two subrings with 7 processors each, where n is the total number of proces-
sors(assumed to be even). The interconnections between two subrings are made
in such a way that processor P; (i=1,2,3,---,%) in the first subring is connected to
the processor Pz in the second subring by a bidirectional channel in which the
token as well as request messages can pass through in either directions.

Each processor has a local variable M, that takes 1, if it has a pending re-
quest(may be of its own or of other processor’s) and 0, otherwise. Each processor
in the first subring has a flag variable V,, whose value is set to 1, if a request has
been received from Pz by F;. The value of Vj, will be checked by the token
to identify the request messages received from the second subring. Token has a
counter to record the receipt of request messages and token stops moving only
when the values of the token counter and M, are zero. Initially M, V,, and token

counter are assumed to be aero and token is placed at any F; in the first ring.

Algorithm : ICRN

(a) When P; needs resource then
If P; has token then it enters the critical section.
If P; has no token then
If 1 <4< % then

it M, = 0 then set M, = 1;



if V,, = 1 then stop the request at P
else (V, = 0) send the request to P;1;.
else(M, = 1) stop the request at P;.
else(§ +1<i <n)set M, =1 and send the request from F; to P;_n.
(bl) When P, receives a request message then
If P; has token then increase the token counter by one and
if V, = 1 then set V), = 0 and send token to the processor Pz
else set M,, = 0 and send token to the next processor Py;.
If P, has no token then
if the request is received from Fjy» then set V, =1
if M,, = 1 then stop the request at P
else send the request to Py;.
else (if the request is received from P,_; then)
if M,, = 1 then stop the request at P
else set M, = 1;
if V,, = 1 then stop the request at P
else send the request to Py;.
(c1) When P, receives token then
If P; has a pending request message then
if 1 <4 < 7 then enter the critical section;
decrease the token counter by 1; reset M, = 0;
if token is received from P,_; then

if V,, = 1 then increase the counter by 1; set V,, = 0;
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exit the critical section and send token to P z;
else send token to the next processor P;;.
else (if token is received from P;yn» then)
reset V), = 0; if token counter is bigger than zero then,
send token to P;.; otherwise stop token at P;.
else (5+1<i<n)
enter the critical section; decrease the token counter by one.
if token is received from FP,_; then send token to Pi_%
else send token to P;;.
(c2) When P, receives token then
If P; has no pending request message then
if 1 <4 < 7 then
if token is received from P,_; then
it M, = 1 then set M, = 0;
if V,, = 1 then increase the token counter by one;
set V, = 0 and send token to Fiyn.
else send token to P;;.
else (M, = 0)
if V,, = 1 then increase the token counter by one; set V,, = 0
and send token to Piyn.
else if token counter is greater than zero then send token to Pjy;

otherwise stop the token at P;.
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else (if token is received from P;yn then)
if M, =1 then
reset M, = 0; V, = 0; if token counter is greater than zero then,
send token to P;.1; otherwise stop the token at F;.
else (M, = 0) send token to the next
processor only if token counter is non-zero;
otherwise the token stops at P;
else (5+1<i<n)

send token to the processor P;_z.

Theorem : 4.1

The algorithm ICRN serves all request messages.

Proof:

We consider an interconnected rings network with two subrings as described
in section 4.2. If there is no request message then token resides at any one of
the processors in the first subring. So each originated request message from the
processor in the first subring will eventually find out the token and push it till
the next processor with a pending request. In fact each request generated at the
processor in the first subring needs atmost (n—1) movements to reach the processor
with the token in the worst case. Meanwhile each request from the processor in
the second subring requires just one movement from processor F; to F;_z and then
moves over the processors in the first subring. In the worst case, as all processors

may initiate request messages for the token, the clockwise and zig-zag movements
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of the token between two subrings serve all pending request messages. Thus the

algorithm ICRN is aware of all requests and hence token serves all processors. &

Theorem : 4.2
The algorithm ICRN requires (n — 1) messages per request and service traffic

is bounded by (3n — 2).

Proof:

To prove the first measure, let the token be initially at any one processor P;
in the first subring. Now a request generated at P, has to traverse (5 — 1)
processors before it reaches the token or it has been stopped by the preceding
request message. Meanwhile each processor in the second subring may originate

and send requests for token. Thus in the worst case, request messages generated

at the second subring require one move to reach their corresponding processors in

n

the first subring and then moves (§ — 1) processors in the first subring. These

exchanges result in § + (§ — 1)=(n — 1) movements required to inform the token.
Hence in the worst case, the average number of messages per request amounts to
(n—1).

In order to prove the second measure, service traffic, consider two types of
movements (request as well as token) between two subrings. The first type in-
cludes requests from the first subring and in the absence of the requests from the
second subring, atmost (§ — 1) messages may be sent to inform the token. But by

the interconnection of the second subring, each request originated from the sec-

ond subring requires one move ahead per processor to reach their corresponding
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interconnected processor in the first subring resulting in § movements in total and
then moves over the processors in the first subring provided M, = 0. Thus, in
total, (n — 1) messages are needed to inform the token in the worst case. Token
starts from the processor in the first subring according to the value of V. The
zig-zag movements of the token guarantee that the token serves all requests by
visiting each processor atmost once. Thus atmost n token movements are required
to visit each processor once. So atmost (2n — 1) messages are needed to service the
processors with a pending request, regardless of the position of processors in the
subrings. Additionally (n — 1) movements are needed, as each processor is again
eligible to generate a request message after its previous request message has been
served. Hence the service traffic, in the worst case, amounts to (3n — 2) and it is

guaranteed that token skips no requests in its way to the destination. |

4.4 Allocation in single side wrap around mesh

In this section, we describe the allocation of single shared resource using token
passing approach in a single side wrap around mesh which is depicted in Figure
4.1. In this architecture, we term the ring for which ¢ = 1 (with processors P!,
P2, .- P™) as base ring. Initially token resides at a processor in the base ring.
It is assumed that if token is in a moving state over processors in the column of
adjacent rings, no request from neighboring processors would be registered by that
processor.

Each processor has local variables M, and V,. M, assumes 1, if the processor

has a pending request of its own or a request has been passed through it and 0,
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Figure 4.1: Single side wrap around mesh network

otherwise. V, assumes 1, if P; receives a request from the processor PZ-jJrl and 0,
otherwise. Token has a flag bit L to control the token movement over processors
in the adjacent columns. This flag bit L assumes 1, whenever token is received
from processor P/~' (i > 1) by P/. The value of L will be reset to zero as and
when token reaches the processor in the base ring. When token recognizes both

the values of M, and V, as zero at any one of the processors in the base ring,

then it starts making a check tour to trace all remaining pending requests. For
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this purpose, we assume that token additionally has a variable C' for recording the
number of token movements in the check tour over the processors in the base ring.
During the check tour, the token recognizes V, of any one of the processors as 1,
then the check tour will be terminated; the value of C' will be reset to zero and
the corresponding pending request(s) from the column processor(s) will be served.
Token stops moving when it recognizes the value of C' as m and the values of M,
and V, as zero.

The description of the algorithm - MICRN is as follows:

Algorithm - MICRN

// Left arrow(«+) indicates the processor from which request or token is received.

(a) When P/ needs the shared resource then
* If P/ has token then enter the critical section.
* If P/ has no token then
if (i = 1; M, = 0) then set M, = 1 and send request to P/*" if V, = 0;
otherwise (either M,= 1 or V. = 1) stop the requests at P/
else (if i > 1 then) set M, = 1 and send the request to P/, if V,=0;

otherwise stop the request at Pij

(b) When P/ receives a request then

7

* If Pij has token then reset C' = 0, M, = 0;

if (request «— P’~") then send token to P?™

(2

else (request « P/,;) send the token to P, ;.
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* If P/ has no token then
if 2 =1 then
if (request «— P’~') then
if M,, = 1 then stop the request at Pij
else (M, = 0) set M, = 1;
if V. = 0 then send the request to Pij 1. alse stop the request at Pij
else (request « P/,) set V, = 1;
if M,, = 1 then stop the request at Pij ;
else set M, = 1 and send the request to pitt
else (i > 1) set V. = 1;
if M,, = 1 then stop the request at Pij

else set M,, = 1 and send the request to =0

(c1) When P’ receives token and has a pending request then

(2

enter the critical section; set M, = 0;
if = 1 then reset C' = 0;
if (token «— P/™") then send token to P/ if V,=0;
otherwise set V. = 0 and send token to PZ{q
else (token « P} ;) reset V, = 0; set L = 0 and send token to P/
else(i > 1)
if (token < P |) then
if V. = 1 then reset V,, = 0 and send token to PZ{q

else if L = 0 then send token to P/™"; else send token to P/,

else if (token < P?™') then set L = 1;

7
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if V, = 1 then reset V, = 0 and send token to P/,
else send token to P/ |

else (token « PZ{q) reset V, = 0 and send token to P? ,

(¢2) When P/ receives token and has no pending request then

if (i=1; token « Pij_l) then
if V., = 1 then reset M, = 0; V,, = 0; C = 0; and send token to PZ{Ll
else if M, = 1 then reset M,=0; and send token to pitt
else if C' = m then stop the token at Pij
else set C' = C' + 1 and send token to ij+1
else (i=1; token « P}, )
set L = 0; V, = 0; M, = 0 and send token to pitt
else (i > 1) set M, = 0;
if (token « Pij_l) then set L = 1;
if V., = 1 then reset V, = 0 and send token to PZ{q;
else send token to Pij_1
else (token « P/ ) set V, = 0 and send token to P},

(2

else (token «— P/ ;) set V, = 0 and send token to P/ ;.

Theorem : 4.3

Algorithm - MICRN serves all requests generated for single shared resource.

Proof:
Initially let the token be at any one of the processors in the base ring. All

processors other than those in the base ring are allowed to send requests towards the
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corresponding processor in the base ring and processors in the base ring can send
requests only in clockwise direction. Therefore a request generated by processor

P! in the i*" ring is projected towards the corresponding processor Plj in the base
ring. If the token is not available then, it will be passed to the next processor in the
clockwise direction by setting the variables appropriately. In the meantime, other
processors may also generate and project requests to inform token for accessing
the shared resource.

The generated request will be forwarded only if it recognizes the values of M,
and V,. as zero. Otherwise, it will be stopped as another request has already been
sent through that processor. Thus the generated request reaches the token and
informs. Now token starts moving to serve the pending requests. Token searches
for all pending requests as in steps (c1) and (c2) and stops moving after completing

a check tour in the base ring. Thus in the algorithm MICRN, the token is aware

of all requests and hence serves all processors. |

Theorem : 4.4
The algorithm MICRN requires (n — 1) messages per request and service traffic

is bounded by (2n +m — 1).

Proof:

We assume that the token is initially placed at any one of the processors in the
base ring. Now each request originated at P/*! has to traverse atmost (m — 1)
processors before it reaches the token or it has been stopped by a preceding request.

Meanwhile processors in adjacent rings may also generate and send requests for the
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token. Thus in the worst case, a request generated in the adjacent ring processor
requires (k — 1) messages to reach their corresponding processor in the base ring
and then makes (m — 1) moves over processors in the base ring. In the mean
time, m(k — 1) messages may be generated by the column processors. Hence in
the worst case, the total number of message exchanges per request amounts to
(m(k—1)4+m—1)=(n—1).

To find the service traffic, we consider both the request and the token move-
ments. The request originated from the base ring processor requires atmost (m—1)
messages to inform the token. Now each request originated from column processors
may require atmost (k — 1) moves ahead per column to reach their corresponding
processor in the base ring and then moves over the processors in the base ring
provided M, = 0. Thus in total, atmost (n — 1) messages are required in the worst
case. To perform the check tour, Token starts from the processor in the base ring
in which V, = M,, = 0. This check tour requires m token movements in the base
ring. So atmost (n + m) token movements are required to service the processors
with a pending request. In the meantime, atmost n message exchanges may be
required for the newly generated requests. Hence in the worst case, service traffic

amounts to (2n +m — 1) and token skips no requests. "

4.5 Allocation in regular meshes

Next we consider a regular mesh network in which bidirectional movements
for both token and requests are assumed. Here token needs two flag bits 7; and

T, to record the pending requests from the left and right end processors of the
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base row respectively and Ty to regulate the direction of the token over processors
in the 7" (1 < i < k) row. Token maintains 7} (7,) as 1, if request is received
from the left port (right port) processor and 0, otherwise. In the base row (i=1),
we require another local variable le)(”) that stores 1, if a request is received from
processor P/~' (P/™). Each processor in the base row (i=1) has a direction bit d
that takes value 0(1) if token is sent to left (right) processor. Whenever the token
moves from the base ring processor to the i** row, T; value is set according to the
current direction using d. We assume all other variables and assumptions as in the
algorithm-MICRN except the token counter C', used in the check tour, which is
not needed in the mesh without wrap around connections. In this algorithm, token
moves from the base row processor to column processors and serves all requests in
that column. Then, token is sent to the next processor in the adjacent column.
From this column processor, token reaches the processor in the base row only
after serving all processors in that column. Similarly the request from column
processors first reaches the base row and then forwarded towards left or right
port appropriately. At the beginning, the local variables Mll,(r), T;, T, and d are
initialized to zero. Whenever there is no pending request, then token is idle in any

one of the base row processors. The description of the algorithm is as follows:
Algorithm : SRA_Mesh
// Left arrow(«+) indicates the processor from which request or token is received.

(a) When P/ needs resource then

If P/ has token then it enters the critical section.



If P/ has no token then
If © =1 then if M, = 0 then set M, =1;
if V. = 0 then send the request along the left port if d= 0;
otherwise through the right port
else (either V., =1 or M, = 1) no request is sent
clse(if 7 > 1 then) set M, = 1 and send the request to P/, if V, = 0;

otherwise stop the request at Pij .

(b1) When P/ receives request and has token then set M, = 0;
If j = 1[or m] then set d = 1[or 0]; reset M}" "1 = 0;
if (request «— P?"'or P/7']) then
set Trpor ) = 1 and send token to P/ ™' or P/~
else (request « P/, ;) reset V, = 0 and send token to P/,
else (1 <j<m)
if (request « P/ '[or P/™"]) then set Tjf, , = 1; Mler ) = 0;
if d =0 [or 1] then
if Typr 4y = 1 then set d = 1[or 0] and send token to P/*" [or P/ ']

else send token to Pij _1[or Pij +1]

else (request « P7/,,) set V, = 0 and send token to P7,

(b2) When P/ receives request and has no token then

if (¢ =1 and M,=0) then
if (request < P} ;) then set V, = 1;
else (request — P/~ 'or P/M)) set Ml =1, M, = 1

7

if 5 = 1[or m] then send the request to P?™[or P/



else (1 < j < m) send the request to P/~ if d=0; else to P/*!
else(i=1 and M,=1) stop the request at P/
else (i > 1) set V, = 1 and stop the request at P/ if M,=1;

7

otherwise set M, = 1 and send the request to P/,

(c1) When P/ receives token and has a pending request then
it enters the critical section; reset M, = 0; at the end of critical section,
if (i =1; j = 1jor m]) then set Tjjpr ,y = 0

if (token « le[or m}) then reset L = 0; V. = 0;
if Tojor g = 1 then set d = 1 [or 0] and send token to PZ[or P{"']
else if (token « P?™'[or P/™']) then
if V, = 1 then set V, = 0; T; = 1[or 0] and send token to P/,
else if T,y y=1 then set d=1[or 0] and send token to P/ jor P/™']
else token stays at P’
else (i=1;1 <j<m)
if (token < P/~ [or P/*']) then
if V., =1 thenset d =1 [or 0]; T, = 1 [or 0];
V, = 0 and send token to P,
else set d=1[or 0] send token to P/*'[or P/7"]
else(token « P/ ) reset V,= 0; L=0;
if d =0 [or 1] then if MII)[‘”’ "I=1 then reset Tjor =1
if Ty(pr 4y = 1 then set d = 1[or 0] and send token to P/™" [or P/~

else if Tjor ) = 1 then send token to P/ Yor P/

else (Tjjor ) = 0) token stops at Pij

73



if (i > 1; j=1[or m]) then
if (token < P |) then
if V,, = 1 then reset V,, = 0 and send token to PZ{q
else if L = 0 then send token to P/ [or P/™']
else send token to P/ |
else if (token « P/™ [or P?']) then set L = 1;
send token to P/, if V, = 1; otherwise send token to P/,
else (token «— P/ ;) reset V, = 0 and send token to P/,
else (i >1;1<j<m)
if (token < P |) then
if V,, = 1 then reset V,, = 0 and send token to PZ{q
else if L = 0 then send token to P/ '[or P/™] if Ty = 0 [or 1]
else send token to P/ |
else if (token « P/™ [or P?7']) then set L = 1;
if V,, = 1 then set V, = 0 and send token to PZ{q

else send token to Pij_l

else if (token « PJ, ) then reset V,= 0 and send token to P/,

(¢2) When P/ receives token and has no pending request then
if (i =1; j = 1]or m]) then
if (token « P/*'[or P/7"]) then set T, 1=0;

if V,, = 1 then set M;[‘”’ = 0; M,=V,=0 and send token to Pin

else if Typr 4 = 1 then set d = 1[or 0] and send token to P/™jor P/~

else token stays at P/

74
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else(token «— P, ™)
if Tojor j = 1 then reset M;[O’" U =0; M,=0; V,=0; d=1[or 0]
and send token to PZ[or P" ]
else token stays at Py ™
else (i=1;1<j<m)
if (token « P/.,) then
if d=0or 1] then if M'" ") =1 then set Tj, ,j = 1;
if Tyfor ) = 1 then set d = 1for 0] and send token to P/™'[or P/~
else if T4, ;7 = 1 then send token to Pl-j 71[01’ Pf“]
else (T, = 0; T; = 0) token stays at P/
else if (token « P/ '[or P/™']) then
if V, =1 thenset V, =0;d = 1[or 0]; Ty = d
and send token to the processor PZ{H
else if Ty, j = 1 then reset M, = 0; M;[O’" 1=0; d=1[or 0]
and send token to P’ [or P/
else if T4, ;7 = 1 then send token to Pl-j 71[01’ Pf“]
else (T;=T,=0) token stays at P’
If (i > 1; j = 1ljor m]) then
if (token <P/ ) then if V, = 1 then reset V, = 0 and send token to P/,
else(V,=0) if L=0 then send token to P/™'[or P/™]
else send token to P/,
else if (token « P!™'or P/7']) then set L = 1; if V, = 1 then set V,=0

and send token to Pijﬂ; otherwise send token to P/,
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else if (token « PJ, ) then reset V;, = 0 and send token to P/,
else (i >1;1<j<m)
if (token — P/ '[or P/*"]) then set L = 1;if V, = 1 then set V, = 0
and send token to P/, ; otherwise(V,=0) send token to P/
else(token «— P/, ) reset V, = 0 and send token to P/,
else(token «— P7 )
if V,=1 then set V,=0; M,=0 and send token to Pin
else if L=0 then send token to P/™'[or P/™"] if Ty=1[or 0];

else(L=1) send token to P/

Theorem : 4.5

The algorithm SRA_Mesh serves all requests generated for the single shared
resource and requires (n — 1) messages per request and service traffic is bounded
by (2n + 1).

Proof:

In algorithm SRA _Mesh, token serves all requests in one direction and then
its direction is reversed. Token serves requests according to the value of flag bits
T, and T,. Token, from an intermediate processor, takes diversion to the next
column as per the value of T;. Token, while reaching the base row processor, it
checks MII)[‘”’ "l value to store the pending request received from the left[or right]
processor. All other arguments are similar to the proof of Theorems 4.3 and 4.4. n

In last two algorithms, as processors are aware of incoming and outgoing re-

quests and token movements, we can detect the faulty nodes or links that occur
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other than the base row (which is assumed to be fault-free) before starting the

execution of the algorithms.

4.6 Conclusion

In this chapter, we have considered the problem of controlling the allocation
of single shared resource among processors in two interconnected rings network,
single side wrap around mesh and regular 2-dimensional mesh using request based
token passing strategy. First we have proposed an algorithm ICRN for controlling
the allocation of single shared resource in the network, in which processors in two
rings are interconnected appropriately. In this algorithm, we additionally require
a counter for performing the check tour in which the token is aware of the pending
requests generated later on. Then we have proposed a request based token control
algorithm MICRN that allocates the single shared resource in a single side wrap
around mesh. Finally we have proposed a shared resource allocation algorithm
SRA_Mesh for regular mesh with atmost (n—1) messages per request and (2n+1)
service traffic. In this algorithm, we do not require an additional check tour, as
the processors in the base row is aware of the direction through which the token

has been sent.



Chapter 5

Allocation in general networks

5.1 Introduction

A variety of token based algorithms use the idea of requesting the token from
only one processor, for example, to the processor that last requested the critical
section (Naimi and Trehel 1987) or to one designated processor that would ulti-
mately receive a circulating token and append requests to this circulating token
(Kumar et al. 1991). Then Helary et al. proposed an algorithm that indicates the
importance of considering the network topology on a distributed mutual exclusion
algorithm and it does not take the advantage of dynamic local information (Helary
et al. 1988). This algorithm just blindly searches the whole spanning tree rooted
at a requesting processor. Still this distributed mutual exclusion algorithm has the
message complexity of O(n?) per critical section invocation.

Raymond(1989) proposed a token based mutual exclusion algorithm that re-
quires log(n) messages per critical section invocation, but the algorithm works for
tree connected networks (Raymond 1989-a). The O(logn) complexity is achieved

only for star-shaped tree networks. In the worst case, for a chain-shaped tree net-
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work, the number of messages would be O(n). Thambu and Wong (Thambu and
Wong 1995) proposed an efficient token based mutual exclusion algorithm in the
distributed system using the idea of projective planes. This algorithm assumes an
error-free fully connected network and uses a time-out mechanism to avoid infi-
nite delay. Also it requires two arbitrator sets called superiors; and inferiors;.
If a requesting processor j does not know any of its inferiors holding the token,
then requesting all of j’s superiors will definitely lead to the holder of the token.
Therefore there will always be a path from a requesting processor to the processor
that holds the token. This algorithm requires sending token request to a set of \/n
processors at most.

Yan et al. presented a simple and efficient mutual exclusion algorithm in ar-
bitrary network topologies (Yan et al. 1996). This algorithm shortens the request
delay by fully taking advantage of the network dynamic status information. In
this algorithm, each processor sends out only one request message to chase the
token. While chasing the token, a request message dynamically adjusts its chasing
path based on the local information at intermediate processors. Then Gregory et
al. studied the problem of efficiently scheduling by evolving binary-tree-structured
computations on a ring-structured parallel computer (Gregory et al. 1996). Next
Chang presented a hybrid approach in which processors are divided into groups
(Chang 1996). Barrows et al. studied the empirical aspects of dynamic scheduling
on rings of processors (Barrows et al. 1999). The processors use one local algo-
rithm to solve conflicts with processors in the same group and use a different global

algorithm to solve conflicts with processors in other groups.
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Datta et al. presented a deterministic distributed depth-first token passing
protocol on a general network with a distinguished root (Datta et al. 2000). This
protocol uses neither the processor identities nor the size of the network, but
assumes the existence of a distinguished processor, called the root of the network.
This protocol is self-stabilizing in which it is guaranteed to reach a state with no
more than one token in the network. The depth-first token circulation scheme has
many applications in the distributed systems. The solution to this problem can
be used to solve the mutual exclusion, spanning tree construction, synchronization
and many other important tasks.

Petit and Villain proposed depth-first search algorithms for tree structured
networks using the static model in which the existence of a spanning tree is not
assumed (Petit and Villain 1999). Housni and Trehel presented a token based man-
agement protocol for shared resources (Housni and Trehel 2001). They used the
example of a teleconference with a point-to-point communication between speak-
ers. Here the power of speech is the resource and the member who is speaking is
the token holder. Every member must send a request to have right to speak. This
request moves up from one member to another one going toward the token holder.
At a given time, a logical tree expresses different path requests and must follow
the members to reach the token holder and reciprocally the token going toward
each requester. Thus a single request queue, including all requests, moves from
one requester to another with the token, following the logical tree.

Chen et al. have proposed a self-stabilizing algorithm for constructing a span-

ning tree in a distributed network (Chen et al. 1991). Huang and Chen have
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proposed a self stabilizing protocol that circulated a token on a connected network
in nondeterministic depth first search order, rooted at a special processor (Huang
and Chen 1993). Then Wu and Shu proposed an efficient distributed centralized
token-based mutual exclusion algorithm with central coordinator in which the to-
ken is informed of the identity of the processor which is in need of the shared
resource (Wu and Shu 2002).

In this chapter, we propose two algorithms based on request message based
token control strategy for shared resource allocation in a general network. In the
next section, we present the model of communication network. Section 5.3 presents
a two phase algorithm for the token distribution problem in general networks. In
section 5.4, we have proposed an algorithm for the single shared resource allocation
using token oriented acyclic network in the form of a linear array. Section 5.5

concludes this chapter with future remarks.

5.2 The model of communication network

The underlying topology of the distributed system is abstracted as an undi-
rected fault-free network G = (V, E) with |V| = n asynchronous processing el-
ements. The links are assumed to be bidirectional. We denote deg(P;) as the
number links incident on a processor(P;) and m; = deg(P;) and assume that each
processor knows this information. The characteristics of each processor is assumed
as described in section 1.3. If any one of the processors Py, (P € {adj(F;)}) among
m adjacent processors of P;, has no other adjacent processor(i.e., deg(Py) = 1),

then the processor Py is termed as a leaf processor. A processor P; is termed as a
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central processor only if it has m; = deg(P;) > 1 adjacent processors and however,
these central processors impose no centralized management. Still these processors
follow completely distributed management. Each processor P; knows the existence
of links and assigns a unique local index to each link incident on it. Hence the
movements of either request or token is controlled only by these local links and
not by the actual indices of the adjacent processors. We assume that the message
passing in any link is reliable and the communication delay in a link is finite and
unpredictable, determined by network contention (Yan et al. 1996).

The analysis of the proposed algorithms also uses two distinct measures namely

average number of messages per request and service traffic described in section 1.3.

5.3 Token-based algorithm in general networks

Consider a general network G = (V, E) with n processors as depicted in the
Figure 5.1(a). From G, we can construct a spanning tree G’ with |V| = n vertices
and |E'| = n — 1 links, as in the Figure 5.1(b) and 5.1(c), using any well known
self-stabilizing algorithm (Lakshmanan et al. 1987, Chen et al. 1991, Huang and
Chen 1992, Huang and Chen 1993). We assign indices to the processors in the
order of their traversals. Here, we retain the parent link for each processor, say
| = parent(Py). In G’ as and when token passes over the processors, each processor
P; maintains the identity of the link through which the token has been routed. The
request generated in future, by processor P; is directed towards that link through
which the token has been sent. The current state of such a spanning tree is referred

to as token oriented acyclic network. The processor P,
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(1 = 1) is indexed as the root processor and rest of the processors are indexed as
{P,, Ps,---, P,} in the token oriented acyclic network G’.

Lakshmanan et al. have proposed a time optimal algorithm to construct a
depth-first-search tree for an asynchronous communication network. This con-
struction requires less than 4m — (n — 1) messages, where m and n denote the

number of links and processors respectively (Lakshmanan et al. 1987).

(b)

Figure 5.1: (a) A general network with n=12 processors; (b) a spanning tree;
(c) an indexed tree

5.3.1 Allocation algorithm using a queue: GNet

The proposed algorithm GNet consists of two phases. The first phase describes
the allocation of the shared resource in a leaf processor. The second phase keeps
track of the token as well as request movements at central processors. Here each
leaf processor P; has a local variable M, to control the movement of its own re-
quest and assumes the value 1, if P; has its own pending request and 0, otherwise.
Each central processor P; maintains a queue ¢; to record the status of the receipt

of requests received from its links and also of its own request.
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Next we assume that token moves with a request indicator 7, which moves
along the token to indicate the existence of additional pending requests other than
the firstEl() - the first entry, in the queue ¢;. T, assumes 1, if there is a pending
request other than the first entry of ¢; and 0, otherwise. Each central processor has
a direction indicator d - a variable which identifies the link through which token
had been sent. d assumes [, if the token is passed through that link [ that connects
the adjacent processor P; with FP; and 0, if token has not yet passed through the
processor P;. At the beginning, M,, T, and d are initialized to zero; ¢; is assumed

to be empty and initially token is placed at P;.
PHASE I

This section deals with the allocation of single shared resource among leaf
processors in the token oriented acyclic network. When a request is generated at
a leaf processor P;, it accesses the single shared resource only if it has the token;
otherwise the generated request is passed to its neighbor. Whenever P; receives
a request then it must posses the token, because P; is a leaf processor. Similarly
whenever P; receives token, it must have its own pending request. However, if the
request indicator 7,=1 then, the processor P; resets 7,=0 and sends token to P;

after serving P;; otherwise the token stops at P; itself.

The description of PHASE - 1 is given in Figure 5.2.

Variables kept at each leaf processor P;:

boolean M,, T,
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On demand of the shared resource at P;:
if P, has token then it enters critical section;

else sets M, = 1 and sends request through the link j

On receipt of a request at P; from the link j: // P; must possess token

processor P; sends token through the link j

On receipt of the token at P; from the link j:  // P, must have a pending request
P; enters critical section; sets M, = 0 and at the end of critical section,
if T,=1 then set 7,,=0 and send token through the link 7;

else stop token at P; itself.

Figure 5.2: Token based control algorithm for shared resource allocation among
leaf processors

PHASE 11

In this section, we describe the algorithm for controlling the movements of
requests and token at central processors. Whenever a central processor P; needs a
resource and has no token then it adds the request into its queue and then forwards
the request to its neighbor, if it has not sent a request earlier. The request messages
generated for the shared resource keep track of the value of direction indicator d
to identify the link leading to the processor through which the token is available.
After getting informed, token starts serving the pending requests. On reaching a
processor P; from P;, token scans the entries in the queue ¢; using firstEl() - first
entry of the queue, that identifies the first entry in the queue without removing

it. If the index in firstEl(q;) is ¢ then, the processor P; enters critical section.
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Otherwise the processor P; sets d = firstEl(g;). Then if T,=1 then the queue
is enqueued with the local index of the link from which token is received and
dequeued. Before sending the token through the link d to the adjacent processor,
P; checks the status of the queue g¢;; if ¢; is still nonempty, then the request indicator
T, is set appropriately and then the token is passed through the selected outgoing
link. Now token starts moving from P; through the adjacent link as indicated
by d. Finally token stops at a central processor P; only if 7,=0 and queue g¢; is
empty. The value of d plays a vital role in directing the request received at P; in
the absence of the token.

It is clear that there could be atmost one request received from any adjacent
link in the queue ¢;. All requests received from adjacent processors are entered
into the queue ¢;. A request received from an adjacent processor will be forwarded

to the next processor based on the value of d if the queue was already empty.

The detailed description of PHASE II is given in Figure 5.3.

Variables kept at each central coordinator P;:
int Z.a j) k:a la da qi;
boolean 7,

queue qi

On demand of the single shared resource at P;:
if P, has token then it enters critical section;
else (if P; has no token then )

if queue(q;) = empty then enqueue the request status of P; in ¢; and
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if d=0 then send request through the link [ to the parent of P,
else (d = j) send request through the link j

else(queue(q;) # empty)

enqueue the request status of P; in ¢; and stop the request at P,

On receipt of a request at P; from the link j:
if P; has token then set d = 7 and send token through the link j
else(P; has no token)
if ¢; = empty then enqueue the request status of the link j in g;
if d = 0 then send the request through the link [ - the parent of P;
else(d = k) send the request through the link k
else(q; # empty)
enqueue the request received from the link j in ¢; and

stop the request at P;.

On receipt of token at P; from the link j:
if firstEl(q;) = i then enter critical section;
dequeue(q;) and at the end of critical section, do:

if ¢; = empty then
if T, = 1 then set d = j; reset T,, = 0 and send token through the link j
else stop token at P;

else (¢; # empty) set d = firstFEl(q;); dequeue(q;);
if T, = 1 then enqueue(q;) with the local index of the link

through which token is received; set T, = 1
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and send token through the link d
else(T, = 0)
if ¢; # empty then set T, = 1 and send token through the link d.
else (¢; = empty) send token through the link d
else(firstEl(q;) # i) set d = firstEl(q;); dequeue(q;);
if T, = 1 then enqueue(q;) with the local index of the link j
and send token through the link d
else if ¢; # empty then set T, = 1 and send token through the link d

else (¢; = empty) send token through the link d.

Figure 5.3: Token based control algorithm for shared resource allocation among
central processors

Theorem: 5.1

The algorithm GNet serves all request messages.
Proof:

Consider a fault-free connected network G = (V, E) with |V|=n processors.
The given network G is first converted into the token oriented acyclic network which
in turn may be either a spanning tree or an ordered tree G where n processors
and (n — 1) links. Placing the token initially at P; implies P; as the privileged
processor and all non-privileged processors can generate requests. The generated
request searches the token and the request generated first by P;, 1 < ¢ < n, will
be forwarded to the processor P; through the link to Py (adjacent processor to
P) only if P, 1 < k < n and k # i, has not already generated or forwarded a

request towards P;. When token received a request, it moves through the link from
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which the request is received. Whenever token crosses a processor P;, the processor
P, maintains d which assumes the appropriate index assigned locally to the link
through which the token is forwarded from that processor P;. Thus the processor
P; has no knowledge about the index of adjacent processor P;. The queue ¢; at
each processor P, maintains the links from which requests have been received. As
and when token moves from one processor to another, it carries the boolean value
T, to indicate the existence of pending request(s). According to the entries of local
queue ¢; in each processor P;, token moves to serve all processors until 7, = 0
and ¢; is non-empty. Here in each processor, there is a local queue which allows
requests generated to be served in order. This guarantees no starvation for the
token and hence token serves all requests. |
Theorem: 5.2

The algorithm GNet for single shared resource allocation in general networks
requires (2n — 1) messages per request
Proof:

To prove the bound on the number of messages per request, we use amortized
complexity analysis (Feuerstein et al. 1998, Tarjan 1985). First we assume that R
is the set of pending requests spread over processors in the network; M is the set
of waiting request messages for the token and C'is the current value of the request
indicator 7. Clearly each processor P; can have atmost m = deg(P;) waiting
requests in the queue ¢;. Thus, in total, there could be atmost (2n — 1) enqueued
waiting requests in the worst case. It is also to be noticed that each request

generated at any processor P; will be enqueued at more than one intermediate
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processor only if that intermediate processor has forwarded no other request. The
request generated / received first will be forwarded through the link that leads to
the processor where token is available.

Now each pending request message r € R, let d;(r) denotes the distance from
the processor with the token to the processor with a pending request r. Similarly
for each waiting request m € M, dy(m) denotes the distance from the processor
currently possessing a waiting request m to the processor currently having the
token T'.

Let ® be a potential function,

(I): Zdl(T)+ Z dg(m)

reR meM

The formerly generated/received request, from each branch of the token ori-
ented acyclic network, only reaches and informs the token and all other requests
generated /received are enqueued in their respective queues and stop as already a
request had been passed through it. The amortized cost of a message is defined
as 1 + A®, where 1 is the cost for exchanging the message or token due to the
algorithm and A® is the variation of potential function due to exchanges.

We study the amortized cost of any exchanged message:

o The token is passed through a link from P;:

In this case, as per the description of the algorithm, ¢; is non-empty, i.e., there
exist atleast one entry in the queue and hence |g;| > 0 which implies C' = 1. In

the worst case, there could be (2n — 1) enqueued waiting requests. Therefore
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the variation in the potential function, when token carries no waiting request
from previous processor, is decreased by 2 by reducing 1 each from d;(r) and
dy(m). Also if the token carries a pending request from earlier processor then

the variation in the potential function is decreased by one.

o A request is passed through a link from P;:

The variation in the potential function ® increases by 2 since the generated

request message has increased d;(r) and dy(m) each by 1 in the worst case.

Each new request increments ¢ by atmost (2n — 1) in the worst case (queue at
all P; are non empty and 7, > 0). For a sequence of k message / token exchanges,
the amortized cost is k* (2n — 1) in the worst case and (2 k — 1) in the best case.
In the best case, the variation in ® would be 2. Therefore the average number of
message exchanges is (2n — 1), in the worst case and 2, in the best case. "
Theorem: 5.3

The algorithm GNet for single shared resource allocation in general networks
requires 3(n — 1) service traffic in the worst case.

Proof:

We consider two types of request movements to prove the service traffic. In the
first case, we consider the network in which each central processor except the root
is assumed to have exactly two neighbors(linear array). In this case the generated
request at a leaf processor reaches the processor P;, where token is available, in (n-
1) movements (the worst case). In the meantime the intermediate processors may

generate their own requests and these requests will be either forwarded towards P,
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or stopped as already a request had been sent. Thus the generated request informs
the token within atmost (n-1) movements. Now token moves to serve the pending
requests. Token needs atmost (n-1) movements to reach the end processor, which
is possibly having a pending request. Therefore the number of message exchanges
will be (2n-2). In the second case, we consider a network in which each central
processor may have more than 2 adjacent neighbors. The requests, received from
all neighbors of a central processor, will be enqueued in the queue ¢; and the
first received request will be forwarded only if no request has yet passed through
that central processor. The rest of the received requests will be stopped and
their entries are added into the queue. Thus the request generated for the shared
resource reaches the token within atmost (n-1) movements.

Now token traces the queue entries to check pending request(s) of its own or of
its neighbors to select an outgoing edge leading to its neighbor P; based on the first
entry j in the queue. When it reaches the neighbor P; through the selected outgoing
edge from P; then P;’s pending request carried by 7, is updated in the queue of
P;. Note that the remaining pending requests of P; get chance only after serving
all the pending requests of neighbors of P; or of its own and also observe that after
getting served once, P; or its neighbors get access of the token only after servicing
the remaining pending requests of P;. This type of token traversal amounts to
atmost (n-1) token exchanges. Subsequently the processors served by the token,
may also generate requests again. But this type of requests will be updated in the
queues of the intermediate processors. There is atleast one processor which may, in

each round, generate a request for the shared resource. Thus in total, there would
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be (n-1) processors with a pending request. Hence summing up of all these three
type of movements implies a total of (n-1)+(n-1)+(n-1)=3(n-1) service traffic in

the worst case. [

5.3.2 Differences between Raymond’s algorithm(1989) and
the proposed algorithm

o We have proposed an algorithm for single shared resource allocation in token
oriented acyclic network. In the proposed algorithm, it is assumed that
neither token nor request message carries information about the identities of

source and destination processors.

o In Raymond’s algorithm (1989), each processor knows the existence of its
neighbors in the tree. But in our algorithm, each processor knows the ex-
istence of links connected to it only by their local indices. Hence we have
relaxed the assumption, in Raymond(1989), that each processor knows the
identities of the adjacent processors and monitors the movement of the to-
ken by keeping track of the variable Holder, = Y. This Holder variable
in each processor knows the identity of adjacent processors and each ad-
jacent processor knows their adjacent processors by their Holder variables
(Raymond 1989-a). In the proposed algorithm as each processor assigns a
local index to each link connected to it and hence it has no knowledge about
the identities of even its adjacent processors. Also as the token knows the
existence of pending requests by means of the boolean flag T, and ¢;, the

direction indicator d directs the token to select the next outgoing link. Thus
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the variable Holder, = y in each processor is not required in our algorithm.

o In the proposed algorithm, even in the absence of Holder variables, it is
possible to collectively maintain token oriented paths from each processor to

the privileged processor.

o In Raymond’s algorithm, the queue of each processor holds the index of
adjacent processors from which requests had been received. Here we do
maintain a queue of requests not by the indices of adjacent processors but

by the local indices of links connected to it.

o The most important variation in the proposed algorithm is the updated value
of the request indicator T, that identifies the existence of additional pending

requests other than the first entry of the queue g;.

5.4 Allocation by embedding token oriented acyclic
network into a linear array

In this section, we propose an allocation algorithm for the single shared resource
using token oriented acyclic network in the form of a linear array. In chapter 2.2,
we have presented an algorithm for the bidirectional linear array of n processors
and (n—1) links with 2(n — 1) messages per request and service traffic of 3(n —1).

The token oriented acyclic network shall be embedded into a linear array in
such a way that the indices of the processors in the acyclic network shall be mapped
to the indices of the processors in the linear array. Now the links joining successive

processors in the acyclic network shall be mapped to a single link joining the
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corresponding successive processors in the linear array. This mapping shall be
used for bidirectional communications among processors that are indexed from 1
to n, say P; to P,. The number of links travelled during a visit from processor
Py to processor P, will be, in the worst case, (2n — 1) that includes the counting
of backtracked links also. Note that the path from processor P; to P;;; must be
stored which will be useful for token and request traversals.

As and when a request is initiated, it searches and informs the token and then
token starts serving requests left to right in the linear array. In one traversal from
left to right, all processors having pending requests will be served only once, that
is, at the first visit to the processor but not during the backtracking towards the
visit to P,. Similarly when token moves from right to left, all pending requests
during the first visit will be satisfied. The token does not change its direction
as long as there are pending requests in the current direction. Therefore the
algorithm prevents starvation of any request or token. This kind of token and
request movements require two traversals: one for the request and another for the
token. Hence the number of message exchanges per request is 2(2n — 1).

For the second measure, the algorithm requires additional (2n — 1) message
exchanges due to additional requests generated by the other processors. Therefore

the service traffic of the algorithm is 3(2n — 1). Thus we have,

Theorem: 5.4
The above algorithm satisfies all pending requests with in a finite time, requires

2(2n — 1) messages per request and the service traffic is bounded by 3(2n —1). n
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5.5 Conclusion

We have proposed algorithms based on token passing strategy for the single
shared resource allocation problem in general networks. We have first converted
the given undirected network into a token oriented acyclic network that may be
derived from either a minimal spanning tree or an ordered tree network. The first
algorithm consists of two phases for shared resource allocation in token oriented
acyclic network. The first PHASE of the algorithm deals with shared resource
allocation in leaf processors. The second PHASE of the algorithm controls the
movements of request and token in non-leaf processors. Also we have proposed
another algorithm based on the embedding of the token oriented acyclic network
into a linear array of processors in which token and request messages are permitted
to move on both directions. The proposed algorithms may also be useful for ad
hoc networks if the token oriented acyclic network can be established based on the

self stabilizing approach of Huang and Chen (Huang 1993, Huang and Chen 1993).



Chapter 6

Distributed algorithms for sorting
and prefix computation

6.1 Introduction

In the design and analysis of algorithms, sorting problem is one of the most
fundamental problems. We consider the sorting problem with a set of elements
distributed over processors in a line network and in static ad hoc mobile networks.
The traditional lower bound for distributed sorting problem has been considered
to be n rounds because the number of disjoint comparison-exchange operations
required n rounds for parallel sorting on a linear array (Akl 1989, Leighton 1992).
Then it has been reduced to (n — 1) rounds by Sasaki’s algorithm (Sasaki 2002).
This problem has been extensively investigated in distributed contexts. The po-
tential efficiency of a distributed system is inherent in the design of an effective
algorithm that minimizes the number of message exchanges as well as the compu-
tation time (Luk and Ling 1989).

There are several algorithms for distributed sorting in various topologies. Loui

(Loui 1984) presented a simple sorting algorithm on rings. Rotem et al. (Rotem

97
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et al. 1985) have studied the static and dynamic versions of the sorting problem
where each node contains a subset of elements. Zaks (Zaks 1985) presented a
sorting algorithm for a tree network and then extended it to general networks.
Then Marberg and Gafni (Marberg and Gafni 1987) developed a sorting method
for a multi-channel broadcast network. Then McMillin and Ni (McMillin and
Ni 1992) described the distributed sorting problem with an unreliable network.
We deal with a static sorting problem with a reliable network which has been used
by many researchers (Akl 1989, Gerstel and Zaks 1997, Horowitz et al. 2001, Leu
et al. 2000, Loui 1984, Marberg and Gafni 1987, Rotem et al. 1985, Zaks 1985).
An important observation in all these results is to find a strategy that minimizes
the amount of communication. For example, Gerstel and Zaks (Gerstel and Zaks
1997) showed that for every network with a tree topology 7', every sorting algorithm
must send at least Q(Arlog(L/N)) bits in the worst case, where {1,2,---, L} is
the set of possible initial values and Ar is the sum of distances from a median
of T to all processors in it. Then Pan et al. (Pan et al. 1997/98) presented a
parallel quick sort computational model on a linear array with a reconfigurable
pipelined bus system. Hofstee et al. (Hofstee et al. 1990) designed a time-optimal
sorting algorithm on a line network with restricted local memory. However in this
algorithm, each processor has to have at least two elements and the algorithm fails
when each processor has exactly one element. Recently Sasaki proposed a time-
optimal distributed sorting algorithm with a strict lower bound of (n—1) rounds on
a line network by creating the copies of elements at intermediate processors (Sasaki

2002). Thus the number of elements used for sorting is 2(n — 1). Even though
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Sasaki’s algorithm is based on the odd-even transportation sort, it does not ensure
that each processor always has two elements of the same value at the final round.
We propose an algorithm for distributed sorting using median based exchanges in
a line network without creating the copies of elements at all processors.

Then we present algorithms for distributed sorting and prefix computation
problems on static ad hoc mobile networks. A mobile ad hoc network is a network
where in a pair of processors communicates by exchanging messages either over a
direct wireless link or over a sequence of wireless links including one or more inter-
mediate processors. Direct communication between a pair of processors is possible
only if both processors fall in the same transmission radius. Wireless link fail-
ures occur when communicating processors exceeds the transmission range of each
other. Similarly wireless link formation occurs when communicating processors,
that were separated far apart from each other, comes within the transmission radius
of each other. Thus the main feature that distinguish ad hoc mobile networks from
existing distributed networks include frequent and unpredictable topology changes
and highly variable message delays (Gafni and Bertsekas 1983, Walter et al. 2001).
Here we consider a static ad hoc mobile network as the token oriented acyclic
network. We present distributed sorting and prefix computation algorithms for a
static ad hoc mobile network induced into the token oriented acyclic network that
dynamically changes the logical structure to adopt the changing physical topology
in the mobile ad hoc environment.

In next section 6.2, we have described the distributed sorting and prefix com-

putation problems. Section 6.3 carries the proposed distributed sorting algorithm
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for a line network. In section 6.4, simulation results of the proposed algorithm are
presented in comparison with the recent work in distributed sorting on the line
network. For a static ad hoc mobile network, section 6.5 describes the distributed
sorting algorithm and section 6.6 describes an algorithm for prefix computation.

Finally, concluding remarks in section 6.7 completes this chapter.

6.2 The problem and the computational model

The definition of the distributed sorting problem, considered in this chapter,
is as follows: At the initial state, each processor P; has its element u; for sorting.
Then, the position of each element is rearranged to satisfy the condition, ¥ i, 0 <
1 <n—1, u; <u;yq at the final state. The distributed prefix computation problem
on static ad hoc mobile networks is as follows: Given n values {uy,ug, -, u,}
distributed over n processors in an ad hoc mobile network and an associative binary
operation @, we compute ith prefix sum of the processor P; as u; @ us & - - - D uy,
for1 <i<n.

Next we describe the assumptions in the line network and ad hoc mobile network
- the underlying computational models used for distributed sorting and prefix
computation. A line network is defined as a linear collection of n processors F,
Py, Py, -+, P, 1 where each P;, 0 < i <n — 1, is bidirectionally connected to P;
and P;,. Each processor can communicate with its direct neighbor(s) only. We
assume that Fy is the end processor on the left of the network and P,_; is the end
processor on the right of the network. Also we assume that each processor knows

its neighbors only by local names of left and right, with the orientation consistent
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along the line. Each processor P; is equipped with a restricted local memory and
it is capable of having a constant number of elements.

The static ad hoc mobile network is considered as a connected network G =
(V,E) where V denotes the set of processors and E denotes the set of wireless
links. In ad hoc mobile network, each processor is capable of communicating with
other processors via direct wireless links or a sequence of wireless links. If two
processors fall within the transmission radius of each other, then direct commu-
nication between them is possible; otherwise the communication takes place via a
sequence of wireless links. Then we can construct a token oriented acyclic network
G' = (V, E') where |V| =n and E' = |V| — 1, n is the number of processors. Thus
the network G’ may either be a spanning tree or an ordered tree with n processors
and (n — 1) edges. The analysis of the proposed algorithms uses two distinct mea-
sures namely time complexity which is measured in terms of the number of rounds
and communication complexity which is measured in terms of the total number of

message exchanges.

6.3 A time-optimal algorithm for sorting in line
network

The distributed sorting problem is similar to a parallel sorting problem on a
linear array, which can be solved by using the odd-even transposition sort on a
synchronous model. At first, we brief the operations of the odd-even transposition
sort (Akl 1989, Leighton 1992, Sasaki 2002) as follows: At an odd-numbered step,

a processor P; whose suffix i is odd exchanges its element u; with Pii1’s element
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U1 if w; is larger than w;. 1. At an even numbered step, P; whose suffix is odd
exchanges its element u; with P;_1’s element u;_1 if u;_1 s larger than u;. Each
processor executes the above operation n steps.

To apply the odd-even transposition sort, P; has to know its global position,
because the difference between the execution of odd-numbered step and even-
numbered step depends on i. While adopting this type of communication, each
processor always has two copies of the same element at the final state. Conse-
quently, the time complexity is n rounds, since sorting is executed with 2n ele-
ments. Without additional (n — 1) overhead rounds to learn the global position,
Sasaki (Sasaki 2002) adopted a strategy that does not require information on the
global position, i.e., a strategy in which each processor communicates with both
neighbors simultaneously as in Hofstee et al.’s algorithm (Hofstee et al. 1990).
The improvement in the algorithm has been achieved by cancelling the creation of
copies in the leftmost and rightmost processors, i.e., each Py and P,_; has only one
element in each round. This implied that the number of elements used for sorting
is 2(n — 1) and the time complexity is (n — 1) rounds. However, this improved
algorithm does not ensure that each processor always has two copies of the same
element at the final state (Leighton 1992, Sasaki 2002).

We have proposed an (n — 1) rounds algorithm for the distributed sorting
problem on a line network. Sasaki’s algorithm can be improved by implementing
the median based exchanges and cancelling the creation of copies at intermediate
processors, i.e., each intermediate processor P; has always only one element in

every round. This explicitly implies that the number of elements used for sorting
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is exactly n. Accordingly, the time-complexity of (n — 1) rounds is derived from

the exchanges of neighboring elements at the median processor and this exchange

is entirely different from the conventional odd-even transposition sort.

Initial 41 [ 5]
a5 F— 4] 3 [2|—1]
0) 1) @] ©0) @

Round 0

©) @ @ ©) @

Round 1 [3 f——{ 4 }——5|——1}—{2]
(@) (O] (€] (@) (O]

Round 2 [3 }—— 1}—— 4}-——5}—2
(€] (@) (O] (€] (@)

Round 3

(0) (€] (@) (O] @

\ 1 /

1 1
The Solution

Figure 6.1: An example of the (n — 1) round algorithm with n=>5 elements

First we explain the proposed algorithm with an example as shown in Figure

6.1. The initial state resembles with the one that is as in n round algorithm as well

as in Sasaki’s algorithm. But in the final state, we do not require a separate rule,

as in (Sasaki 2002), for processor P; to select an element as the solution. In fact,

the element stored by the processor P; after (n — 1) rounds, is itself the correctly

sorted element even in the worst case.

Sasaki’s sorting algorithm for a line network does not require information to

learn the global position. But as in Hofstee et al.’s algorithm(Hofstee et al. 1990),



104

in which a processor communicates with both neighbors simultaneously, we do
communicate with both neighbors simultaneously only at the median processor and
not at other non-median processor. The non-median processors can communicate
only with its corresponding neighboring median processor. There are efficient
distributed algorithms for determining the medians (Frederickson 1983, Gallager
et al. 1983). In the sequel, we describe the process of how to select an adjacent
median processor in each round. The processor whose mark is 1 is the median
processor and whose mark is either 0 or 2 are non-median processors. First we fix
a mark 7T; to each processor P;, 0 <i < n — 1, in such way that 7; = ¢ (mod 3) in
the initial round. Here a processor neither creates nor holds a copy of the element
in each round. Then for the subsequent rounds, the mark follows two step forward
incremental operation to exchange the smallest element to the left processor and
the largest element to the right processor as well. So after the initial round, the
mark 7; of each processor P; is set as T; = (T; + 2) (mod 3) to achieve two-step
forward incremental operation. Thus the state for becoming as a median processor
is determined by the value of the mark 7;. Also this mark helps a processor P;
to select the direction in which the element has to be exchanged with its median
neighbor.

It is quite interesting to notice that among intermediate processors, only the
median processors involve in performing two receipt and two send operations where
as all other non-median intermediate processors as well as the end processors (may
be median or non-median) need to perform only one send and one receipt operation

simultaneously. But as in (Sasaki 2002), each intermediate processor needs com-
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pulsorily two receipt and two send operations and the end processors need only one
receipt and one send operation. The proposed distributed sorting algorithm greatly
reduces the computational time. Thus, in each round, each non-median processor
P;, whose mark is 0, communicates its element for comparison with the median
processor P, and obtains the smallest element contributed by that median pro-
cessor. Similarly, each non-median processor P;, whose mark is 2, communicates
its element with the median processor P;_; and obtains the largest element con-
tributed by that median processor. Now it is clear that each median processor
P; receives elements from its adjacent neighbors; exchanges the received elements
along with the element of its own to preserve the partial order < of three elements
and then sends back the smallest one to the processor whose mark is 0 and the
largest element to the processor whose mark is 2. The same process is repeated for
(n—1) rounds. After the execution of (n—1) rounds, the resulting sequence is itself
in the sorted order and as in Sasaki’s algorithm (Sasaki 2002), we do not require
a special rule for selecting the solution. The process of ensuring each processor
to have two elements of the same value at the final round is not required. This
new median based algorithm is different from traditional odd-even transposition
sort, for distributed sorting problem in which each processor always has only one
element at the end of each round. Instead of using two-step forward incremental
operation, if we use 7; = (7; + 1)(mod 3), then the worst case number of rounds
exceeds (n — 1) rounds in some cases. Next we describe the practical operations
necessary for the simulation of the proposed distributed sorting algorithm on a line

network. Each processor has to know n for termination detection, which is ini-



106

tially unknown. The actual algorithm, operations to compute n should be executed

simultaneously with the following.

An (n —1) round algorithm:

1. Definitions of the basic primitive internal operations for P;:

x:= the message that contains the element.

send(z,P) - sends the message x to processor P whose mark is either left or

right.

receive(x, P) - receives the message x from processor P whose mark is either

left or right.

exchange(a,b,c) - exchanges the elements a,b and ¢ in the order small <

medium < large.
swap(a,b) - swaps the elements a and b.

STOP - completes the execution.
2. Local variables at Pi:

u; - a variable or an element to be sorted.
v; - variable or an element for sorting, initially an initial element.

s,m,l - temporary variables used for exchanging the elements during sorting,

initially undefined.

rd - time (round), initially 0.
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T; - mark of the processor P;. This mark decides the median processor

whose mark is 1; Initially 7; = (T} + 2) (mod 3)

n - number of processors in the line network.

3. Operations for P; in round 0:
Begin

u; = v;; T; = i(mod 3);

if T; = 0 then send(u;,right);

else if T; = 2 then send(u;,left);
else (T; = 1)

s=receive(u;_1,left); m = w;; l=receive(u;y1,right);

endif

endif

rd=rd+1;

T, = (T, + 2)(mod 3);

End

4. Operations for P; after the initial round:
Begin
if rd <n —1 then
if © = 0 then s=0;
if T; = 0 then send(u;, right);

else if T; = 1 then m=u;;



[ = receive(u;yq, right);
if m > [ then
swap(m, 1); u; = m;
send(l, right);
endif
endif
endif
T, = (T + 2)(mod 3);
else if : = n — 1 then [=0;
if T; = 2 then send(u;, left)

else if T; = 1 then

s = receive(u;_1, left); m =

if s > m then
swap(s, m); u; = m;
send(s, left);
endif
endif
endif
T, = (T, + 2)(mod 3);
else (0 <i<n—1)
if T; = 0 then send(u;, right)

else if T; = 2 then send(u;, le ft)

Us;

108
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else s = receive(u;_1,left);
m = w;; | = receive(u;yq, right);
exchange(s, m,1);
send(s,left); u; = m; send(l, right);
endif
endif
Ti = (Ti + 2)(mod 3);
endif
endif
rd=rd+1;
else //prints the solution and no special rule is needed
Vi = Ug;
endif
STOP

End

It shall be noted that the proposed algorithm for the distributed sorting prob-
lem can be generalized to an embedded linear array that is derived from a general
network. The general network shall be embedded into a linear array in such a way
that the indices of the processors in the general network shall be embedded into
the indices of the linear array. Now the links joining the successive processors in
the general network shall be mapped to a single link joining the corresponding suc-

cessive processor in the linear array. The links in the path between two successive
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processors in the network are grouped into a single link having bidirectional com-
munication capability with path record. This is the idea behind the embedding of
a general network into a linear array. Note that the path stored from processor P;
to P11 will be useful for message traversals.

After embedding the general network into a linear array, we compute all path
records between two successive processors. One path record consists of the details
of all intermediate processors and it is assumed that within a time round, element
of one processor will be exchanged with the element of the successive processor via
the computed path record. Then we can implement the proposed algorithm on the
embedded linear array. The proposed distributed sorting algorithm takes (n — 1)

rounds to complete distributed sorting.

6.4 Simulation Results

The simulation results show that the computational time of the proposed al-
gorithm has been reduced to nearly one third of the time required for Sasaki’s
algorithm(Sasaki 2002). We have also noticed that the amount of communication
to be spent in each round for exchanging the elements in the proposed algorithm
is 4*Num(m;) + 2*(n—Num(m;)), where Num(m;) is the number of intermediate
median processor(s) (= [n/3]) and (n—Num(m;)) is the number of remaining pro-
cessors including the end processors [which may either be a median processor or
a non-median processor|. The amount of communication needed in Sasaki’s algo-
rithm amounts to 4*Num(FP;) + 2*Num(n — P;), where Num(F;) is the number of

intermediate processors and Num(n — F;) is the number of end processors.
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Number Execution time of Execution time of
of nodes | Sasaki’s algorithm(Sasaki 2002) | the proposed algorithm
(n) (in sec.) (in sec.)

1000 0 0

2000 1 0

5000 6 2

10000 23 10

15000 49 23

20000 136 41

25000 225 71

30000 355 99

32000 393 111

Table 6.1: Simulation results for distributed sorting on line network
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450

400

350

300

250

200 A

150

time (in sec.) ->

100 A

50 1

0 h T T T T T
5000 10000 15000 20000 25000 30000 35000

-50

Figure 6.2: Performance comparison of the proposed algorithm with Sasaki’s Al-
gorithm
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While comparing the amount of communication to be needed in each round for
the Sasaki’s algorithm which is based on the conventional odd-even transposition
sort, the proposed algorithm is an improved result with less number of elements.
We have tabulated the simulation results of the proposed algorithm with the per-
formance comparison of Sasaki’s algorithm (Sasaki 2002). From simulation results
(Table 6.1 and Figure 6.2), it is clear that the proposed algorithm is robust for
distributed environments. The proposed algorithm can be executed with both

synchronous and asynchronous models by simple coping up with wakeup.

6.5 Sorting on static ad hoc mobile networks

In this section, we propose an algorithm for sorting n elements spread over a set
of n processors on a static ad hoc mobile network in which processors/links do not
fail. The proposed token based distributed sorting algorithm is event-driven. An
event at processor P; consists of receiving the token with a message from another
processor j # ¢ and sending the token with the new sorted sequence to the other
processor for entering into the critical section. The proposed sorting algorithm is
described for a static ad hoc mobile network with n = 8 processors as shown in

Figure. 6.3.

Data Structures

The following data structures are assumed for the execution of the proposed

distributed sorting algorithm.
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Count=1— (8,0,0,0,0,0,0,0)
t=4— (1,23456,7,8)

Count=2— (7,8,0,0,0,0,0,0) Count=6— (2,4,5,6,7,0,8,0)

t=5— (1,2,3,4,5,6,7,8) t=3— (1,2,34,5,6,7,8)

Count=3 5 Cou3t=5 Cotint—Y
(5,7,0,8,0,0,0,0) (2/4,0,5,7,0,8,0) (2,3,4,5,6,7,8,0)
(1,2.34,5,67.8) (1.23456.78) (1234,567,8)

il L8 t:=2

Count=4—> (2,5,0,7,0,0,8,0)
t=7—> (12345678

Count=8—(1,2,3,4,5,6,7,8)
t=1—(1,2,3,4,5,6,7,8)

Figure 6.3: Proposed sorting algorithm for a static ad hoc mobile network.

S— the set, containing adjacent neighbors of a processor P;, is arranged in

the form of a circular linked list

n— the total number of processors, known to all processors in the network

count— token counter which moves along the token and increased by 1 when

t, = 0; Initially count assumes 0

ts— token stopper, which moves along with the token, is used to stop the

token when all the elements are sorted. This variable is incremented by 1
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when count reaches n and when t, reaches n, token stops at P;; Initially t,

assumes 0

o T.— token’s carry which is assumed as an n—tuple that takes the elements
of privileged processors at their respective positions in the n—tuple (0, 0o,
-, 0i—1, 03, Oi1, -+, Op_1, 0,). The ™" position holds the element of the

processor P;. Initially 7, assumes 0 at all positions.

o A;[n]— local array of the processor P;. At first, A;[n] is initialized to zero at
all positions of n—tuple except at the i** position. The *" position represents

its own element.

o Holder;— a local variable of P, that indicates the direction in which the
token has been forwarded. Initially Holder; = 0 at all processors except at P;
where Holder; = sel f; After the movement of the token at P;, each processor
maintains Holder; = j that represents a directed edge from processor i to
j. Also if Holder; = self then the current processor ¢ is itself the privileged

processor

o Ind;— aboolean flag bit that initially assumes zero at all processors. This flag

bit assumes 1, if token has passed through the processor P; and 0, otherwise

o m, k— local variables to check whether all adjacent neighbors are served or

not. Initially, m and k£ assume 0 at all processors.

Initially token is placed at P; and it is assumed that each processor P; is

equipped with sufficient memory to perform the local sorting of elements.
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Description of the algorithm

As the proposed token based algorithm is fully distributed, each processor has
to compare and exchange its element with the elements of other processors by
token based message passing, so as to rearrange the elements in the sorted order.
Also each processor has to be privileged at least once for comparing its elements
with the elements of other processors. So, in the description of the algorithm, we
have omitted the case of when P; is not privileged. Hence the behavior of the

proposed algorithm, when a processor P; is privileged, is described as follows.

Begin
if (count # n) then set k = 0;
if i = 1 then Holder; = next 1 € S
if m = 0 then
copy Ai[n] in T,; set count = count + 1; set m = m + 1,
Ind; = 1 and send token to the next processor [ € S
else (m #0)
send token to the next processor [ € S
endif
else (1 <i<n) Holder; =next 1 €S
if m = 0 then
insert its element in 7, using binary search; set Ind; = 1;
copy the sorted sequence T, in A;[n];

set count = count + 1; m = m + 1;
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if count # n then
send token to the next processor [ € S
else (count = n)
set ty =1ts+ 1; Ind; = 0; reset m =0
and send token to the next processor [ € S
endif
else (m # 0)
send token to the next processor [ € S
endif
endif
else(count = n) reset m = 0;
if t; # n then Holder; = next | € S,
if k # deg(P;) — 1 then set k =k + 1;
if Ind; = 1 then
copy T, in A;n]; set ty = t, + 1; reset Ind; =0
and send token to the next processor [ € S
else (Ind; = 0)
send token to the next processor [ € S
endif
else (k = deg(P;) — 1)
copy T, in A;[n];

if Ind; = 1 then
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set ty =ty + 1; reset Ind; = 0;
and send token to the next processor [ € S
else (Ind; = 0) send token to the next processor [ €
endif
endif
else (ts =n)
copy T. in A;[n]; reset Ind; = 0; Holder; = sel f
and stop token at P; itself
endif
endif

End

Here the computational step is counted in terms of the number of movements
of the token in the network. This token based sorting algorithm requires 2(n — 1)
movements for arriving at a sorted sequence and 2(n — 1) movements for copying
the sorted sequence at all processors. Fach processor is assumed to have O(n)
space for their local computations and each processor is privileged at least twice.
In figure 6.3, the token, from processor Py carries the sorted sequence and rests
at P, after copying the sorted sequence at all processors. At P, count = n and
ts = n. The worst case occurs when there exists (n — 1) leaf nodes with exactly
one common processor, that is., the topology reduces to the star-shaped network.
In this token oriented distributed sorting algorithm, we do not require a separate

selection rule for selecting the solution as in (Sasaki 2002). Thus we have,
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Theorem: 6.1

The above token based distributed sorting algorithm for token oriented ad hoc
mobile network with n processors and (n — 1) wireless links requires 4(n — 1) token
movements in the worst case.

Proof:

Token is placed initially at P; (i = 1) and token’s carry T, is initialized to zero
at all positions. Now the processor P;, which is privileged, copies the element to
be sorted in the i* position of the n—tuple (7,) and count is incremented by 1.
Then the modified and updated token’s carry 7. is sent to processor P;. Now,
as and when P; receives the updated 7, it updates 7, by copying its element to
be sorted in the j* position of T, and count is incremented by one. The circular
linked list () header is advanced to the next element of P; from which the token
has arrived at. Once this process is over, P; sends the modified and updated T,
to another processor say P. This process is repeated until all positions in the
T. are modified ( or all processors are visited at least once or count reaches n).
As the token moves at most twice through an edge, it amounts to 2(n — 1) token
movements, for copying the elements in 7..

When count reaches n, it implies that T, has collected all elements to be sorted
from all processors in the network. Now, 7T is sorted in an increasing order regard-
less of its original position in the n—tuple. After sorting, the element in the i
position in the n—tuple represents the sorted element to be posted to the proces-
sor P;. Thus to post all sorted elements, token has to visit again all n processors

atleast once. The posting of the sorted elements is controlled by a token stopper
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T,, which is incremented by one as and when a sorted element is copied at a pro-
cessor. This process of copying the sorted element stops when T reaches n. This
type of token passing with the sorted sequence needs 2(n — 1) token movements to
copy the sorted element at the respective processor.

Thus, the proposed distributed sorting algorithm requires 2(n—1)+2(n—1) =

4(n — 1) token movements in the worst case. N

6.6 Computing prefix sums on static ad hoc mo-
bile networks

In this section, we present an algorithm for the prefix computation problem
on a static ad hoc mobile network. We implement the token based event-driven
algorithm in the network in which processors / links do not fail. As and when the
token is passed from one processor to another processor, Holder; is maintained at

each processor P;.

Data Structures

The following data structures are assumed for the execution of the proposed

distributed algorithm for computing prefix sums.

o S— the set, containing the indices of adjacent neighbors of processor P;, is

arranged in the form of a circular linked list

o n— the total number of processors, which is known to all processors in the

network
o u;— the element at processor F;; Initially an initial element

o v;— the computed prefix sum at processor P;, i.e., v; = u; D us ® -+ - D uy;
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count — the token counter which moves along the token and increased by 1

when t; = 0; Initially count assumes 0

ts— token stopper, which moves along the token, is used to stop the token
when all processors have performed prefix computation. This variable in-
creases by 1 when count reaches n and when ¢4 reaches n, token stops at P;;

Initially ¢ assumes 0

T.— token’s carry which is an n—tuple that takes the elements of the priv-
ileged processors at their respective positions in the n—tuple; Initially 7,
assumes 0 at all positions; The i** position represents the element of proces-

sor P;.

Holder;— a local variable of P; to indicate the processor through which the
token has been sent. Initially Holder; = 0 at all processors except at P
where Holder; = self; After the movement of the token, each processor
maintains the variable Holder; = j that represents a directed edge from
processor P; to P;. Also if Holder; = self then the current node P; is itself

the privileged node

Ind;— a boolean flag bit. This flag bit assumes 1, if token has passed through

the processor P; and 0, otherwise; Initially Ind; assumes 0 at all processors

m, k— the local variables to check whether all adjacent neighbors are served
or token has performed prefix computation at all adjacent processors. Ini-

tially, m and k£ assume the value - 0 at all processors.
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Initially token is placed at P; and it is assumed that each processor has sufficient

memory to perform local operations with at most n elements.

Description of the algorithm

As the proposed token based algorithm is fully distributed, each processor P;
has to compute prefix sums with the elements of i processors by token based
message passing strategy. Also each processor has to be privileged at least once
for passing token to compute prefix sums with the elements of other processors.
So, in the description of the algorithm, we have omitted the case of when P, is not
privileged. Hence the behavior of the proposed algorithm, when a processor P; is

privileged, is described as follows.

Begin
if count # n then reset k = 0; Holder; = next 1 € S
if m = 0 then
if i = 1 then copy u; (i = 1) in the i'" position of Ty;
set count = count +1; m =m + 1; Ind; = 1 and
send token to the next processor [ € S
else (1 <i<mn)
copy u; in the " position of T;
set count = count +1; m =m + 1; Ind; = 1 and
if count # n then

send token to the next processor [ € S
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else (count = n)
compute v; = u; B us - - - B u; using u; € Ti;
set ty =1ts 4+ 1; reset Ind; = 0; m = 0 and
send token to the next processor [ € S
endif
endif
else(m # 0)
send token to the next processor [ € S
endif
else (count = n) reset m = 0;
if t; # n then Holder; = next 1€ S
if k # deg(P;) — 1 then set k =k + 1;
if Ind; = 1 then
compute v; = uy D us O - - - D u; using u; € T,; reset Ind; = 0,
set ty = t, + 1 and send token to the next processor [ € S
else (Ind; = 0)
send token to the next processor [ € S
endif
else (k = deg(P;) — 1)
compute v; = u; B us B - - - P u; using u; € Ti;
if Ind; = 1 then

set ty =ts + 1; reset Ind; = 0 and
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send token to the next processor [ € S
else(Ind; = 0)
send token to the next processor [ € S
endif
endif
else (ts =n)
reset Ind; = 0; Holder; = sel f
and stop the token at P; itself
endif
endif

End

The complexity of this algorithm, in terms of the number of movements of the
token, resembles with the complexity of the distributed sorting algorithm on static
ad hoc mobile networks. As in the earlier distributed sorting algorithm, the worst
case occurs when the topology reduces to the star-shaped network. This token
based prefix computation algorithm can be generalized to dynamic ad hoc mobile
networks where the topology is frequently changing due to the movements of mo-
bile hosts from one transmission radius to another transmission radius. During
the generalization, we assume a single variable that could be broadcasted to all
processors so that the change in n would be intimated to all processors. Here also

we do not require a separate rule for selecting the solution as in (Sasaki 2002).
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Theorem: 6.2
The above token based distributed prefix computation algorithm for token ori-
ented ad hoc mobile network with n processors and (n — 1) wireless links requires

4(n — 1) token movements in the worst case. N

6.7 Conclusion

In this chapter, we have proposed a distributed sorting algorithm for sorting
n elements distributed over a set of processors in a line network. The algorithm
reduces the number of elements needed for sorting to exactly n elements with-
out creating the copies of elements at intermediate processors. The simulation
results show that the proposed algorithm is faster than the Sasaki’s time-optimal
distributed sorting algorithm. Even though the proposed algorithm takes (n — 1)
rounds in the worst case, it is still robust. Next we have described a technique
for distributed sorting on the linear embedding from a general network. Then we
have proposed a distributed sorting algorithm on the static ad hoc network by
keeping track of the token at intermediate processors. Finally we have described
an algorithm, for prefix computation in the static ad hoc mobile networks that can

suitably be modified and extended for dynamic ad hoc mobile networks.



Chapter 7

Conclusions and future work

In this dissertation, we have investigated the single shared resource allocation
problem using request based token passing strategy in various interconnection net-
works. Then we have presented a median based algorithm for distributed sorting
on a line network. Finally, we have proposed algorithms for sorting and prefix com-
putation on a static ad hoc mobile network. A brief description of our investigation
is given below.

In chapter 1, we have briefly outlined the recent developments in token based
control strategies in distributed systems and the present work. In all single shared
resource allocation algorithms, request message or token carries no identities of
source and destination processors. Also we assume that there is no global clock,
no common memory and each processor can again generate a request only if its
previous request has been satisfied.

In chapter 2, we have presented request based token passing strategy for single
shared resource allocation in a bidirectional ring network and a linear array. We

have observed that the shared resource allocation algorithm D’ proposed for a bidi-
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rectional ring network does not require the additional check tour as in Feuerstein
et al (Feuerstein et al. 1998). The next proposed algorithm L1 allocates the single
shared resource in a linear array.

In chapter 3, we have discussed algorithms for single shared resource allocation
in ring extensions. The algorithm UTRN proposed for single shared resource allo-
cation in unidirectional touching rings requires atmost (n— 1) messages per request
and @ service traffic. The shared resource allocation algorithm proposed for
bidirectional touching rings requires 2(n — 1) 4 1 messages per request and (3n — 2)
service traffic in the worst case. The next algorithm InteRN-B allocates the single
shared resource in bidirectional intersecting rings with n messages per request and
2n service traffic.

In chapter 4, we have presented single shared resource allocation algorithms
in interconnected networks. The algorithm ICRN for shared resource allocation
in interconnected rings assumes that the token maintains a counter to record the
receipt of request messages. Then we have described the allocation of single shared
resource in a single side wrap around mesh and in this algorithm MICRN, token
makes a check tour in the base ring to test its awareness of all pending requests.
Next we have presented an algorithm SRA_Mesh for single shared resource allo-
cation in a regular 2-dimensional mesh.

In chapter 5, we have proposed single shared resource allocation algorithms for
general networks. At first, the given graph is converted into a token oriented acyclic

network in which there is a directed path from each processor to the processor

with the token. The proposed algorithm GNet consists of two phases. The first
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phase allocates the shared resource among leaf processors and the second phase
controls the movements of the token and request messages at central processors.
This algorithm GNet assumes no knowledge about the adjacent processor(s) and
each processor traces incoming requests only by the indices locally assigned to
links incident on it. The processors in the token oriented acyclic network shall be
embedded into the processors in a linear array and hence the algorithm L1 stated
in chapter 2 can be applied for single shared resource allocation in the embedded
linear array.

In chapter 6, we have proposed an efficient algorithm with median based ex-
changes for distributed sorting on a line network. The proposed sorting algorithm
improves the performance of each processor without creating copies of (n — 2) ele-
ments at intermediate processors. However, this algorithm assumes the knowledge
of global position of each processor. The simulation results show that the proposed
algorithm is robust. The proposed algorithm could be extended to the linear em-
bedding of a general network. Then we have presented algorithms for distributed
sorting and prefix computation on static ad hoc mobile networks. The elements
are distributed over a set of mobile processors and then the network is converted
into token oriented acyclic network in which the token visits each processor atleast
twice. Here the number of token movements required for sorting (and prefix com-
putation as well) is 4(n — 1). These algorithms could also be extended to dynamic
ad hoc mobile networks by keeping track of the mobility of processors from one

transmission radius to another.
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Future work

The token based control strategy used to design algorithms for shared resource
allocation, sorting and prefix computation may be used to investigate some inter-

esting issues in popular interconnection networks. The list of such issues include:

o Investigation of single shared resource allocation in augmented rings like
chordal rings, distributed loops, multi-rings, etc (Arder and Lee 1981, Aiello

et al. 2001).

o Investigation of processor or link failures during the allocation of single shared
resource in various popular interconnection networks such as mesh, hyper-

cube and their extensions

o Investigation with the performance analysis of the shared resource alloca-
tion algorithms in interconnection networks with virtual channels for other

networks such as: k-ary n-cubes, torus, etc.

A simulation model to carry out the performance analysis of the proposed
single shared resource allocation algorithm in a bidirectional ring network may
be developed and further investigations can be made in the presence of one or
more faulty processors in the bidirectional ring. This investigation may include the
performance analysis of the algorithm proposed for single shared resource allocation
in a linear array.

Similarly the design of the simulation model for measuring the performance

of the shared resource allocation algorithms proposed for various ring extension
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topologies would be exciting. The study could also be extended to other augmented
rings like chordal rings, distributed loops which are well suitable for local area
networks. The algorithm MICRN proposed for single side wrap around mesh can
be generalized for allocating the single shared resource in torus which is a mesh
with fully wrap around.

The algorithm proposed for general networks can be easily generalized to the
k—port model which is a multiport message passing fully connected multicomputer
(Lin 1996, Bruck et al. 1997). The design of the simulation model for the shared
resource allocation algorithm in k—port model would be very interesting. The
shared resource allocation algorithms presented for token oriented acyclic network
may also be useful and effective for ad hoc networks provided the construction
of the token oriented acyclic network is based on the self stabilizing approach of
Huang and Chen (Huang 1993, Huang and Chen 1993).

The proposed median based sorting algorithm for a line network can be modified
and implemented for sorting n elements in mesh and its related topologies. The
prefix computation algorithm proposed for a static adhoc mobile network could be
extended to dynamic adhoc mobile network in which the movements of the mobile

hosts are carefully observed.
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