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Abstract

Multicomputers have traditionally been viewed as powerful compute en-
gines. It is from this perspective that they have been applied to various
problems in order to achieve significant performance gains. There are many
applications for which this compute intensive approach is only a partial solu-
tion. CAD, virtual reality, simulation, document management and analysis
all require timely access to large amounts of data. This thesis investigates
the use of the object store paradigm to harness the large distributed memo-
ries found on multicomputers. The design, implementation, and evaluation
of a distributed object server on the Fujitsu AP1000 is described. The per-
formance of the distributed object server under example applications, mainly
physical simulation problems, is used to evaluate solutions to the problems
of client space recovery, object migration, and coherence maintenance.

The distributed object server follows the client-server model, allows ob-
ject replication, and uses binary semaphores as a concurrency control mea-
sure. Instrumentation of the server under these applications supports sev-
eral conclusions: client space recovery should be dynamically controlled by
the application, predictively prefetching object replicas yields benefits in
restricted circumstances, object migration by storage unit (segment) is not
generally suitable where there are many objects per storage unit, and binary
semaphores are an expensive concurrency control measure in this environ-
ment.
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Chapter 1

Introduction

Applications requiring fast access to huge amounts of persistent data are
known as data hungry applications. This project explores issues relevant to
the construction of a multicomputer object store to be utilised as a support
mechanism for these applications.

1.1 Motivation

Text management and analysis, scientific simulations, virtual reality, and
CAD are all examples of data hungry applications. They have an appetite
for data that consumes available storage and transfer capacity. As these
applications grow in complexity and their data requirements increase, new
support mechanisms will be required to achieve acceptable performance.

The current crop of high performance machines have a distributed mem-
ory MIMD architecture and are typified by the Fujitsu AP1000 and IBM
SP2. With many megabytes of memory per processor, such machines pos-
sess total memories measured in gigabytes, easily dwarfing the half-gigabyte
available in high-end workstations. In order to support data hungry applica-
tions, these large distributed memories need to be harnessed with a support
mechanism capable of delivering good performance.

The distributed object store is the paradigm under consideration; it pro-
vides an abstraction similar to the heap used in many procedural languages,
but is not tightly coupled to the Private Address Space (PAS), linear mem-
ory model [29]. It aims to provide support for cooperative, information
intensive tasks and is often seen as an integration of database and program-
ming language features [27]. Specifically, it seeks to provide object-oriented



CHAPTER 1. INTRODUCTION 2

access to large amounts of persistent data in a manner which is fast, concur-
rent and transparent. Objects are units of related data, similar to records
or structures in procedural languages. Fast access is a prerequisite for good
performance, concurrent access allows the full potential of the multicom-
puter architecture to be utilised, and transparency seeks to provide a simple
programming paradigm. Brown [9] has estimated that up to 30% of code
in an application program is concerned with persistence. Making object
access transparent with respect to its location, reduces the size of this por-
tion of the code and frees the programmer from the need to understand and
implement data transfer and translation methodologies [36].

The following sections of this chapter outline issues relevant to a multi-
computer object store and indicate the scope of this investigation.

1.2 Issues

There are many issues concomitant with a distributed object store. The
broadest are outlined below, and are classified as functional (to do with the
logical model presented to the programmer) or implementation (affecting
only the manner in which the operations of the logical model are performed).
Issues from each class have the potential to impact upon performance.

Many of the issues are discussed in the literature under topics as diverse
as communications protocols, databases, and shared memory. Chapter 2
presents a survey of some of the existing literature relevant to the issues
within the scope of the project.

1.2.1 Functional Issues

The abstract model presented to the programmer must be capable of ex-
pressing the required semantics in a clear manner using primitives which
are efficiently implemented. Which primitives to provide, and their exact
semantics, form several significant questions.

object identification

How to identify and address objects is a significant problem. An object store
is conceptually infinite. This and the proposed store’s distributed nature
make the linear memory model unsuitable. Relevant questions include:

e whether to generate identifiers, or allow the user application to provide
names
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e are identifiers names unique?
e can identifiers names be reused?

¢ if identifiers can be removed from the system’s control, when is it safe
to delete the associated object from the store?

The next chapter addresses object identity in further detail and considers
the advantages of r r nt a nt gr ty over na a da at n.

hat operations to provide

Simple read and write are obvious choices, but more complex operations
such as find and replace may be often used and yield better performance if
provided as primitives.

space recovery in the store

In order to simulate an infinite store, it is necessary to recover the space
occupied by objects which are no longer required. How the identity of these
objects is determined, and when they can safely be removed are interesting
questions addressed further in the next chapter.

ho to maintain coherence under concurrent access

Many models exist for the maintenance of data coherence under concurrent
access. tr t h rmn may be maintained using explicit object locking
of various forms, or the higher level transaction model implemented using
optimistic scheduling or a locking mechanism. h r n mechanisms
avoid the overheads inherent in the complete event ordering required to
maintain strict coherence. Thus, they may yield greater concurrency in a
multicomputer environment. arious mechanisms are considered further in
Chapter 2, while Chapters 3 and 4 describe the binary semaphore based
mechanism used in the implemented distributed object server.

1.2.2 I le entation Issues

The logical model defines the operations which applications can use to in-
teract with the store. There are implementation issues common to most
logical models which may significantly affect the store’s performance, some
of which are outlined below.
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system architecture

Machines such as the AP1000 contain many independent processors, each
with their own local memory. The question is: how to utilise this process-
ing power to harness the distributed memory in a manner which efficiently
supports the object store paradigm? Two possible system architectures are
peer-to-peer and client-server. Chapter 3 compares these architectures and
describes the implemented client-server solution.

object structure

Most existing object stores find it convenient to be able to distinguish be-
tween those parts of an object which are simple data and those which are
references to other objects. This facilitates various optimisations such as

ng (Chapter 2) and r ¢ h ng (Chapter 4). Several mechanisms exist
for identifying references, the most common being to structure objects such
that the data and reference parts are distinguished by a known boundary
[9, 8]. This is the method used in the present implementation. Some systems
use an u a facility, in which application program methods are provided
to identify the references in objects to which they are applied [24, 3].

object migration

The primary issue here is whether objects should migrate through the system
to where they are needed, and have operations applied there, or whether
methods should be invoked upon objects remotely. This issue is addressed
more fully in Chapter 3. Assuming that objects do migrate, two forms of
migration exist within a distributed object store; migration to and from
stable storage, and migration between processors. Stable storage and issues
related to it are beyond the scope of this project. Hence migration to and
from stable storage is not considered further. The migration of objects
between client and server processors is an issue which is investigated further
throughout the thesis.

accessing objects

How do application programs access objects efficiently and safely? If objects
exist within the application’s address space they may be accessed directly or
indirectly. Direct access is necessarily faster, but as is discussed in Chapter
3, it is not safe in a multicomputer based object store. Indirect access raises
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the question of how to organise an internal map to facilitate efficient look-up
and access. This is discussed further in Chapters 2 and 3.

replication

The technique of allowing multiple copies of an object to exist in different
locations may yield benefits from reduced object transport costs. The value
of this technique is discussed further in Chapter 3 which also describes how
replication is used within the constructed system.

1. oet o e

The aim of this thesis is to explore issues and mechanisms relevant to an
object store implementation on a multicomputer architecture. It details the
design and implementation of a distributed object server — a distributed
object store without the property of persistence. Most of the above men-
tioned issues are addressed in the description of the system’s design and
implementation. The issues of object migration and coherence maintenance
are further addressed through an evaluation of techniques performed using
example applications which utilise the implemented server. The distributed
object server follows the client-server model, and different schemes are eval-
uated for migrating objects from clients to servers (referred to as space
recovery), and from servers to clients (referred to as object migration). The
client-to-server strategies evaluated are: memory dump, simple LRU, and
a classified scheme. The server-to-client schemes investigated are: single
object on demand, single object with prefetch, and migration by storage
unit (segment). The coherence maintenance scheme evaluated uses binary
semaphores on each object to guarantee mutual exclusion. The example
data hungry applications used are primarily from the area of scientific simu-
lation. These included two solutions to the N-body problem, and a plucked
string simulation. The implementation’s general performance characteris-
tics are also reported. The objects of the system are both untyped and
structured, consisting of explicit data and reference parts.

The distributed object server is implemented on the Fujitsu AP1000
[17,18]. The AP1000 is a distributed memory MIMD machine. It possesses a
communications network having processors placed at the intersection points
of a two-dimensional torus grid. Processors are also connected by separate
broadcast and communications networks. The machine does not support
virtual memory or hardware address translation. The machine used for this
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work was configured with 128 processing elements, of which 32 had 500MB
disk drives, and all possessed 16 MB of memory.

The next chapter reviews previous work relevant to the issues mentioned
above. Chapter 3 presents the logical model for, and design of, the system
implemented. This is followed, in Chapter 4, by an outline of the system
and a discussion of the data structures and algorithms used. Chapter 5
then describes the system instrumentation and example applications. The
next two chapters detail the investigation of system performance, object
migration schemes, and the coherence maintenance mechanism. Chapter
8 presents a discussion of the experiment results, and Chapter 9 details
conclusions drawn from the project and discusses possible future work.



Chapter

ackground

This chapter discusses some of the existing literature that is relevant in
understanding the problem of implementing a distributed object store on
the AP1000. It begins by outlining two important concepts in object stores,
identity and referential integrity, and proceeds with a brief discussion of
the design and implementation of PS-Algol[4] and the Mneme Persistent
Object Store[27]. This is followed by a discussion of concurrency control
and coherence measures, including a review of some existing methods and
systems which may be useful references for an AP1000 implementation. The
important concept of loose coherence is introduced and Munin[5], a system
which exploits this, is reviewed.

2.1 et to es

Conceptually an object store is a space in which objects exist. An object
being a group of related data items, possibly including references to other
objects. Minimally, an object store should provide client applications with
facilities to place new objects in the store, manipulate those already present,
and to remove those no longer required. These facilities are however, depen-
dent upon two more basic provisions — identity and referential integrity.

2.1.1 ect I entit

Implicit in the concept of an object store is the idea of object identity. We
must be able to identify an object to access it, and this identity must be
preserved for the duration of any access session that may occur during the
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life of the object. In many systems [26, 8, 27] this requirement is addressed
by assigning to each object an identifier which is system-generated and unre-
lated to any name the client may associate with the object. This identifier is
used by the system to manage links (discussed below) between objects, and
functions chiefly as a pointer to the object within the store. Consequently,
when an object is moved from the store to local memory, any references to
other objects which it contains will not be directly valid as local memory
pointers. These references must be translated to refer to the local memory
address (if any) of their objects. Temporarily replacing object identifiers
with local memory pointers is called ng [24, 42, 20]. Another less
favoured option involves translating the required identifier with each access
that occurs.

Kemper and Kossmann|[20] have addressed the tradeoff of swizzling over-
head against increased access efficiency. They have classified and investi-
gated many of the existing swizzling techniques, concluding that no one is
superior in all cases. They recommend that the choice be left to the ap-
plication, or dynamically switched by the system to achieve best results.

r t ng is the replacement of an identifier with the main memory
address of the referenced object, ndr t ng replaces the reference
with a pointer to a place holder object through which all accesses must oc-
cur. Kemper and Kossmann identify the expense of maintaining a r r
r TN t if direct swizzling is used in an environment where objects may
be removed from memory. This is avoided with indirect swizzling by simply
marking the place holder object as invalid when the real object is removed.

Referential Integrity exists where the link between objects is persistent,
immutable, anonymous, and not related to a naming scheme. A link with
referential integrity guarantees that the object referenced will remain acces-
sible for the lifetime of the link and, in strongly typed systems, that the
type correctness of the link will remain correct[26]. When using name based
references, known as associations, these properties are not guaranteed. Fig-
ure 2.1 shows how associations and links with referential integrity behave
differently when a named object changes.

Another advantage of using links that possess referential integrity is that
access is independent of any naming schemes (or lack thereof) which may
cover the linking graph. The price is a loss of flexibility — decisions regard-
ing which objects to access must be made prior to the link being created.
With a naming scheme these decisions can be postponed, through the use
of name changes, right up until the association is actually invoked.
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Referential Integrity link Name based association
A

B

=0 N

Figure 2.1: Referential Integrity compared to Naming Association as the
referenced object changes between T 0 and T 1

2.1.2 ect 1 ation

Three object migration schemes were investigated during this project: sin-
gle object upon demand, single object with prefetching, and migration by
segment. The first scheme involves migrating individual objects as the
need arises. The other two schemes attempt to predictively migrate ob-
jects in response to a single migration request. Migrating data by storage
unit segment is a well known data base optimisation technique which seeks
to take advantage of a match between storage locality and temporal local-
ity of reference. This technique has been explored in the context of object
stores by Hosking and Moss[15]. They report speedups of up to 76 on bench-
mark applications when using segment migration rather than single object
migration.

2.1. eco ein toe ace

The lifetime accessibility guarantee offered by referential integrity raises the
question of when an object actually ceases to exist, that is: when is its
memory deallocated? Two possibilities exist for determining that an object



CHAPTER . AC GROUND 10

should be removed from the store. These are explicit deletion and garbage
collection, both of which are outlined below.

The need to deallocate objects which are no longer required arises from
the finite size of the store. The infinite capacity of the conceptual object
store is simulated by the removal of unnecessary objects.

Explicit Deletion

A system using explicit deletion allows the client program to issue a specific
command requesting the deletion of an object. The generally accepted view
of this method is that objects cease to exist immediately the store is notified
of the request. This however, raises the question of how to handle references
to the deleted object which are still extent. Morrison ¢ a [26] have proposed
a form of explicit deletion which does not suffer this problem. For object
stores using their method an object ceases to exist only when the last link
to the object is removed. This is similar to the link command in UNI [30].
Thus, whilst the object may no longer be reachable from a particular object
whose link has been changed, links from other objects may still exist with
the object reachable through them. This method is similar to reference
counted garbage collection (see below).

Garbage Collection

If a system does not use explicit deletion then some form of garbage col-
lection must be used to reclaim storage allocated to objects that are no
longer required. Garbage collection may occur either automatically or at
the behest of the client. It is performed by removing all objects which are
no longer reachable from predetermined root objects[8]. Care needs to be
taken regarding any object references that active clients hold at the time
of garbage collection. It is possible for the client to possess a reference to
an object which is unreachable from any root object at the time of garbage
collection but which the client intends to make reachable using the reference
it possesses. If this is allowed to occur, the garbage collection will deallocate
the object and the client’s reference will no longer be valid. A solution is
to include the environment of each process in the set of root objects from
which reachability is determined. Figure 2.2 demonstrates how an object
becomes a candidate for deallocation under garbage collection.
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Root Objects Root Objects

\ _ .7 Objectstobe

deallocated
T=0 T=1

Figure 2.2: Garbage Collection : if the links BE,CF, and DG are broken
between T 0 and T 1 then objects E,F, and G become candidates for
deletion
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2.1. tant ste s
PS Algol

PS-Algol is a version of S-Algol to which a persistent object store has been
added by teams from the University of St Andrews and the University of
Edinburgh|[26, 4, 35, 9]. From this project Atkinson ¢ a raise many design
issues and present some of their solutions.

By their nature, object stores are generally separate entities from the
client programs they service, that is: they conform to a client-server archi-
tecture. The object store consists primarily of a server (a separate process
[24, 32] or run-time support [4, 27]) and possibly an interface library to
facilitate client requests of the server.

Atkinson t a raise several design issues that deserve consideration —

e Should all references go to the central store? Alternatively, should
some objects be in local storage and a lookup table be used instead?

e At what time should this lookup table be built? Are entries to be made
as references arrive locally inside other objects, or when the reference
is itself first used?

e How can the map be stored with low overhead but sufficient space and
performance?

e What about garbage collection?
¢ irtual memory?

e What address structure is extensible, space efficient, and can address
a sufficiently large space?

¢ Placement strategies?

e Transaction implementation?

When contemplating an object store on the AP1000 some of the above
concerns are extraneous — virtual memory does not exist at the cell level
for instance. The findings of Atkinson ¢ a are, however, of considerable
relevance.

They began with a linear table (PIDLAM) mapping Persistent Identifiers
(PIDs) to local addresses (LAs). Although hashing was used to accelerate
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access, performance was less than desired. In another implementation, the
position in the PIDLAM was referred to as the Local Object Number (LON).
This was used for all local references, costing one indirection for all accesses
but giving good performance on local reference to PID translation (simply
indexing into the table). This method required that every active object
have an entry in the PIDLAM, including non-persistent (that is, non-store
resident) ones , and consequently the table became very large. A third
incarnation has abandoned the LON. It has adaptive structures to avoid high
fixed overheads or small limits, and a PIDLAM consisting of two hashing
structures — one from PIDs to LAs, one from LAs to PIDs. To minimise
table size only those PIDs that have been imported and dereferenced are
included in the PIDLAM. Garbage collection occurs automatically when
transactions are committed and data exported to stable storage (that is:
when it is returned to the central store).

he Mneme Persistent Object Store

The Mneme project[27] includes a more generic implementation of an object
store than PS-Algol. It seeks to support cooperative, information-intensive
tasks such as Computer Aided Design (CAD), by providing a distributed
persistent object store.

In order to avoid the communication and operating system overheads in-
curred when running a client-server architecture, most Mneme functionality
has been included as either a linked library or run-time support depending
on the particular application. Whereas the primary abstraction supported
by the client interface is the object, the primary abstraction for the client-
server interface is the hy a g nt. A physical segment is a vector of
bytes generally containing many objects and thus providing clustering for
storage and retrieval. Objects within a physical segment are accessed using
a server specified label which is not guaranteed persistent across sessions
(due to reallocation after garbage collection etc). The relationship between
objects (that is: the referential integrity of the links) however, is guaranteed
persistent.

Mneme allows multiple (nominally independent groupings of ob-
jects) which contain several . A is a group of objects within a unit
that is subject to a management policy independent of other pools, and
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whose objects are distributed over one or more whole physical segments.
Mneme objects can be accessed either via the defined client interface func-
tions (using hand  which are similar to a @ ¢t used in the acacia file
system on the AP1000[7]), or directly through pointer manipulation. If using
pointer manipulation, the client programs must take care to inform Mneme
about modifications made to objects, and to not dereference unswizzled ref-
erences.

Object identifiers (references) in Mneme are 32 bits long and valid only
within their own file. Objects located in other files may be referenced using

r oard r t . These are a local proxy for the foreign object and invoke
predefined forwarding routines when referenced.

Whilst the client interface presents an object based abstraction, the
server level abstraction, in which objects are moved only as part of an entire
physical segment is very similar to paged virtual memory. In a multicom-
puter environment this may be expensive, since it risks the movement of
unnecessary data and raises the possibility of false sharing?.

2.2 ist 1 ute ste s

The degree of concurrency in the AP1000 is far greater than that managed,
or even considered, by any of the systems mentioned in the previous section.
Indeed, from the concurrency viewpoint an object store for the AP1000 will
have much in common with distributed virtual shared memory systems, and
will require concurrency control and coherence facilities well beyond those
inherent in most existing object managers. The problem to be solved here
is how to handle multiple updates from different processors in such a way as
to minimise the coherency operations and obtain maximum efficiency from
the processors.

Two existing techniques for handling concurrency in object stores, two-
phase locking and optimistic scheduling, are first considered. The concept
of loose coherence is then introduced, and an existing system that emulates
object based shared memory on distributed memory machines is reviewed.
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2.2.1 o ase oc in

The concurrency control method employed by most object managers and
database management systems is simple two-phase locking. This method
is used in the Cricket[32] and Cool[24] systems, and has been proposed for
Mneme[27]. Two-phase locking is explained by the following simple rules
relating tran a t n , locks, and objects. A transaction is a set of object
updates which together move the store from one consistent state to another.

¢ In order to update an object a process needs to do the following in
order;

1. Obtain the object’s write-lock
2. Update the object

3. Commit the update to the store
4

. Release the write-lock

e A process cannot obtain an object’s write-lock whilst another process
possesses it — usually blocking until it becomes available.

¢ No lock obtained during the transaction is released until all locks re-
quired have been obtained.

e A transaction will fail to commit if deadlock occurs, and the system
detects it.

e If the transaction fails to commit the object manager will roll back the
update and release the write-lock.

The third rule guarantees serialisability by implying that all locks pre-
cede all unlocks[16]. The last rule requiring the update to be all-or-nothing.
Updates are hence serialisable and correct.

Two-phase locking can be made to work in a distributed system, but
this requires locking all copies of the data to be updated. Such an approach
is only feasible where updates are relatively infrequent compared to the
response time, and the update processing does not block other processes for
unacceptable periods of time. Where a 5 second update processing time may
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be acceptable in an office performing 2-3 updates an hour, even a 0.2 second
update processing time would be unacceptable on the AP1000 if updates
were desired at a rate of 20-30 per second.

The AP1000 is a machine built for high performance, this is gained
through a high degree of concurrency. Having processes blocking whilst
waiting to perform updates reduces concurrency and hence performance on
machines like the AP1000. Another drawback of two-phase locking is that,
where it is used in an environment containing two or more lockable objects,
it is possible for deadlock to occur[16].

2.2.2 ti istic c¢ e ulin

Optimistic scheduling [16] is an approach that avoids the system overheads
inherent in two-phase locking by not performing any locking. The system
works by allowing all processes access to data objects, with any updates
being written to local shadow objects. An associated record of both the
read set (data read by the transaction) and the write set (data updated
by the transaction) is also kept. Before the transaction is committed to
the store it is checked for validity with respect to the transactions which
preceded it. In order to be valid, a transaction T must satisfy at least one of
the following criteria with respect to T , where T denotes any transaction
preceding T:

o T committed before T started.

e T ’s write set does not overlap with the read set of T and T completes
committing prior to T’s commencement of committing.

e T ’s write set does not overlap with the read set or the write set of T.

If the previous transactions were serialisable and T satisfies any one of
these criteria then the set of transactions containing T and the previous
transactions is serialisable. If T fails to satisfy at least one of these criteria
then the transaction is aborted and the store is rolled back (restored to its
previous state).

In this manner optimistic scheduling basically abandons locking and wa-
gers that the transactions will be serialisable. If the scheme wins the wager
it has avoided the overheads of locking, if it loses it has to roll back the
non-serialisable transaction and either attempt it again or abort it. Thus,
although the scheme avoids the possibility of deadlock, it incurs overheads
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in both time and space because it must maintain and then validate shadow
copies and associated records of the read and write sets.

Perhaps the biggest disadvantage of this scheme in the context of an
AP1000 object store would be the penalty for a non-serialisable transaction.
If a cell’s update fails to be serialisable, it could be expensive to force the
cell to repeat the transaction.

2.2. 0 e ence t ict oose

Two-phase locking and optimistic scheduling both enforce strict coherence
on the store, that is, the value returned by any read operation on an object
is the most recent value written to that object by any process. A parallel
program is generally only a partial ordering of the events within the program,
the partial ordering being specified by explicit synchronisation and implicit
knowledge of other threads[5]. The synchronisation operations necessary to
achieve strict coherence impose a more complete ordering at run-time. In
terms of performance, however, synchronisation operations can be expensive
on multicomputers and are thus prime candidates for minimisation. What
is needed is a method of maintaining coherence without imposing the more
complete, but costly, ordering required by strict coherence. This is not
possible with our strict definition of coherence, but if we relax our definition
somewhat then a weakening of the ordering can occur yielding fewer extra
synchronisation operations. Figure 2.3 demonstrates, by way of a simple
example, how these two types of coherence differ.

loose coherence — the value of a read operation on an object
is the value written by an update operation to the same object
that wu dhave immediately preceded the read operation in some
legal schedule of the threads being executed.

With loose coherence it is possible to delay notifying other threads of
object updates until they could otherwise have determined that an update
occurred, such as through communication or synchronisation. When two
processes communicate or synchronise there is an implicit acknowledgement
by each that they are at a certain point in their execution and the other
process is fully justified in making assumptions based upon this. For exam-
ple, if two processes, A and B, are executing and B updates an object, then
if no subsequent communication or synchronisation has occurred, A cannot
infer that B has performed the update because B may not have progressed
to that point in execution. Once A and B communicate or synchronise, A
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SYNCH

TIME —=

Figure 2.3: — Strict & oose Coherence : A and B are separate pro-
cesses, with WO through W3 being writes to an object, and RO through
R4 being reads of the same object. Assuming WO is an initialisation write
at program execution then under strict coherence R1 would read the value
written at W1 (it being the most recent value written), R2 would read that
written at W2, as would R3, and R4 would read that written at W3, the
synchronisation having no effect. Using WO as the same initialisation write,
under loose coherence R1 could read either the value written at W0 or W1
(W1 is in process A and without communication or synchronisation process
B cannot infer that W1 has occurred), R2 must read the value written at
W2 since it logically precedes the read in the same process, R3 may read
either the value from W1 or W2, and R4 may read any of the values written
at W1, W2, or W3 (W3 occurring after the last synchronisation cannot be
inferred to have occurred, the occurrence of W1 can be inferred from the
synchronisation, and W2 is known to have preceded R4, but there is no way
of knowing which of W1 and W2 occurred most recently).
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can infer that B has arrived at the communication point in its execution and
has hence also done the update. Communication or synchronisation between
two processes can be direct, as just outlined, or indirect, such as through
one or more tertiary processes. For example, if process B communicates
with process C, C then knows where B is up to. If C then synchronises with
process A, A will implicitly acknowledge A C’s stage of execution and can
thereby infer that B has at least progressed to the stage of communicating
with C.

One disadvantage of loose coherency is that it may be less intuitive for
programmers to reason about. Programs run under loose coherence are
semantically the same as those run under strict coherence . This is because
under strict coherence a programmer cannot make assumptions about the
execution progress of various threads between synchronisations. However,
an intuitive (and often correct) feel for the progress is sometimes used.

Loose coherence guarantees that the order of visible updates is preserved
for all processes, at the cost of more expensive update commitments. This
does however, avoid the rollback expense sometimes incurred by optimistic
scheduling. Loose coherence has the potential to significantly reduce the
coherence related synchronisation overhead, and as such could provide a
notable performance boost for multicomputers running concurrent update
applications.

2.2. tant ste s
Munin

Programmers want shared memory. [31]

This is what motivated Bennet, Carter, and waenepoel [5] in their
construction of Munin, a distributed shared memory system. Munin seeks
to bypass the architectural difficulties of hardware supported shared mem-
ory systems by allowing shared memory programs to execute efficiently on
distributed memory machines. Performance on the distributed memory ma-
chine is maintained through the use of type-specific memory coherence and
by exploiting loose memory coherence.
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Bennet ta conducted an investigation of the object access behaviour of
parallel programs at the programming (hence architecturally independent)
language level, and found the following to generally hold true:

e Few objects are both consistently accessed and have reads and writes
being of the same magnitude.

e Programs have several different phases of execution, with each ex-
hibiting an access signature, for example: Initialisation, Computation,
Result Assembly.

e The majority of accesses are reads, except during initialisation.

e The mean time between synchronisations is far longer than the mean
time between accesses to shared data objects.

The first 3 of these generalities lend support to the possibility of different
coherence measures for different classes of objects, whilst the last indicates
that the exploitation of loose coherence could reap a substantial performance
saving.

An additional contribution of the parallel program analysis mentioned
above is the following categorisation of objects by access type:

e Write-once objects

e Private Objects

e Write-many objects

e Result Objects

e Synchronisation Objects

e Migratory Objects

¢ Producer-Consumer Objects
e Read-mostly Objects

e General Read-write Objects (the catch-all case)
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Munin currently runs on an Ethernet network of SUN workstations with
each machine running a Munin server interacting with the client application
and the underlying operating system. When a client application accesses
an object for which there is no local copy a memory fault occurs and the
server invokes the appropriate handler for the object based upon its access
class. It is through using these class specific handlers in the propagation of
updates that Munin exploits loose coherence. Each thread maintains a list of
updates yet to be propagated ina d ay d v dat wu uw . When an object is
updated, the server for the updating process enqueues a record of the update
on the delayed update queue. When the thread synchronises, the queue is
emptied by broadcasting the update records to the servers possessing copies
of the objects updated. Remote servers acknowledge receipt with a message
indicating that their local copy was invalidated or that they no longer hold
a copy of the specified object, thus allowing the local server to update its
distribution list.

As noted, each access class has its own specific handler which implements
coherence measures appropriate to the class. These measures are tailored
to suit the update notification needs of the class in light of loose coherence,
and are derivatives of the more general case outlined above. Consider the
following examples of Munin’s coherence tailoring.

rite once objects are written during the initialisation phase and there-
after are only read. Munin supports this class by simple replication. After
the initial write no updates occur and so no specific coherence policy is
required.

rite many objects are frequently modified by multiple processes. This
is supported by object replication and the delayed update mechanism men-
tioned above.

esult objects are essentially a sub-class of Write-many objects, and like
that class utilise the delayed update procedure mentioned above. However,
Munin further optimises this by seeking to take advantage of the fact that
as result objects are not read until the data is collated, updates to different
parts of the object will not conflict.

ead mostly objects are replicated by Munin which performs in-place
updates via broadcast. The use of broadcast is justified by the infrequency
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of updates.

Munin presently relies upon programmer provided semantic information
to classify objects, but the system’s developers hope to acquire some of this
information automatically at compile time. They have also considered the
possibility of run-time determination of object class.

The method of delayed updates allows Munin to combine updates to
the same object, and also to piggyback update propagation onto synchro-
nisation based communication. Hence, the amount of data sent, and the
number of data items sent are both reduced. This represents a potentially
significant performance boost over an equivalent system based upon more
synchronous coherence methods such as two-phase locking mentioned earlier.
Performance is important for applications on the AP1000, so the techniques
employed in Munin may well warrant further consideration with regard to
an AP1000 object store.

2. ve vie

The breadth of literature relevant when considering object stores on a mul-
ticomputer is considerable. It encompasses such fields as persistent ob-
ject stores, database management, network communication protocols, and
shared virtual memory.

Irrespective of whether it is persistent and on a uniprocessor, or non-
persistent and distributed across a multicomputer, an object store is still a
space in which objects are kept. As such, it is built upon the basic con-
cepts of object identity and referential integrity. With no object store being
infinitely extensible a method of deallocating useless objects is necessary,
this can be either through explicit deletion or garbage collection. Much
of the house-keeping information within an object store is in the form of
look up tables. Atkinson ¢ a [26] provide valuable insights into possible
structures to fill this role. Their final implementation being a PIDLAM util-
ising hashing techniques on two adaptive structures, each the inverse of the
other. Mneme [27] presents innovation in the form of object groupings with
files containing pools having individual management policies, and forwarder
objects for relations between objects in different files.

The most common concurrency control methods, two-phase locking and
optimistic scheduling, both guarantee serialisable transactions. Neither is
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considered ideal for high performance applications on a multicomputer.
Loose coherence has the potential to provide better performance on message
passing parallel machines, especially when combined with lazy propagation
protocols such as Timestamped Anti-Entropy developed by Golding and
Long[14]. The idea of type-specific update notifications has been introduced
in the Munin[5] distributed shared memory system, and has the potential
for achieving even better performance through the tailoring of update prop-
agation techniques.



Chapter

A Multicom uter b ect
er er

In this and the next chapter the design and implementation of an experi-
mental distributed object server for the AP1000 is described. This system
was constructed both as an aid to understanding how an object store might
work on a multicomputer, and to facilitate the comparison of different tech-
niques and data structures when utilised in a multicomputer object store.
The aims of the system are discussed further in the following section, and
some definitions are laid down providing a framework for a discussion of
how best to utilise the MPP style hardware. The software architecture of
the system is then given. The next chapter continues the implementation
discussion, detailing data structures, the major store operations and the
different techniques compared.

d 1 e entation 1 s

The implemented distributed object server is an experimental system, and
has two classes of aims. It must obviously seek to satisfy the aims of a
distributed object store, but must also do so in a manner which is flexible
enough to facilitate the experimentation necessary for comparisons between
different techniques. There would be little point in constructing an ex-
perimental system which achieves the object store goals very well in some
particular manner, but is so constructed as to preclude any modification
which would enable comparative techniques. The aims of object stores were
mentioned in Chapter 1, but to state them explicitly with regard to the

24
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implemented object server, the system seeks to:
e provide an object-oriented memory paradigm

e enable processes to work with data sets larger than their local memo-
ries — virtual memory

e manage concurrent access to data objects, allowing sensible semantics
— sharing

As with all things in computing, speed and transparency are also highly
desirable. Hence, the implementation goal is to provide, in a flexible manner,
fast and transparent access to an object-oriented, shared virtual memory.

.2 e nitions

This section defines some concepts basic to the object server implementation.
Several of the terms have been discussed in previous chapters, often in a
general sense and sometimes with regard to specific systems. They are
redefined here to provide a clear and consistent framework for the description
and discussion of the experimental system.

2.1 ects ect I enti e s

An t is conceptually represented by the triple:

If the entire object store is considered as a single table in a relational
database, the - is the primary key. Hence, for each ob-
ject row this field is unique, non-null, immutable, and is the means by which
objects rows are selected for retrieval or update. Unlike keys in most re-
lational databases |, _ are system allocated and should not
be constructed by the user. Pointers in C or Modula-2 which are used to
identify data structures are analogous to the - used here.

The - of an object consists of a single sequence of bytes in which
may be stored information. The information stored here does not include
references to other objects, but the value of the object itself. The length of
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the byte sequence making up the - is a property of the individual
object and is determined at the time of object creation. The storage units
called g nt (discussed below) which are used by the system, impose an
upper bound on this length.

The _ of an object is a sequence of references to other ob-
jects. As with the - , the length of this sequence is determined
at object creation. A reference to another object takes the form of an

- , hence the - is a sequence of other objects’

- . Just as it is necessary to distinguish between valid and
NULL pointers in C, it is necessary for programs using the object server to
be able to determine which references are valid and which are not. For this
reason, the constant reference known as NULL_REF exists and can be used
for comparison in the same manner that NULL is used for pointers. The
server system internally also uses a low level constant called NULL_OID.

2.2 e ents

Whilst the paradigm presented to the user is that of an object-oriented
memory, the implemented system (like many others) stores and manipulates
objects within its own fixed size unit of storage. Here the unit is called a

g ntand it is the size of the segment which places upper bounds on the
sizes of individual objects. No single object can be larger than a segment,
equivalently the sum of the data artand r rn  art of any one object
cannot exceed the size of a segment. A segment may however contain many
objects, with the system using a d r ¢ ry, one of which is associated with
each segment, to locate the objects.

It is hoped that some locality of reference can be achieved by transferring
not single objects but entire segments at a time. Thus, a segment needs to
be of sufficient size not only to store any object which we may reasonably
expect to create but, if any locality of reference is to be gained, to also store
its neighbours. Each segment is identified by a g nt d nt r which is
unique within the gr v (defined below) to which the segment belongs.

2. ou

From the user perspective, objects are members of groups. A group is a
set of object management strategies and is created by selecting from the
strategies supported by the system in each of several categories. This is
done at the time of the group’s creation and, under the current specification,
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fixed thereafter. A group is known by its gr v d nt rwhich is generated
at the time of creation. The group to which an object belongs determines
which set of object management strategies are applied to the object. The
following are examples of object management strategies:

e moving objects individually or moving entire segments
e whether to prefetch objects, and if so to what degree?
e across how many servers to spread the objects of the group .

Differing object management strategies may well affect the efficiency of an
application using the store, but do not affect the semantics of any operation
upon the store.

When programming, it is often the case that there are many data objects
which are similar in size and structure and which are accessed not only in
similar patterns, but are also temporally clustered. The nodes of a linked-
list, or of a binary-tree, are such structures. The group is seen as a way of
tailoring the system’s management strategies to provide better performance
when working with such objects. Since it is likely that such objects are to be
accessed close together temporally, it is logical that they be close spatially as
well. This produces benefits from locality of reference, via the mechanism of
transferring entire segments at once. For this reason, all objects belonging to
a group are stored in segments which are also said to belong to the group and
which contain only objects of that group. Hence, if the nodes of a binary-
tree all belong to the one group, they will also all be stored in segments
belonging exclusively to that group. If the object management strategies
for the group are appropriate, they will combine with the spatial locality of
reference to yield better performance than would otherwise be the case.

. M a ae o est to use it

As noted in Chapter 1, machines such as the IBM SP2, Cray T3D, CM5,
and AP1000 have certain architectural features in common. These features
distinguish MIMD MPP machines as a class apart, and include:

e a fast, reliable communication network between processors

e a large total memory distributed across these processors
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e many processors, each capable of independent computation

Implementing an object store on such a machine raises the question of
how best to take advantage of these characteristics. If we are unafraid to
make generalisations and temporarily exclude hybrids, there are essentially
eight ways to utilise such systems. These eight possibilities stem from binary
choices made on the utilisation of each of the above three characteristics in
response to the following questions:

1. does the network communicate objects or operations upon objects?
2. can more than one copy of an object reside in the total memory?
3. do the processors all perform the same object management tasks?

The fast communications network is what most distinguishes MPP ma-
chines from clusters of workstations, and it is the utilisation of this network
which is considered first.

1 tilisin o t e et o

In the object-oriented domain, two paradigms exist for the network. It can
either be a transport network or a communications network. As a transport
network, it is used to shift objects (or their replica’s) around the system to
where they are needed. If used as a communications network, messages are
sent to and from objects which do not move around the machine. These
messages may cause the object to change state, and play a similar role
to method invocations on C objects. A real world analogy to these
paradigms is to consider the road system as a transport network and your
phone fax email system as a communications network.

Since we are looking for an object store which will be useful in high
performance applications, we need to ask which utilisation is the most effi-
cient. In other words, which will incur less cost in the long run? If we look
purely at the number of messages required by each paradigm we see that
given read accesses and  write accesses to an object, the communications
network would require 2 messages whilst the transport network could
require up to 2( ) messages assuming serialised access and no repli-
cation. Several factors complicate further analysis along this line, notably
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different message sizes required in each paradigm, the processing require-
ments of operations on the objects, and the amount of memory each process
has available to store objects under the transport network paradigm.

Transporting large objects is expensive, and would become a significant
overhead for the transport network if many were accessed by processors in
such a way as to require frequent movement.

Operations on objects are performed by the processor owning the ob-
ject under the communication network paradigm. Since no existing MPP
machine has enough processors to allocate a single processor per object for
a reasonably sized object store, many objects would have to be owned
and therefore serviced by a single processor. If several of these objects are
to be accessed at once, efficiency is lost as the accesses must be serialised
(or executed concurrently at the expense of increased context switching) by
the owning processor. The transport network does not suffer this problem
because objects migrate to the processor wishing to access them and which
is subsequently responsible for performing the operation.

The memory available to a processor for the storage of objects which
are transported to it may also impact upon the cost of using this paradigm.
If processors access so many objects that they gather a collection larger
than their locally available physical memory, the expense of coping with the
problem may be significant. Actions such as migrating objects to secondary
storage or other processors, will solve the problem at the expense of con-
siderable overhead. This is especially so if these objects are subsequently
accessed again requiring their placement in memory and the removal of other
objects.

.2 ect e lication

Turning now to the question relating to the machine’s memory, the issue
is whether or not multiple copies of a particular object will coexist in the
memory of the machine. As with all computers, the memory on the class
of machines being considered is never enough, and any decision to consume
significant portions of the store with replica objects will require justifica-
tion. No advantages are apparent if the system utilises the communications
network paradigm outlined above. If the transport network is adopted then
it is possible that object replication will provide benefits. The idea is simply
that if a process other than the holding process wishes to access an object it
will request it, as is done in the previous section. However, the holder need
only transport the object to the requestor if it has been updated by some
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process since the requestor last held it, or the requestor has not previously
held the object. This assumes that a process does not delete its local copy
when transporting an object to a requestor, and that there is some mech-
anism for determining if an object has been updated since last held by a
particular process.

ee to ee s lient e e

It is also necessary to consider the allocation of the object management tasks
over the processors. Two paradigms are obvious, these being the peer-to-
peer and client-server models.

Examples of the peer-to-peer model include Munin[5] and Global Array
Toolkit [28], both of which are distributed shared memory systems relying
on tight coupling of processes. The overheads, both memory and processing,
inherent with coalescing the management tasks and user tasks into the one
process remain unreported for these systems.

As noted in Chapter 1, conventional object stores such as Mneme[27] are
based on the client-server model. These have specific server processes man-
aging the store, and routines in the client processes managing local memories
and communicating with the servers as needed. This model does not require
the tight coupling of the peer-to-peer model, and if clients and servers are
run on separate processors, entails no overhead through competition for
resources.

ANU Linda [10] demonstrates that these two models are not mutually
exclusive on the AP1000. In this system, each AP1000 cell runs two tasks,
a tuple server and a user task. Data objects (tu ) are distributed across
all cells using a hashing function. When a match for a tuple is sought,
communication must occur with all cells possibly containing matches (as
determined by the hashing function). This is similar to the case of non-
replicated object migration discussed earlier. Experience has shown the
overheads inherent in this model to be significant, requiring careful crafting
of code for adequate performance.

. ste ve vie

The system implemented follows the client-server model with each process
(server or client) executing alone on an AP1000 cell. Object migration
is the mechanism for providing coherence across concurrent accesses, with
replication and time-stamping used to improve performance.
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The architecture of the system is shown in Figure 3.1. The stable object
store shown is not part of the experimental system constructed, rather a
conceptual expansion. The dashed box bounds the system implemented
and investigated.

The client-server model decomposes neatly into two distinct software
components. From a software engineering perspective these components are
unwieldy. The client-side component is required to interface with the client
program, manage the local memory and objects contained within it, and
also to communicate with the servers. On the server-side it is necessary
to communicate with the clients and other servers, and manage the server
memory’s contents. These components are broken down into a layered ar-
chitecture as shown in Figure 3.2.

1 lication o a in Inte ace I

This layer provides the front end functions, data structures, and operators
used by client programs. It aims to present the shared distributed heap in a
manner such that the management tasks performed by the lower layers are
transparent. Objects can be allocated and manipulated on the shared heap
in a fashion similar to that used for a transient heap.

The distributed object server makes available two data types that appli-
cation programs can directly create, manipulate, and destroy. These are the
object reference and group identifier types. Instances of either type have
values which identify an object or an object group respectively. Certain
API operations return instances of these types which can be assigned to or
compared with variables of the appropriate type. Operations available in

the API include:

Client Identity

It is convenient for each client process to possess a system allocated identity.
This facilitates the partitioning of work amongst different client instances.
This operation returns the identity of the client, as an integer in the range
from zero to the number of clients less one.

Create Group

This operation takes a movement context (SINGLE or SEGMENT), a width,
and a prefetch depth, inserts appropriate defaults if width and or prefetch
depth are omitted, and returns a newly allocated group identifier. This
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identifier must be assigned to a variable of appropriate type if the group
created is to be used when creating objects.

Create Object

This operation requires that three parameters be supplied. These are a valid
group identifier, a size (in bytes) for the data portion of the new object,
and the number of object references to be contained within the object. A
reference to the newly created object is returned. This reference must be
assigned to a variable of the requisite type if the object is ever to be accessed.

Dump

This operation clears the local replica cache. This complete cache flush has
the side effect of ensuring all objects so far updated by the client process are
written back to the servers. With the updates thus available to other clients,
this operation can be used in conjunction with the synchronisation operation
(below) to obtain a crude form of coherence maintenance for concurrently
accessed objects.

Synchronise

This is a blocking operation which will not return until all other clients are
similarly blocked, and all store operations (such as dump detailed above)
initiated by any client have completed.

The majority of the other available operations are methods of the object
reference data type. In addition to the following methods, assignment and
equality comparison are also supported.

read

This operation is used to read the data contained in the object identified by
the object reference upon which it is invoked. It copies a specified amount
of data from a given offset in the object’s data part, to a given transient
memory address. This involves accessing the object through the LOM as
described below.
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rite

This operation copies a specified amount of data from a given transient
memory address to the data part of the referenced object, beginning at a
given offset.

indexing

Object references contained within other objects are accessed by indexing
into the containing object. This is achieved by applying an index operator
to an object reference (the containing object), with the index (a positive
integer) supplied as an argument. The operator yields the object reference
contained within the original object and associated with the index. This
object reference can be used on either side of the assignment, equality, and
inequality operators.

ait & Signal

Associated with each object is a binary semaphore which can be utilised
to guarantee exclusive access by a client. The Wait operation blocks until
the associated semaphore is non-zero, then decrements the semaphore and
returns. The Signal operation increments the semaphore and returns imme-
diately. Any updates made by a client are propagated to the server when the
Signal operation is performed, and any changes made by other clients are
seen by a client returning from a blocking Wait. It is an error to Signal an
object’s semaphore in the absence of a preceding and corresponding Wait.

object naming

For different client processes to access the same object, they must each
possess a reference to the object. The system facilitates this by maintaining
a system wide name reference mapping. Any client process may associate
a name with an object reference, this overwrites any previous associations
with that name. Clients may retrieve the references associated with names,
and assign these to references they possess. If an attempt is made to retrieve
a reference for a name for which no association has been made, NULL_REF
is returned. A name is a null-terminated string.
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.2 ocal ect ana e

This layer implements the major operations required on the client-side and
invokes management tasks, such as recovering space and fetching objects,
automatically. It is responsible for managing the portion of local memory
allocated to caching replicas of objects and communicating with the servers
as required to perform this management and the operations requested via
the API.

The major operations provided by the LOM to the API are:

Group Creation

To create a group the LOM accepts the parameters describing the group’s
object management strategies and sends them as part of a request to the

an r r (an arbitrarily chosen server responsible for performing non-
distributed management tasks). The main server allocates a group identifier
and a block of servers (defined by an allocated a r 7 and the width
supplied by the API) to service the new group. It then returns the informa-
tion to the LOM which adds the new group to its gr v ta  and returns
the identifier to the API.

Object Creation

To create an object the LOM accepts the group and size parameters from
the API, ensures enough free space is available to hold a replica of the object
and sends a request to the base server of the identified group. One of the
servers responsible for the group then responds with a newly allocated object
identifier. If the group’s movement context is by segment and the client does
not possess a replica for the segment in which the object was created, one
is sent. If a replica segment is not received, the object is created in local
memory or in a replica segment already possessed. The object is inserted
into the resident object table (ROT) and the allocated identifier is returned
to the APL

S i ling
Before the API can execute any methods on an instance of the object refer-
ence data type, the object reference must be d. Swizzling a reference

temporarily changes its contents from the object identifier it holds whilst in
the servers, to a pointer to the resident object table (ROT) entry for the
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object identified. This is achieved using the find object operation detailed
below.

find object

This operation searches the ROT for a given object identifier and returns a
pointer to the entry once found. If an entry for the identifier is not found,
then one is created, a replica fetched from the servers, and a pointer to the
new entry returned. The automatic fetching of a replica in this case occurs
because the absence of an entry indicates that no replica is present, whilst
the call to find object is an indication that the object is about to be accessed.

ROT entries are reference counted, and will not be deleted whilst there
are object references still holding pointers to them. Hence, only one find
object operation need be executed per object reference.

object access

The API gains access to the data objects through methods invoked on their
corresponding ROT entries. These methods not only perform the required
operations of read, write, Wait and Signal, but also invoke the fetch object
operation if the object being referred to does not have a replica in local
memory at present.

synchronisation
This is achieved by broadcasting a synchronisation request to all servers and
blocking until all servers have acknowledged the request.

name object

This operation registers a name object identifier association with the main
server. The API supplies the name and an object reference. The object
identifier is either extracted from this reference, or from the associated ROT
entry.

object named

This operation contacts the main server requesting the OID associated with
the name supplied by the API. An object reference is constructed from the
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OID returned by the LOM, this is then returned to the API.

Management tasks which may be automatically invoked whilst performing
the above operations are:

sSpace recovery

The LOM manages a fixed amount of memory. Within this memory it places
the ROT, the group table, replicas of objects or segments, and other mis-
cellaneous management information. When a request for memory for one of
these items is made that cannot be accommodated, the LOM automatically
discards replicas and ROT entries until the required memory is free. Three
different space recovery strategies are supported, these are detailed in Chap-
ter 4 and comparative performance results are given in Chapter 6. Replica
objects and segments which have been updated by the client are returned
to the server responsible for them so that the master copies can be updated.
Replica objects which have not been updated are simply deleted from mem-
ory, whilst unchanged replica segments require the responsible server to be
notified that the replica is no longer held.

fetch object

To fetch an object the LOM sends a request to the server responsible for the
segment to which the object belongs. It then continues to ensure that enough
memory remains free to hold the object (estimated by an upper bound),
whilst attending to incoming messages. One of the incoming messages will
eventually be the replica object or its segment, depending on the group’s
movement context.

incoming messages

At the beginning of most major LOM operations, and as part of some of
them, the LOM attends to n ng ag . Such messages are not part
of synchronous operations, like create group or create object, which must
block until a reply is received. Incoming messages include:

e group notification — where the LOM is notified of groups created by
other LOM instances

e receipts for returned objects and segments — discussed in Chapter 4
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e replicas arriving in response to fetch requests

e replicas arriving in response to server generated prefetch requests —
see Chapter 4

Replicas arriving in response to fetch requests are placed in memory and
their ROT entry notified of their arrival (ROT entries are created prior to a
fetch request being generated). In the case of a replica segment, new ROT
entries are created as necessary for object replicas present in the segment
but not found in the ROT, and a notification of acceptance is forwarded to
the server responsible.

lo al ect ana e

The GOM is the layer responsible for server communication with clients
and other servers. It implements the operations requested of it in terms
of the primitives provided by the storage layer. Unlike the LOM, in which
each instance is independent of other instances, the GOM is not a particular
instance executing on a server, but should be considered as the collection of
all instances executing. The individual GOM instances cooperate to varying
degrees on different tasks. One instance is known as the an r randis
responsible for tasks which are not efficiently distributable. Each group has
a a r r which coordinates the activities of the servers with regard to
that group.
The operations which can be requested of the GOM are:

create group

In response to this request, the main server passes the parameters defining
the group to the associated storage layer operation which creates the group
in the group table and returns the entry to the requesting LOM. The new
entry is then sent to the requesting client and also broadcast to all clients
and servers. This last step is necessary so that other processes can correctly
handle objects belonging to that group when they are encountered.

create object

An object creation request can only be received by the base server for the
group in which the object is to be created. The base server then attempts
to find a server for the group which can satisfy this request. This is done by
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passing the request around the group’s servers until it either returns to the
base server or is satisfied. To satisfy the request a server must have enough
free space in an existing segment of the group to create the object, and if
the movement context is by segment, no other client must hold a replica of
this segment . If the request returns to the base server, no existing segment
can accommodate the request. In this case a server is nominated (this is
done in cyclic order) to create a new segment and satisfy the request. The
nominated server does so, and replies directly to the requesting client with
a newly allocated object identifier.

return objects

Returned objects can take three forms — complete objects, complete seg-
ments, and notifications of segment deletion. Complete objects are simply
copied over their master copies. For complete segments, only those objects
which have been updated by the client are copied back. This is necessary
to maintain consistency under concurrent access. For both complete objects
and segments, a receipt is immediately sent to the client, and timestamps
are incremented. In dealing with a notification the server simply deletes the
client from the set of clients known to be holding a replica.

fetch object

To satisfy a fetch request the server extracts the segment and group in-
formation from the object identifier and looks up the appropriate segment
using the group table. A replica object or segment, depending on the move-
ment context, is then sent to the requesting LOM. If the group of the object
requested has prefetching to a non-zero depth, prefetch requests will be gen-
erated for each object referenced by the fetched object. If the object to be
prefetched resides on a different server, then a prefetch request message is
sent to that server. If it resides on this server, it may be handled either as
an explicit message or placed into the prefetch queue.
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name object

This operation is only valid on the main server, and registers a name object
identifier association with the mapping maintained in the storage layer.

object named

This operation is only valid on the main server. It requests, from the storage
layer, the object identifier associated with the name supplied. This identifier
is then passed back to the LOM.

accept segment

This notification indicates that a client has accepted a replica of a segment,
and is maintaining it in local memory. The client is added to the set of those
known to hold replicas of the segment.

ait

Associated with each object is a binary semaphore and a queue of those
clients which are blocked on a Wait for that semaphore. Upon receiving a
Wait request, the server adds the client’s identifier and the timestamp of any
replica of the object that the client has, to the end of the queue of clients
waiting. A n t at n function is then called which, if the semaphore is
non-zero and the queue non-empty, decrements the semaphore and removes
the client and timestamp from the front of the queue and notifies the client.
A replica object or segment is forwarded to the client by the notification
function if, and only if, the replica held by it is outdated relative to the
object or segment’s current timestamp.

Signal
This operation increments the semaphore by one and calls the n ¢ at n
un t n described above.

synchronise

Each server keeps a count of the number of synchronisation requests re-
ceived so far. When this count equals the number of clients, it broadcasts
an acknowledgement to all clients. Each client blocks until it receives an
acknowledgement from each server. This protocol ensures that all messages
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sent from any client to any server prior to the client synchronising, are
attended to by the server prior to any client returning from the synchroni-
sation.

prefetch re uest

Prefetch requests are handled in one of two manners. If h gh r 7 ty prefetch-
ing is being done, the prefetch message is handled as if it were a normal fetch
request, except that the degree of subsequent prefetching from the object is
decremented by one. r r ty prefetching results in prefetch messages
being placed on the prefetch queue which is attended to only when no mes-
sages are queued. Requests taken from this queue are then handled in the
same manner as high priority requests.

In addition to servicing message requests, the GOM can detect when no
messages are waiting and proceed to do other work. At present this is
only utilised by servicing the prefetch queue under the low priority prefetch
policy. However, it may be useful in future for implementing policies such as
background garbage collection, dynamic load balancing, or migrating objects
to stable storage.

toae ae

The storage layer creates and manages the storage units (segments) in which
the heap objects reside. It provides the GOM with access to these segments
on an as needed basis for object fetches and updates. Each storage layer
generates a unique stream of object identifiers, one of which is utilised during
each successful object creation operation. The storage layer of the main
server is also responsible for maintaining the system wide mapping from
names to object references. The operations provided by the storage layer
are outlined below.

name object

This operation is only valid on the main server, and registers a name object
identifier association in the mapping maintained. Any previous mapping
involving that name is overwritten.
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object named

This operation is only valid on the main server. It returns the object iden-
tifier associated with the name supplied, or returns NULL_OID if there is
no association.

create group

To perform this operation the storage layer creates a new entry in the group
table, and allocates a group identifier and a base server. The storage layer
keeps track of which server should be next allocated as a base by adding
the width of the group just created to the base of that group, and taking
the result modulo the total number of servers. The new entry in the table
is then returned to the GOM.

ne segment

This operation simply creates a new, empty segment for the specified group.

create object

Given the group, the requesting client, and parameters describing the size
of the requested object this operation attempts to create the object in one
of the existing segments managed by this server for the given group. If
successful it returns the object identifier for the object to the GOM, if not
NULL_OID is returned.

e ent e ations

Segment instances are managed primarily by the SL, although migration by
segment does allow segments to also exist within the LOM. The following
operations are available as methods on the segment data type:

create object

If there is sufficient space in the segment, the object is created there and
the next object identifier is generated and allocated to it. If successful, the
object identifier is returned, otherwise NULL_OID is returned. Additionally,
if successful and the movement context of the group is by segment, then the
segment’s timestamp is incremented.
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copy object

This operation gives access to the physical memory in which the specified
object in the segment is stored, and facilitates the GOM’s sending of replicas.
return object

This operation replaces the master copy of the specified object with a replica
returned from a client, and increments the object’s timestamp.

copy segment

This operation gives access to the physical memory in which the segment is
stored, and facilitates the GOM’s sending of replicas.

return segment

This operation updates the master copies of objects in the segment from
copies in a replica segment returned from a client, and increments both the
segment’s timestamp and that of the object. Only objects updated by the
client have their master copy changed.

discarded segment
This operation removes a specified client from the set of those who hold a
replica of the segment.

accept segment

Given a client, this operation inserts it into the set of those known to hold
a replica of the segment.



Chapter

ata tructures
Im lementation

In this chapter, the main data structures of the distributed object server are
described in the context of the software layers in which they are used. This
is followed by a description of the algorithms of each of the major system

operations.
The object server system is implemented in C | with each of the soft-
ware layers being an instance of a C object. Operations provided by

these layers are methods invoked upon the object instances. In the case
of the GOM, a separate server function receives messages and invokes the
appropriate methods. Each of the layers contains and works with data struc-
tures. The basic data structures which are common to most of the layers
are described first, then the significant structures in each layer are detailed.

1 1 itive ata t u tu es

ou 1 enti e

Group identifiers are generated by the main server as new groups are created.
They are 16-bit values in which all combinations are legal. If the 16 bits
are considered as an unsigned integer the values are generated from zero
upwards. The value with all bits on indicates the constant NULL_GID
referring to the null or nonexistent group. For ease of use the 16-bit value
is often represented in 32-bit form with sign extension.

45
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se enti enti e

Segment identifiers are generated by the servers as they create new segments
in a group. Each server responsible for a group knows the width of the group,
and its own rank within that group (distance from the base server for the
group). A stream of unique segment identifiers is generated for a group by
each server. They are 16-bit values in which all combinations are legal. The
value with all bits on indicates the constant NULL_SID referring the null
or nonexistent segment. As with group identifiers, the segment identifier is
often represented in 32-bit form.

location

A location is a composite structure consisting of a group identifier and a
segment identifier. KEach location is unique in that it identifies a single
segment managed by a single server. Each object has a location, and many
objects may have the same location. Both identifiers stored in a location
are in 16-bit form, hence a location occupies only 32-bits.

1.1 ect I enti e s I

An object identifier is a 64-bit composite structure consisting of a location
and a unique object identifier. It not only identifies the object, but also
provides the means of determining its server and segment.

uni ue object identifier

A unique object identifier is a 32-bit value in which the low order bit is
always on. All combinations for the other bits are legal, with the value in
which only the two lowest order bits are on being the constant NULL_ID
referring to the null or nonexistent identifier. Each server generates its own
stream of unique identifiers. These are used to distinguish between objects
within segments, but are capable of uniquely identifying objects across the
entire space.

1.2 ect e e ences

It is the object reference data type which is used by client programs to
specify objects for access. Object references can exist within the client
program’s transient address space, and also within the reference part of
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objects created in the shared heap. They are similar to a C union in that
they consist of either an OID or an index into the ROT, these are known as
the un d and d forms respectively. Both forms occupy 64-bits,
but can be distinguished by checking the low order bit of the first 32-bit
word. The ROT index is a pointer and so will always have a zero in this
position, whilst the unique object identifier which forms part of the OID
will always have a one. Since an index into one client’s ROT is not valid
beyond that client, all references in objects being returned to servers by a
client must be unswizzled.

1. e ents

The segment is the system’s unit of storage in which objects are created and
master copies maintained. They are used by the storage layer, and also in
the LOM for those groups whose movement context is by segment.

A segment consists of two fixed size structures and a number of at-
tributes. The structures are a data ar a and a d r t ry. Each of the struc-
tures places a limit on how many objects can be stored in a given segment.
The total size of all objects must not exceed the capacity of the data area,
and the number of objects cannot exceed the number of entries in the direc-
tory.

The attributes associated with each segment fall into three groups, those
used by both the SL and LOM, and those used by each alone. The common
attributes are:

e group and segment identifiers

e amount of free space in data area
e a timestamp

e number of objects in the segment

The SL alone uses an associated list of clients holding a replica, whilst

the LOM uses the following:

¢ a dirty flag indicating that at least one object in the segment has
been updated

e a protection flag set by the LOM under certain circumstances to
discourage the discarding of this segment during space recovery oper-
ations
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e a reference count of the number of swizzled object references to objects
in the segment — used by one of the space recovery strategies

data area

The data area consists of a block of memory in which objects are stored. The
data and reference parts of each object are stored contiguously. This enables
a single offset and the size of each part, which is given in the directory entry,
to completely define the memory occupied by a given object. Free space in
the data area is owned by directory entries having NULL_OIDs. Since
object deletion has not been implemented, no fragmentation of free space
occurs. There is however, no reason why coalescing of free space should not
occur, and in fact some code to do this is already in place.

directory

The directory contains a fixed number of entries, each one detailing the
space in the data area occupied by an object, along with the object’s OID, a
timestamp, and semaphore related information. Directory entries are kept
in sorted order according to the unique object identifier part of the OID,
and a binary search is done to locate the entry for a given OID when needed.

.2 toae ae

The main structures of the storage layer (SL) are the group table and named
object list. In addition, the SL also maintains a counter from which the next
unique object identifier to be allocated is generated, and the main server
keeps track of the next base server to be allocated to a new group.

2.1 ou a le

The group table stores information describing each of the groups created
by the main server at the request of clients. It is implemented as an array
of group entries, with the group identifiers acting as indexes into the array.
Each group entry has the following attributes:

e group identifier (NULL_GID indicates the entry is unused)

e base server



CHAPTER . DATA STRUCTURES I PLE ENTATION 49

e width
e prefetch depth
¢ movement context

¢ counter from which the next segment identifier to be allocated by this
server is generated

e linked list segments (or replica segments) belonging to this group which
are in local memory

Note that each LOM and SL instance has a group table, and that notifi-
cation of newly created groups is broadcast to all processes. This broadcast
is necessary since any process, client or server, may at some stage need in-
formation regarding any existing group. If a client or server does at some
stage require information regarding a group which is not yet in its group ta-
ble, it blocks until the necessary notification arrives. This assumes reliable
communication and non-forgeability of group identifiers.

Deletion from the group table is not supported. The semantics of such
an operation are not intuitive in the face of possibly existing objects and ref-
erences to objects in a group. The existence of unaccounted group identifiers
in the transient memory of client programs also presents problems.

The mapping from locations to servers is defined below. It assumes that
the servers are labelled with integers beginning at zero and increasing by
one, and that the servers allocated to a group cover a continuous range
modulo the total number of servers.

- (- mod - ) _ )mod _
(4.1)

2.2 a e ect ist

This is simply a list of name-OID pairings. It is implemented as a linked
list and can be traversed searching for the OID matching a supplied name.
If no matching name is found, NULL_OID is returned. Many OIDs may be
associated with any name, but only the most recent pairing will be in effect
at any time. Names are any valid NULL terminated character string.
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. o a e t Mana e

The global object manager (GOM) instances contain only two attributes
and one data structure. The attributes are a synchronisation counter and
a client closure counter. The synchronisation counter indicates how many
clients have so far requested a synchronisation with this server. When all
clients have done so the server acknowledges each one’s request and resets
the counter to zero. As each client process terminates, it returns all updated
replicas to the servers and notifies each server that it is closing . When a
server has received closure notices from all clients it may safely terminate.

.1 e etc ueue

The prefetch queue is where prefetch requests to be acted upon by this
server are stored under the low priority prefetch scheme. With high priority
prefetch the prefetch requests are sent as messages by the server to itself.
A prefetch request is represented in the queue by an OID-client pair. The
following queue operations are supported:

e determine number of entries

e take entry from front of queue
¢ add new entry to front of queue
e add new entry to end of queue

e remove all entries from queue

. o a e t Mana e

The local object manager (LOM) contains two attributes and several data
structures. One attribute defines which space recovery strategy is presently
selected — this can be toggled via an API function call. The other deter-
mines which swizzling policy to use. Swizzling policies are not within the
scope of this investigation, and the simple policy of swizzle upon demand
was used throughout.

The data structures include a group table (described above in 4.2.1),
the resident object table, and two receipt pending lists.
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1 esi ent ect a le

The ROT is the most used data structure in the entire system. Every object
access utilises it, each object reference used searches it at least once, and
each of the major LOM management tasks modifies it. With every resident
object replica having an entry, and the local memory capable of holding
tens of thousands of replicas, the ROT must efficiently store and facilitate
the manipulation of a large number of entries. Additionally, two of the
three space recovery schemes implemented require information about each
resident object replica and it is convenient for the ROT to gather and make
available this information.

It is the structure of the ROT which has the greatest impact on the
efficiency of operations which manipulate it. The information content of
individual entries does not affect the operational efficiency other than in-
directly through spatial efficiency. For this reason the ROT structure and
entries were implemented separately.

O Structure

The ROT structure must be operationally efficient for a large number of
entries. The basic operations which must be provided are insertion, dele-
tion, and search for key. Least Recently Used (LRU) information which the
space recovery strategies need on a per object basis, is most conveniently

represented structurally as this can facilitate a traversal of the entries from
LRU to MRU (most recently used).

Doubly inked Self Organising ist the initial implementation of
the ROT structure was a doubly-linked, self-organising list. This was main-
tained in MRU order, the order being updated with each object access
through the ROT. Insertions went to the head of the list, and deletions
and searches required searching the entire list. Traversal in either LRU or
MRU order was easily accomplished due to the double linkage.

This structure was found to be adequate for cases where the ROT num-
bered only a few hundred entries. Not surprisingly it scaled appallingly as
the entries grew to be numbered in the tens of thousands.

Self Organising ED B AC ree using the fact that the unique
object identifier portion of each OID can provide an ordering, a binary
tree was considered for a second implementation of the structure. It soon
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became apparent that a normal binary tree would however give far from
optimal performance. As a process creates the objects it requires for a
computation, a long sequence of ordered OIDs may be inserted into the
structure. This would result in a skewing of the tree, and in the worst
case yield performance the same as the list structure tried previously. To
overcome this problem the RED-BLACK tree [11] form of the binary tree
was implemented. The RED-BLACK tree has similar properties to the A L
tree [22], and guarantees that the tree is always nearly balanced. Insertions
and deletions trigger reorganisations if needed to maintain the properties.
Applying the tree structure significantly improved the time complexity of
the search and delete operations (from ( ) to (log )), at the expense of
the insertion operation ( (1) to (log )). When dealing with large , and
searches that are more frequent than insertions, the savings are substantial.

The tree structure is not useful for maintaining LRU information or
traversing the structure in LRU or MRU order. For this reason, the nodes
of the tree are also threaded in a doubly-linked self-organising list as per the
initial implementation. Hence, there are two views of the ROT structure.
One is the tree view used for fast searching, and the other is that of a list
in MRU order which can be traversed in either direction. Figure 4.1 shows
both views of a small ROT structure.

O Entry

The information contained in each ROT entry is used by the system to
determine whether the associated object replica is still in local memory, and
if so, how to access the replica. Other information is provided to facilitate
the space recovery task. The attributes maintained in each ROT entry are:

OID of the associated object.
dirty ag indicating whether the local replica has been modified.

protection ag set by the LOM on occasions to discourage the dis-
carding of the associated object, and forbid the deletion of this entry in any
case.

reference count of the number of swizzled object references to this entry.
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