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ABSTRACT

A distributed database (DDB) consists of redundant copies of data files

geographically distributed on a computer network. This thesis develops

a performance model of a DDB. This model can be used to compare the
performance (i.e. response time, utilization, ete.) of different concurrency
control algorithms.

We started by developing a network of gqueues model of a communication
subnetwork. We have originally attempted to employ Jackson's Model
but have concluded that Jackson's Model is inadequate for our purposes.

The Independent Queues Model that we developed in this thesis makes somewhat
stronger assumptions than Jackson's Model, but has more flexibility and
approximates better a real communication subnetwork.

Wwe found that in a general DDB, concurrency control algorithms could
not be modelled accurately without taking into consideraticn the particular
query processing strategy used. We have therefore developed two new query
processing strategies: the MST and the MDT Algorithms. These two algorithms
are easy to analyze and to implement.

We next modelled the competition among different transactions in the
DDB for the services of the database management system. Probabilitic argu-
ments were used to determine the probability of conflicts between dlfferent
database transactions and the delay due to conflicts.
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CHAPTER 1

INTRODUCTION

This report describes a program of research to develop a perform-
ance model of a distributed database (DDB). The field of TLDB is
relatively new and growing rapidly. Numerous algorithms have been
proposed for data retrieval, update synchronization and file allocation.
This thesis develops a tool that will enable one to compare the perform-
ance (i.e., response time, throughput, utilization, etc.) of the .
different algorithms, and to propose better, more efficient solutions.

The approach will be to approximate the communication subnetwork
by a Network of Queues Model. Probabilistic arguments will be used to
specialize the model to accomodate the characteristics of a DDB.
1.1, pefinitions

A database is a collecticn of operational data used by the application
systems of some particular enterprise. The Database Management System (DMS)
is the special software designed to provide each application with its own
view of the common data, to implement operations for retrieval and update,
and to resolve conflicts between concurrent users. The development of
computer communication networks introduced the concept of the distributed
database which is a database whose physical copies of data (often redundant)
are distributed on a computer network. The Distributed Database Management
System (DDMS} permits a collection of data relevant to a particular
enterprise to be managed on a network of geographically dispersed computers
(computer sites). Fig. 1.1 shows the basic architecture of a DDB. &n
arbitrary network of computer sites is connected by communication links.

Attached to each computer site are the data files, sensors and terminals
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Figure 1.1 Basic Architecture of a Distributed Database
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through which users can access the data.

1.2 Advantages and Disadvantages of DDB

Some enterprises, such as military Command, Control and Communications

systems are distributed in nature; since command posts and sensory gathering

points are geographically dispersed, users are necessarily dispersed. For

example, the Navy has remote sensors and databases distributed all over

the world. Other potential users are airline reservation systems, and

electronic fund transfer systems. A typical user will be an enterprise

which maintains operations at several geographically dispersed sites, and

vhose activities necessitate inter-site communication of data.

Distributed databases also offer the following advantages when

compared to centralized databases:

(1)

(2}

(3)

Improved throughput - the availability of multiple computers means
that throughput can be increased via parallel processing.

Sharing - geographically dispersed data and equipment can be shared.
Modular expansion - distributed database systems can be expanded by
the addition of new nodes (database sites) to the network.

For distributed databases with redundant copies of data, there are

additional advantages:

(1)

(2)

Improved reliability/survivability - through redundancy of data.
Improved response time - by storing data in locations where it is
freqﬁently read. Communication delay is reduced since files which
are under heavy demand in several geographically dispersed locations
can be stored redundantly. However, more redundant copies also means
incfeased delay during writes.

There are two major implementation problems associated with distributed
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databases. The first problem is that communication channels between
sites are often very slow compared to the storage devices at the local
computer sites. For example, the ARPANET can move data at about 25 Kbps
(kilobits/sec) while standard disks can move data at about 1 Mbps
(megabits/sec), a 40-fold incregse in rate. Besides, networks have
relatively long access times, correspending to the propagatibn delay for
one message to go from one computer site to another. (This propagation
delay is about 0.1 sec., for the ARPANET.) The other problem is that
communication channels and computer sites are susceptible to failures,

giving rise to networks that may have coristantly changing topologies.

1.3 Key Technical Problems

It is noted that some of the problems associated with distributed
databases are the same as those for the non-distributed (centralized)
database and can therefore use the same solutions. Such problems include*:
choosing a good data model, designing a schema, etc. However, mainly
because of the two implementation problems associated with the distributed
databasé, the feollowing problems require significantl? different approaches:
(1) data retrieval (or query processing) - a query accessing data stored
at different sites requires that data must be moved around in the
network. The communication delay, and hence the response time, éepends
strongly on the choice of a particular data storage and transfer
strategy.

{2) update synchronization { or concurrency control) - in centralized

databases, locking is the standard method used to maintain consistency

* The reader is referred to [DATE77] for a definition of these terms.
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among redundant copies of data. The distributed nature of the data
in DDB means that setting locks produces long message delays.

(3) reliability/survivability - the network introduces new components
(communication links, computers) where failure can cccur, and hence
the associated problems of failure detection and failure recovery.

(4) physical database design (file allocation} - the problem of how
many copies of each data file to maintain and where to locate them.
The use of additional redundant copies generally means reduced
communication.delay associated with data retrieval. Unfortunately,
it also means increased delay associated with update synchronization.
The problem is difficult not only because of varying file request
rates due to the users, but also because of the dynamic nature of
the network topology. Nodes may be lost due to computer and communi-
cation link failures or a particular node moving out of range of the
communication medium. The topoloéy, and hence the associated file
allocation, changes again when new nodes are added to the network

due to computer and link recovery.

1.4 Performance Modelling

1.4.1 Need for a Performance Model

Our literature research has led us to conclude that a good model of
a distributed database system is essential toc research in this area.
Such a model will enable us to compare the performance of the different
algorithms proposed. It can also help identify the decisive factors of
system performance and consequently determine the direction one should

take in further research on improvement.
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Such models should be flexible enough to allow for the testing
and comparison of alternative synchronization and query processing
algorithms.

One possible approach to performance modeling is to develop a
simulation madel. However, simulation models are generally expensive.
Besides, a simulation model only gives results for one particular
configuration of the problem, as defined by a specific set of parameters,
and does not provide as much insight as analytic models on the relation-
ship between the results and the parameters. We shall therefore concen-

trate on developing an analytic model.

1.4.2 Review of Research

While the literature on DDB abounds in concurrency control and
gquery processing algorithms, there is very little work done on comparing
the performance of the different proposals. Bernstein and Goodman
[BG80] analyzed the performance of principal concurrency control methods
in qualitative terms. The analysis considers four cost factors: commu-
nication overhead, local processing overhead, transaction restarts and
transaction blocking. The assumption is that the dominant cost component
is number of messages. Thus distance between database sites, topology
of network and queueing effects are completely ignored. A gquantitative
comparison is described in the thesis of Garcia-Molina [GARC79]. He
compared several variants of the centralized locking algorithm with
Thomas's Distriﬁuted Voting Algorithm [THOM79] and the Ring Algorithm
of Ellis [ELLI77]. The major assumptions are (1) a fully redundant

database, and (2) the transmission delay between each pair of sites is
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constant. The first assumption requires that the whole database is fully
replicated at each node. This is necessary becéuse Garcia-Molina digQ

not want to model query processing, which would have been necessary for a
general (not fully redundant)database . The second assumption means

that the topology, message volume and queueing effects of the communi-

cation subnetwork are ignored.

1.5 Outline of Thesis

The goal of this research is to develop a performance model of a
DDB. In particular, the model will be used to compare the performance
of different concurrency control algorithms. In Chapter 2 we describe
some well-known concurrency control algorithms. In chapter 3, we
develop the communication subnetwork model, which is an important compon-
ent of ocur DDB model, described in Chapter 4. Chapter 5 starts with a
review of existing query processing algorithms. We have found them hard
to analyze and have developed two new gquery processing algorithms that
are easy to analvze. In Chapter 6, we introduce the conflict model,
which allows us to calculate such important parameters as the probability
of conflict and the delay due to conflicts. Chapter 7 consists of four
numerical examples. They are based on the same communication subnetwork
so that comparisons can be made between different concurfency control
algorithms. We conclude in Chapter 8 with a discussion of our results

and suggestions for further research.
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CHAPTER 2

CONCURRENCY CONTROL

This chapter is devoted to concurrency control, with two objectives:
to define the notion of correctness of a concurrency control method and
to describe existing concurrency control algorithms. Although the
literature abounds in céncurrency control methods, they can be divided
into two major approaches, namely, two-phase locking and timestamp
ordering. These will be discussed in sections 2.3 and 2.4, First we

shall describe the concurrency control problem,

2.1 The Concurrency Control Problem

In a database system, data items are related in certain ways.
These relationships can be thought of as assertions about the data
items. Consider two data items x and y; examples of assertions are:

X =y, x > 0. The database system is said to be consistent when its
data items satisfy all its assertions, or consistency constraints.

Assume that the basic unit of user computation is the transaction.
A transaction executes in three steps, each of which is assumed indivisible:

(1) Read - the transaction reads some data into a local workspace.

(2) Computation is pexrformed on the workspace

(3) Write - some values in the workspace are written back into the

database.

If user requests are not coordinated, the execution of steps in
different transactions from different users may be interleaved in any
order. Assume that each transaction preserves the consistency of the

database when executed alone. The execution of many interleaved trans-
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actions may bring a consistent database into an inconsistent one

(see [EGLT76], [GRaY78],[BGRO)). For example, éuppose the present value
of x is 10 and two transactions T; and T, execute the following program:
increase x by 1. If T; and T» are executed one after another, the new
value of x is 12, However, if they are executed in the following inter-

leaved order:

(1) Ty reads x = 10
(2) Ty reads x = 10
{3) Ty increases x by 1, x = 11
(4) T» increases % by 1, x = 11

then the new value of x is 11 which is incorrect. Other examples of con-
currency anamolies can be found in [EGLT76], [GRAY78]. It is the task
of the concurrency control mechanism of the database system to safeguard

database consistencvy.

2.2 Serializability

The notion of correctness in this thesis is that of serializability.
4 set of transactions executes serially if each transaction executes its
write step before the next transaction executes its read step. That is,
the transactions are not interleaved. A serial execution of transactions
by assumption

preserves database consistency since each transactionhmaps the original

consistent database to another consistent database. A sequence of

interleaved transactions is serializable if it produces the same final state

as a serial execution of those same transactions. Since a serial execu-
tion preserves consistency, a serializable execution also preserves

consistency.
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Serializability is an appealing correctness criteria, since it can
be guaranteed without having the database system know the precise
cemputation performed by each transaction. It needs only know the portions
of the database read and written by each transactions. (see, e.g.I[BSW79],
[kP79]). Other criteria of correctness bave been proposed (see, e.g.
[cLpT75]), but serializability is the most popular among researchers

in the area. ( [BEcLT76], [RSL78], [BSW79], etc.)

2.3 Two-Phase Locking

2.3.1 Specification

In two-phase locking, every data item has a lock associated with it.
At any time, no more than one transactioﬁ can hold the lock on a data
item. If a transaction requests locks on all needed data items before
starting and releases the locks after completion, serializability is
preserved. "Two-phase" refers to the requirement that locks will be
obtained in two phases, a growing phase and a shrinking phase. It is
important that once a transaction has released a lock, it will not obtain
any more locks. The point in time at the end of the growing phase is
called the locked point[BSW79]. The serializability of two-phase locking
is induced by the locked points. Several authors have proved that
two-phase locking guarantees serializability([Bsw72], [EGLT76]).

One major drawback of two-phase locking algorithms is the possibility
of deadlocks. Deadlocks occur when two traﬁsactions are waiting for
each other to release locks on some data items. (see section 2.4). There
are different versions of two-phase locking algorithms. The two major

methods are described in the next sections. The sclution of the deadlock
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problem is quite different for different methods.

2.3.2 Distributed Two-Phase Locking

Locks on data items are managed by a scheduler or lock manager. In
the basic implementation, or Distributed Two-Phase Locking, the schedulers
are distributed with the data. &t each database site, there is a schedu-
ler, responsible for the data items at that site.

A transaction reading a data item X can send a read reguest to any
site containing a copy of X and request the lock on X from the scheduler
at that site. On the other hand, a transaction updating a data item has
to send write messades to all sites having a copy of X and request
locks from the schedulers at all of those sites®.

This approach is more efficient than the CentraliZed Two-Phase
Loéking Algorithm {described in the next section) in that there is no
central node to serve as a potential bottleneck since the schedulers are
distributed with the data. However, the distribution of the schedulers
means that deadlock detection is infeasible. For example, transaction A
may be waiting for Transaction B to release its locks at node 1, while
transaction B may be waiting for Transaction & at node 2. There are
no deadlocks locally at nodes 1 and 2. However, the system has a deadlock
and will not be able to detect it unless locking information is communi-
cated from node to node. This communication will put a heavy burden on
the commﬁnication subnetwork., Therefore deadlock detection is infeasible,

and more complex scolutions to the deadlock vroblem must be used.

*One way of handling redundant data is to assume that redundant copies of
a data item X are distinct data items X_, X_,..-. Xn' Reads can be processed
at any of the copies, while writes must be Implemented at all copies.
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2.3.3 Centralized Two-Phase Locking

There are many variations on the b&sic implementation, one of
which is Centralized Locking[AD76]. 1In this case, the scheduler is located
at one site, the central node. Before accessing data at any site, locks
must be obtained at the Central Node.

This approach has the advantage of central control and relatively
easy deadlock resclution (which will be discussed in the next section).
However, the creation of the central node means that all transactions
have to go through this node, thereby producing a potential bottleneck.
Besides, when the central node fails, the system cannot function anymore.
Various remedies are proposed, including the use of multiple central
nodes to solve the bottleneck problem and the use of redundant central

nodes to solve the reliability problem.

2.4 peadlocks

In two-phase locking, a transaction is asked to wait when the data
item it accesses is locked by some other transactions. If this waiting
‘is uncontrolled, a deadlock may result. For example, if transaction A
is waiting for transaction B to release its locks while transaction B
is waiting for transaction A to release its locks, then neither transaction
can complete because they cannot get all the data items required, neither
transaction releases its locks and there is a deadlock. & deadlock is
best illustrated by a waits-for graph[KC74], which is constructed as
follows: For all paifs of transactions A and B, an edge is drawn from
transaction A to transaction B if A is waiting for a lock currently owned
by B. There will be a deadlock in the system iff the waits-for graph
contains a cycle. To solve the deadlock prcblem, we can emplov either

deadlock detection or deadlock prevention.
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2.4.1 Deadlock Detectiocn

In deadlock detection, transactions are allowed to wait for locked
items in an uncontrolled manner. Periodically, a deadlock detector
constructs the waits-for graph of the system and determines whether there
are any deadlocks by searching for cycles in that graph. If a cycle is
found,-one of the transactions in the cycle is restarted. Hopefully,
enough information will be available to allow one to chcoose the
cycle-breaking transaction intelligently, so that the amount of resources
wasted is minimum. Unless all locking information is available at one
node, as in the Centralized Locking Algorithm, deadlock detection is not
practical because of the communication of locking information that is

necessary.

2.4 .2 Deadlock Prevention

In deadlock prevention, transactions atré allowed to wailt for locked
items in a controlled manner to eliminate the possibilitv of deadlocks.

Ordered Queues

One way to prevent deadlocks is to require that all transactions
request locks in some universally specified order, i.e. wait for X first,
then ¥, etc. This has the special property that transactions never have

to be restarted.
Prioritized Transactions

Bnother method to prevent deadlocks is to assign priority to each
transaction and to require that when transaction conflict,only higher
priority transactions can wait for lower priority transactions, or vice

versa. Consider the waits-for graph of such a system. Every edge in the
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graph is in priority order, i.e. T1> Tp +» ... > Ti' A cycle is a path
from a node to itself and since it is impossible to have a transaction
which has lower priority than itself, no cycles can occur, and the
system is deadlock free.

One convenient way to assign priority is to use timestamps, the
older the timestamp the higher the priority. Two methods are proposed
by Rosenkrantz, et. al.[RSL78]. Suppose Ti tries to wait for Tj:

(1) Wait-die System

If Ti has higher priority, it is allowed to wait; if Ti has lower

pvriority, it is restarted.

When Ti is restarted, it releases all resources that it has

previously locked. The database management system then resubmits

lock reguests for Ti. To prevent cyclic restarts, i.e. being
restarted over and over again, Ti retains its original timestamp.
(2) Wound-wait System

If Ti has higher priority, Tj is wounded and 'I‘i waits until the

wound takes effect; if Ti has lower priority, it is allowed to wait.

When a transaction Tj is wounded, it sends wound messages to

all sites where Tj is being processed. If the transaction has

not initiated termination, i.e. the write phase of the two-phase

commit*, then the transaction is restarted. Otherwise, the trans-

action is allowed to finish because in this case there is no danger

of deadlock.

* See secticn 4.3 for a description of the two-phase commit algorithm.
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In the wait-die system, younger transactions are restarted when they
conflict with older transactions, while in the wound-wait system, the younger
transactions are allowed to wait. Younger transactions arrive into the
system later than older transactions, and hence are likely to arrive at a
given node later too. Therefore, the majority of conflicts in the system
is of the type: younger transactions waiting for older ones. Hence, under
wait-die, most transactions will be restarted, while under wound-wait, most
transactions are allowed to wait. Since waiting presumable consumes less

resources than restarting, wound-wait seems more efficient than wait-die.

2.5 Timestamp Ordering

2.5.1 specification

In timestamp ordering, each transaction is assinged a timestamp.
This timestamp is guranteed to be globally unique by ensuring that no
new timestamp will be assigned at the same site until the <lock has ticked,
and by appending the site number to the low order bits of the timestamp.
The timestamp is attached to all read and write operations issued on behalf
of that transaction. Each data item has a timestamp equal to that of the
last write operation. The database management system is regquired to process
the transactions in timestamp order. This is accomplished by transaction
restarts and transaction blocking. Suppose a transaction sends a RR
(request to read message) with timestamp TS, to site o to read data

1

item ¥ (with timestamp TS2). If TS1 < TS2' the transaction must be restarted

and resubmitted with a new (and bigger) timestamp. If TSl < Tsz, the RR

must wait until all write operations with timestamps less than TSl have bheen
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processed. Therefore, the RR must wait for the arrival of all write ocperation
with i i i i
( timestamp TS3) such that TS3 > Ts2. Since this write gperation may
never arrive, the wait may be infinite. To alleviate this problem, the
database system has to generate periodically null-write messages, i.e. write
messages with only a timestamp but ne new value for the data item, from each
site.

It can be shown that timestamp ordering guarantees serializability

[BGBO] and the serialization order is the timestamp order.

2.5.2 sDD-1
SDh-1 ([BGBO], [BGR80]l) is a specialized versicn of a timestamp

ordering (T/0} synchronization algorithm. The basic T/0 algorithm seeks

to guarantee serializability by re-ordering transactions sc that they

will be processed in timestamp order. The algorithm is applied to all

transactions, regardless of whether conflicts do indeed exist. $DD-1 tries

to improve on the basic T/0 algorithm by incorporating two new features:

{1} transaction classes - a transaction class is defined by its readset
and its writeset. Conflicts between transactions can be determined
by conflicts between their respective classes.

{2} conflict graph - conflicts between classes can be analyzed during
database design. It is determined that four protocols (Pl,P2,P3,P4)
with varying costs of synchronization, are sufficient to guarantee
serializability.

In defining transaction classes, transactions that arrive at different

TM's will be designated as different transaction clésses, even if their readsets

and writesets are the same. Moreover, SDD-1 assumes that messages between
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each pair of sites will be sent and arrive at their destinations in timestamp

crder.

The basic architecture of SDD-1 is shown in Fig. 2.1. It consists

of Transaction Modules (TM's) and Data Modules (DM's). The TM supervises

transaction executions while the DM manages the data at the local site.

TM's and DM's may be located together at the same computer site or reside

at different sites.

The algorithm is best illustrated by an example (Fig., 2.2). Suppose

a transaction i1 arrives at TMa' To process this transaction, TMu follows

the following steps:

(1)

(2)

(3)

Look in class table and find the class of i, say 1.

Determine the conflicting transaction classes Ez E} etc., and the
required synchronization protocols.

Query Processing : TMa devises a query processing strategy to read

data at the DM's and produce-the result at TMa' Suppose the strategy
requires reading a data item at DMu' then TMasends a RR (request to

read) message to DMa with a Read Condition <TSi, 3, X, ...)>. The

read condition identifies the conflicting classes ?,'E, etc. and the
timestamp of i (Tsi)' When the read message arrives at DMd, the
synchronization protocol dictates that it must be processed after all
write messages from conflicting classes (i.e. EZ kX, ete.) with timestamps
less than TSi. but before those write messages with timestamps greater
than TSi. Hence, if the read message (with timestamp Tsi) arrives at

DMa later than a write message (with timestamp TSW) generated from another

T, where TSW > TSi' then the read message cannot satisfy the required
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synchronization protocol and must be rejected and transaction i restarted
by TMa with a later timestamp. Note that any other read messages on

behalf of transaction i have to be resubmitted with this new timestamp.
The scenario described above, namely messages arriving at DMu in reverse
order to their timestamps, is possible because of different transmission
delays on different communication channels. If the read message is not
rejected, then it must wait until its read condition is satisfied, i.e.

it must wait for the arrival of a write message or a nullwrite message
with timestamp greater than TSi from all conflicting transaction classes.
These write messages must then wait for the read to take place before

they can be implemented.

(4) Write: TMu sends RW {reguest to write) messages to all DM's containing

-data items that have to be updated. A RW consists of the new value of

the data item and a timestamp equal to that of transaction i. All write
messages can be implemented as socon as they are received at the DM's. The
rule is as follows: If the timestamp of the RW is smaller than that of

the stored data item it tries to write, the RW is ignored. Otherwise, the
value and timestamp of the stored data item will be updated, after pending
reads, if any,are processed, This is known as the Thomas Write Rule
[THOM79). Nullwrites are treated differently from RW's in that they do

not update the timestamp of the data item.

2.6 Other Concurrency Control Algorithms

Our discussion of concurrency control algorithms will not be complete
wihout at least a brief descripiton of Thomas' Majority Consensus Algorithm

[THOM79} and Ellis' Ring Algorithm [ELLI77]. These two algorithms are



-30-

among the earliest algorithms proposed for concurrency contreol. However,
they are devised for fully redundant databases and can be shown to be
rather inefficient ([BG80]). Therefore, we shall not attempt to model

them.

2.6.1 Thomas' Majority Consensus Algorithm

fhomas devised an algorithm for fully redundant databases. Reads are
processed at the site where the transaction originates. A proposed write, or
update is passed from site to site. Each site will vote yes, no or
pass on the update. When a majority of sites have vcted yes, the update
is installed. Voting has therefore effectively replaced locking. The
locked point, using two-phase lock terminology, is reached when the site
originating the update has received a majority of Yes votes.

This algorithm is impractical since it assumes a fully redundant
database. Even for fully redundant databases, it is inefficient since
conflicts between transactions must be solved by restarts in contrast
to locking and timestamp ordering algorithms which can also resolve
conflicts by transaction blocking (i.e. waiting for locks to be released

or read conditions to be satisfied.)

2.6.2 Ellis' Ring Algorithm

In Ellis' Algorithm,‘the database is fully redundant and the commu-
nication subnetwork is configured as a ring. To effect an update, a
transaction moves successively from site to site on the ring, obtaining
a lock on the entire database at each site. This means that all transactions
must be executed serially, and no parallel processing is possible. Hence,

the algorithm is inefficient.
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CHAPTER 3

COMMUNICATION SUBNETWORK MODEL

Since the distributed database i1s managed on a communication network,
and we can think of transactions (i.e., queries and updates) as competing
among themselves for the available rescurces of the network, it seems
natural to model the communication network by a network of gqueues. We
We have attempted to employ Jacksen's Queueing Networks since, provided
Jackson's assumptions are satisfied, the resulting model is very
powerful. However, we have found that Jackson's model is inadequate
for our purposes. In this chapter, we introduce Jackson's model,
describe how it can be used to model a communication subnetwork and
point out its inadequacies. We then propose a new "indeprendent gqueues"
model of a communication subnetwork. This model is adopted in this
thesis for the analvsis of communication delay and is described in

section 3.3

3.1 Jackson's Network of Queues

3.1.1 Basic Meodel

The model introduced in Jackson[JACKS57] is an arbitrary network
of queues, consisting of N nodes where the ith node consists of mi
exponential servers, a_first—come—first—served gqueue discipline and
unlimited queueing capacity. The external input stream to node i is
Poisson with rate Yoo and these external input streams are assumed
to be independent. The service times at node 1 are independent and
have a common exponential aistribution with parameter Ho and are

1

also independent of the customer arrivals at node i. A customer leaving

node i is immediately and independently routed to node j with probability
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N

pij’ and he departs the system with probability qi=l—z pij' If we denote
j=1

the total arrival rate (including external and internal arrivals) to node

i by Ai' we see that the following equations must be satisfied:

=4

Ai = Yi + ) A.p i=1,2,...N (3.1

_q 33t

. [~

Let the state variables for this N-node system consist of the
vector (kl'kz""kN)' where ki is the number of customers {including
those in service) at the ith node, and the eguilibrium probability
associated with this state be denoted by p(kl'kz""kN)' Similarly,
let the marginal probability of finding ki customers at the ith node
be pi(ki). Jackson showed that, provided the utilization is less than

one at each node, i.e.,

Di = li/(miui) <1 i=1,2,...N

then the joint distribution for all nodes factor into the product of
each of the marginal distributions, i.e.,

p(kl,kz,...kN) = Pl(kl)p2(k2)"'pN(kN)

and pi(ki) is given as the solution of the classical M/M/m system,

i.e., X
i
1

j p, (0) (mep.) */ k, ! 0 <k, <m,

1 1

Pi(ki) = (3.2)

l (0) ( )ki( VE <k, < @
P Py my oy M i

This says that whenever an equilibrium condition exists, each node
in the network behaves as if it were an independent M/M/m queue with
Poisson input, although in general the total input {including internal

transfers) at each node is not Poisson.
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3.1.2 General Model

Since Jéckson first published his basic model in 1957, there have
been numerous extensions proposed. The most general results have been
cbtained by Baskett et al.[BCMP75].Their model consists of N nodes and
L classes of customers. Customers travel through the network according
to transition probabilities

P. r.9. g =P {next node is j, next class is s
ey current node is i and current customer class is r)

where i, j = 1,...N; r, s =1,...L.

The system can be closed for certain classes of customers and open
for others. If the system is closed for customers of class r, then the
number of such customers within the system is fixed at a constant
number k(r). In an open network, the total arrival rate to the network
is Poisson with mean rate dependent on the total number of customers in
the network. &An arrival enters node i in class r with a fixed probability
(state independent) of Ce

There are also four kinds of service nodes:

Type 1 Node : The service discipline is first-come-first-served (FCFS)

with a singie server; all customers have the same, negative exponential
rate

service time distribution withpl(j) where j is the number of customers

at the node.

Type 2 Node: There’is a single server at the node, the service discipline

is processor sharing (i.e. when. there are n customers in the node, each

is receiving service at a rate of 1/n times total service *rate), and each

class of customer may have a distinct service time distribution. The

service time distributions have rational Laplace transforms.
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Type 3 Node: The number of servers in the service center is greater
than or equal to the maximum number of customers, and each class of
customer may have a distinct service time distribution. The service
time distribution have rational Laplace transforms.
Type 4 Node: The queueing discipline is preemptive-resume last-come-
first-served (LCFS) with a single server. Each customer class may have
a distinct service time distribution which must have a rational Laplace
transform.

Note that any distribution can be approximated by a distribution
with rational Laplace transforms.[KLEI75].

The traffic eguations for this general Jackson Mcdel are:
j=1,...N (3.3)

. P, .
ir'i,r;dg,s

e. =q. +) e
IS 18 i,r

s =1,...L
where ejs is the arrival rate of class s customers to the jth node.

The states of the system involve a rather complex description
giving locations of customers, their class and their stage of attained
service. Baskett et al.[BCMP75] proved that the equilibrium probabilities
are given by

P(S = (Xl.x X)) = Cd(S)fl(xl)fz(xz)...fN(xN)

2t ¥y

where the state vector S = (x ..xN) consists of components xi(which are

17

vectors themselves) that represent the conditions prevailing at node i;

fhis representation depends upon the node type. C is a normalizing

constant, d{S) is a function of the total number of customers in the

system, and each fi is a function that depends on the type of node 1i.
To simplify the results, one aggregates the system state into

S = (yl,y2,...yN) where y; = (nil,...n ) and niris the number of customers

it
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of class r in service center 1. Let ni be the total number of customers
at service center i and let 1/pu. be the mean service time of a class r
ir

customer at service center i, the egquilibrium probabilities are given

by
P(s = (yl,yz,...yN)) = cd(s) gl(yl)...gN(yN) (3.4)
- L Pir oy
where gi(yi) = ni!{ H_{l/nir!)(eir) }(l/ui) for Type 1 nodes,
L ) fir
gi(yi) = ni!£={l/nir!)(eir/uir) for Type 2 or 4 nodes,
L Mir
gi(yi) = E=il/nir!)(eir/uir) for Type 3 nodes.

This result is remarkable not only because of the product form
exhibited, but also because of the fact that general service time
distribution{with rational Laplace transforms) for the different classes
of customers yield the same result as expconential service time distributions,
since only the mean service rate is included in the results. (See Equation
3.4))

Further simplification, by aggregating over all classes, reveals
that for node type 1,2 and 4 the equilibrium distribution for the number
of customers at each node is the same as the distribution in an M/M/1
system while for node type 3, the corresponding distribution is that of

an M/G/% system.

3.2 Use of Jackson's Model for Communication Subnetwork

We would like to model a store-and-forward network such as the

ARPANET. There are different types of messages with different lengths.
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3.2.1 Model Description

Suppose we want to model a communication subnetwork by Jackson's
Basic Model. The modeling process can best be illustrated by an example.
Consider the simple network shown in Figure 3.1, whigh contains
three computer sites connected by directed communicaticon links. Messages
(which can be update, query, file transfer, or acknowledgement messages)
enter the different nodes destined for other nodes. The quantity Yij is

the rate of arrival of messages at node i destined for node j. Cij is
the capacity of the channel from i to j. If we assume that the message
arrival is Poisson, that the message lengths are exponentially distributed
with mean 1l/u, and that the independence assumption holds, i.e., each
time a message enters a new channel, a new length is chosen independently
from the exponential pdf, we can then model this network by the basic
Jackson's model. Each channel corresponds to a node in Jackson's model*.
channel serves
It is further assumed that eachpmessages (customers) in a FCFS gueue
discipline with unlimited queueing capacity and an exponential service
time l/uCi where Ci is the capacity of the channel. A message leaving
channel i is immediately routed tc channel j with probability pij' and
departs the system with probability q - Figure 3.2 shows this simple
three-computer-site example again {with the paths taken by the different
messages indicated by dotted lines ) and its equivalent Jackson's model
(Fig.3.2(b)}. Consider channel C..: both Yyo and Y,5 messages use this

1z

channel, but once they reach computer site 2, the le messages, correspond-

*although it may be more natural to associate communication centers with
nodes, we have found that this is a misleading interpretation. We shall
always concentrate on what is providing the service. 1In Jackson's model,
it is the nodes; in a communication network, it is the channels.
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Figure 3.1 A Three-Node Communication MNetwork
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ing to a fraction /(le + YlB) of the total messages passing through

Y12

, leaves the system while the rest is transferred to channel C__.

channel qiE 23

Similarly, we can find the routing probabilities for the other channels.

3.2.2 Assumptions

Tt is noted that in order to use the basic Jackson's model, it is
necessary to make the following assumptions, which approximate reality
with varying degrees of success:
{1) Poisson message arrivals
(2) One class of message with exponentially distributed message lengths
{(3) Statiocnarity and Independence of the Stochastic Processes (1) and

(2)
(4) First -come-first-serve queueing discipline
(5) Independence of service times at different communication channels.
(6) Random routing of messages, irrespective of message destinations.
(7) Unlimited queueing capacity at each node.
(8) Noiseless channels and perfectly reliable nodes and channels.

How well does Jackson's model approximate the communication subnetwork
of interest ?

The author is not aware of any empirical studies to justify assumptions
(1) te (3),for a communication network. However, certain data obtained
by Molina [MOLI27] for telephone traffic correspond well to these assumptions.

Assumption (2) is unrealistic. Since we are interested in the
communication subnetwork of a DDB, there will be different classes of
messages with different lengths. At the very least, we would like to

file transfers and short messages such as

distinguish between long messages such a%ﬁlock requests and lock grant

messages. The basic Jackson's model only allows one class of message.
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The general Jackson's model does allow different classes of messages for
queueing disciplines other than FCFS. However, in a store-and-forward
network, the queueing discipline is best described as FCFS.

Assumption (4) is relaxed in the general Jackson's model, and
other queueing disciplines as described in section 3.1.2 are allowed.

In particular, one can model statistical multiplexing by Type 2 service
node {processor sharing) and some preemption strategies by Type 4 service
node.

Assumption (5) was first introduced by Kleinrock [KLEI&4] . 1In
Jackson's model the service time at each node is an independent random
variable, while in Kleinrock's model, as in our communication network
model, the service time for a given message on channel i depends on the
message length b and the capacity Ci of the channel, i.e. b/Ci. The
service times at different channels are therefore not independent.
Besides, there is a dependency between the interarrival times and
lengths of adjacent messages as-they travel within the network. (See, for
example, Equatiqn (3.4) in Kleinrock [KLEI64]) To alleviate this
problem Kleinrock introduced the Independence Assumption:

Each time a message is received at a node within a network, a

new length b is chosen independently from the pdf:

_ubo
= >
p (b} = e b,> 0

Kleinrock has treated this assumption extensively in [KLEI64] which
includes a computer simulation model and argued that so long as there
are multiple channels coming into and leaving a communication node, this

assumption is reasonable.
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Assumption (6) says that once a message has finished transmission
at channel i, it will be routed to channel j with a certain probability
pij’ irrespective of its distination. This assumption is invalid for
most networks we are interested in, and it is another reason why we
believe Jackson's model is inadequate. Consider, for example, the
ARPANET, where messages are routed in the network over different
channels according to their destinations.

Assumption {(7) is unrealistic for networks with limited buffer
space such as the ARPANET. However, with the development of cheaper
and smaller core memories, buffer space can be practically unlimited
in the near future.

Assumption (8) is realistic if one assumes that there is a layer
of software, superimposed on the communication subnetweork, which is
responsible for detecting errors in transmission (e.g. using the cyclic
redundancy check) and for retransmission of noisy messages. C©Cf course,
in this case the service time has to be adjusted to reflect the increased
volume of traffic due to retransmissions.

It is mainly because of Assumptions (2), (5) and (6} that we have
decided that Jackson's model is inadequate in modelling a communication
subnetwork. In the next section, we shall propeose a new Independent

Queues Model that will alleviate these difficulties.

3.3 Independent Queues Model of Communication Subnetwork

3.3.1 Model Description

The model is based on the Independent Queues Assumption*:

*This assumption is suggested by Prof. Robert Gallager.
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Consider a communication subnetwork with N channels. Suppose the
total arrival rate of messages to channel i is Ai. Ai includes both
the external arrival rate of messages at channel i which is Poisson and
the internal transfer from other channels to channel i according to some
routing strategies. Let p(kl’kz""kN) be the equilibrium joint pmf of
the number of messages at the different channels, and pi(ki) he the
equilibrium marginal pmf of the number of messages at channel i under
Poisscn input rate Ai’ then, provided the utilization at each channel
is less than one, it is assumed that

p(kl,kz,...kN ) = pl(kl)p (kz)...pN(kN)

In particular, if the message lengths are exponential, the Independent
Queues Assumption says that, in equilibrium, channel i behaves as if
it were an independent M/M/1 gueue with Poisson input rate Ai'

The Independence Queues Model allows us to calculate the message
delay for the network very easily. The average message delay T; on
channel i is l/(uci—li)* where Ci is the capacity of channel i, Ai is
the total arrival rate of messages to channel i, and 1/u is the average
length of messages.

Consider the average number of messages (both in gueue and in
service) in channel i in egquilibrium, ni. Applying Little's Formula
[LITT61] , this is just AiTi. Applying Little's Formula again for the
whole network and denote the average number of messages in the whole
network by n, we have

YI=n=)on=) oyt
1 1

*Average service time for M/M/l queue with arrival rate Ai and service
rate uCi.
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where Y = sum of external arrival rates to network, T = average message
delay for the whole network, then
1 Ai

T= o g—uci =N (3.5)

Note that the derivation of Equ. (3.5) does not require the service
times at the different channels to be independent. The only requirement
is that the service time at each channel i can be approximated as a
function of the input traffic Ai.

Our model ignores the propagation delay for the energy of a bit to
travel from one end of a channel to the other. Even though the speed of
propagation is a significant fraction of the speed of light, the propa-
gation time may be significant if the path is long. In addition, there
is the additional delay introduced during local processing at each of
the channels. Let Pi' Ki be the propagation and local processing delays
associated with the ith channel, then our average message delay given

above must be rewritten as:

1

uCi - Ai

T = Z A (P + K, ¥
i
3.3.2 Assumptions
The Independent Queues Model of a communication subnetwork requires
the following assumptions:
(1). Poisscn message arrivals.
(2) First-come-first-served queueing discipline.
(3) Independent Queues Assumption.
(4) Unlimited queueing capacity at each node.

(5) Noiseless channels and perfectly reliable nodes and channels.
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Assumptions (1), (2),(4) and (5) are also necessary for Jackson's
model. These assumptions have been discussed in section 3.2.2 and will
not be repeated here. Assumption (3}, like Kleinrock's Independence
Assumption, is hard to justify. The rationale for this assumption is
that it makes the problem analytically tractable and seems to give
reasonable results. While this assumption seems to be stronger than
the Independence Assumption, it affords us more flexibility. For
example, we can now model general message length distributions. Insgtead
of independent M/M/1 gqueues, we then obtain independent M/G/l gueues.
We can also model different classes of messages using the M/G/1l queues.
In addition, we can model more accurately the routing of messages in

the network.

3.4 End-to-end Transmission Delay

A key parameter in ocur DDB model is the end-to-end delay which is
the elapsed time from the trans mission of a message at its source to
the delivery of the message at its destination.

Since messages typically preserve their length as they traverse
the system, the interarrival and service sequences at each communication
channel, and the service times at successive communication channels
are dependent. The distribution of the end-to-end delay is thus mathe-
matically intractable. A number of results concerning this delay are
presented by Calo in [CALO8C]. These include : ordering relations for
the successive waiting times in the channel; waiting time properties
under extreme conditions; and simple bounds for systems with uniformly

bounded service processes. However, these results are not useful to us
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in the DDB model. In fact, even if we make the Independent Queues
Assumptiop, the distribution of end-to-end delay still eludes us,

Recall that if we make the Independent Queues Assumption, the number of
messaces, and hence the service time, at all channels are independent in
equilibrium. This means that at a particular time, say t, the service

" times at all channels are independent. However, when a message is
traversing the system from one channel to another, it will be receiving
gervice at successive channels at different times. The service time of
a particular message at successive channels are thus dependent. It is
this dependence that makes the analysis difficult.

In order to analyze the end-to-end delay, approximations are made.

3.4.1 Exponential End-to-End Delay

Assume that the end-to-end delay is exponential. This will be
true if the delay at one channel dominates the total delay. Since an
exponential distribution is completely characterized by its expected
value, once we find the expected value of the end-to-end delay, we have
determined the distribution.

Consider a communication subnetwork with N nodes and M channels.
Denote the channel from node k to node § by the tuple(k, ), whére‘

k,L =1,...NM. Tet C denote the set of all channel tuples, i.e.

c= {0 k,0=1,...N}.

Let Dkﬂ = service time at channel (k, %),
Tij = end-to-end delay from node i to node j,
Aij = Poisson arrival rate of messages at node i1 destined for node j,

fij(k) = fraction of i-j traffic passing through node k,
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gij(k,z} = fraction of i-j traffic passing through channel (k,3),
¢ij(k,1) = routing variable, fraction of i-j traffic at node k
that is routed on channel (k, 1),
(0<6,.(k,2) <1, ¥¢,.(k,2) = 1 for all k )
- 1] = i 1)
Lij = average number of i-j messages in the network,
Lij(k,gl = average number of i-j messages at channel (k,1).

Little's Formula[LITT61] gives

A, T.. =L, =) L. (k,2) =) A, .9..(k, 2D
13 1] 13 K, ec M (k,2)ec 74 k2
= A E (K4, . (k,R)D.
(E,n)sc ij71ij ¢13 L) ki
Hence, T.. = ) £..)¢,..(k,2)D, , (3.7)
ij (k. 8)eC ij ij ki
N

where fij (k) = ,zZ:lfijdeij (2,k) (3.8)

If the routing is loop-free, for each origin-destination pair (i,3),
Equ. (3.8) can be solved recursively for fij(k), k=1,...N. Therefecre,
the average end-to-end delay for all nodal pairs can be found using

Equ. {(3.7) and (3.8).

3.4.2 Normal End-to-end Delay

Another approximaticn is to assume that the end-to-end delay is
normal. Since each Tij is the sum of the service times over several
channels, by invoking the Central Limit Theorem, the approximation will
be good provided the path corresponding to Tij includes many hops:.
Note that in section 3.4.1, the derivation does not require that
the service time at the different channels be independent. In the following

derivation, however, we assume that the service times at different channels
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are independent. The notations used are the same as that in section 3.4.1.

in addition, let Tij(t) be the pdf of Tij' Tij(s) be the Laplace transform

of Tij(t), Dkﬂ(t) be the pdf of D and D.,(s) be its Laplace Transform.

kL’ k2
;D_ + T with probability ¢..(i,r)
ir rj 1]
Now, Tij =l
Dij with probability ¢ij(1,j)

N
e . e e . . e
Therefore, Tij(s) z=l¢ij(l'r)Dir(S)Trj(s) + ¢ij(1,J)Dij(5)

r#3
N e e e e
= £=1¢ij(1fr)nir(s)Trj(s) + ¢ij(l,j)Dij(S)[l - Tjj(s)]
e x e .
T..(s) =) ¢,.(i,r)D° ()T (s) (3.9)
1] =1 13 ir rj

since it is assumed that Tj_i = 0.

In particular, if the total message arrival rate at channel{k,b &) is

lkﬁ' the capacity is Ckl' and the message length is exponential with mean

1/u, then the total service time at channel(k,%) is exponential with mean

l/vkl where Vs~ “Ckﬂ - Akl' Therefore, Dir(s) = Uir/(S+Uir) and Equ. (3.9}
becomes:
e N vir e
T..(s) = ) ¢, (i, r)—= 1% (s) (3.10)
ij poq 17 s+ v, r]
d e .
E(Tij) =~ 3= Tij(5)|s=0 gives
N
B(T, ;) = 7 ¢;5 (1,1 [E(Trj) +1/v, ] (3.11)
r=1
2 a2 .
E(Tij) = 392 lj(s)’s=0 gives
N
2y _ : 2 2
E(TZ,) §=l¢ij(l’r){E(Trj) +2E(T /v, o+ 28] (3.12)

If the routing wvariables ¢ij(k,l) correspond to loop-free routing
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of the messages (see [GALL77]), then we can find Tij(S) easily. Using
Equ. (3.10), we sclve for Tij(s) for all r such that (r,j}eC, then we
solve for T:r(s) for all k such that (k,r)eC, etc., until we find Tij(s).
Similarly, we can solve for E(Tij) and E(Tij) easilv.

If the routing is not loop-free, then Equ. (3,10} can be re-written
in matrix form:
Q%¢s) = p%(s)9% (s) (3.13)
where Qe(s) is an N by N square matrix with elements Tjj(s), and Pe(s)

is an N by N sguare matrix with elements ¢ij(i,r) vir/(s + vir)'

Hence Qe(s) = [1 - Pe(s)]dl.

3.5 Attempt to Model Message Broadcasts

In a communication network, it is sometimes necessary to broadcast
messages from one node to other nodes in the network. After a node
receives a broadcast message, copies of this message will be sent to its
neighbours. In section 3.2, we have already pointed out some of the
inadequacies of Jackson's Queues in modelling a communication network.
In this section we shall discuss anothe%linadequacy. We shall show that
message broadcastsrcannot be modelled by Jackson's Queues.

In Jackson's model, under equilibrium conditions, each individual
queue in a network of gqueues is independent of other gueues. We can
consider a system of gueues , where after being served at one queue, a
customer {or message in commuication network ceontext) splits into two
and obtains service at two different queues.

In Fig.3.3, nodes 1, 2 and 3 are three queues with exponential
service times. Messages arrive at nodes 1 and 2 independently in a

Poigson manner. After being served at node 1, each message splits inteo
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Figure 3.3 Attempt to generalize Jackson's results to
Message Broadcasts



-50-

two and is transferred to nodes 2 and 3. The question is : Are the

gueues at node 2 and node 3 independent ? We assume that the service rate
at each node isy and is independent of the kind of customer. Provided

the queues are not saturated, Burke's Theorem [BURK56] says that the
customers leave node 1 in a Poisson Process. The total arrivals at node 2

is then Poisson with rate Al + A We assume that any customer depérting

2

from node 2 after service has a probability h2/(ll + A.) of going to node 3

2
and a probability Al/(ll + Az) of leaving the system. This is an approxi-
mation be&ause type 1 customers(those entering the system at node 1)},
after being served at node 2, will leave the system for sure, while type 2
customers will go to noae 3. To be more exact in our formulation of the
problem, we shall have to know the ordering of the type 1 and type 2
customers in gueue. This will give rise to very complicated balance
equations.

We now attempt to find the compound pmf of m and n, the number of
customers at node 2 and node 3 respectively. Let ﬁ(t) be a vector repre-
senting the number of customers at nodes 2 and 3 at time t. From a

straightforward consideration of the ways in which the system can reach

state (m,n) in a small time increment h, it turns out that:

P[ﬁ(t+h) = (m,n)] = P[ﬁ(t) = (m,n)](1 - )\lh - Azh - uh - uh)d
- >
+ P[N(t) = (m -1,n - l)]?\lh + PIN(t) = (m—l,n)])\2h
-5
+ PIN(t) = (m+l,n)],\lu/(ll+)\2)
+ PIN(L) = (m+1,n=1) 1A/ O +h,)
+ p[ﬁ(t) = (m,n+1)]u
such that JJP[N(t) = (m,n)] = 1 for all t.

mn
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By moving the first term on the right to the left hand side and
-ial N q -
dividing by h, we get a different,equation in N(t). Setting aE—N(t) =0

for equilibrium conditions, we get:

P[N = (mlG, + 2, + 2u) =P[R = (m-1,n-1)13, + PN =(n-1,m) 11,

-
+ P[N = (m+l,n)]llu/(ll+A2)

N = 1,n-1)]x Ao+ A
+ P[N = (m+l,n-1) z“/( 1t 2)
+ P[N = (m,n+1)]u

.
such that })P[N = (m,n)] = 1
mn
In addition, we must satisfy the boundary ceondition:
> -5 -
P[N =(0,00] (A +A) = P[N =(1,00]r /(A +X,) + PIN = (0,1)]u
1 2 1 172
. > m_n
Suppose the compound pmf has a product form, i.e. P[N = (m,n)]=Y ¥ ,
then the equilibrium balance equation gives:
‘ 2 2 2
YX(A + 20 ) = 7\1 + X?\2 + Y X?\lu/A + Y l2u/l + YX u {3.14)
while the boundary condition gives:
A = Yklu/k + Xy {3.15)
Solving Equ. (3.14) and (3.15) simultaneously, we get a quadratic in X:
2 2 2 2 2 2 2. 2 3 3
X [Allu + ATuT] o+ X[Alhzu - X Alu - A llu_— 22 lzu] + Alu + A A2 =0
Solving this quadratic for X, we found that depending on the values
of the parameters Al' A2,u,we might get imaginary roots for X, and hence
) . . > mn .,
imaginary roots for Y. Hence the assumption that P[N(m,n)]= Y X is
incorrect, and the compound pmf does not exhibit product form.
Thus Jackson's Queues cannot model message broadcasts. However,
using our Independent Queues Model, message broadcasts can be modelled

easily. Since we assume that the queueing processes at different channels

are independent in equilibrium, and the service time at each channel is
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only a function of the total input traffic at that channel. This input
traffic may consist of external message arrivals, internal transfers

according to some routing strategy and broadcasted messages.
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CHAPTER 4

DISTRIBUTED DATABASE MCDEL

In this chapter, we are going to describe the DDB model. In section 3.3,
we modelled the competition among messages (generated by transactions)
for the services of the communication channels. 1In this chapter, we are
a;so going to model the competition for the services of the local DBMS
éﬁ.each computer site. Thus, in order for a transaction to complete
successfully, it not only has to wait for the services of the different
communication channels, but also the service of the database management
system. This service includes setting locks, reading and writing data
items, etc.

Fig. 4.1 shows the basic architecture of a DDB. Database sites
are connected to each other via a communication subnetwork. At each
database site is a computer running cne or both of the software modules:
Transaction Module (TM) and Data Module (DM). The TM supervises user
interactions with the database while the DM manages the data at each site.

We propose a 5-step approach to model the performance of concurrency
contreol algorithms. This is summarized in Fig.4.2. We shall now describe

these five steps in more detail.

471 Tnput Data
Given a DDB managed on an arbitrary communication network, we have
to determine the following:
(1) topeclogy of the network, i.e. the connectivity and capacity of links
between computer .sites.

(2} locations of all copies of files.
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Update Update Updaote
requests requests reguests

™ KI'IM\ ™

@ Transaction module
Data module

Figure 4.1 Basic Architecture of a DDB
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* topology of network
» file location

» update request rate

* estimates message flow requirements

fij » between each pair of database sites

» calculates avg. service time, throughput

and utilization at each communication channel

« estimates probability of conflicts and

delay due to conflicts

s response time
= service time at database site

+ transmission delay + delay due to conflict

Figure 4.2 Performance Model of a DDB
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(3) transaction classes defined by their readsets and writesets.

(4) update request ratesof the different transaction classes.

4.2 Transaction Processing Model

Consider a trans. T arriving at database site i and processed by
TMu. Suppese the read set of T consists of data items X,Y and its
writeset consists of data items U, V where U = f£(X,Y), V = g(X,¥).

This update will be performed in two steps, a query processing step and

a write step.

(1) Query Processing - TMu will choose one copy of data item X and Y
and devise a guery processing strategy that will produce the result

at database site 1.

(2} Write ~ The new values of U and V will be written into the database.

This is accomplished by the two-phase commit algorithm:

(i) Pre-commits - TMa sends.new values of U and V to all DM's having
copies of U and V, respectively. The DM's then copy the new
values to secure storage and acknowledge receipt,

(ii)Commits - After all DM's have acknowledged, TMd sends commit
- messages, requesting the DM's to copy the new values of U and
V from secure storage into the database.

Since the network is not perfectly reliable, if TMu asks the DM's
to copy the new values of U and V into the database in one step, it is
possible that some copies of U and V have received the updates while
other copies have not. This will result in database inconsistency.
Two-phase commit is an attempt to prevent such inconsistencies. It is

by no means the standard solution. However, it seems to be very popular
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among researchers in DDB. (See for example, [BG80] , [GRAY78].)

Step(1l} of the Trans. Processing Model, namely Query Processing, is
‘a very hard problem. Since the database is redundant, there are different
DM's a transaction can access when it wants to read a certain data item.
The TM at the database site where the transaction originates is responsible
fo; choosing the best (in terms of an objective function such as minimization
of response time) DM to access. In the case of transactions that access
multiple files, the TM must devise a strategy to solve the query.

As is mentioned in section 1.4.2 previous researchers get around the
query processing problem by assuming a fully redundant database, in which
case all gqueries will be addressed to the local sipe and incur zero
communication delay. We do not believe this is a realistic assumption,
and are confronted with the problem of modelling guery processing. In
particular, since our major thrust is thé performance comparisons of con-
currency control algorithms, we need a query processing model that is
simple while at the same time not too unrealistic. This is £he object of
the next chapter.

Using our trans.processing model, we can determine, for each
particular transaction, the file transfers, read requests and updéte
messages that are necessary. This information, together with the transaction
arrival rates and the file locations, etc., let us generate estimates for

fij' the arrival rate of messages at site i destined for site J.

4.3 Communication Subnetwork Model

Using the message flow requirements between database sites, f, , and
1]

the newtork topology as input to a routing strategy, such as Gallager's
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Minimum Delay Routing Strategy [GALL77)], we can determine the total traffic

on eacnh channel of the network. We can then find the average service

time, utilization and throughput at each channel.

4,4 Conflict Model

This is an important component of the DDB Model and will be discussed
in more detail in Chapter 6. Briefly, it allows us to find the probability

of conflict between different transactions and the cost of these conflicts.

4.5 Performance Measures

We emphasize the performance measure most visible to the users,
namely response time, which is the sum of local processing delay at the

database sites, transmission delay and delay due to conflicts.
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CHAPTER 5

QUERY PROCESSING

Accessing data distributed at different computer sites necessites
transmission over communication links. An advantage of the distributed
system is the ability to process and trénsmit data in parallel at
separate points in the network. Since the delay due to communications
is substantial, the DBMS must devise an efficient arrangement of local
data processing and data transmissiens in order to process distributed

gueries.

5.1 Review of Existing Query Processing Algorithms

There are very few reports of work on distributed query processing.
Wong proposed an algorithm that is being implemented in SDD-1 [WONG77].
Hevner and Yao [HY79], proposed a simple algorithm for a special class
of gueries. These two approaches will be discussed in more detail in
the next sections. More recently, Chiu [CHIU79] has devised a dynamic
programming solution for certain queries called tree gueries. Since the
applicability of his method is extremely restricted, we shall not discuss

it.

5.1.1 Relaticnal Data Model

In this section, we shall describe the relational data model ([copp70],
[DATE77]), which is the model assumed in both Wong's Algorithm [WONG77)
and Hevner and Yao's Algorithm [HY79].

A data model is a class of data structures. All information maintained
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in the database is organized as data structures that are instances of
this class.

Given n sets Dl' D2'7"Dn’ a relation R is a subset of their Cartesian
product, i.e. RE? Dy X D, * ... X Dn, and Dl""Dn are called the domains
of the relation. A database relation is a time-varying subset of the
Cartesian product, i.e. R(t) E;Dl x D2 X ... X Dn' The relational model
of a DDB assumes that the unit of data distribution is a relation. 1In
each database site, there are one or more relations. A database guery
performs the operations restriction, preojection, join and semi-join in
order to retrieve data. (See [copp70], [wowG77], [CHIU79]). A restriction
of R selects rows of R that satisfy specified data conditions, e.q. Dl > 100.
A projection of R is formed by deleting some of the domains. For example,
R [Dl,Dz]is a projection of R consisting of the first two domains. Consider
two relations R(A,B)* and S(C,D). The €-join of Ron A and S on C is
R[aBC)S = {r||s: reR and se5 and r[al8siB])}, where r|ls z (a,b,c,d) if

r= (a,b) and s = (c,d); and 8 ¢ { <, g, >, 2, =, #}.

For example:

R s
SHIPID SHIPNAME SHIPID TONNAGE
1 Kiev 4 40
2 JFK 2 50
3 . QE2 3 60
. 1 30
R[SHIPID = SHIPID]S

1 IKiev 1 30
2 JFK 2 50
3 QE2 3 60

* R(A,B) denotes a relation with only two domains A and B.
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The =-join can also be written RANCS. Let R{A,b) and S(b,C) be
i i-joi B = ™ ,Bl,i.e. R¥S is the
two relations, then the semi-join RB CS RB BS[A 1,i.e

join of R and S projected back onto R.

5.1.2 Wong's Algorithm

Wong makes the following assumptions:
(1) Consider subsets of the DDB called "materializations" such that
each consists of exactly one copy of each portion of the database.

Each materialization is a distributed but non-redundant version of

the database. Data retrieval will be performed on one materialization.

{2) Only fragmehts of a relation, i.e. restrictions, projections, or a

combination of them are moved from one site to another.

(3) We are indifferent as to where the final result is produced, so long

as it is produced at a single site.
{4) The communication cost as a function of data volume and links is

known.

(5) The costs of local operations, i.e. projection, restriction, and join

are known.

{6) The sizes of resulting fragments after local operations are known.
The algorithm is as follows:

(1) Perform all local cperations that are possible. Choose one site to

move all fragments to . Denote the set of moves by M ={ml’m2""mn}'

where each mk, k =1,...m, is of the form "move fragment x from node i

to node j".

(2} Replace M by twe sets of moves M, and M., that are to be executed

1 2

sequentially with local processing between them. This is represented
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graphically as follows: M

Y

1 2
where it is understood that the left leaf(Ml) precedes the riqht(Mz)

with local processing in between. The criteria for splitting a node N

inte (N ,N2) are:

1
(i) the combined cost of (Nl,N2) is less than N alcone, and

(ii) the pair (Nl,Nz) is minimum in cost among all pairs satisfying (i).
It is possible that we can continue to split the nodes using the above
criteria and in general end up with a binary tree where the leaf nodés
represent all the moves that are to be undertaken. The moves within

one leaf can be made in parallel,and the leaves are executed sequentially
from left to right.

The algorithm stops when no further node splitting is possible.

Note that Wong's Blgorithm is a greedy algorithm. It locks for immediate

gains and will give us a local optimum but not necessarily a global one.

5.1.3 Hevner and Yao's Algorithm

(1)
(3)

(4)

(5)

(6)

The following assumptions are made:

& {2) same assumptions as Wong's algorithm.

The result is to be produced at the node where the gquery originates.
The communication cost between any two nodes is defined as a linear
function C({X) = c. + ¢.¥ where X is the amount of data transmitted, and

0 1
g and c, are constants. In other words, the topology of the network
and the gueueing effects are ignored. The cost is measured in units
of time.
The costs of local operations, i.e. projections, restrictions, etc.

are negligible compared to the communication costs.

It is assumed that after initial local processing, each relation {(or file)
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accessed in the query contains only one domain - the common jeining

domain. When file i, of size Si is processed with file j, the resulting

file has size Sipj* where Pj' the selectivity parameter of file j is

between 0 and 1. The selectivity parameter is cumulative, and if file i

is processed with both file j and file k, the resulting file will have

size Sipjpk.

The data transmission containing the transmission of relation i, Ri'
to the result node is called the schedule of Ri' Define schedule response
time r, as the time from the start of the transmission until Ri {or a
processed version of it )} is received at the result node. Define minimal
schedule response time fi= min r, where the minimization ranges over all
possible schedules. The response time of a query retrieval strategy r is
defined as r = max r, where m is the number of relations in the query, and

lgigm
total time t is defined as the sum of all transmission costs for the strategy.

Hevner and Yao proposed two algorithms: a pa?allel strategy to
minimize r and a serial strategy to minimize t.

The parallel strategy uses the initial feasible solution of sending
each relation directly to the result node as a starting strategy. It then
searches for cost beneficial data transmissions by trying to join small
relations to large relations. The strategy is described as follows:

(1) Relations R, are ordered so that Sy 5_82 < eee S8

{2) Repeat steps (3) to (4} for i = 1 to m.

{(3) Find the minimal schedule response time fi. All relations Rj where
j < 1 are checked for potential data transmission to Ri and the
transmission that produces the greatest reduction in r, is integrated

into the strateqgy. For the data transmission from Rj to Ri' the

* While Hevner and Yao[HY79] did not state it, the implicit assumption
is that Sipj = Sjpi'
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accumulated selectivity is ﬂ Py since all relations Rk' 1 <k <3
k=1

can be transmitted to Ri in parallel with R, with no increase in response
]

time. Hence
r, = min.{ #, + C(Si ﬁ p )}
j<i k=l k
{4} Update S,, r,.
i i

The serial strategy consists of the following:

(1) Order R, such that S, < §_ < .. . < g .
1 1 - 2 — = m

(2) 8Send each file, starting with Rl' to the next bigger file in a serial

order, i.e. R, + R_+ ... > R > R , where R is the file at the
1 2 m r r

result node.
There are two cases to consider., In Case 1, Rr is included in its proper

order in the transmission pattern: Rl-+ R2 - ...Rr > e > Rm.+ Rr' In

Case 2,Rr is neot included in its proper order, R, o» "'Rr—l > R 3 e

1 r+l

- Rm-+ Rr' It is shown [HY79] that one of these cases has minimal total

time.

5.2 The Minimum Spanning Tree Algorithm

In this section we shall describe the query processing algorithm
employed in our DDB model, namely the Minimum Spanning Tree (MST)
Algorithm. The assumptions of the algorithm are as follows:

(1) The result is toc be produced where the query originates, i.e. the
requesting node.

(2) The costs of local operations are negligible compared to the
communication costs.

(3} The communication cost as a function of data veolume and links is

known.
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(4) A1l files accessed by the guery have the same size.

(5} The selectivity parameter of ail files is cne. Therefore, when two
or more files are processed together, the resulting file has the
same size as one of the original.files.

Assumptions (3), (4} and (5) imply that the cost of a gquery processing
strategy is a function of the communication links employed in the strategy,
irrespective of the volume of traffic on these links.

In addition, we are restricting all file processing to be performed
at the result node or at the nodes where the file coples accessed by the
query are located. This restriction is necessary in order for the MST
Algorithm to be optimal. If file processing can be performed at any node
in the communication subnetwork, then in order to find the optimal strategy,
we have to solve é Steiner Problem, which is a much harder optimization
problem than the MST. This will be discussed in more detail in the next
section.

The MST Algorithm finds the optimal query processing strategy that
minimizes the total communication costs. Recall the communication sub-
network model described in section 3.3. The average delay T for all

messages in the network is given by Equ. (3.5):

1 i
T = ;Z ue e where the summation is taken over the set of all channels.
i i"i
3T 4
He = = the incr tal 1 for all s i
nce,a(ki/u) Y(Cifli/u)z e incremental delay fo messages 1n

the network per unit increase in flow at channel i, provided the increase

in flow is small compared to the existing traffic at the channel. If we

let STKE%GT~ be the communication costs on channel i, the MST Algorithm
i ) .
will output a strategy that minimizes E—ET%E7HT. The cost of a strategy is
o i i
proportional tof 57%37_)because of unit file size. Therefore, the MST strategy
Y A
R §
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will minimize the incremental delay for all messages in the network due
to a particular query. Obviously, other communication costs can be used.
There are two cases to consider: non-redundant files and redundant

files.

5.2.1 Non-redundant Files

In this case, each file accessed by the query has only one copy
maintained in the database.

Define a directed tree as a directed graph without a circuit, for
which the outdegree of.every node is unity: the outdegree of the root
node being zero. Note that our definition of a directed tree is
different from the usual definition (see,e.g. [CHRI7S] ) in that our
directed links point towards the root node, rather than outwards from
the root node.

We next describe the MST Algorithms for non-redundant files. There
are two algorithms: (1) the MST1 Algorithm restricts all file processing
at the node set N, where N is the set of nodes consisting of the result
node R and the nodes where thé'file copies accessed by the query are
located, (2) the MST2 Algorithm allows file processing at all nodes.

The MST]1 Algorithm

(1) Using the communication costs on the links of the communication sub-
network as input te a Shortest Path Algorithm, find the shortest
paths between every pair of nodes in N. 1In general, the shortest
rath from node i to node j will have different length from the node
j to node i path.

(2) Construct a fully connected directed graph G with node set N, and
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links weights egual to the shortest path lengths between nodal
pairs as calculated in Step (1).

(3) Find the minimum weight directed spanning tree of G using mode R as
the root node of the tree.

(4) Each file is moved to the result node R using the directed path
dictated by the MST. When two paths intersect, the two corresponding
files are processed together, resulting in one file.

The algorithm is best illustrated by an example. Consider the
six~node communication network shown in Fig.5.1{(a)}. A query originating
at node 1 accesses files X,Y and Z at nodes 2,3 and 4 respectively. The
MST1 Algorithm says that we shall first find the shortest paths between
every pair of nodes in the set of nodes {1,2,3,4}. We then construct a
fully connected graph with node set {1,2,3,4} and 1link weights equal
to the shortest path lengths (See Fig.5.1(b)}. The MST consists of
the directed.links (3,4), (4,2) and (2,1} (See Fig.5.1(c)). This means
that file Y should be sent to node 4, to be processed with file %Z. The
resulting file is then sent to node 2, to be processed with file X, and
the final result is then sent to node 1.

The correctness of the MST1 Algorithm is based on the following
theorem.

Theorem 5.1 Under the assumptions of the MST1 Algorithm, each query

processing strategy is dominated by (i.e. more costly than) a spanning

tree strategy with node R, the result node, as the root node.

Proof; Tﬁe specification that R is the root node is necessary since we

want the result produced at R. Consider a fully connected directed
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Figure 5.1 Exzamples of tite MST and MDT Query Processing Algorithms
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graph G with node set N, i.e. the set of nodes consisting of R and the
'nodes where the files are located. Every query strategy corresponds to
a subgraph of G. .If the strateqgy dces not correspond to a tree, some
node i€N will have an outdegree greater than one, say two. This means
that the file located at node i will be sent out twice through two
different links. This is obviocusly inferior to just sending the file
through one of the two links.
0.E.D.
The MST1 Algorithm is optimal since the MST is the least costly

among all spanning trees.

The MST2 Algorithm

(1) Using the communication costs on the communication links as the
weights of the links, find a minimum weight tree that spans the node
set N, with node R as the root of the tree.

(2) Each file 1is moved to the result node R using the directed path dictated
by this minimum weight tree. When two paths intersect, the two
corresponding files are processed together, resulting in one file.

Step(l} of the MST2 Algorithm corresponds to finding a solution

to the Steiner Problem, i.e. finding a minimum weight tree that spans

a subset of the nodes of a graph. The Steiner Problem is a much harder

problem than the MST Problem. Therefore, in this thesis, we shall

employ the MST1 Algorithm, i.e. restricting all file processing to the

node set N.

5.2.2 Redundant Files

In this case, each file accessed by the guery may have one or more
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copies maintained in the database.

By inventing artifical file nodes and artifical links of weight W
connecting each file node with its copy locations, the MST Algorithm
that we have developed for the non-redundant case can be extended to be
used for the redundant case.

Consider Fig.5.2, where we have a request accessing two files X
and ¥. There are copies of X at nodes 2 and 3, and copies of ¥ at nodes 4
and 5. Note that we have created directed artifical arcs (X,2), (X,3),
(Y,4) and (Y,5) with weights W. The direction of the artifical arcs for
file X{orY) ensures that only one of them will be included in the optimal
strategy. This is necessary since only one of the copies of X{or ¥)
will be accessed. The weight W can be chosen to be zero, or may be assigned
to be different for different artifical 1links, to reflect the different
costs of accessing a file at different copy locations.

A strategy to satisfy a query c¢riginating at node 1 and accessing
files X and Y will be represented by a tree spanning node 1 and the
artifical nodes X and Y, but not necessarily spanning the whole node set.
The optimal strategy corresponds to the minimum weight tree of this type,
i.e. a Steiner Tree.

In general, if node i is the regquesting node and files X,Y, ...2
are accessed in the query, then the optimal strategy corresponds to
finding the minimum weight tree spanning the node set U, where
u={iXx,¥,...2}.

The Steiner Problem can be solved by solving a number of MST's. For
example, if we want to solve the Steiner Problem for the node set U in

a graph with node set Vv, then we have to solve MST for all subgraphs of
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V that contain U{HAKI71] . Unfortunately, the number of subgraphs is large.
However, because of the special structure of the query processing problem,
only some of these subgraphs will correspcond to query processing strategies.
Consider the example shown in Fig.5.2; all we need to considerris the four
subgraphs shown in Fig.5.3,

Iﬁ general, if we have m files and n copies of each file, the number
of subgraphs to consider is ne.

This artifical file node and artificial link technigque can be used
to generalize Wong's Algorithm [WONG77] to redundant databases. Hevner
and Yao's Algorithm [HY79) ,on the cther handscannot be generalized easily,
since they assumed the same communication costs between each pair of nodes
and do not allow us to differentiate the costs of accessing different

copies.

5.3 The Minimum Distance Tree Algorithm

The assumptions of the Minimum Distance Tree (MDT) Algorithm are the
same as that of the MST Algorithm and are listed in section 5.2, While
the MST Algorithm minimizes the total communication costs, the MDT
Algorithm minimizes the maximum of the communication costs for sending
each file to the requesting node. In particular, if we designate the
transmission delays on the communication channels as the communication
costs, the MDT Algorithm wiil find the guery processing strategy corresponding
to minimum response time.

The MDT Algorithm

(1) Construct a directed graph H of the communication subnetwork. The

nodes of H are the nodes of the communication subnetwork and the links
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Figure 5.3 The Four Subgraphs to be Considered in the
MST Sclution of the Steiner Algorithm
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of H are the communication channels with weights equal to the commu-
nication costs of the channels.

(2) Create artifical file nodes for all files accessed by the query, and
create artifical links of zero weight connecting each file node and
its copy loctions. These artifical links should be directed outwards
from the file nodes.

{3) Find the shortest directed paths from all file nodes to the regquesting
node. These shortest paths correspend to the paths taken for each
individual file to reach the reguesting node.

Note that the MDT Algorithm is the same for both redundant and
non-redundant databases. In addition, since we are only interested in
finding the shortest path for a file to reach the requesting node, the
restriction that all file processing must be performed at the node set N
can be removed. (Recall that N consists of the result node and the nodes
containing copies of the files accessed by the query).

An example of the MDT Algorithm is shown in Fig. 5.1(a), in which
a query originating at node 1 acce;;f}iles X,Y and Z at nodes 2,3 and 4
respectively. The shortest paths from nodes 2,3 and 4 to node 1 are as
shown in Fig. 5.1(d). These are the paths taken by the files to reach
‘the resultrnode. The MDT Algorithm is based on the following theorem.
Theorem 5.2 : Under the assumptions of the MDT Algorithm, the MDT
Algorithm will minimize the response time.

Proof: Consider a query accessing files 1,2,...n. The response time, by

definition, is mag. F

., Where F, = time it takes a file i to reach the
ls 1= 1 1

requesting node. Therefore, tc minimize the response time, we have to

min. { max Fi). The MDT Algorithm accomplishes this by minimizing each
a1

F-I 1 £ 1% n.
1
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In general, solutions that minimize response times are not unique.
So long as the path taken by the file corresponding to the maximum
communication delay is unchanged, the paths taken by the other files can

be varied without affecting the response time.

5.4 Comparison of Query Processing Algorithms

Wong's algorithm attempts to solve the most general query processing
problem, where (1) files have different sizes, and selectivity parameters
are arbitrary and (2) the communication subnetwork is completely general.
Unfortunately, this general problem is very difficult and Wong's attempt
only resulted in a heuristic giving local optimum.

Hevﬁer and Yao looked at a simpler problem, relaxing requirement (2)
by assuming that the communication cost between each pair of nodes depends
linearly on the volume of data moved.

The MST Algorithm and MDT Algorithm described in this thesis relax
requirement'(l) by assuming same size files and selectivity parameters
of value one. These algorithms are easy to implement and to analyze.

‘Note that the MST Algorithm is significantly different from previous
work. That it is différent from Hevner and Yao's algorithm is cbvious,
but is it also different from Wong's Algorithm if we relax requirement(l)
in implementing Wong's algorithm? The answer is yes. Intuitively, Wong's
algorithm does not guaranteeiglobal optimum which the MST Algorithm does,
so they cannct be the same. Fig. 5.4 contains a simple counterexample,
in which a gquery tries to access files X,Y and Z. Wong's Algorithm says
that the first proposed solution is to send each file directly to the

result node (Step 1 in Fig.5.4). We then try to replace this set of moves
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Wong's Algorithm

Step 1 ¢+ X 2 —»1
Y 13—l
Z 14 —=1

Step 2 : Y {3 —=2
X@AY 2 —=1
Z 4 —e]

Costs = 5 units

MST Algorithm

X :12—s3
X®Y : 3 —»y
XOYDZ : 4 —=1

Costs = 4§ units

Figure 5.4 Non-egquivalence of Wong's Algorithm and the MST Algorithm
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by two sets of moves that are less costly than the present set of moves.

In this case, we see that it is better to move file Y from nocde 3 to node 2

first, to be processed with file X, and then send the result to node 1.

The move of file Z from node 4 to node 1 remains unchanged (step 2 in Fig.5.4}).

At this point, no improvement can be made. Wong's Algorithm requires a

cost of 5 units, while the MST Algorithm only costs 4 units.

The MST Algorithm and the MDT Algorithm also enjoy the following
advantages:

(1) We retain the traditional layering approach, i.e. separating the
database from the underlying communication subnetwork. The latter
will provide the input for ocur algorithms: the link costs in the
MST and the MDT Algorithms.

{2) The minimum spanning tree problem and the shortest path problem in
a directed graph are well understood and there exists efficient
algorithms for their solutions.

(3) Under the assumptions we make, the MST and the MDT Algorithm will
solve the problem optimally. Other query processing algorithms, for
example, Wong's algorithm, only achieve a local optimum. In addition,
Wong's algorithm only guarantees that the solution to the query will
be available at one site, and is indifferent as to which site it is.
The two algorithms‘proposed in this thesis, on the other hand,
guarantee that the result will be at the requesting node.

(4) The MST and MDT algorithms can be easily generalized to accomodate
redundant file copies. While Wong's Algorithm can also be generalized
using the same technique, Hevner and Yao's Algorithm cannot be general-
ized easily.

(5) The two algorithms proposed are easy to analyze.
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CHAPTER &

CONFLICT MODELS

In this chapter we shall describe in detail how to model the conflicts
between transactions under various concurrency control algorithms. 1In
particular, we shall calculate the probability of conflicts and the delay
due to conflicts for Two-phase Locking Algorithms and for Timestamp
Ordering Algorithms. The performance of locking algorithms depends very
much on the algorithm uséd to solve the deadlock problem. In section
6.2.1, we analyzed the Ordered Queues Algorithm for deadlock prevention.

In section 6.2.2, we analyzed the Prioritized Transactions Algorithm.

In section 6.2.3, we calculated the probability of deadlocks when trans-—
actions are allowed to wait for each other in an uncontrolled manner, which
is the case under Deadlock Detection. Section 6.3 is devoted to SDD-1, a

timestamp ordering algorithm.

6.1 Model Assumptions

The following assumptions are made in this chapter:

(1) transaction arrivals are Poison and divided into transaction classes
defined by readsets and writesets.

(2) topology of network and location of copies of files are given.

(3) there are two message types, a short type with mean lful such as lock
requests, requests to read files, etc; and a long message type with
mean l/u2 such as file transfers, pre-commits, etc. Both types of
messages are assumed to have exponentially distributed lengths. Suppose
the short and long messages constitute a fraction Yy and Yo of the

total number of messages. We also make the approximation that the
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1 I mm
length of all messages 1s still exponential with mean — = ——( —; =)

+
H Y1+Y2 Ul H,

(4) Transactions will be processed according to the Transaction Processing
which
ModelAFonsists of two steps: a query processing step and a write step.
In the query processing step, the MST1 Algorithm will be used to
produce the result of the guery at the request node. In the write
step, the request node will initiate the two-phase commit algorithm to
all nodes containing a copy of the files in the writeset.

{5) Approximate the end-to-end transmission delay of the dommunication
subnetwork as exponential.

{6) One important parameter in locking algorithms is the locking granularity
i.e. the size of the unit of the database which is individually locked.
Using simulation models, Ries and Stonebraker [RS77] showed that under
a wide variety of conditions., coarse granularity givés shorter response
times. Therefore, in our performance models, coarse granularity is
assumed. In particular, the numerical examples in Chapter 7 assume
that whole files are individually locked. This not only simplifies
the performance model, but also the data collection necessary to
execute the model.

(7) Requests for locks are served in a FCFS manner and the capacity of
the queue is infinite.

{(8) Two transactions conflict when they try to access the same data item

and at least one of them is a write request.

6.2 Two-Phase Locking

When two transactions conflict under the locking algorithm, one of

them is made to wait until the other releases its locks. This waiting
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incurs delay on the transaction and can be modelled as a gueue. Consider,

X, and X,. In the Centralized

for example, a file X with redundant copies Xl, 5 3

Locking Algorithm, there is one lock manager for file X and it is located

at the centralrnode. All transactions trying to access file X must request
a lock on X form this lock manager. In the Distributed Locking Algorithm,
there will be three lock managers, one for each redundant copy. Each of
these lock managers will be located at the same node as the file copy it
manages. A transaction accessing Xi, i=1,2,3, will request a lock on

Xi from the lock manager of Xi. Other files in the database will be managed
by their respective lock managers, and each lock manager can be modelled

as a queue. The service time at each queue corresponds to the length of

time a transaction will held a lock on the file.

6.2.1 Ordered Queues for Deadlock Prevention

One way to prevent deadlocks is to require transactions to request
locks in some universally specified order, i.e. wait for file X first, then
Y, then Z, etc. Therefore, the transaction has to obtain service at a
network of queues. (See Fig. 6.1). The arrival rate of the different
transaction classes to the lock managers will let us calculate the external
arrival rates and the routing probakilities for this network of queues. For
example, consider two transaction classes with arrival rates Al and A3.
The first class of transaction accesses both files X and Y, while the second
class accesses files X and Z. The total external arrival rate to gqueue X
is ll + A3. After obtaining service at queue X, with probability AI/(kl+A3),

the request will go to queue Y, and with probability K3/(Al+13), it will

go to gueue Z.
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A3/(NFAg)
- —=— - EXTERNAL ARRIVALS

=% ROUTING PROBABILITIES

Figure 6.1 Ordered Queues for Deadlock Prevention Modelled
as a Queueing Network
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The service time at each of the gueue in this network of queues, say
gqueue X, corresponds to the time a transaction i accessing file X will
hold the lock on X. This service time is the sum of -

(1) transmission delay from lock manager to request node {lock grant),
(2} distributed processing,
(3) transmission delay from request node to lock manager (lock release).

The average service time must be weighted by the arrival rate of
. the different transaction classes. Thus if the service time due to class 1

transactions Tl is Sl and that due to class 2 transaction T2 is 8 then

2’

: : : X g 4h X 4A A A
the average service time will be ( lsl Sz)/( 1 2) where 1ty are the

2
arrival rates of Tl and T2 respectively.

Our probklem is complicated by the fact that a transaction will hold
all locks granted until it has finished service. This means thét while it
is waiting for lock Y, for example, while already holding lock X, all other
transactions waiting for lock X will be blocked.

We now make the additional approximation that not only do transactions
have to request locks in a specific order, they also have to get served in
that order. For example, if transaction i wants to read X and ¥, it is
required to get a lock on file X, after which it will-read X. Then it will
get a lock on file Y, and then read Y. This is an approximation because
in a real database system, in order to permit more concurrency, as soon as
transaction i gets the lock on X, it will often start queueing for the lock
on Y.

This approximation is necessary to simplify the model. If we further

assume that lock requests arrive in a Poisson manner and service time for

each lock request is exponential, the Ordered Queues Algorithm can be approxi-
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mated as a Markov Chain. Consider, for example, a two file system shown
in Fig. 6.2({(a).
There are three possible kinds of lock requests:
(1) lock X then Y: rate kl

(2) lock X only : rate 12

(2) lock Y only

rate 13

Let (m n) dencte a state of the system, where n is the number of lock
requests both in queue and in service at ¥, and m is the number of lock
requests at X; m = bi indicates that lock X is blocked and that there is
i requests waiting in queue.

The service rates at X and Y are p. and u2 respectively.

1

The state transition diagram is shown in Fig. 6.2(b). Consider the
state (1 0), i.e. one request at queue X, queue Y empty. If a type l{rate Al)
or type 2 (rate Az) request arrives, with rate hl+A2, we get to the state
{2 0). If a type 3 request arrives, we get to state (1 1). If the request
at queue X is a type 1 request, after it get served at queue X, it will

go to gueue Y, while still holding the lock on X, i.e. we get to the state

ir

(b0 1). Thus, even fév two files; the*model‘becomesHvery\complek.

An alternative appreoach is to approximate the network of queues by a
series of M/G/l queues, each corresponding to the transactions waiting for
the lock on cone particular file.

Consider, for example; a three-file system with lock request rates

[x (%,Y)71, [12, (¥,2)], [A3, (X,2)] andf[)\4, {(Z)}. (See. Fig.6.1).

ll’

Let bX' b bZ be the in-service time for locking files X, ¥, 2

Yl

individually, i.e. not including delay due to blocking. Let ayr ayr A, be

the in-service time for locking files X, Y, Z when the files must be locked

in the order X -~ ¥ ~ 2, i.e. including delay due to blocking. Let wx, Wy,
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(a) Two file queueing network

etc.

(b) Markov mode!

Figure 6.2 Markov Chain Model of Ordered Queues Algorithm for Two Files
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WZ denote the queueing time and Sx' SY’ Sz denote the total service time.

i.e. queueing plus in-service time, corresponding to the in-service time:

of ax, ay, az respectively.
a, = bZ since requests accessing file Z will not be blocked.
. o +
. =s bY with probability Al/(kl AZ)
Y

IbY + SZ with probability AZ/(A1+A2)

since a fraction Az/(k +A2) of the lock requests at queue Y will release

1
its locks on Y only after they get served at queue Z.
: ] +
o bx + SY with procb Rl/(ll Ka)
Similarly, a, =

bX + SZ with prob. 13/(11+A3)

T T : o
We can find fs(s) ' fs(s), fg(s) by using the Pollaczek-Khinchin
X Y 2

transform equation[KLEI7S],i.e.

s{1 - p,)
£2(s) = £1(s) — 6.1
z Z s -, + ), £ (s)
Z
s(l - pg)
FI(s) = £1(s) e
Y Y s - A, t A, f_(s)
Y
T T T T
where f_(s) = £ (s} A, /(A;+A,) + £, (s) £,(s) Az/(ll+l2)
s(l - p,)
fg(s) = fz(s) 2,
X X s = hy v Ay £ (s)

X

I

T T T T T
where faés) fbés) fsés) Al/(kl+l3) + fb;s) fsés) l3/(ll+l3),

and AX = Al + AB' AY = Al + A2, AZ = lz + k3 + l4, px = AX Ay s
Py = Ay Byr Py = Ay ag.
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After finding the s-transforms, which must be solved in the order

T T T . - . .
fs(s), fs(s), fS(s), we can then find the expected total service time of
Z Y X

any transaction. For example, the transaction that acesses files X and Y
has an average service time of Eg + g&.

Note that the strategy adopted to handle the lock requests from different
transac£ions, say (X,2) and (2) transactions, are important. For example,
- we may give priority to (X,3) transactions at queue Z, since the (X,Z)
transactions hold up more resources. The model we have developed assumes
that all requests at queue Z are handled in a FCFS manner. Mathematical
models for other gqueueing disciplines can be developed, although they will

probably be more complex.

6.2.2 Prioritized Transactions for Deadlock Prevention

We shall now analyze the wait-die and the wound-wait system for deadlock
prevention described in 2.4.2.

Suppose two conflicting transaction classes i and j arrive at sites i
and j with Poisson rate li and Aj respectively, and try to obtain a lock
on the same data item X at site c. (See Fig.6.3). We would like to find
the probability of transaction restarts and the delays associated with them.
Wait-die

Consider a transaction Ti in transaction class 1i. Ti will be restarted
if it tries to wait for a éonflicting transaction which has higher priority.
In other words, Ti will be restarted if a conflicting transaction Tj with
smaller timestamp (and hence higher priority) than that of Ti arrives at
site ¢ before Ti does, and is still in service when Ti arrives. This

scenario is depicted in Fig. 6.4(a). Tl . is the transmission delay between
' Ic
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tiC = transmission delay from node i to node C

Figure 6.3 Conflicting Transactions Acessing the Same Data
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T arrives at i

T arrives at C and
nter e for X
A lC-.le ers queue for

¥

|C

l
T. arrives at C T. releases
enters queue lock on X
for X

Ti arrives at j

a) C 1 a.<t,
(a) ase i iC

Ti arrives at i

T. arrives at C and

i
. t for X
Al a ——tic _.l enters queue for
, < S. —.j
ic 1 J T. releases lock on X
T. arrives at C and {

enters queue for X
Tj arrives at j

b) C 2:a.>»t.
(b) ase al> ic

Figure 6.4 Probability of Restarts under Wait-die
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site 1 and site c, and is exponentially distributed, Sj is the service time

of Tj at site c, This includes the queueing time for data item X plus the
time Tj holds the lock on X. Point A represents the time at which the most

recent transaction Tj arrives at node j. AB therefore represents the length

of time one has to go backwards in time until one sees Tj' Since Tj arrives
in a Poisson manner, AB is exponentially distributed with mean l/Aj.
Hence, PR = P(Ti is restarted by Tj at node c}
=P(t., <a.+t. <t, +8)) (6.2)
jec ] ic jc y

Equ. (6.2) can be evaluated given a distribution for S To simplify the

i

mathematics, we further assume that Sj is exponentially distributed with

mean 1/sj.

There are two cases to consider: (1) aj < tjc (See Fig.6.4(a)).,
(2) a, » £, {See Fig.6.4(b)).
J je '
Now P(t, <a, +t, <t, +8, |la. <t,)
jc J ic je 303 je
= P(t, -a, <t, <t., -a,+5, | a,<t.
Je ] 1c Jc 1 J ] jc
= P{t, <t, <t, +85.) since (t. -a, | a. <t,) vt *
jc ic jc 3 Jc J 3 je jc
= P(t, >t,)P(S, >¢t, —-t. [t  >¢t,)
ic je 3 ic jc ic jc
= P{t, > t, )P(S. >t, ) since (£, - t. | t., >¢t. ) ~t,
ic jc 3 ic ic jc ic jc ic
_ “jc . Yic
+ +
Pic™Mie Hic™®
and, P(t, <a, +t, <t, +5, | a.>t. )
. jc J ic 1c 7 J ac
=P(0<a, ~t, +t, <S8, |a, >t,)
J je ic 3 3 jc
=P(0<a, +t, <S.) since (a. - t. | a.>t. )~ a,
] ic J y 3 j¢ ] je J
. H.
= P(S, > a,)P(S, > t, ) = —=3 =
) j j ic A, + 5. U, + s.
J 3 ] 5 5 Mic 3

*x v y means random variables x and vy have the same distribution.
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Hence, P(Ti is restarted) = + J ]

PR AT T . +S. AL . . . . .
b) u]c ulC 1'l]c ulc SJ j+u]c lj+sj u1c+sj
AL U, W,

ic je 1 1
= —3 1C + ) (6.3)
b ST , +s. . FU, S,
e Mic™®5 Mic™ye Ayrey

Note that we have simplified the problem, for even if Ti is not restarted
by the most recent conflicting transaction Tj' it may be possible that it
is restarted by Tj',the transaction that arrives at node j before Tj(see
Fig.6.5) or other previous transactions arriving at node j. The probability
of these rejections can be calculated in a similar manner. However, since
these probabilities are usually very small, we make the assumption that
P(Ti restarted by Tj’ or previous conflicting transactions Ti not restarted
by Tj) = 0.

When a transaction Ti is restarted, a lock reject message is sent to
the request node which must then terminate the current transaction (in
a distributed locking algorithm, this means sending abort messages to all
nodes where it has requested locks) and resubmit a new lock request. Since
the resubmitted request will retain the original timestamp, it is possible
that the new request will conflict'with the transaction that kills it before
and be killed again (See Fig. 6.6{a)).

Hence, PRA = P(rejection again)

1)

P(round trip delay to request node plus abort time
< remaining service time of Tj)

P(t , +t, + AT < 8,) since 5, is exponential.
ci ic 3 J

AT, the abort time, corresponds to the delay associated with sending abort
messages to all nodes where Ti has requested locks and waiting for their
acknowledgements. In particular, if AT is exponential with mean 1/Ua, then

uci uic lJa
U 4s, H. +5, U +s.
ci j ic 3 a 3]
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Figure 6.5 Scenario where Ti not restarted by T,
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The probability of this happening yet again is the same because of
the self-renewing property of the exponential distribution.

For each transaction Ti’

=]

s i-1
E(number of rejections) = (1 - P_) . 0+ P_{1 - P )Z ip . (See Fig.6.6(b}}).
R R RA i=1 RA
1
=p (] -P_)y. —m——o
R RA 2
{1 - PRA)

= PR/(l - PRA) (6.5)

The additional delay due to each rejection = tci + tic + AT.

Wound-wait
Consider a transaction Tj’ it will be wounded by a conflicting transaction
Ti if Ti has higher priority and tries to wait for Tj' Fig. 6.7 shows what

happens.

P

Therefore, P(‘I‘j is wounded) W

I

P(Tj is wounded by Ti' the most recent
conflicting transaction having timestamp

earlier than Tj)

u

P{a. +t. <t, <a, +t, +8.)
3 ic 1 jc ]

je.
=P(a, +t. <¢t, ).
i - Tje ic
P(t, <a, +t. +5. | a, +t. <t, )
ic i Jjec j) i jc ic
=P{a, +t., < =t, ) .
i jc ic
P(t, -a, -t, < S, | a, +t, <t )
ic i jc J i jc ic
M Hic Mic
+ ) + +
Mt MseMBic Mic™Sy (6.6)

Note that we are again ignoring the possibility that Tj may be wounded
by previous transactions, i.e. those having earlier timestamps than Ti' Formally,

we are assuming that P(Tj wounded by previous transactions Tj not wounded by Ti)

= 0.
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Figure 6.7 Probability Tj is wounded by Ti under Wound-wait
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Now, we make the additional assumption that all wounded transactions

are eventually restarted, i.e. when a wound message arrives, the transaction
has not reached the commit phase of the two-phase commit. In this case,
the wounded transaction will be resubmitted, with the original timestamp.
In wound-wait, in contrast to wait-die, even if the resubmitted transaction
conflicts with the transaction that wounds it, it will not be wounded again.
This is because the resubmitted transaction is now the requestor and, having
lower priority, it is allowed to wait.

For each transaction Tj' E {(number of restarts) = PW (See Equ.(6.6)).

The additional delay due tc each wound (See Fig.6.7)

=t . +t, + W,
<1 je ]

=t . +t. +(t. -a, -~t, |a, +t, <t, <a, +t. +8,)
c3 jc ic i je i jec ic i jc 3
=+t .+ t, +min(t. , S.) {(6.7)
cj je ic 3
Given t, - a, - t. > 0, t. - a, - t, has the same distribution as
ic i jc ic i je
tic' Wj is thus an exponential restricted to be less than Sj' another

exponential. The derivation in Appendix I shows that Wj has the same
distribution as min(tic, Sj).

Note that in using prioritized transaction for deadlock detection, a
transaction can start queueing for all files that it wants to a&cess simul-
tanecusly, in contrast to the case of ordered queues where it has to wait
for file X first, then ¥, then Z, etc. Suppose a transaction has to lock
both files X and Y, thén the time it has to wait until both locks are
granted, provided the lock requests are not rejected, is given by D = max.(wx,wY)

where Wy Wy are the queueing time at queues X and Y respectively.

In particular, if the service time (not including gueueing) at the queues
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are exponential with means l/ux and l/uY respectively, then E(D) is found

p p PP
X Y Y
to be + - in Appendix II, where
- - - + -
ux(l px) uY(l pY) ux(l px) uYtl pY)

Py = Ax/ux' and p, = AY/uY-

Similarly,if a transaction has to request locks on files W, X,...%Z,

then D = max.(ww,wx,...wz) and again E(D) is given by an expression derived

in Appendix IT.

6.2.3 Probability of Deadlocks

Another way to solwve the deadlock preoblem is deadlock detection. As
is mentioned previously {(section 2.4.1), this is practical only for Centralized
Locking Algorithms. Periodically, the deadlock detector, which is located
at the central node, will construct the waits-for graph and determine if
there are any deadlocks. When a deadlock is detected, one of the transactions
is restarted to break the deadlock.
Therefore, one important parameter in our conflict model is the probability
of deadlocks. For each transaction, we must find (1) the probability that
it will be involved in a deadlock with other transactions, and (2) the expected
delay due to this deadlock.
In the following analysis, we shall consider deadlocks involving only
two transactions. In addition, we make the following assumptions:
(1) The Transaction Processing Model says that transactions will be processed
in two steps: a query processing step, and a write step. Thus, when
a transaction T arrives at the central node, it will request locks on
all files in its readset. It is assumed that T starts gueueing at all

files in its readset simultaneously. T next performs query processing,
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after which it will request locks on all files in its writeset. Again
T will start gqueueing at all files in its writeset simultaneously.

(2) The elapsed time between when T requests locks on its readset and
writeset is assumed to be exponentially distributed.

Consider Fig. 6.8(a} in which two classes of transactions try to obtain
locks from the central node. Class 1 transactions have a readset consisting
of file ¥ and a writeset consisting of file Y while class 2 transactions
have file Y as the readset and file X as the writeset, thereby creating a
potential deadlock. There are two cases to consider: (1) Class 1 transaction
arrives at the central node first, and (2} Class 2 transaction arrives first.

Suppose a Class 1 transaction T. arrives first (Fig. 6.8(b)), with

1

probability Al/(ll+l2). According to the Transaction Processing Model,

when Tl arrives at the central node, it will request to lock its readset,

namely file X.Upon oktaining the lock on X, it will perform guery processing,
which in this case corresponds to reading file X. Then it will reguest a

lock on file Y, its writeset. The time between when Tl requests locks on

X and Y is represented by AB in Fig.6.8{(b).

Any Class 2 transaction T2 arriving after time A will try to access

file ¥ and must wait until T, is completed. 1In addition, if T2 arrives at

1

time C before Tl requests the lock on file Y, i.e. during the period represented

by AB in Fig.6.8{(b}, then when Tl wants to access file ¥, it must wait for

T.. A deadlock is created and the probability of deadlock, P is given by:

2 DL’

= = -8
Php, = P(AC < BB) = A,/ +u)) (6.8)
where l/ul = E(AB) and AB is exponentially distributed.

The deadlock detector at the central node constructs the waits-for

graph periodically and takes time BD (Fig. 6.8(b))} to detect the deadlock.
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( A, (X),(Y)) (X,.07).X))

Central
Node

(a) Two conflicting classes of transactions arrive at central node

T1 arrives and

requests lock on X T1 requests lock on Y
time between request for
e— locks on readsets and —»f
writesets
4
[
A C B [D
interarrival
*—  time  deadlock is  deadlock is

created detected

T, arrives and
2
requests lock
onyY

(b) A deadlock is created

Figure 6.8 Probability of Deadlocks
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If the waits-for graph is constructed every S seconds, say, then E(BD)
= §/2 seconds. After the deadlock is detected, the deadlock detector will
break the deadlock by restarting one of the deadlocked transactions. In
this case, in order to minimize wasted resoﬁrces, it will restart T2 since
T2 has barely started while 'I‘1 has already finished its query processing

step. Therefore, given T. arrives first, expected delay for T, due to

1 1
deadlock = E(BD) = §/2, while expected delay for T2 due to deadlock
= E(CB) + E(BD) = E(AB - AC AB > AC: + E(BD) = E(AB) + E(BD) = l/ul + S§/2.

The symmetric situation of T, arriving at the central node first

2
(with probability hz/(kl+l2) is completely analogous. Thus, given T2 arrives
first, P(deadlock) = ll/(Xl+u2) where 1/H2 1s the expected elaped time

between when T2 requests locks on its readset and its writeset. For Tl'

E(delay due to deadlock) = §/2.
Hence, P{deadlock bhetween Tl and T2)

P(deadlock | T, arrives first) P(T, arrives first)

]

1
+ P(deadlock | T, arrives first) P(T, arrives first)
N M . Moooh
™ :
Aatiy ARy Aty Mty (6.9)

and E(delay due to deadlock for Tl)

( T, arrives first, deadlock occurs}

= E(delay for T
) P(Tl arrives first, deadlock occurs)

1

1 | T2 arrives first , deadlock occurs) .
P(T2 arrives first, deadlock occurs)

+ E(delay for T

S A A 1 S A X

. 1 2 + + 9 2 1

2 . - 4 6.
A1+A2 A2+ul UZ 2 Al Az Al u2 (6.10)
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Similarly, E(delay due to deadlock for T2)
AZ ll 1 Al AZ

[
+H{ —+ = )V—— ——
A1+12 A1+u2 ul 2 A1+A2 12+ul

s
2
(6.11)

Note that under the assumptions of our deadlock model listed at the
beginning of this section, a read only transaction (i.e. a transaction with
an empty writeset) will not enter into a deadlock with another transaction.

Consider two transactions T, and T., in which T

1 2 1 has non-empty readset and

writeset and T2 has empty writeset. Suppose Tl arrives first and queues

at all files in its readset. After a certain time T2 arrives. Since two

read requests do not conflict, T_ can be completed without having to wait

2

for"I‘l to complete. Suppose T2 arrives first. Again T2 does not have to

wait for Tl' Therefore, no deadlock is possible.

A write only transaction (i.e. a transaction with empty readset)}. may

eneter into a deadlock with another transaction. Consider two transactions

T. and T., in which T, has readset (X) and writeset (Y) and 7T

1 2 1 5 has an empty

readset, and writeset (X,Y). Suppose Tl arrives first and locks X. After
a time T2 arrives, it Jjoins the queue for file X and locks file Y. When
Tl performs the write step, it cannot access file Y and must wait for T2.
A deadlock is thereby created. On the other hand, if T2 arrives first,

then it does not have to wait for T. and no deadlock is possible.

1

6.3 Timestamp Ordering (SDD-1)

The conflict model of SDD-1 attempts to determine two important
parameters : (1)p&, the possibility that a read message will be rejected
because of an obsolete (or reversed) timestamp, and (2) given that a read
message is not rejected, the time Ww it has to wait before the read condition

is satisfied and it can be processed.
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6.3.1 Probability of Read Rejection

Consider the simplest case of two TM's shown in Fig. 6.9. Transactions
iq arrive at ™ . with Poisson rate Auwhile conflicting transactions i8 arrive
at TMB with rate AB. Assume that, upon reaching TMuand TMB' ia and iB
take respectively time tu and tB to get to-DMa. These times include both
the gqueueing and transmission times at the respective channels. Suppose
we choose an arbitrary ia' and consider the time we have to wait until we
see the next arrivai of an iB at TMB. Call this waiting time aB. Due to

the memoryless property of Polisson processes, we note that aB is exponential

with rate RB. An ingpection of Fig, 6.9(b} gives us the following expression

for By:
p, = P{(i will arrive at DMa later than i_ given that iu enters the
database system at TMm before iB egters the system at TMB )
=P(t >a, 6 + t))
oo B B
=Pla_ <t - t))
B o B
Case 1: Suppose that t and tB are constants,
ate, -t
- if
then p. = ‘l e if t, > tB
o otherwise

Case 2: the lengths of messages ia and i8 are exponentially distributed with
mean 1/1.1OL and l/uB.
In this case, the analysis of Case 1 is still applicable, except that

ta - tB is not a constant anymore.

Recall that if y is the total service time (queueing plus service) for
an M/M/1 gueue, then

-(u - l)yo
fy(yo) ={u -2t e _ Yo 2O

where) is the arrival rate and y is the service rate. Therefore ta and t

8
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(a) conflicting Transactions arriving at 2

ig arrives at TM, igarrives at DM, .
ta
—» T [ME
t
A A —
i.arrives i _arrives

Bat Mg Bat DM,
(b) Example of Read Rejection

Figure 6.9 Probability of Read Rejection
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are exponential with rates ua—Auand H,=A . respectively. Moreover, the pdf

B B

£ = _ . gi 5 . . ‘
o ta tB given that ta tB will be given by

—(ua-Aa)TO
fT(TO) = (ua-xa) e T, >0

due to the memoryless property of Poisson processes.

Therefore, pa = P(td > tB) P(ta~t > aB|tu> té)

Ha=g Ag

uB-lB+ua-Aa‘AB+uu—Au

B

Case 3: Gene;al Case ~ More than two TM's, messages with exponential lengths.
Let G = {B,v,...} be the set of subscripts of those TM's that send

messages to DMu which conflict with message ia . Consider the TM pairs

(TMa' TMB)'(TMG' TMY),... in a similar fashion to the analysis in Case 2.

The probability of rejection due to each TMg, geG, can be found as above.

Since the arrival of messages at the TM's are independent,

P, = P(ia will be read rejected)

1- P(ia will not be read rejected)

1 -1 P(ia will not be read rejected by messages from TMg)

gei
“g—Ag Ag
=1 -1 [1- ]
=X 4+ - -
geG ug lg ua Au Ag+ua Au

6.3.2 Delay due to conflicts

What is the read delay given that a read message is not rejected?
Case 1: Two TM's, exponential message lengths.

An inspection of Fig. 6.10 gives

W, = (agh tg- ta|a8+ tg > €
) 1(a8— ta) + tB if aB > tu
ltB— (tue aB) if aB f.ta j_aB+ tB



-104-

ia arrives at iu arrives
TMQ at DMQ
11 ta Wa —|
-*= TIME
I“" tB + tB
iB arrives inarrives
at TMB at DMCI

Figure 6€.10 Finding Wa' the Delay due to Conflicting Transactions
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: a_+ t with probability (p -A }/(x +u -2
Therefore, WOL " ‘ 8 8 F I / 8 ’ )
ltB with prob. AB/(AB+UG—AQ)
since a - tB . ag if 3g > tB' and tB_ (ta— aB) N tB if to aB_z p and
tg >t - ag
ud_lu XB
Hence, f_(x} = = — £ (x) + — £ (x) x >0
Wu )\B+uOl Aa u )\B+uOt Au tB
where u = aB+ tB.
u—A A
E(W ) = —nr % E(a +t) + E(t )
o A8+u Aa B B A8+ Y g
Moty
= E(t ]
( B) + A8+ua-xa E(aB)
-\
{ Mot T
= +4 . (6-14)
uB—)\B ABﬂJd-A AB

Case 2: If we have more than two TM's, then we must wait until the arriwval
of all -.conflicting writes with bigger timestamp than ia.

Therefore, W = max. (a + t -t ]a +t >t)
96 g g a' g g - o

where G ={8,v ,...} = set of subscripts of all TM's that send messages

conflicting with ia to DMa' ag is the interarrival time of messages at TMg

and tg is the time these messages take to get to DMu.

et x = (a+t -t ]a +t >t ), then W =max.{ x_)
g g g a' g g — o a

geG
Iet v =a + t . B8ince a_ and t_ are independent,
g g g g
All2 —llx Alkz —lzx
£f (x) = E___X_ e + Y a x >0
v 2 M 1”2

+ . - _ tu -

a t with probability {ua Xa)/(k g M Aa)
i o +y -

t with probability Ag/(kg Hy lu)

{(See Equ. 6.13))

(6.13)



ua-A Allz - llx Allz l2x

Therefore, £ (x) { e + e )

X Ay =X A=A Ai=X

g o 21 1 2

Ag —Azx
+ T Az e x >0
= A A -A. X
o o 2
F (x) =P(x < x}) = (1l -e )
xg g Ay -A kz-hl
U =X A Y A X
a o 1 g 2
+ ( + Y(1L - e )] x>
A +u_- - - =
TR kl AZ Ag uOl Aa
Now, Fw(x) = P(Wa < X)
a
= P{ max. x_ < X)
=0 (x_ < x)
geG
d a0
Hence, fw(x) = ix Fw(x), and E(Wa) = f ({1 - Fw(x)) dx.
a ol 0 a

Since Fx(x) is known for all geG, the last two expressions can be
g

evaluated.

6.3.3 Optimal Read Conditions

In deriving Py and Wu in the last two sections, we have assumed that
the timestamp in the read condition, call it TSO, is the same as the time
when the transaction arrives at TMu (TSi]- Note that this is true only
for transactions running under protogol P3. For messages running under
protocols Pl and P2, the timestamp in the read condition can be chosen
arbitrarily by the TM, the only requirement being that all RR messages sent
from the same TM on behalf of a transaction have the same read condition.
In particular, TMu can choose TSO = TSi + x, or TSO = TSi - x, where X
is an arbitrary constant. In [BSR80], the builders of SDD-1 peoint out that
the choice of this read condition timestamp is an important parameter that

must be finetuned since the efficiency of the system depends on it. Too
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ia arrives at TMgy iaarrives at DMa

ta
- ; > TIME
TSi TSO tB _.r .
l X iB arrives at DMg
h aB
irarrives at TM
B B
(a) Case 1: TSO= TSi + X
iq arrives at TMa iaarrives at DMa 7
ta
. Tlso TS;
Lo ¥ = TIME
-—x > j- tﬁ 4
' a inarrives at DM
a
|‘ B iBarrives at TMB B

{b) Case 2: TSO = TSi - X

Figure 6.11 'Probability of Rejection and Delay due‘to
Conflicts given Arbitrary Read Conditions
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small a read condition timestamp will lead to a lot of RR messages being
read rejected, while too large a read condition timestamp will incur an
excessive W the waiting time until a conflicting write message with time-
stamp greater than 'I‘SO arrives. We now formulate an optimization problem
to determine the best value of TSo under various situations. This approach
will probably be bettgr than trying to arrive at a good TSD by trial and
error. We shall consider the case of two conflicting TM's only. The result
can be extended to the general caée of many conflicting T™M's, in a fashion
similar to that described in the last section.
Case 1: TSO = TSi + x

Inspection of Fig. 6.1l1l(a) gives

Py = P(iu arrives at DM, after iB I iBlhas timestamp greater than Tso)

= P(td > 2g + tB | a, > x)

B._.

Wy = (a, * tg -t | ag > %, ag + tg > £)

ag > x assures that the timestamp of iB 3_TSO.
p_ can be rewritten as:

= < o> = -
js) P(aB T I ag > x) where T ty tB
a, is the remaining time one has to wait until the arrival of iB at TMg,
given that one enters the system at a random time. For a Poisson process,

this remaining time due to random incidence is still exponential with the

same parameter_RB.

: -Ks(a-x)
Therefore, fa N (a|azg) = KBe a>x
glap=x \ \
T 3 S(a—x) a BT le
For T > x, Py = -AB e da =1~- e e
X {6.15)

For T < x, Py = ¢
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Since T is a random variable, we have to integrate Equ. (6.l5) over

the pdf of T. HNow
_ ~ i, (T, =)
frprax( Tl T 2%) = u e T zx

AT A - ,(T—-x)
Therefore, Paﬁ = fﬂo (i—¢€ ks e ﬁx)/u' € A AT

y [ eHX. 27 <,\,,+/,>xM]°°
= ML e - My = RETSYE R
xa/(Ag+ M) ov  T2x
- { 3 37 M f (6.14)
0 for T <L X

We next determine P(T > x) = Pty > tg + x).

Consider the joint pdf space of ty and tg (Fig. 6.12).
= M - A u =M, _ A

Let Hl - o 2 B 3, then

P(ta z_tB 4+ x) = shaded area

— -bu(_x _— '-& —'/l’tl‘b
T Aty [ aty e e
'f,(:x {;rg=0 + '&d—x
_ (™ b ot [ €= ]
"/ul/(z_ —f;c‘:x d A € —-M i‘ﬂ:O
v — M M) T
s [0 (et n et e ) aty
oL = X

ey €A i+ )
Pat _ M P(TZ?C))

)ﬁ‘+/‘l
' — (Mg =ADX
therefore ’Pa = 2B - (/4/3— Aﬁ) € -— (6. !7)
’ MAEMTIL Mg = Ap F Hx = FAa

decreases with increasing wvalues of x, which

From Equ,. (6.16),

Equ. (6.17) says that P,

is in tuitively correct.

We next calculate Wy, as follows:

Wd = (‘l{s'f"t/; --l:‘*l a-ﬂ"{‘"l‘.'{s 7/1:0,.) a/s )/'X)

I

{ (dﬂ‘—tag) + ‘é‘p ;.F aﬁ P2 't'd_ 5 ﬂiven a./s 22X

‘f{; — ('L—,{"' a'ﬁ3 1.](— a—ﬁ. N ‘td. NS &/gf—i'/; R }ivgh ‘1/3 z X
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-g— 2 -

Figure 6-12 Probability t, 2 tB

#-HB
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"y { A + {:/3 if ap t, , given 23 2 X
oA *]3 {.f_ a/3 < ‘fd 5 ﬁivzn a,ﬁ 2 X

E(w) = E(a/s"'f/i] an 2»x) P(ag P)‘bd]a.ﬂzX)

= E(ts) + Eaglagyx)- Pleg 2 tal ag > x)

My Caq + 4D i t, > x
Now, P(ﬁp}*&l%{i?)c) = { # ~ f .

1 i tu<x
= M €_/u'x/()~/s+/‘l) + 1 —e X

| - M X
Therefore, E(Wd> = l//uz -+ (I‘/A'*'X)(l" Af/ge_} My )

(6-18)

Case 2: TS, =TS, - x
0 i

Inspection of Fig. 6.11(b) gives

1l

P

P(t +x>a_ + t))
o [+ -

B B

Wa=(a8+t8—tu-x|aB+tBitu+x)

Note that any i_ that arrives at the system at a time after TSO will

B

have a timestamp bigger than the read condition of i,. Moreover, due to

the memorvless property of Poisson processes)a8 is still exponential with

mean l/AB.
p, can be rewritten as: PO( = P(ﬂ/_’, < T+Xx) where T = 'l,'oL-—‘é/;
B { | - e—)«ﬁ(T+X) -for‘ T+X 20
0 ctherwise

Now T, being the difference of two exponentials, has a pdf as shown

in Fig. 6.13.
-]
—A 2 - AxaTe 2Te
Hence, E(@ ﬂT) = Lk [Ixe A e,ﬂ dT.

T M+ M
+ jwe—}ﬁnerﬂ'not-ro ]
o

_ /a'/az [ ,.-e"(/“z'—)tﬂ)x + j
Mt My My =N rgt M

] (6.19)
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Figure 6.13 pdf of T, the difference of two exponentials
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and, P(T+x20) = 1-P(T+x <0)

= |-P(T<—-X)

—-x
= | = A A M2 T T
J; A+ M € A

—
—4

Hence py = [ 1-e™*E(e=?™] P(T+x 2 0)

where

Wy = ( +b-+'aﬁ - td." x l 'tg‘+lye Zfia_+'25)
{ ap — (ty+ %) 4"+ﬂ ;f

i

ag 3 tyt+X
N

173 - ( ﬁﬁ + X - aT!) ff. 473 'fd +x $ 4z + ﬁd
W, ~v { e+t if dp oyt b X
ol
'tp if 27 S tytx $ ap +'L'p

E(Wd,) = E("’-’fs) + E(¢F>-P(&/37/'&°L+X>

= E(3p) + E(ep) P(y 2 XD  where 4 = 4dpn-

M Xp e""”"’/(/“:“ﬂ) for w<o
Now , §y4(y0) {
¢ M 2p et/ uy+Ap) for 4 20
oo P A _ ,
Hence | P(lﬁv 7/‘%) = fx _%EC )-ﬁ?'A?o
= e~ 8%/ (i)
E(Wy) = I/M2 + My €_}ﬁx/)7s(/‘r+)~/3) (6.22)

where My = U, —Ag , M, = Mg — A3 .

For both Case 1 and Case 2,

E(delay of a random read message)

=

P, T D+E(W&)'] + (1 - pa)E(wa) (6.23)

| = Mie M pa ) ( 6.20)
(6.21)
E(ﬁ_k/ﬂ-) and P(T+X 20) are given by (6.19) and (6.20)

t

ol
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where D is the penalty due to a read rejection. The expected delay

can thus be minimized, for given wvalues of D,ka,l 'U U
o]

p

g’ by varying x.

6.3.4 Optimal Time to Send Nullwrites

A read message with read condition (TSO,(E;E,...)> arriving at DM,
must wait for the arrival of write messages from conflicting classes
(E,i...) with timestamp greater than TSO. If no conflicting write message
comes into the system, there will be an excessive wait. One proposal to
remedy this problem is to have TM'ssend nullwrite messages periodically.

Consider a database system in which nullwrites will be sent whenever
the time since the last write message is greater than S. The interarrival
time of write message (both regular writes and nullwrites) will now be

fap(a) = ap e gl

ie. an exponential constrained to be less than S.

O <a <SS  (6.24)

Consider an instant of time when a read message has just arrived at

TMQ. The time aB', we have to wait until the arrival of a conflicting

write message at TMﬂ is not of the form given in (6.24), but rather has

a pdf given by random incidence equations (See [DRAKGT])

1 -P(agga)
s (O =
fa; (2) S .
- e da
Now | P(&‘@S o) = 1_6-,1{;5' 73

= (1-e %) /(1-e7P3)
1 a>s

a<s

!

V)
_ o alePt_ e <a <
fas(a) = T s T 0<a <SS (625
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By inspection of Fig. 6.9(b} and Fig. 6.10, in which g must he

replaced by %;, we get:

P = POtu > ap + 45)
W¢ = (ﬂ.,/g +‘f:ﬁ—-'t¢,a—/; +‘£'p 7{:&)
vow, P(4q >as ) = P> a8) POta~a) >te| 4 >45)

= P(ta>as) P(1y >t) (6.26)
et A = 1—€"Aﬁ$(lf3$+1)

) o
P(a/; 2ty ) = {l:o f:o My e"u'fx\/a(e“l/‘a'-— eqlﬁs)/A dtda

]

1-B (6.27)
Nty — e TP (w4 0s —xpe )

—

A ﬂ;(/‘*l"')‘/!)
Plag < t) = I=Plag'2 1, ) ana P4, >4) = Ma /(@ +4)
fence , from Equ. (6260, pyu = 4aB/RAA)  (a2g)
Wy = (a-fg!'f'—tﬁ-__‘:all aﬂ' +‘L'f_:, >/-to£.)
Now, Eflag) = [fans(e%_c™r8)/4 da

= 1/xp —2Ap Sze_’\ﬁs/zq

wheve R

1

2 ,-23 5
Elw, ) = o, + (71/5“ - )‘fiszf £ )(‘]—B) (6.29)

Substituting these values of Riand E(Q&) into Equ. (6.23) for the
expected delay of a random read message, we can minimize the expected delay
by choosing an appropriate value for S.

In Appendix IIT, we have developed expressions for Py and E(qx) when

there are more than two conflicting transaction classes.

We can also derive expressions for Ri.and E(Wi) for cases where TSO

= TSi + % and TSO = TSi - X, as we did in section 6.3.3. However, for
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exponential interarrival time constrained to be less than S, these express-
ions become extremely complex. Therefore, they are not included in this

thesis.
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CHAPTER 7

NUMERICAL EXAMPLES

We shall now demonstrate how to model various concurrency control
algorithms. Four examples will be given: (1) Centralized Locking Algorithm
with Deadlock Detection, (2) Distributed Locking Algorithm with Ordered
Queues for Deadlock Prevention, §3} Distributed Locking with Prioritized
Transactions for Deadleck Prevention, and (4) SDD-1.

Fig. 7.1 shows the example distributed database that we are going
to use this chapter. It consists of a communication subnetwork with
five nodes. For each communication channel, all of which are directed,
we have indicated its capacity, the existing message flow (i.e. not
counting anticipated distributed database traffic) and the existing
transmission delay. There are three files X, Y and Z with redundant
copies. The location of the redundant copies are as indicated by
the artificial file node and the artificial links. There are also five
classes of transactions and their arrival rates are as indicated.

Recall that our DDB Model consists of five steps. The input data
contained in Fig.7.]1 will be collected in Step 1. Step 2 is the Trans-
action Processing Model, which consists of the Query Processing Step
and the Write Step. Using existing delay figures on the communication
channels as input to the MST]1 Query Processing Algorithm, we Found
which nodes a particular transaction will access to read a file. For
example, class 1 transactions, with readset (X,Y¥), will read file X at
node 1 and file Y at node 4. The transactions must alsc write on all
copies of files in thelr writesets. The nodes accessed by different
transactions for reads and writes are summarized in Fig.7.2. Using

this information, we can estimate the additional traffic generated on
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[J\z,(x,z),cﬁ]

[x4,(z),(x)]

s

[A, ,(X,Y),(Y,Z)]

[X‘T(X,Y )’(Y,Z)]
O COMPUTER SITE {
‘\ writeset
readset
FILE NODE arrival rate of

capacity in Kbs transaction class 1
‘.4/
100

—_————— & communication channel

(50,2% present delay in msec

existing flow in Kbits

Figure 7.1 Example Distributed Database
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Node j
Transaction 1 2 3 4 5
i
- reads X reads Y
1
writes 7 | writes ¥ writes Y,Z
reads X reads 2 ,
2
reads Z |reads Y
3 :
reads Z
4 : : ‘
writes X |writes X writes X’
5 : S ‘ ‘ .
writes X|writes X| writes Z | writes X,y | writes Y,2

Transaction i reads (or writes) files at node j.

Figure 7.2

Nodes Acessed by Different Classes of Transactions according

to the Transaction Processing Model
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each communication channel by a particular transaction under different
concurrency control algorithms.

In Step 3 we calculate the transmission delay at each communication
channel, given the additional database traffic. The additicnal traffic
and hence the resultant delays on the channels will be different under
different concurrency control algorithms. This will be discussed in
more detail for each example. We distinguish between short messages
with average length l/ul = .1 Kbit and long messages with mean length
of l/u2 = 1 xbit. Short messages include lock requests, lock releases,
lock grants, read regquests, commits, and acknowledgement messages. Long
messages include file transfers and pre-commits. Each communication
channel is modelled as an M/M/1 FCFS queue with mean service time = 1/u

1 - Y Y

2 .
—~ + -2} ywhere Y., Y. are the arrival rates of the short and
Y, oM Hy 1" 2

Y1

long messages respectively.

In Step 4, we estimate the probability of conflicts and the delay
due to conflict. Conflict models for the four concurrency control algorithms
were developed in Chapter 6.

In Step 5 we calculate the response time which is a sum of the query

processing delay, the write delay and the delay due to conflicts.

7.1 Centralized Two-Phase Locking

Suppose Computer site 1 is chosen as the central node. (See Fig.7.1}.
All transactions have to request locks from this node.

We now consider the message flow generated by the DDB management
system on behalf of the transactions. Fig.7.3 summarizes the sequence

of events corresponding to the processing of each transaction under
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Centralized Two-Phase Locking:
(1) transaction sends requests to central node to lock files in the readset; .
(2} wait for read locks at central node,
(3) central node sends lock grant message to reguest node,
(4} query processing, result produced at reguest node,
(5) transaction sends reqguest tec central node to lock files in the writeset, .
(6) wait for write locks at central node,
{7) central node sends lock grant message to request node,
(8) request node sends pre-commit messages to copies of files written on,
{9) copies snd acknowledgement messages to request node,
{10) regquest node sends commit messages to copies and lock release message
to central necde.
For example, consider transactions arriving at node 4.

Megsage description ‘channels traversed message type

14 read lock request from nodes 4 to 1 C43, C3l short
A4 read lock grant from 1 to 4 C12, C24 short
query processing: read request to 5 045 short

file % transferred

from 5 to 4 C54 long
k4 write lock request from 4 to 1 C43, C3q short
A4 write lock grant from 1 to 4 C]2’ C24 short
A4 ire-commlt messages to all coples of 043, C31' 012 long
A ; ]
4 acknowledgement messages C12' C24 short
14 commit messages to all copies of X C43, C31, Cl2 short
h4 lock release from 4 to 1 C43, C31 short

Similar considerations for the other transactions give the additional



transaction obtains obtains
arrives read locks write locks

o]l e |loe]|ae

®|®] o]

sends commit
and lock release

| ®

transaction

response time

Key: req. node sends read lock req. to central node
queues for read locks at central node

central node sends lock grant to req. node
query processing,result produced at req. node
req. node sends write lock req. to central node
queues for write lock at central node

central node sends lock grant to req. node

req. node sends pre-commits to copies written on
copies send acknowledoement to req. node

req. node sends lock release to central node

SIOIOIVIGICICIONOXS)

Figure 7.3 Chronological Events corresponding to Transaction Processing under

Centralized Two-phase Locking

Y L4
_ time between request time write
-————  —
for locks on readset locks held
and writeset
F time read —_—
locks held

-gcT-
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message flow requirements generated by the database management system. We
can then calculate the expected message delay on each of the communication
channels. For example, for channel Ci3r we have Al + lz + AB + AS = .8
additional short messages per second, and Al = .3 additional long messages
per second. Assuming that the existing message traffic of 60 kbit per
second on C13' i.e. not including the DDB traffic, are all long messages,
then the total number of messages on channel C21 is 60 + .8 + .3 + 61.1
message per second, with an average message length of {60.3 x1K + .8 x.1K)/6l.1
= .988 Kbits. The expected queueing delay* = 61.1/(.988 K{(100) - 61.1)
x (.988 K(100)) = 16.4 msec. and the total delay {queueing plus service)
for short and long messages are 17.4 msec. and 26.4 msec. respectively.

Similar calculations are performed for the other channels and the
result is summarized in Fig. 7.4.

We now calculate the length of time each transaction holds a lock, i.e.
from the time the central node sends out the lock grant message to the
time it receives a lock release message from the request node. Let us
dencte the tranémission delay on channel (i,3j) for long and short messages
by rij and sij respectively.

Consider Class i transactions, the length of time they hold write
locks, denoted WLi, is the sum of (see Fig.7.3): |
(1} transmission delay of write lock grant from central node to node i,
(2) delay due to node i sending pre-commits to copies and waiting for

acknowledgement from ccopies, and

(3) transmission delay of lock release from node i to central node.

The length of time they hold read locks, denoted RLi’ is the sum
of (see Fig. 7.3):

*For M/M/1 queues, gueueing delay = A/u{p-%) where A is the arrival rate
and y is the service rate.
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Channels; Additional Total Traffic|Expected |Expected Total Delay
Database Traffic ' Queueing | (Queueing plus service)
short long short .long |Delay short msg. long msg.

cC.. message message | messagemsg. s, . r,,
13 1] 1]
cl, | A, +| A ae |16 50.8 [12.0 msec{13.0 msec | 22.0 msec
+
4l4 2A5 A4+A5
C21 332 0 .0 50.0 [10.06 11.6 20.0
Cl3 h1+K2+R3 Al .8 0.3 16.4 17.4 26.4
+
A5
1. . . . .
C3l Al+2x3+ A1+A2+l4 1.7 50.8 {26.9 28.2 39.4
+ 4 +
4l5 4 A5
Aezh (AL 4 |
C24 2 l+ 4 1 4 5 1.3 30.5 [40.4 42.4 60.4
+2 A
2 5
C43 4A4 Al + A4 4 50.9 |29.7 31.0 43.0
C45 X1+k4+A5 0 .6 40.0 |36.9 38.6 53.6
C35 Al+A3+A5 ll .6 30.3 [|34.5 36.5 54.5
C52 0 0] 0 | 60.0 |53.3 54.6 66.3
+ . . . . .
C53 Kl 3A5 }3+15 S 55.3 |42.2 44 .2 56.2
C54 0 A4 0 40.1 181.0 83.0 121.0

Fiqure 7.4 Additional traffic generated by DDB Management System
under Centralized lLocking and resultant transmission
delays on the channels.
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(1) transmission delay of read lock grant from central node to node i,
(2) query processing delay,
(3) transmission delay of write lock reguest from node i to central node,

(4) queueing delay for write locks, and

(5) WL,
i
= + . + + ,
Hence, WLy = &), * max.(r,, + ¥, + S5+ S3;, Tyg + Iyo + 555 + 54)
E(Wli) = E(sll) + E[max.(r12 + r24 + 543 + S3l,
+
T13 ¥ T35 ¥ Sgy * 55y)] + Elsyy)
= max_[E(rl2 + r24 + Sp3 + 531), _
+0 = .
E(r13 + r35 + 553 + 531)] 0 153.3 msec
= + a4
and, RLl S11 (512 + So4 + 3 + r3l) + 511 + Q(2) + WTl

E(RL;) = 291.1 msec + 0(2)
where Q(I) = queueing delay for file I, I = X,Y,Z, at the central node. It
is not necessary to regquest a lock on file Y again since the transaction
already owns a lock on file Y.

Similarly, for Class 2 transactions:

E(WL2) = 0 since Class 2 transactions have empty writesets
= + + + + +
RLy = 815 ¥ {5y #8513 ¥ Ty * T30 + 8y
E(RL2) = 115 msec.

For Class 3 transactions:
B =
(WL3) o]

= +
RL s + (535 + r53) S31

E(RLB) = 138.3 msec.
For Class 4 transactions:

WL, = (s +

4 12 524) + max.(r4 + r + r +s.., r + r + s + s..)

3 31 12 24 43 31 12 24

T (Syy * 8gy)
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E(WL4) = 261.4 msec.

= + +
RL (s 524) (54

4 12 tro) + (s,

+s3l) + O(X) + WL

5 3 4

E(RL,) = 535.6 msec + 0(x)
For Class 5 transactions:

WL = (s__+s__) + max.(r__+s__, ¥r__+r +sl3+s

5 13 735 53 735" 7537731 35’

+
r s s45) (553+s )

52¥%21%%13% 8357 T5q? 31

E(WL5) = 285.9msec.

The length of time a lock is held depends on which transaction owns the
lock and whether it is a write lock or a read lock. Therefore, to £ind the
average time a lock is held, one must weight the respective lock-holding
times corresponding to. different transactions by their arrival rates.

Therefore, average length of time lock on file X is held = bx

1 + >\2RL2 + )‘4WL4

(AlRL + ASWLS)/()\l A, Ayt AS) = 215.2 msec. + .375Q(=z)

Similarly, average length of time lock on £ile ¥ is held = by

= (AlRL1 + )\3RL3 + AlWL1 + XSWLS)/(2A1 + 13 + 15) = 227.0 msec. + .3330Q(2)
= I, RL RL WL, WL + +
and, b, (AZRL2 + AgRL, + A RL, + X WL, + ASWLSJ/(Al Ty Ay T Ny A51

= 215.1 msec. + .1110(X)

bx, bY and bZ correspond to the average service time of the queues ﬁo lock
file ¥, ¥ and Z respectively. If we assume these service times to be expo-
nential, then the service rate of the three queues are Uy = l/bX' Hy = l/by

and ﬁé = 1/bZ. The arrival rates of the lock requests are

Ax = Al + lz + A4 + AS = .8,

>
I

2ll + l3 + l5 = .9,

A, = ll + Az + X3 + l4 + 15 = ,0.
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_ 2
Now, Q(X)} = Ax = Axbx
ux(ux—Ax) l_kxbx
— 2
_ A, (-2152 + .3750(2))
1 -, (2152 + .3750(2)) (7.1)
— A b2
o(z) = Z = Py
Hy, (y=2y) I=2z0,
— .2
_ AZ(.2151 + .1110(X))
1-3,(.2151 + L1110(x)) (7.2)

Equ. (7.1) and ({(7.2) can be solved simultaneously to obtain wvalues
for O(X) and Q(Z). An interative solution technique follows:

Initialize ; Q(X) = Q(Z)} = 0

Do until ; Q(X) is close to Q{X)'

5(2) is close to Q(2)'

: ~ 2
Begin: S = lx(.2152 + .37556(2))

1- Ax(.2152 + .375Q(2))
— A (2151 + .111000)°
otz = gt "
1 - 2,(.2151 + L1119(x))
Q(X) = O(x)"
S(2) = g(z)!
end; {(7.3)

In this case, it is found, after three iterations, that

0(X) = .0547 sec.
0(Z) = .0549 sec.
Therefore, My = 4.24, ny, = 4.08, “z = 4.52 and the utilization of the
= = _18¢%¢ = = _22 0 = .
three queues are 0y Ax/px 189, Py AY/uY 1, and Py = Az/uz 159

respectively.
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We must next calculate the expected additional delay due to deadlocks.
Suppose the deadlock detector constructs the waits-for graph every one
second, i.e. on the average it takes 1/2 second tc detect a deadlock.

Fig. 7.5 shows the readsets and writesets of the fiwve Classes of
transactions in our example and the potential deadlocks. To simplify the
model, we are ignoring deadlocks that involve more than two transactions.

In addition, as is menticned in 6.24, Class 2 and Class 3 transactions, with
empty writesets, will not enter into a deadlock with other transactions.
Therefore, in our example, there are three pairs of transactions that can

create deadlocks. Consider the Class 1 and Class 4 pair. Suppose T1

arrives first. A deadlock situation is shown in Fig. 7.6(a). AB corresponds
to the time between the arrival of request to lock the readset and the request
to lock the writeset.

Inspection of Fig. 7.3 gives

&

queueing delay for read locks + time read locks held - time write

locks held - gueueing delay for write locks

0(X,¥) + RL, - WL, ~ Q(2)

1

where §(X,Y) = max. queueing delay at queues X and Y

and Q(X,Y) = Px + Py -  bxPy {see Appendix ITI)
- -_ - + l_
ux(l px) uY(l pY) uX(l pX) uY( pY)
= ,118 sec.
Hence, E(AB) = .118 sec. + .2911 sec. - .1533 sec. = .2558 sgec.

The symmetric situation of a Class 4 transaction arriving first and
deadlocked with a Class 1 transaction which arrives later is shown in

Fig. 7.6(b).
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Class Readset Writeset
1 XY Y,Z
2 X,z ¢
3 Y,Z ¢ potential
deadlocks
4 z

X l‘:J
5 ¢ X.Y.Z

’

Figure 7.5 Potential Deadlocks for Example DDB
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T1 arrives, T1
joins queues to joins queues to
lock read set:(X,Y) lock write set:(Y,Z)

time between request to

‘_
tock (X,Y) and Z
A C B
interarrival time
‘:
of Tu
T,4 arrives,
joins queues to
lock read set:Z
(a) T.I arrives before Tll
T,4 arrives, Tq joins queue
joins queue to lock X
to lock Z
time between request to
=
lock Z and X
A' C' B’
interarrival time
-
of T.I

T1 arrives,

joins queues to
lock X and Y

(b) T, arrives before T,

Figure 7.6 Finding Probability of Deadlocks
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A'B' = Q(2) + R, - WL, - O(X)
4 4
E(A'B') = .0549 sec. + .5356 sec. - .2614 sec. = .3291 sec.
Let DDij = expected delay for Ti due to possible deadlock between
T, and T..
1 ]

From Equ. (6.10) and (6.11) respectively, we find

¥ .3 .1 -1 .3

- 1 1 -
"PraT 7 3 Tmasesss tOPR Y 3T SGmer T

-328 sec.

and DD -027 sec.

41 ~
Similarly,we can calculate the expected delay due to the other two

potential deadlocks.

1 .3 2

DB15 =3 T3¥.2 .2+1/.2558 0146 sec.

DDgy = (.2558+ %° :§+.2 .2+l/:§558 = -0221 sec.
DDys = % :i+.2 .2+ii.3291 = -0103 sec.

DD54 = (.3291+ %ﬁ .l;%Z .2;i/.329l = .0171 sec.

(Note that there is no possibility of deadlock when the Class 5 tran-
saction, which has empty readset, arrives first).

We can now calculate the response time for the different transaction
classes. For Class i1 transactions, average response time under Centralized
Locking, RCLi = lock request transmission time + queueing time for locks
+ time locks held - lock release transmission time + expected delay due to

deadlock (See Fig. 7.3)

S04 + o{X,¥) + RLl -8, + DD14 + DD15

0 + .118 sec. + (.2911+.0549)sec. - 0 + .028 sec.

Therefore, RCL1

]

+ .0146 sec. = ,507 sec.

RCL,, = S51 + Q(X,2) + RL2 =S, T .0116 sec. + .1045 sec. + .1ll5sec.

-.0116 sec. = .220 sec.



RCL

RCL

RCL

54

-+

.1383 sec.

= .775 sec.

s . +0 + RL. - = .0282 o+ ;
31 Q(Y,z) RL3 Saq 0282 sec 118 sec
- .0282 sec. = .256 sec.
s _+s..+0 - 5. - s.. + +

43 ¥ 89 T QB FRL - s,4 = 83y + DDy, + DDy
.031 sec. + .0282 sec. + .0549 sec. + {(.5356+.0547) sec.
- .013 sec. - .0282 sec. + .027 sec. + .103 sec.
s+ s.. ¥ O(X, + WL - 5. -s_. + +
553 s3l 0(X,Y,2) TB 53 531 DD51 pD
L0442 sec. + .0282 sec. + .162 sec. * .2B59 sec.
- ,0442 sec. - .0282 sec. + .0221 sec. + .0171 sec.

.506 sec.
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7.2 Distributed Two-Phase Locking with Ordered Queues for bDeadlock Prevention

In Distributed Locking, there is no central node, and a transaction
requests lock at the node where the data item is located. Compared to
Centralized Locking, this algerithm is superior in that (1) there is no
central node which is the bottleneck in Centralized Locking, and (2) less
messages will be generated since read lock request and read request messages
can be combined into one.read message. (This is not possible in Centralized
Locking since the central node might be different from the node where cne
wants to read a file copy.) The major drawback of Distributed Locking is
that deadlock detection is no longer feasible.

Consider the example shown in Fig. 7.1. Suppose Ordered Queues is used
to prevent deadlocks, i.e. all transactions are required to request locks
in a specific order, say lock file X first, then file Y and theﬁ file Z.
This means that when a transaction wants to access files at different nodes,
say file X at node 1 and file Y at node 4, it must send the lock requests
in serial order, i.e. request lock X first, and, after receiving the lock
grant from node 1, request lock Y. If it wants to access files located at
the same node, say files Y and 2 at node 5, it can send the lock requests
simultaneously as one message. However, at node 5, it must wait for Y first,
then Z. Fig. 7.2 shows the nodes accessed by the different classes of tran-
sactions to read and write data. Let RNi be the set of nodes that Class i
transactions access to read, and WNi be the set of nodes that Class i tran-
sactions access to write. We now consider the message flow generated by
the DDE management system under Distributed Locking on behalf of the tran-
sactions. Fig. 7.7 summarizes the sequence of events corresponding to the

processing of Class k transactions:



transaction sends commit

arrives and lock release
e R . g W L
obtains read locks obtains write locks
repeat R for repeat W by
for each node each node
@ | @ @ accessed @ @ @ accessed by @ }
y by read req: Pre conTt_ Y .
I ! [ | [
| | I . . | I
| I time write >
| | I locks held | i AR
(¥}
| | time read I .ql '
| locks held :
In transaction '|

response time

req. node sends read req. to node i,i€RN
queues for read lock at node i

sends file from node i to req. node

req. node sends pre-commit to node j,je WN
queues for write lock at node j

node j sends acknowledgement to req. node

POOEEEOO

req. node sends lock release to nodes i and j

Figure 7.7 Chronological events corresponding to Transaction Processing under
Distributed Two-phase Locking with Ordered Queues for Deadlock Prevention
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(A) FPor each node ieRNk, repeat the fellowing in serial order, i.e. send
read messages to file X first, then Y, then Z:
(1) send read requests to node i, the read lock request is piggy-backed
with this read request.
(2) gueue for read locks at node i
(3) node i sends lock grant to request node and initiates file transfex

(B) Por each ncde jeWNk,

repeat the following in serial order:

(1) send pre-commits to node j. The write lock request is piggy-backed
with the pre-commit.

(2) queue for write lock at node jJ.

(3) node j sends acknowledgement messages to request node.

(C) The request node sends commit and lock release messages to all file copies
in the writeset, and lock release messages to copies read by the tran-
saction. |

The additional traffic generated by the DDB management system on behalf
of the transactions can be estimated, and the transmission delay for long

and short messages can be calculated. The procedure is described in detail

in section 7.1 and will not be repeated here. Fig. 7.8 summarizes the results

of these calculations.

We next calculate the length of time each transaction holds a lock.

Let RLin be the length of time a Class i transaction holds a read l&ck on

file W at node j, WL be the time it holds a write lock, and Qj(W) be the

iwj
queueing time for file W at node j, then for Class 1 transactions: (See

FPig. 7.7 and Fig. 7.8)

= + WL __ = 24, .23 = 42.10 ]
WLlZ3 531 513 . WLlZ3 24.87 + 17.23 4 msec



-136-

Total Traffic

Channels | Additional Expected |Expected Total Delay
Database Traffic Queueing |(Queueing plus service)
short long rshort long |Delay short msg. long msg.

C.. ; - 5, . r,.
i message message ;message|msg slj rlj
C12 2ll+k3 A1+12+A4fl.0 50.6 [1l.26msec |12.26 msec|21.26 msec
+
314 %
C21 l2+15 15 E.5 50.2 |10.57 11.57 20.57
i
Cl3 X1+l2+A5 ll .7 60.3 [1l6.23 17.23 26.23
C3l 2Al+l3 12+A4 .9 50.3 [23.62 24.87 36.11
+2)\4 -
C24 2A1+A3 Al .8 30.3 |35.89 37.89 55.89
+
A4
C43 214 l1+l3+l4 W2 51.0 |29.11 30.44 42,44
C45 A1+A4+A5 Al .6 40.3 |37.73 39.40 54.40
C35 A1+2A5 0 .7 30.0 |34.30 36.30 54.30
C52 0] AS 0 60.2 |54.23 55.57 67.57
C53 ll l5 -3 55.2 |38.86 40.19 52.19
. 83.09 . 03.09
C54 o l4+A5 0 40.3 3 85.09 1

Figure 7.8 Additional traffic generated by DDB management system
under Distributed Locking with Ordered Queues for Deadlock
Detection and resultant transmission delays on the channels.
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Whiys = Whigs = (855 * 8p1) + 713 % Q(2) + WLy g = 55 +(s 5 + 555)

ﬁi1Y5 = WL ,. = 171.77 msec. + 0,(2)

WLy, = (543+ 531) + (r13+ r35) + QS(Y,Z) + WL 1Y5 -(513+ 535) + (543+ 531)
ﬁiiy4 = 309.39 msec. + 55(2) + Q. (¥,2)

Rbyyg = (g% 731) + Whyyy

EEiY4 = 387.94 msec. +'§5(Z) + ég(Y,Z)

RLle =1, + (512+ 524) + Q4(Y) + RL1Y4

EEin = 438.09 msec. + ég(y) + 55(2) + Es(Y,Z)

Similarly, for Class 2 transactions,

RL2Z3 = (r31+ r12)’ RL223 = 57.37 msec.
Rhoxa = Tpy * Q3(2) + RL,,q
RL,ys = 57.37 msec. + Q3(Z)

For Class 3 transactions,

RlLip3 =T33 70
Rbayg = Tg3 * Q3(2) + RLgpq
RL3Y4 = 42.44 msec. + Q3(Z)

Class 4 transactions are slightly different. Since the writeset contains
file X and the readset contains file Z, to maintain the serial order of
locking file X first, then Y and then Z, it is necessary to send lock X
messages before sending read Z requests. (Recall that we normally send
write lock requests piggy-backed with pre-commit messages). Therefore, for

Class A transactions only, the sequence of events becomes:



(1) send write lock regquests to all copies of file X

-138-

(2) send read request to node 5 to read Z

(3) send pre-commits (without lock regquests) to all copies of file X

(4) copies send acknowledgement to node 4

(5) send commits and lock releases

Hence,

Whsx1

WL4X1

W
L4X2

WLaxo

WL4x4

WL x4

RL =

4Z5

Il

Il

i

RL

Il

4Z5

+
(512

410.17

+
524

T5q

+

(r

43

+
T3

320.62 msec.

+

5

45

+ QS(Z) + RL

msec. + ﬁg(z)

+
S24

S

45

+

QS(Z) + RL4ZS

435.80 msec. + 55(2)

+
Sa4

®44

+ QS(Z) + RI,

425

320.62 msec. + 65(2)

For Class 5 transactions,

Wlsya

Whgoa

W
L5ZS

WL525

WL5X4

Whsya

WL5Xl

+

r

53

+ Q3(Z) + S3q

msec, + éé(z)

S35 * Sg3
76.49 msec.
Wlgys = Sgs
88.49
Whova = Sas5
Whevy =

+
(513 535)

<+

+

r

r

55

54

+ QS(Y,Z) + WL

+ Q4(X,Y) + WL,

+ rl2) + (sl

425

+ s

525

5X4

2

55

167.29 msec. + Eé(z) + ég(Y.Z)

+ 524) + (54

<]

S

55

45

+

+

5

45

{s

13

3

+

+

=

35

5]

}

31

+

5

iz

)
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WL

338.04 msec. + 55(2) +0.(7,2) + 0, (X,¥)

5x1
Whoxa = (S ¥ 813 ¥ S35) * Ty + QXD+ Whpyy = 5,5 + (8y) + S5+ S34)
WLp,, = 361.18 msec. + 0,(2) + Q. (¥,2) + Q,(X,¥)

The length of time a lock is'held depends on which transaction owns
the lock. Therefore, to find the average length of time a lock is held at
each node, we must weight the respective lock-holding times corresponding
to different transactions by their arrival rates.

Let bWj be the average length of time lock on file W is held at node
j. This corresponds to the in-service time of a transaction holding a lock
on file W at node j, without accounting for delay due to blocking. ( See

section 6.2.1 )

= ' WL by
Py = (AqRLyyq ¥ A hggy + AWhoyy) /Gy A+ )
= 400.09 msec. + .5§;(Y) + .83553(2) + .166755(2) + .333§A(X,Y)
+ .83355(Y,z)
bya = (RLoys * Agilyyy + AgWheyo) /Oy b Ay 4 Ag)
= 254.58 msec. + .80,(2) + .20, (2) + .40.(Y,2) + .40, (X,Y)
= WL RL A_RL + A_WL, + A + A
byy = (MWL g + ARDy 3 + AgRLy 3 % AL ) /(A 4 A, Ay 22
= 49,26 msec.
bea = Og¥lgyq * AWhgy,) 7 Oy + 25
= 218.40 msec. + .155(2) + .253(2) + .255(Y,Z)
= RL WL RL WL + +
byy = (qRlyyy + A WLy, + AgRDay, + AWy ) /(23 + A+ Ag)

= 506.78 msec. + 63(2) + .8889§S(Y,Z)
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b = (AWML o + MWL

5 1""1ys sys) 7/ Ay RS

138.46 msec. + 55(2)

b = (A WL + A +15W525

25 1"L1zs ¥ ARyzs VO A )

il

168.82 msec. + .8333§g(z)

In our example, it is noted that nodes 1, 2 and 3 contains only one
file each. Therefore, the in-service times at these nodes are given by

b b and bZ

x1’ Px2 However, at nodes 4 and 5, there are two files each.

3
When a transaction accesses these files, the locks must be requested in
serial order. Thus the in-service time of locking file W at node-j when
the serial locking order is observed, dencted by aWj' must be calculated
as described in 6.2.2. For example, at node 5, aZ5 = Db _, but a = Db +

zZ5 Y5 Y5

SYS' i.e. the in-service time at the queue for file Y plus the total
service time at the queue for file Z. The gqueueing network (described in
6.2.2) corresponding to node 5 is shown in Fig. 7.9(a}.

Let AMj and qu be the arrival and service rates of lock requests for

file M at node j, wMj be the average gqueueing time, S be the average

MJ

total service time in the queue to lock file M at node j. Consider node 3,

Uy = 1/by, = 20.30
A
73 .8
0. (Z) = — = —~ = .00202 sec.
3 (Moo = A;5) ~ 20.30(20.30 - .8)
Consider node 5, b = 138.46 msec. + 55(2)
= .14048 sec.
= = ] . + .83330_(%) = .1705 .
a,. bZ5 168.82 msec 3 3Q3( ) 1 sec
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.5 A
|
I
|

O———

Hvs

Ays =3
Azs =5+.1=.6

=— — == EXTERNAL ARRIVALS

——pe ROUTING PROBABILITIES

(2a) Queueing network at node 5

-3 7
I
'

il

Axq =3
Ayq =-3(8)+7=.9

- — - EXTERNAL ARRIVALS

- ROUTING PROBABILITIES

(b) Queueing network at node 4

FPigure 7.9 Queueing Network Models for Nodes 4 and 5 in Example DDB



-142-

1 1
S = = = .1899 sec.
25 UZS AZS 1/.1705 - .6
QS(Z) = Wyg T S,0 T A = (.1899 - .1705) sec. = .0194 sec.
aYS = bY5 + SZS = .14048 sec. + .1899 sec. = .33038 sec.

Assuming that the

service time is still exponential,

= .06537 sec.

pYS = l/aY5 = 2.996, and
— ﬂys 5
0_(Y) = : = -
= { - A . . - .
5 uY5‘“Y5 YS) 2.996(2.9%6 9

QB(Y,Z), the queueing time for both files ¥ and 2,

= QE(Y) + 55(2) = .08477 sec.

must be gqueued serially.

It

Consider node 4, bX

since regquests for files Y and Z

218.40 msec. + .153(2) + .255(2) + .255(2,2)

4
= _2377 sec.
= = + o . =
a4 bY4 506.78 msec, Q3(Z) + 8889QS(Y,Z)
= ,5842 scc.
1 1
S = = = 1.2317 sec.
Y4 Wyy AY4 1/.5842 .9
Q4(Y) = Wy T SY4 T Ay, = .6475 sec.
- i b + 2 {b + S._,) = 1.0588 sec
%4 T 3 Pxa T3 YPxa Y4 : :

Assuming that the service time is still exponential,

= ,4929 sec.

= = . R d
My g l/aX4 94447, an
g (X = x4 - =2
a - T .94447(.94447 - .
4 px4(ux4 AX4) 94 ( 44 3)
§é(x,y) = Eé(x) + ég(y) = 1.140 sec.
1.179 sec.

Consider node 1, bXl =
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b\

— X1
Therefore, Ql(X) = 0 ) = 2.85 sec.
MxitMx1 T *xa
Consider node 2, bX2 = ,7500 sec.
- AX2
Therefore, QZ(X) = 0 Y -4500 sec.
xa M2 T Mxe

We can now calculate the response time of the different transaction
classes. For Class i transactions, averade response time under Distributed
Locking with Ordered Queues for Deadlock Prevention, RDLOQi = read regquest
transmission time + gqueueing time for locks at first node accessed + time
locks held - lock release transmission time = queueing time for locks at

first node accessed + time locks held. ( See Fig. 7.7 )

Therefore, RDLOQ1 Ei(x) + RL

1x1

2.85 sec. + 1.172 sec. = 4.02 sec.

RDLOQ,, = 5_2(){) * RL,..
= ,45 sec. + .05939 sec. = .509 sec.
RDLOQ, = QA(Y) * Kl ,
= .6475 sec. + .04446 sec. = .692 sec.
RDLOQ, = E[max(Ql(X) F WLy Q00 + WL, o, 0, (X) + WL4X4)]
= §l(x) + EEAXI = 2.85 sec. + .4296 sec. = 3.28 sec.
RDLOQ, = E[max(Ql(X) + WLy Qz(X) + WLe oo Q4(X,Y) + WL5X4)]

I

) + WL, = 2, . + 1.56 .= 4.4 )
Ql(x) WLSXl 2.85 sec 1 sec 1l sec
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7.3 Distributed Two-Phase Lock with Prioritized Transactions for Deadlock
Prevention

In this example, Prioritized Transactions will be used to prevent
deadlocks. This is more efficient than the ordered Queues scheme in that
more concurrency is possible. Whereas in the Ordered Queues scheme, locks
have to be obtained in serial order, one after another, in the Prioritized
Transactions scheme they can be obtained simultaneously. The tradeoff,
however, is that for Prioritized Transactions, it is sometimes necessary to
restart some transactions.

Fig, 7.10 summarizes the sequence of events corresponding to the
processing of Class k transactions:

(&) For each node isRNk messages, the following is repeated:
(1) send read request to node i, lock request is priggy-backed with this
read reguest.
{(2) queue for read lock at node i
(3) node sends lock grant to request node and initiates file transfer.
Note that the nodes will be accessed simultanecusly and the delay associated
with query processing is max R, {See Fig. 7.10}, where Ry is the delay
1eRN
associlated with accessing node i.

{B) For each node jeWN the following is repeated:

K

(1) send pre-commit to node j. The write lock request is piggy-backed
with it.

(2) queune for write lock at node j

{3) node j sends acknowledgement teo request node.

Again, all copies will be accessed simultaneously and the delay associated

with pre-commit is max W, (See Fig.7.10), where Wj is the delay associated

Jew
with accessing node j.



transaction .
tio . send commit

arrives and lock release
- ——— max Ri max Wi —-
i j
-—— Ri —- - Wi >
obtains obtains

read locks write locks

1 0|®,0| |®| 60| |0

—_——t— — =

+————  time write
locks held

-q¥vi-

[ time read
locks held

Y

e transaction
response time

Key : sends read request to node i fromreq. node,i€RN
queues for read lock at node i

sends file from node i to req. node

sends pre-commit to node j from req. node,jeWN
queues for write lock at node j

node j sends acknowledgement to req. node

req. node sends lock release to nodes i and j

QLEOOEORO

Figure 7.10 Chroneclogical Events corresponding to Transaction Processing under Distributed
Two-phase Locking with Prioritized Transactions for Deadlock Prevention
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(C) The reguest node sends commit and lock release messages.

The volume of messages generated in the communication subnetwork is
similar to that described in section 7.2. It is therefore assumed that the
average delays on the communication channels are the same. (See Fig.7.8)

We next calculate the length of time each transaction holds a lock.
Let RLin be the length of time a class 1 transaction holds a read lock

on file W at node j, WL, be the time it holds a write lock, Qj(W) be the

iwj
queueing time for file W at node j, MWi = max Wj be the delay associated
JEWN,
i
with pre-commit for Class i transactions, and MR, = max R. be the delay

JERNi]
associated with query processing for Class i transactions, then for Class 1
transactions: (see Fig.7.10)
Wle3= delay due to pre-commit + lock release transmission time - pre-commit

- gqueuneing time for write lock

T P N G
Wflz3= Eﬁi - QB(Z) - 9 msec.
Whiys™ M)+ 55 + 535 = ry3 ~ rgg ~ 1)
WTiY5= ﬁﬁi - @g(Y) - 27 msec.
WLyzg™ MW, + 813 + Sa5 = X3 = Tag = Qg (2)
WLlZB_ ﬁﬁi ;'Es(z) - 27 msec.
WLiyg= M) Fospp tosyy T Ty T Ty T MW
ﬁiiY4= ﬁﬁi - 5;(Y) - 27 msec.
RL1y4= delay due to query processing + delay due to pre-commit + lock release

transmission time - read request transmission time - queueing delay

for read lock
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Theref RL = MR + + + - -
etore, Rbyyy p TR (s, Fosy) m s, vsy) -0,

Rlyyg = MRy + MA) = 0, (0)

K., - WR + W, - 0.(x

RL1x1 MRl Mil Ql(n)

For Class 2 transactions:

= + + - -
RL2Z3 MR2 (52l 513) (s21 + 513) Q3(Z)
Rbyz3 = MR, = 04(2)
Rloxy = MRy = 9, (%)

For Class 3 transactions:

3z3 T MRy T %32
= + - -
RL3Y4 MRB (535 + 554) (535 + 554) Q4fY)
RLiyg = MRy = Q,(¥)

For Class 4 transactions:

axa = Hﬁé = 9,00

WL4X1'= Mw4 + (543 + 531) - (r43 - r31) - Ql(X)
WE;X1 = ﬁﬁg - Ei(x) -23.24 msec.

WL, yo = Mw4 + (545 + 552) - (r45 - r52) - Qz(x)
ﬁiﬁx2 = Eﬁa - éé(x) - 27 msec.

Rlags = MRy * MW, + 845 = 545 = Q{2

EE;ZS = ﬁﬁ4 + Eﬁ; - 55(2)

For Class 5 transactions:

WLSZ3 = MW5 + Scy T Tgy T Q3(z)



next find the length of time a lock is held at the different nodes.

be the average length of time lock on file W is held at node J-

r
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31

) - Ql(X)

R R R P

. 5MR .5MW. + . MW, 4+ .333MW_ - O - 11. X
5MR1 + SMWl 166'7MW'4 333MW5 QI(X) 11.62 msec

+ ASW 5X2) /7(12 + A4 + 15)

+ X_WL

5

.25MW,

)

5

5Z3) / (Al + lz + ;\3 + J\S)

- Q3(Z) - 6.375 msec.

WL, . = Mg 53(2) - 12 msec.
WL, = M - O (2)
ﬁrj5Y5 B _Mﬁs - 55””
Whogg = WA 4 8oy = g, = Qu(X)
ESth = -_M‘_‘JS - 54()() - 18 msec.
Whoyy = Mg + Sgy = Tgy = 040
ﬁ5Y4 = EW_S - 54(3{) - 18 msec.
WLogy = WAg + (S +s5)) + (x5 +
E5Xl = _Mﬁs - §l(X) - 23.24 msec
WLy, = Mg + 85y = gy = (%)
ESXZ = M7, - Q,(X) - 12 msec.

We
Let bwj
Byy = (ML gy + ALy, + A WL
bya © (kzﬁfzxz + AL

= _4E§2 + .2&&4 + .4&55 - éé(x) - 10.2 msec.
b,y = (AW 4+ ARLyps + ARl

= .375ﬁﬁi + .25ﬁﬁé + .125ﬁ§3 +
byg = (Ag¥gxq * AWLgyy) / (g + 2

5
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[}

L333MA, + .667MA_. - Q - .
333MW4 667MW5 Q4(X) 12 msec

+ A_RL +
K3RL AW 5Y4) S(2X + .+ 15)

Pyy = (A 3v4 5 1 3

— =
va 1™ vs * A"y

= .333MR. + .667MW. + .11I1MR_ + .222MW_ - O - .
M 1 1 llMR3 222MW5 Q4(Y) 13 msec

bY5 = (?LlWLlY5 + ASWLSYS) / (ll + As)

= .6MWl + .4MW5 - QS(Y) - 16.2 msec.

b__ = (A WL A _RL + xsﬁE

Z5 1 7125 * 4" 7475 5Z3) / (Al * A4 *Ag)

5

= .5MW. + .1667MR. + . MW+ .333MW_ - Q, - 13. ]
SME 1 166 MR, 1667MW4 333MW5 Qs(z) 13.5 msec

Therefore, we have seven equations in seven unknowns, namely Ei(x),
QZ(X), Q3(Z), Q4(X), Q4(Y), QS(Y) and QS(Z). { Note that bWi is related

to §£(W) by the equation

2
Aoubo
- .y Wi Wi . .
0. (W) = = where A . is the lock request rate for file
i p{n - A 1 - AWibWi Wi

W at node i. ) Of course, we have to determine ﬁﬁi, ﬁﬁi, i=1,...,5 first.

1

For example, MR max (Ql(X), s + s + Q4(Y) +r _ +r. )

1 12 24 43 31

MRl

12

max (§i(x), 0,(¥) + 128.7 msec.)

Expressions for Hﬁl' MR2, etc. are difficult to obhtalin in closed

form, Therefore, we make the additional assumption that the delay corres-
ponding to accessing each node, i.e. the transmission time plus dqueueing
time for locks, is exponentially distributed. Since the expected value of

the maximum of several exponentials have been derived in Appendix IV, we

can find closed form expressions for ﬁﬁi, MR2, etc. For example,

MR, = Ql(X) + Q4(Y) * 1/(1/QI(X) + 1/94(Y)).

After substituting these expressions of MRi, MW:.L into Equaticons (7.4),

we can solve them simultanecusly, using an iterative procedure.
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six iterations and outputs the

following:

b, = .421 sec. Ql(X)
bx2 = .173 sec. QZ(X)
b, = -226 sec. Q4(2)
bX4 = .194 sec. Q4(X)
bY4 = .355 sec. 9 (Y)
bY5 = .256 sec. QS(Y)
bZ5 = ,278 sec. QS(Z)
EEI = .511 sec. MR, = +171 sec.
ﬁi& = .196 sec. ﬁﬁi = -.407 sec.
ﬁﬁg = .308 sec.

Eiixl = .784 sec. EiiY4 = .752 sec.
ﬁi&YS = .343 sec. ﬁiiZB = ,340 sec.
Eiéx2 = .007 sec. ﬁiéz3 = ,113 sec.
§£523 = .365 sec. Ei&z5 = .474 sec.
WL, = -143 sec. ﬁiﬁx4 = .322 sec.
WL, = -132 sec. ﬁiéx4 = .278 sec.
EEBYS = 271 sec. WL = ,249 gec.

523

1]

.134 sec.

.164 sec.

.0579 sec,

.0119 sec.

.166 sec.

.0375 sec.

.0557 sec.

=
=
[

g

.423 sec.

.334 sec.

Il

.214

.324

- 365

-198

172

.124

.252

SeC.

sec.

sec.

sec.

secC.

secC.

sec.
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We next calculate the probability a transaction will be restarted
under the wound-wait deadlock prevention scheme. It can be shown that for
this particular example, wound-wait induces fewer restarts than wait-die.
Since two transactions conflict if at least one of them is a write trans-
action, there are three distinct cases to consider: (1) a Class i trans-—
;action Ti owns a read lock on a data item X at node r and a Class j trans-
actiocn Tj tries to get a write lock on X at the same node, (2) Ti owns a
write lock on Y at node w and a Class k transaction Tk tries to get a read
lock on ¥ at node w, and (3) Ti owns a write lock on Y at node w and a
Class m transaction Tm tries to get a write lock on Y at node w.

Recall that under wound-wait, every transaction is given a timestamp
( its priority ) when it enters the system, and a transaction will be
restarted if a conflicting transaction with higher priority (older time-
stamp } is férced to wait for it to release a lock.

Inspection of Fig. 7.10 lets us construct the three scenaricos cor-—
responding to transaction restarts. (See Fig. 7.11 (a), (b}, (c).) Let
ai be the interarrival time of Ti' In Case 1 (Fig. 7.11{(a)), Ti will be
restarted if a conflicting T, with older timestamp arrives at node r

-fore
after T, deces. ThereAPR.. = P{T. restarted by T. at node r)
1 17r 1 3

P({ BB < AD < AC )

P( AB < AD )P( AD < AC | AB < AD )

K

P{ AB < AD )P( AD - AB < AC - AB | AB < AD )

P( AB < AD )P( AD - AB < BC | AD - AB > 0 )

We now make the additional assumptions that AD and BC are exponentially

distributed, then
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T. arrives T.
most recent 1 i enters queue X lock X

T. arrives at node 1 at node r released

J
at node j
sends read red.] queues for lock X Jholds lock X
a, t. ——
l‘— j ir Q. (X) f@— RL..
Alt MR

T :

query processing sends pre-commit
for Tj

Tj arrives

at node r

{a) Case 1 : Ti restarted because of read-write conflict

most recent Ti arrives Ti enters queue Y lock Y
arrives .
Tk at node 1 at node w released
at node k .
query processing sends gueues for holds

delay for Ti pre-commit lock ¥ lock ¥
AlL . B 40 C
kw

sends read reguest

T. arrives
k

at node w

(b) Case 2 : Ti restarted because of write-read conflict

most recent Ti arrives Ti enters queue Y leck ¥
Tm arrives at node i at node w released
at node m query processing sends gqueues for holds

delay for Ti pre-commit lock Y lock Y

Y
%m MR, ’}‘ i Qw( )——i’_ WLiYw

A MR t B D C

mw

query processing for Tm sends read request

T arrives
n

at node w

(c) Case 3 : Ti restarted because of write-write conflict

Figure 7.11 Finding Probability and Delay of Transaction Restarts



-153-

PR,. = P( MR. + r, >a, ) P{ MR, + r, > 5, ).
ijr j jr 3 i ir ir
P( 0 (X) + RL, > MR, + r, ) {7.5)
r 1Xr J jr
Wijr = E( delay for Ti due to rejection by T_j at node r )

= time wasted in processing the aborted transaction + transmission
delay from node r to node i to report the abortion

=E(s, ) +E(BD | 3B < AD < AC ) + E (s_,)
ir ri

= E(s, ) + E(s_,) + E( BD | BD < BC )
ir ri

E(s. ) + E(s .} + E{ min.( BD, BC } )
ir ri

See Appendix I for a derivation of E{ EBD | BD < BC ) = E{ min.{ BD, BC } ).

Hence, W.. = E(s. ) + E{s_.) + E( min.(r,_ + MR,, Q (X) + RL, )} ) {7.86)
ijr ir ri Jjr j r ixr
2 ig. 7. = ]

In Case (Fig 11(k)) ., PRikw P Ti rejected by Tk at node w )

= < = .
P( AB AD < AC ) P(skw > ak) P(Skw > MRi) P(skw > riw)
P(0O (¥} + WL, > 5 ) {7.7)
W 1yw kw

and W, = E{ delay for T, due to rejection by T, at node w )

ikw i k

E(swi) + E(MRi) + E(siw) + E( min.(skw, QW(Y) + WLiyw)) (7.8)

In Case 3 (Fig. 7.11(c)}, PR, = P{ T, rejected by T at node w )
imw i m

=P( BB < AD < AC ) = P(MR_+ s >a) P(MR + s > MR,} -
m mw m m mw 1
P(MR + s > £, ) P{0 (Y) + WL, > MR + t ) (7.9}
m mw iw W 1yw m mw
and W, = E( delay for T, due to rejection by T at node w )
1mw 1 m

f

E(s .) + E(MR,) + E(r, ) + E{ min.(MR + s _,
wi i iw m mw

0 (YY) + WL, 1)) (7.10)
W 1yw
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We can now calculate the probability of restart for each transaction

class. Consider Class 1 transactions Tl:

Pl

Il

P{ T, is restarted )

1

1l - p{ T1 not restarted )

1l - igl g P( Tl not restarted by Ti at node o )

since (1) the probability a transaction is restarted at the same node by
different transactions are independent, and (2) the probability a trans-
action is restarted at different nodes by the samé transaction { or by
different transactions ) are independent.

Fig. 7.2 shows at which nodes the transaction classes conflict., For

example, T, and T

1 5 conflict at node 3. Equ.(7.7) gives

= > +
PR123 P(523 > a2) P(523 > MRl) P(s23 rl3) P(QB(Z) WLlZ3 > 523)
oML 1,957 iz . Y23 ooas
Az + u23 1.957 + u23 U13 + u23 u23 + 2.513
where u,, = 1/E(s..), v,. = 1/E{r,.,), and it is assumed that MR, and
1] i) i3 1] 1
Q3(Z) + WLlZ3 are exponentially distributed. Egu. (7.8} gives
w123 = E(s3l) + MRl + E(slB) + E(523) = .609 sec.

Similarly, we can find the probability a Class i transaction will
be rejected by a Class j transaction at node k (i,3,k =1,2,3,4,5)

and the expected delay due to the rejection.

P, = P( T, is restarted )
i i
=1 - .g. P{ T, not restarted by T. at node k )
J7F1 1 ]
k=1,..,5
Wi = B( delay for Ti due to rejection ) = jgi PRijk' Wijk

=1,..,5
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The following values of Pi and Wi were calculated:

Pl = .0483, wl = .0102 sec.
P2 = ,0540, W2 = ,0092 sec.
P3 = .1325, W3 = 0421 sec.
P4 = .00681, W4 = .0307 sec.
P5 = .2171, W5 = .0607 sec.

The average response time of the 5 Classes of transactions can now
be calculated. For Class i transactions, average response time under

Distributed Locking with Prioritized Transactions for Deadlock Prevention,

RDLPTi = MRi + Mwi + delay due to rejection
= MR, + MW, + P W, ( see Fig. 7.10 )
i i ii
Hence, RDLPT1 = .918 sec,
RDLPT2 = 171 sec.
RDLPT3 = .429 sec.
RDLPT4 = ,530 sec.
RDLPT_ = .321 sec.

5
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7.4 SDD-1
In this example, we shall calculate the response time for the five classes
of transactions under the SDD-1 Concurrency Control Algorithm. We are using
‘the same notations as in section 7.1 and making the same assumpitons.
The volume of messages generated by SDD-1 is similar to that described
in section 7.2. It is therefore assumed that the average delays on the
communication channels are the same (as shown in Fig. 7.8).
Let E;j' ;;j denote respectively the average delay of a short and a
long message between nodes i and j. Since transmission delays are assumed
to be exponentially distributed, the parameters of the exponential distribu-
tion corresponding to short and long messages, are given by uij = l/Ei.

]
and v,. = 1l/r, ..
ij i

J

Let us first construct the conflict graph for our five classes of
transactions. The conflict graph (See Fig. 7.12) consists of nodes representing
the readsets and writesets of the transaction classes, The links on the
graph indicate potential conflict between the transactions. Therefore, two
nodes are connected if at least one of them is a writeset and they have at
least one file in common.

In SDD-1 [BSR80], the conflict graph is analyzed during database
design and synchronization protocols are devised to maintain serializability.
It is found that three protocols Pl, P2, and P3 are necessary. A fourth
protocol P4, is sometimes invoked to improve on the efficiency of the other

three protocols. The SDD-1 protocol selection rules {(Fig.7.13) state which

prototcols should be invoked by which transactions.
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Transaction | 2 3 4 5
class |
Readset XY XZ YZ ya g:

Writeset YZ XYZ

Figure 7.12 Conflict Graph for Transaction Classes
in SDD-1 Example
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e Wi

(a) Transactions in class i must
obey P1 with respect to
transactions in class j

Wi

w! ° w

(b) Transactions in class i must
obey P2 with respect to
transactions in classes j and k

wl

{c) Transactions in class i must obey
P3 with respect to transactions in

class j

Figure 7.13 SDD-1 Protocol Selection Rules (Adapted from [BSR80])
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SDD-1 Protocol Selection Rules (adapted from [BSR80])

{1) For all classes 1 and j such that (ri, wj) is in the conflict graph,
transactions in i must obey protocolIPl with respect to transactions
in j(see Fig.7.13(a).

{2) For each cycle in the conflict graph the following hold:

(a) for all distinct classes i, j, k, if edges (ri, wj) and (ri, Wk)
lie on the cycle, then transactions in i must obey P2 with respect
to transactions in i and k (see Fig.7.13(b)) and

(b} for all distinct classes i and j such that (ri, wi) and (ri, wj)
lie on the cycle, then transacticons in i must obey P3 with respect
to transactions in j (see Fig.7.13(c)).

Briefly, these protocols serve the following purposes:

Pl Prevents read messages from one transaction that conflict with write
messages from another transaction froﬁ being processed in different
relative orders at different DMs.

P2 Prevents a read message from seeing write messages from two other
transactions in reverse timestamp order.

P3 Prevents two transactions that read each other's output from both
reading before either writes, i.e., prevents a classical race condition.

According to the SDD-1 protocol selection rules, and the conflict
graph (Fig.7.12), it is necessary that:

Class 1 transaction runs P3 against Class 5 trénsactions

Class 2 transaction runs P2 against Classes 1-and 5

Class 3 transaction runs P2 against Classes 1 and 5

Class 4 transaction runs P2 against Classes 1 and 5

Class 5 transaction runs P3 against Class 5
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The last two requirements are equivalent to:
Class 4 runs P2 against Class 1, and Class 4 runs P3 against class 5.

An inspection of Fig. 7.2 shows at which nodes these protocols are to
be executed for each transaction.

Consider a Class 1 transaction T.. It is running P3 against Class 5

1
transactions T5. Thus when Tl tries to read file Y at node 4, where T5
is writing file Y, the protocol is invoked. The timestamp of T1 must be
smaller than that of file ¥, in order for Tl not to be rejected.
k .
Let P,. = P(T, rejected by T, at ncde k),
1] 1 ]
Wi? = time Ti has to wait at node k until its read condition
against Tj is satisfied
k . .
Dij = delay of Ti due to read rejection by Tj at node k.
P, = P(T, is rejected)
1 1
Wi = delay of Ti corresponding to query processing
Di = delay of Ti due to read rejection
4 , . .
Therefore, P1 = P15 since T1 only needs run the synchronization protocol
. ; 4
. . . = = +
against T5 at node 4. Equ. (6.12) gives Pl P15 P(s14 > a5 r54)
As V54

= 5+ " = .00325, where a5 = interarrival time of Class 5
5 T W Vsgq T Uiy

transactions at node 5. {(Recall that we assume read messages are short and

write messages are long). Each rejection incurs additiocnal delay = Dl = Dlg
round-trip delay from node 1 to node 4 = S14 + S41 .105sec. TIf not rejected,

Tl must wait at node 4 until its read condition is satisfied. Equ.(6.14}

4 1 Y14 1
gives this expected wait as E(Wls) = = o T T 5.05 sec. This
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wait can be reduced if node 5 send periodic nullwrites.

Suppose node 5 send nullwrites whenever the time since the last write

message is greater than 1 second, then Equ. (6.28) and (6.29) give P

= .0334 and E(ng) = .3974 sec.

4
1~ Fis

Let RSDDi be the response time of transaction under SDD1l, then

RSDD., = E(delay due to read rejection) + query processing delay

1

+ write delay

4
—
0]

14

s - s. r - T + +
+ 541)/(1 Pl) + s + E(Wl) + r + max (rl r + s

14 41 2 24 43
+ 3 s = . .
53 + S31 ) 724 sec
where 1/(1 - Pl) is the expected number of rejections.
We next consider Class 2 transactions T.,. T, runs P2 against Classes

2 2

1 and 5. An inspection of Fig. 7.2 shows that T2 runs P2

3, P2 against T5 at node 2 and P2 against T5 at node 3.

3

{(6.29), we find P2l = ,03128 and E(W
3
25

3

21) = .3317 sec.

Similarly, P .02099

~—
Il

.361 sec,

2
E(W25) = .395 sec.

It

Therefore, from Equ. (III.1l), P

2
3 3
=1 ‘(l—le)(l - P
= .052
D2 = E(delay due to rejection)
3 — - 3— =
3 +
R A UM T A F S P
B P3+P3
21 7 Tas

.041 sec.

against T1 at node

Using Equ. (6.28) and

1 - P(T2 not rejected}

2
)y -7P25)
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If T2 is not rejected, then the delay corresponding to query processing,

W2 is given by Equ. (III.2) as follows:

3 3 2
= . + ; +
Wy = max [523 max( WypiWyg) + Tapr S5y W25+r22]
Therefore E(W,.) =~ ﬁax. s + max (E (W 3),E(W 3 ) + r R s, + E{W 2) +r 1
27 - 23 21 25 32 22 25 22J
= .447 sec.
Hence, RSDD2 = D2/(1 - Pz) + E(Wz} = ,490 sec.
Consider Class 3 transactions T3. T3-runs P2 against Tl and T5 at node
3 and P2 against T1 and T5 at node 4.
P3 = P(T3 rejected)
3 4 3 4
=1- (1~ P3l)(l - P31)(l - P35)(1 - P35)
=1-(1-0)(1 - .0910)(1 - Q) (1 - .0636}) = .149
D3 = E(delay due to rejection)
4 — — 4 — =
P + + + 1 —
= Pa1s3g*Sea) * Pas(S3u*su3) o L5 L 105 sec
4 2 34 43 -
Fi1 * Pss

If T3 is not rejected, then the delay corresponding to query processing

W, is given by

3
W, = + (W W 3) + + (W 4 W 4) + r
3 ~ ax- [533 maxiWag 35 T337 S34 T MAXW3qW5g 4%]
— 3 - 4 4 —
E(W3) = max [533 + max{E(W3l), E(W35) + r33, s34 + max(E(WBl),E(W35)) + r4J

= .499 sec.

= - + = .622 .
Hence, RSDD3 D3/(1 P3) E(W3) 6 sec

Consider Class 4 transactions T4. T4 runs P2 against 'I‘l at nodes 1 and

5, P3 against T5 at node 5.



-163-

P4 = P('I‘4 rejected)
1 5 5
=1 - (1 - P4l)(l - P4l)(l - P45)
=1 - (1 - .1131¥(1 - .0267){1 - .0804) = .206
Dy = E(delay due to rejection)
1—- - 5~ — 5 — -
= Paylsggtegg) F Py s s ) H Py (S0 * Sg,)
1 5 5

+
P41 P41 * P45

= .116 sec.

If T4 is not rejected, then the expected delay corresponding to query

processing

5 5
+ = . :
) o+ Tiar Spe t max(E(W4l),E(W45)) r54} 542 sec

- - T + + = .826 .
Hence, RSDD4 D4/(l P4) + E(W4) + r43 + r31 r12 524 sec

1
E(W4) ~ max. {541 + E(W4l

Class 5 transactions do not have to observe any of the protocols,

therefore

I

RSDD

5 write delay

I

Ar__+s_ ., r_ _+r_ _+s _+ +s__+s. +S._, ¥_ +
max. (Fga+sypr TogtrytS13¥eyse T S1%513 8550 T5atSys)

.143 sec.
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7.5 Discussion of Numerical Examples

The results for the four examples described in sections 7.1 - 7.4 are

summarized as follows:

Response times of
transaction class
*
Concurrency All
Control Algorithm 1 2 3 4 5 Classes

1. Centralized
Two-phase -.507 . 220 .256 . 775 .487 .44l
Locking

2. Distributed
Locking Ordered 4.02 -509 .692 3.28 4.41 2.874
Queues for Deadlock
Prevention

3. Distributed Locking
Prioritized Tran- .918 171 .429 .530 .321 .522
sactions for Dead-
lock Prevention

4. SDD-1 .724 -490 .622 . 826 .143 .543

Although we have used anrarbitrary example to compare the different
algorithms and any conclusions drawn based on these results may not apply
in general, it does seem obvious that Algorithm 2 gives the worst response
times. This is mainly because of the requirement that files have to be
locked in a specific order. This requirement does not allow much concurrency.
The numerical results do not let us distinquish the performance of
Algorithm 1, 3 and 4. Which algorithm is hetter depends on the network

topology and such database parameters as arrival rates of transactions, size

*The response time for all classes is a weighted average (by transaction
class arrival rate) of the response time for each individual class.
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of writesets, readsets, etc. For example, if the transaction arrival rates
increase, Algorithm 1 will give longer response times since the central
node becomes a bottleneck. This does not happen in this example.

In general, we believe that the more concurrency an algorithm allows,
the smaller its average response time. Thus, we would expect SDD-1 and

Distributed Locking to give better response times than Centralized Locking.
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CHAPTER 8

CONCLUSIONS

8.1 Conclusicns

In this thesis, we have developed a performance model of a distributed
database system, which can be used as a tool toc compare the performance
of different concurrency control algorithms.

We started by developing a network of gueues model of the communication
subnetwork. We have originally attempted toc employ Jackson's Model but
have concluded that Jackson's Model is inadequate for our purposes. The
Independent Queues Model that we employed in this thesis makes somewhat
stronger assumptions than Jackson's Model, but has more flexibility and
approximates better a real communication subnetwork. Modelling the
communication subnetwork accurately is important because one of the major
costs of operating a DDB 1is the communication delay.

We found that in a general DDB, concurrency control algorithms could
not be modelled accurately without taking into consideration the particular
gquery processing strategy employed. Previous authors have gotten around
the problem by assuming a fully redundant database. We found this assump-
tion unacceptable and therefore attempted to develop a new query processing
strategy that is easy to analyze. Our efforts resulted in the MST and
the MDT Algorithms which are not only easy to analyze but also easvy to
implement.

Having modelled the conflicts among different transactions in the
DDB for the resources of the communication subnetwork by the Independent
Queues Model, we then developed conflict models tc analyze the conflict
among transactions for the rescurces of the database management system.

A different conflict model must be developed for each concurrency control
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algorithm. Fortunately, although the literature is full of concurrency
control methods, most are variations fo two major apprecaches, namely
two-phase lcocking and timestamp ordering. Four different conflict
models were developed: Centralized Two-Phase Locking Qith Deadlock
Detection, Distributed Two-Phase Locking with Ordered Queues for Deadlock
Prevention, Distributed Two-Phase Locking with Prioritized Transactions
for Deadlock Prevention, and SDD-1.

Four numerical examples using a common communication subnetwork
were used to demonstrate how our performance model could be used to
analyze these four concurrency control algorithms.

One would hope that at the end of a study such as this, cone can
draw some conclusions as to which concurrency control algorithm is the
best. Unfortunately, the most general conclusion we can draw is that
which algorithm is better depends wvery much on the particular communication

subnetwork and the DDB system.

8.2 Further Research

In this thesis we have touched upon many different aspects of a DDB
Management system. Due to time constraints, we have not been  able to
study all the different problems in as much depth as we would like to.
There are a number of open problems, listed below are some suggestions
for further research:

(1) Our study realizes that communication links and computers are not
perfectly reliable and incorporates some of the features database
systems used to guard against such failures, such as two-phase

commit. However, we did not analyze the impact of such failures



(2)

(3)

(5}
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in terms of extra delay.

our conflict models assume exponential end-to-end transmission delays.
New conflict models using other distribution of end-to-end delays

can be develcped in a similar fashion.

We believe that the MST and MDT Algorithms for query processing are
easy to analyze and to implement. However, they suffer from very
strict assumptions. Maybe the two algorithms can be extended by
relaxing some of these assumptions.

The MST and MDT Algorithms, because of their unrealistic assumptions,
are actually heuristics, as is Wong's Algorithm EWONG77]. It should
be interesting to compare them.

One important part of modei development that we have not studied in
this thesis is that of model validation. Unfortunately, since there
are no operating commerical systems, the only way to validate our

performance model is by simulation, which is expensive.
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Appendix I Finding the pdf of %, given x < y where x, y are exponential

random variables.

-Alxo
Let £ (x ) = A e x >0
X © 1 0 —
-ALy
2o
fy(yo) = Aze y >0
Event A : x < ¥y
-k, X -y
Ahe ©%e T°/pa) if (x_,v ) in A
fx IA(XO'YOIA) =
Y l 0 if (xo,yo) not in A

Therefore, f (xO|A) = fm f IA(XO’YQIA) dyo

xlA xo X, ¥
* -Alxo _A2yo
A h_ e e
12
- dyo
X ll/(Al + Az)
—{A, + AL) x
1 2 o)
= (Al + A2) e X > 0

which is the same as the pdf of min.{x,y}.
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Appendix II Finding the maximum of queueing times at several M/M/1 queues

Let W be the waiting time at queue i with arrival rates Ai' service

rate u,, utilization p, = A,/ u,, and x = max w,, then
i i i i i

i
N
F (x ) =Px<x)=1=I Piw., < x )
X [a] - O 1 —
i=1
—ui(l—pi)xo
= E (1 - P, e )
i
-u,(1-p.)x -H.(1-p.)x
fx) =L F x)=Ypouml-p)e + 1 °gp [1 ~p.e 1 2 O]
X 0 dx o - i i 1 e
o i j#L
x >0
o =
o
E(x) = [J{(1 - F(x,)) ax_
0
For the special case that x2 = max(wl,w2), we have
z (1-p,) (1-p.)
-u. {1-p.)x -u,(1-p, )x
1 1" " 2 270
E(x,) = . [1 - (1 - P e Y1 -p, e )] dx_
0 _ l_ _ - _ _ _
_ o e u2( oz)xo . ul(l pl)xo _ (u2(1 02)+ul(1 01))2»:0]d
= P) Py & PiPy © %
0
Py 1 P175

+ —
uz(l—pz) ul(l—pl) uz(l—pz) + ul(l—pl)

In general, if xk = max(wl,w w. )}, we see that

pree ey
k P k p.p
) =1 gyl Lo
i=1 MiUTPE im1 92 T u, (-p )
LM tTPy
f=1,7
k o.p.P PPee..D
) S " g
i=1 j#i 245 ) M (1-0 ) I w0

m=i,j,L i=1
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Appendix III SDDl: General Case

In this Appendix, we derive the probability of read rejection and expected
wait until read condition is satisfied when there are more than two conflict-
ing transaction classes.

Let Ti' Tj' ... T  denote transactions,

2
I, J, ... L denote nodes,

N{i), N(j) ...N{L) denote the originating node of transactions

i, Js «..8

a I

5 interarrival time of Ti at N(i)

tIJ = transmission delay between nodes I and J

L .

P,. = P(T. rejected by T. at node L}

ij i j

L , . . . sy
Wij = (periocd of time Ti has to wait at node L for its read condition

to be satisfied when it is running protocol P3 against Tj
Ti is not read rejected)
Suppose Ti is running protoccol P3 against Tj' jeG(J) at node J, T, , keG{X)
at node K, ...Tm, mEG({M) at node M. G(J) denotes the set of transactions

that Ti conflicts with at node J.

[

P(Ti is rejected) 1 - P(Ti not rejected)

1 - }f P{(T, not rejected at node o)
a=T,J,...L

il

1 - 1 | ﬂ(lv'PgB
0=I,J,...L BeG(a) *

(Query Processing Delay | T, not rejected)

) (1I11.1)

{wait for all read conditions to be satisfies | Ti not rej.)
a
= max (t_.. + max (W,
N{1)a 1

a=r,J,...L . (1) BeG ()

B) + taN(i)) (IIT.2)

where Pi; and E(Wiy) are given by Equ. {6.28) and (6.29) respectively.
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-A.S
et A=1-¢ 3 (1),
-X.5 -u._S
_ J _ 1L
. El_uiL e (uiL+ lj A, e )
a
Hinl i * Ay

L
then P, . =P( t.. >a.' + t.
1] ] )

ujL B/ (uiL + ujL)
L ) -Ajs
and E(W,.) = 1/u._ + R -
13) /uJL ( 1/ i lJS e /S 2a) {1 B}
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the
Appendix IV FindingAexpected value of the maximm of several exponentials.

Let yi's be N exponentials with means l/Ai. We first find the pdf

of = max (yi)
F l(:J;'k K K X
= P(,xk < x) = iglp(yi < x) = igl(l - e )
% _Aix -A.X
£ (x)= a F_(x) = ) xe - I .
" ax i=1 * g (@ )
K. —Aix
Hence, E(x) =f_ (1 F, (x)ax {5 [1 M (i-e )]dx
k kK k
TR TS TSR N TS S
i=1 Ai i=1 J#i Ai+lj i=1 3#1 1#] Ai+lj+ll
1
(+) T
En

This is similar to the derivation in Appendix II and will not be

repeated here.
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